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Flame Blow-off from Rectangular 
Burners 

N. R. L. MACCALLUM 

As the literature on flame blow-off from rectangular burners contains discrepancies, the blow- 

otJ'limits have been obtained for six burners of cross-sectional dimensions ranging from 0.2 cm 
'< 0.3 cm to 3"1 cm N0.3 cm. Observations of flame lifting from the long side of the burner 

port have been correlated by the wall velocity gradient calculated at that point, it being 

assumed that the flow follows the Poiseuille law and that the velocity profile is unaltered by the 
presence of aflame. Finalflame lifting values have also been roughly correlated by the average 
wall velocity gradient obtained from the pressure drop in the burner channel. This correlation' 
is not limited to laminar flows. The friction coefficients have been measured for the burner 
channels and, in the laminar flow range, they are found to be inversely proportional to the 

Reynolds number. 

IN THE design of a burner to be used at Glasgow University information was 
required on the blow-off of laminar pre-mixed flames from rectangular 
burners. 

Prediction of blow-off-It has been shown for circular burners of different 
diameters that the stability limits can be correlated by the boundary velocity 
gradient calculated for flow without combustion 1.2. J. GRUMER, M. E. 
HARRis and H. SCHULTZ3 have investigated blow-off and flash-back in non- 
circular ports and they conclude that neither the boundary velocity gradient 
at the centre of one side nor that at a corner, as calculated in the absence of a 
flame, can be used to correlate the stability limits of non-circular burners. 
However, Grumer and his associates claim that, in the laminar range, the 
limits of non-circular channels are correlated with circular channel stability 
limits by using the appropriate relationships for the friction coefficient A in 
the equation : 

2ir d3 

For square channels A= 75.5r Ref' l1 .... [2] 

For rectangular channels A= 161; Rel"21 .... [3] 

where g is the boundary velocity gradient for comparison with circular 
burner stability data, V the volume flow rate, d. the equivalent hydraulic 
diameter =4x area-perimeter and 'Ae the Reynolds number = p174, '77 
(p = density, ü= average velocity over channel cross-section and rj = abso- 
lute viscosity). 

An anomaly-Equations I and 3 have been used to predict the velocities at 
which flames will blow off rectangular burners of cross-sectional width 
0.32 cm ( inch) and cross-sectional lengths varying from 0.2 to 5 cm. The 
results of these calculations for a2 per cent butane in air mixture are given in 
Table 1. 
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These calculations show that the method proposed by Grumer, Harris and 
Schultz predicts that, for this cross-sectional width, as the cross-sectional 
length increases beyond l cm and tends to infinity the average velocity at 
blow-off decreases and tends to zero, a result which one would not expect. 

Table 1. Blow-of velocities* as predicted by the method of Grwner and co-workers' 

Burner cross-sectional length cm 0.2 0.3 0.6 1.0 2.0 5.0 

Average velocity at blow-of cm! sec , 7.9 11.9 17.5 16.8 11.8 4.8 

* Rectangular burners of cross-sectional width 0.32 cm; 2 per cent butane-air mixture: critical 'g' from 
circular burner data 400 sec'' (see Wohl') 

For a burner of finite cross-sectional width and infinite cross-sectional 
length, i. e. neglecting end effects, one would expect the average velocity at 
blow-off in laminar flow to be given by: 

ü=I bg .... [4] 

where b is the half cross-sectional width. For a burner of cross-sectional 
width 0.32 cm this expression gives an average velocity at blow-off of 21 
cm/sec. 

Thus the literature appears to be misleading on this subject. In view of this 
discrepancy a series of experiments has been carried out on the blow-off of 
butane-air flames from rectangular channels. In the experiments on which 
the relationships of Grumer, Harris and Schultz are based (equations 1 to 
3) the minimum value of the ratio of channel cross-sectional width to cross- 
sectional length was 0.28. It should be noted that the anomalous behaviour 
indicated above occurs at values of this ratio which are less than 0.28. 

EXPERIMENTAL 

Apparatus-Blow-of limits were obtained for burners of the following cross- 
sectional dimensions: 0.18 cm x 0.33 cm, 0.32 cm x 0.32 cm, 0.63 cm x 
0.33 cm, 1.29 cm x 0.33 cm, 2.54 cm x 0.29 cm and 5.08 cm x 0.32 cm. The 
burners were not water jacketed, but it is thought that the blow-off limits 
would not have been appreciably altered by water jacketing, as it was ob- 
served from several tests that a blow-off limit taken immediately after a 
flame was lighted on a cold burner was in agreement, within experimental 
error, with the limit taken after the flame had been alight on the burner for 
some time. 

In each burner the approach length was greater than the transition length 
for a cylindrical channel of similar equivalent hydraulic diameter. A Reynolds 
number of 2000 was used in the expression' giving the transition length X: 

X=0.065d`! fie .... [5] 

The transition length is the length of channel required to change an initially 
flat velocity profile into one in which the velocity at the centre of the channel 
is within I per cent of the central velocity in Poiseuille flow. Equation 5 has 
been experimentally confirmed only for flow in cylindrical channels. 
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FLAME BLOW-OFF FROM RECTANGULAR BURNERS 

The butane and air flows were measured by capillary meters, within an 
estimated accuracy of 3 per cent. 

Flame lifting-The flames did not always lift simultaneously from all 
parts of the burner port, as can be seen from Figure 1 showing flames anchored 
above the 5-08 cm ý: 0.32 cm burner. At the flow velocity of 290 cm sec the 
flame lifts first from the centre of the long sides of the burner port (Figures la, 
b and c), and at the flow velocity of 27 cm sec incipient flame lift occurs at the 
corners of the port (Figures Id and e). The existence of these two forms of 

Faure 1. Flutries anchored ubure a 5'08 cm ßl-3_' cm burner: butane cuncen- 
rrutrun a3 Jai per cent; b 3.78 per cent: c 364 per cent ( final blow-ott at 3.23 per 
cent), d 233 per cent 1 final blues-utj ut _' I6 per cent); e 2.23 per cent (final b/)wr-(! r/ 

at -16 per cent) 
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blow-off may be due to the influence of flame thrust on the flow distribution. 
In Poiseuille flow in the rectangular channel of the burner the wall velocity 
gradients are lowest at the corners-. However when a flame is anchored above 
the burner the flame pressure will cause a spreading of the flow lines which 
will increase the velocity gradients at the corners. It is estimated' that this 
spreading of the flow lines is proportional to the term (S. ü)2, where S. is the 
burning velocity. At the conditions corresponding to the flames shown in 
Figures la, b and c this term has the value 0.02, and at the conditions corres- 
ponding to the flames shown in Figures Id and e the term has the value 0.73. 
The greater tendency for flow redistribution at the lower velocity may be the 
cause of the incipient flame lift from the corners of the burner shown in 
Figures Id and e. 

The type of blow-off shown in Figures la, b and c was only observed with 
the three largest burners (vi= those having dimensions 1.29 cm x 0.33 cm. 
2.54 cm x 0.29 cm and 5.08 cm x 0.32 cm), and that shown in Figures Id and 
e was only observed with the 5.08 cm x 0.32 cm burner. In all other cases, 
the flame lifted from all parts of the burner at the same flow condition. 

Flash back-With the larger burners a number of flash-back limits were 
taken. As these burners were not water jacketed, however, the results may be 
of doubtful value, since locally hot walls probably have a greater influence on 
flash-back than on blow-off. 

Pressure drop-In addition to the blow-off and flash-back observations the 
pressure drop along each of the burner channels was measured over a range of 
flows. 

CORRELATION OF BLOW-OFF RESULTS 

Local boundary velocity gradients-As stated earlier, the wall velocity gradient 
has been used successfully to correlate blow-off limits for circular burners. 
The applicability of this correlation to rectangular burners has been examined 
with reference to the lifting of a flame from the centre of the long side of the 
burner port, using the experimental results described above. In calculating 
the velocity gradients corresponding to the flows at which the flame lifted it 
was assumed that Poiseuille flow occurs at the burner port and that the 
velocity profile is unaltered by the presence of a flame. With these assump- 
tions the velocity u at a point having coordinates (x, v) relative to an origin 
on the axis is given by" e: 

ci =-- 21 
dI 

(h= - r' ) 

32b2 cosh {(2n -- 1)7, -x/2b; cos {(2n - 1)77y/2b; 1 
.... 

[61 
r' %, (2n -- 1)' cosh {(2n -- 1)ia12b 

where dp d= is the pressure gradient in the direction of flow, a is the half 
cross-sectional length and'b is the half cross-sectional width. 
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The average velocity i7 is obtained by integrating the above expression over 
the cross-sectional area: 

1 raw ly-b 

il = Qlb 
fu dx dr .... [71 
Js_o yO 

The wall velocity gradient at the centre of the long side, ;., is given by: 

üu [81 

Substituting equation 6 in equations 7 and S and combining gives: 

g, = Pub-' .... [9] 

3(1- (2n -- 1)-= rech 
(2n 2b1)ira ) 

where P= -- - --s *0 ----.... 
[10] 

1- 
192 

(2n -L 1)-8 tank 
1)ira 

2b 
Mmo 

The series used in equation 10 have been summed by R. W. SMITH, Jr, 
H. E. EDWARDS and S. R. BRINKLEY, Jrs for various values of the ratio b a. 
From their results the function P has been calculated and is given in Table 2. 

Table 2. Values of functions P and Q 

b. 'a 0 0.1 0.2 0.3 1 0.4 0.5 0.6 ! 0.7 0.8 0.9 1.0 

P 3.00 3.20 3.43 3.67 3.88 4.07 4.23 4.38 -4.52 4.66 4.80 
Q 0.0104 0.0118 0-0131! 0-0143; 0-0153 0.0161 0.0167 0.0171 0.0174 0.0175 0.0176 

Equation 9 is valid only at values of Reynolds number below about 2000, 
laminar flow in rectangular channels breaking down at that value'. Within 
this range of Reynolds number, equation 9 has been applied to the conditions 
at which a flame lifted from the centre of the long side of the burner port. The 
resulting values of the wall velocity gradient at the centre of the long side 
are plotted on Figure 2. The solid curve plotted on Figure 2 represents the 
correlation obtained by K. WOHL2 for blow-off from circular burners. There 
is seen to be good agreement between the blow-off limits of the various 
rectangular burners and the blow-off correlation for circular burners, indi- 
cating that the wall velocity gradient correlation of flame lift may be extended 
to the range of rectangular burners tested. 

The flash-back limits obtained are also plotted in Figure 2 where they are 
compared with the flash-back limits obtained by K. WOHL, N. M. KAPP and 
C. GAZLEY' in a 1-02 cm bore tube. The cause of the wall velocity gradients 
generally being higher in the rectangular burners than in the circular burner 
at flash-back may be due to the absence of water jackets from the former. - 

Velocity gradient in an infinite slit in turbulent flow-In circular burners in 
which the flow is turbulent the wall velocity gradients at blow-off have been 
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calculated by K. WOHL, N. M. KAPP and C. GAZLEY' and by L. M. BOLLIN- 

GER and D. T. WILLIAMS8 using values of the friction coefficient relevant to 
turbulent flow. The results obtained are in agreement with the correlation 
obtained in laminar flow. Treating the 5.08 cm x 0.32 cm burner as a rectan- 
gular burner of infinite cross-sectional length and 0.32 cm cross-sectional 
width enabled the wall velocity gradients at the centre of the long side to 
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be calculated for the few blow-off limits in the turbulent ranee obtained with 
this burner. The gradients calculated in this way are in good agreement with 
the correlation obtained from the laminar flow limits of the smaller burners. 

A verage velocity gradient-The blow-off limits for the rectangular burners 
have also been correlated in Figure 3 by the average wall velocity gradient 
obtained from the pressure drop measurements. The average wall velocity 
gradient g., is given by: 

dp area [11] 
d_ perimeter 
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FLAME BLOW-OFF FROM RECTANGULAR BURNERS 

In this correlation the blow-off limit is taken to be the condition at which the 
flame finally lifts from the burner port. The blow-off limit for circular burners 
obtained' by Wohl is again drawn. as a solid line, for comparison. This 
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Figure 3. Blow-off front rectangular burners: experimental 
average wall velocity gradient for final flame lift. 

correlation is less satisfactory than that obtained by using equation 9 to 
calculate the theoretical boundary velocity gradient, but this method of 
obtaining the average wall velocity gradient from the pressure gradient is 
applicable to turbulent, as well as to laminar, flows. 

CORRELATION OF FRICTION COEFFICIENTS 

The friction coefficient A, as used in this paper, is given by the expression: 

-, 1 2d 
.... [12] 

where p is the density of the fluid. 

In steady laminar flow in a rectangular channel the average velocity ü is 
given by equation 7 above. Substituting equation 7 in equation 12 leads to: 

QA . -º .... i 3) 
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where 
(o - b)' 192 a 

Q 96a ll 
7r a 

ný0 

(2n -ý, - I)-'tanh 
(2n 

2hl) 
a] 

. [14) 

Using the arithmetic summations published by Smith and his colleagues', 
values of the function Q have been calculated for various values of the ratio 
b, a. The results are given in Table 2. 

Values of the friction coefficients for the rectangular channels were calcu- 
lated from the pressure drop readings. These values, multiplied by the appro- 
priate value of the function Q, are plotted in Figure 4. From this graph it 
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Figure 4. Friction coefficient i. in rectangular channels 

is seen that the laminar flow linear relationship between the friction coefficient 
and Reynolds number breaks down in the four larger channels at a Reynolds 
number of roughly 2000. However in the two smaller channels the transition 
from laminar flow appears to begin at a Reynolds number nearer to 1000. For 
the laminar range points there is considerable scatter about the theoretical 
line, although for the individual burners the differences between the experi- 
mental points and the theoretical values are consistent. It is probable that 
these consistent discrepancies are partly due to inaccuracies in estimating the 
mean dimensions of the channel cross-sections. For example an error of 0.01 

cm in the measurement of the cross-sectional dimensions of the 0.32 cm 
0.32 cm channel. i. e. 3 per cent, can cause a consistent error of 16 per cent in 
the value of the term QA calculated from the experimental readings. 
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FLAME BLOW-OFF FROM RECTANGULAR BURNERS 

Lines drawn through the laminar range experimental points for the various 
burners would have gradients of 45'. confirming that the friction coefficient 
for each channel is inversely proportional to the Reynolds number, as indi- 
cated in equation 13. This is in disagreement with the conclusions' of Grumer. 
Harris and Schultz who calculated the friction coefficient from flame stability 
results, using equation 1, and found it to be inversely proportional to a power 
of the Reynolds number, as shown in equations 2 and 3. 

CONCLUSIONS 

For the burners tested the following observations were made: 
(1) Where the Reynolds number is less than 2000 the limits for flame lift from 

the centre of the long side of the burner port can be correlated by the wall 
velocity gradient calculated at that point for flow in the absence of a flame. 

(2) The final flame lift limits can be roughly correlated by the average wall 
velocity gradient obtained from the measured pressure gradient. This corre- 
lation is not limited to flows in which the Reynolds number is less than 2000. 

(3) The friction coefficient in the burner channel is inversely proportional to 
the Reynolds number for flows in the laminar region. The constants of pro- 
portionality are in fair agreement with those predicted by the laminar flow 
equations. 

That the blow-off limits may be directly correlated by the theoretical wall 
velocity gradient is in disagreement with the conclusions' of Grumer, Harris 
and Schultz. This disagreement may be due to the use by Grumer and his 
associates of burners of larger dimensions than those used in the experiments 
described above. With the larger dimensions the flow velocities at which the 
Reynolds number is equal to 2000 are lower and at the lower velocities the 
influence of flame thrust is probably more important. One would expect 
conclusion I above to be valid only when the flow redistribution due to flame 
thrust is not significant. It should also be noted that the conclusions of 
Grumer and his colleagues were based largely on flash-back limits, whereas 
the conclusions given above are drawn only from flame blow-off observations. 

The author wishes to thank Professor J. Small and Dr J. Barr of Glasgostiw 
University for their encouragement and guidance during the course of the above 
work. 
Department of Mechanical Engineering. 

The University, Glasgow (Received October 1955) 
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FLAME SPREADING CHARACTERISTICS IN COMBUSTION 

N. R. L. Maccallum 

Introduction 
In many steady flow combustion systems in 

which homogeneous mixtures of fuel and air are 
burned, the flame is anchored on some form of stabi- 
liser such as a bluff body, or a can. Downstream 
from the stabiliser the flame "spreads" across the 

main fuel-air mixture. Since flame spreading can 
take place only if a flame Is already successfully 
stabilised, a discussion of the mechanism of stabi- 
liaation Is given for each of the flame spreading 
systems considered. 

The study of flame spreading is relevant to the 
development of high intensity combustion systems. 

Flame spreading in laminar flow 

An illustration of flame spreading is given by 
the simple laminar bunsen flame. 

Stabilisation. 

The anchoring of a bunsen flame has been 

explained in terms of a balance at one point between 

the local flow velocity and the burning velocity. 
At all other points the flow velocity exceeds the 
burning velocity. The point at which this balance 

occurs is very close to the stream boundary, and, 
since the flow velocity at that point is roughly 
proportional to the boundary velocity gradient, 
Lewis and von Elbe thave proposed that the stability 
limits of burners of various dimensions may be 

correlated by the wall velocity gradient. This 

correlation has been applied very successfully by 
Lewis and von Elbe themselves, and by Wohl, Kapp 

and Gazley2 and others. 

Flame spreading. 

The shape of'the flame front in a bunsen flame 
has been predicted quite accurately by Lewis and 
von Elbe' simply by assuming that the burning 

velocity was constant along the whole length of the 
flame front. The major discrepancies between the 
theoretical and the observed flame shapes occur at 
the tip of the flame, and at the flame base. At the 
flame tip the burning velocity is no longer, in general, 
constant, due to the influences of heat conduction 
and diffusion in the vicinity of the curved wave. 
At the flame base the burning velocity is decreased 
due to quenching by the burner. Nevertheless, 

over most of the flame front the burning velocity is, 
in fact, constant, and in that region the theoretical 
and experimental flame profiles are in agreement. 

Thus, for the simple case of a laminar bunsen 
burner, it may be predicted with reasonable accuracy 
whether a flame will be anchored under given flow 

conditions or not. If the flame is anchored, the 
shape it assumes may also be predicted, allowance 
being made for flow redistributions and quenching 
effects if necessary. 

Flame spreading in turbulent flow - Flame 

stabilisation. 
Here again the procedure shall be adopted of 

considering separately flame stabilisation and flame 

spreading. It should be noted that, in high velocity 

systems, there are strong interactions between the 
flame spreading zone and the flame stabilisation 
region 3. Examples of this effect are discussed 
below in the sections on flame stabilisation. 



Flame stabilisation by bluff bodies. 

Surveys of the literature on this subject have 

recently been given by Longwel14 and Zukoski and 
Mar bl e. S. 

Various models have been suggested 61 7.8,9,10 

to represent the mechanism of flame anchoring behind 
bluff bodies such as rods, gutters and discs. Anal- 
yses of these models suggest that the group U/D" 
will correlate the blow-off results, at any one pressure, 
as a function of the fuel/air ratio (U is the velocity 
at blow off, D is the stabiliser dimension. and n is 
an index). The values of the exponent n which 
gave the best agreements with the various sets of 
experimental data varied from 0.45 to 1.0. An 
explanation of these apparent discrepancies has 
been given by Zukoski and Marbles who have shown 
that a transition takes place in the wake boundary 
at a value of the Reynolds Number, based on the 
stabiliser width, of about 104. At that point the 
wake boundary immediately downstream of the 
stabiliser, which at lower flows has been laminar, 
becomes turbulent. Considering only the blow-off 
results taken at Reynolds Numbers of greater than 
104 Zukoski and Marble have found all the results, 
except those of Longwell, Chenevey, Clark and 
Frostft ti be correlated by an exponent value of 
O. S. Longwell's results, which require an exponent 
of 1.0, were taken at Reynolds Numbers of the order 
of 106, and it may be that, as Longwe113 and 
Zukoski and Marbles suggest, in this higher range 
of Reynolds Number a third regime of wake structure 
exists. 

Spalding9 suggested from theoretical considera. 
tions that the blow-off velocity is proportional to the 
square of the laminar flame speed. Calculations 12 
based on the published blow-off results are seen to 
be in agreement, in the higher range of Reynolds 
Number, with this relationship. 

De Zubay' has found that the blow-off velocity 
is almost directly proportional to the absolute pressure, 
as predicted by the theories of Spalding9, and by the 
second-order reaction rate theory of Longwell, 
Frost and Weiss8. 

From the summary given above it is seen that, 
with the aid of correlations of the type given by 
Spaldingt2, the blow-off velocity, under given con- 
ditions of mixture strength, pressure and stabiliser 
dimension, may be predicted with a fair degree of 
accuracy. 

In the blow-off experiments, which have been 

referred to above, care was taken to avoid flow and 
pressure fluctuations. Scurlock6 has demonstrated 

that induced turbulence due to, say, a grid in the 
flow approaching the stabiliser has a deleterious 

effect on the stability limits. A reduction in the 

stability limits may also be caused by placing the 
flameholder in a long parallel walled chamber at a 
considerable distance from the chamber outlet, so 
that combustion is almost complete by the time the 

gases leave the chamber3"13. Under these conditions 

pulsations in the flame front have consistently 
been observed by Dunlap14, even at flow velocities 

of Soft/sec and less. These reductions in stability 
limits demonstrate the interaction in high velocity 

systems between the flame spreading zone and the 

stability zone. 

Flame stabilisation by cans 
The stability limits of cans have not been studied 

as thoroughly as those of simple bluff bodies. 
Longwe113 indicates that the blow-out limits at one 
fuel/air ratio may be correlated by the term A/VP2 

when A is the mass flow rate into the recirculation 
zone, V is the volume of the recirculation zone and 
P is the pressure. Other recently published ezperi- 
mentstS on the stability of a can having a single 
row of gas inlet holes suggest that the correlating 
group is Q/D2 4 Pt"S where Q is the mass flow 

rate through the can inlet holes, and D is the can 
diameter (all cans were geometrically similar). 
In comparing these two correlating groups it must be 

remembered that in one case the mass flow into the 

recirculation zone was measured, while in the other 
the measured quantity was the total mass flow rate 
through the inlet holes. 
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A can, having three rows of inlet holes, was 
used as the stabiliser in the pilot of the combustion 
system shown in Fig. 1. This system was used to 
study the influence of "flame spreaders" on the 
overall combustion efficiency. The flame spreaders 
consisted of a number of flat fingers which were 
placed across the annular space through which the 
main fuel-air mixture passed, the roots of the fingers 
being level with the pilot outlet. It was found that 
the use of suitable spreaders resulted in considerable 
improvement in the combustion efficiency performance, 
details of which are given later. However it was 
also found that if the number, width and inclination 

of the fingers, which formed the flame spreader, were 
increased beyond certain limits, a situation resulted 
in which combustion was extinguished before the 
system could be brought to choked tailpipe con- 
ditions (the inclination is the angle between the 
finger and the axis of the duct). Since increases 
in the number, width and inclination of the fingers 

of the spreaders leads to more rapid mixing, this 
would appear to be another example of the interaction 

of flow fluctuations and combustion stability. 

Flame stabilisation by independent pilots 

Independent oxygen-hydrogen pilots have been 

used by Wilkerson and Fenn16 in studies of the 
influence of mixing rate on combustion efficiency in 

ramjets. Here again it is reportedt7 that when the 

mixing rate became excessive combustion was ex- 
tinguished. 

Flame spreading 

The process of flame spreading in turbulent 
flow will now be considered. 

Concept of turbulent burning velocity 

It has been demonstrated that the concept of a 
laminar burning velocity proved valuable in the study 
of flame spreading in a laminar bunsen flame. 

Similarly it was thought that a "turbulent" 
burning velocity would aid the analysis of flames 
burning in turbulent streams. The first attempt to 
predict this turbulent burning velocity in terms of 
the laminar burning velocity and the turbulence 
characteristics was made by Damkohler18. Ile 

considered the case where the scale of turbulencm 
is large compared with the flame thickness, which 
appears to correspond most closely to the situation 
met in practice, and also the case when the scale is 

small compared with the flame thickness. For the 
large scale turbulence it was considered that the 
turbulence merely caused a wrinkling of the flame 
front, and assuming that the individual sections of 
the wrinkled front continue to propagate at the laminar 
flame speed, Damkohler predicted that the turbulent 
burning velocity is roughly proportional to the 
intensity of turbulence. It was assumed for the 

case of the small scale turbulence that the flame 
front is not distorted, but that the transport processes 
within the flame are accelerated. In this way 
Damkohler obtained - 

Se' ý= 

$L 
Eqn. 1. 

where ST and SL are the turbulent and laminar 
burning velocities respectively 

e is the eddy diffusivity in the approach stream 
and v is the kinematic viscosity. 

The concept that a flame in large scale tur- 
bulence consists of a rapidly fluctuating laminar 
flame has also been used by Karlovitz. Denniston 

and Wells19 who predicted the turbulent flame speed 
from the manner in which burning volumes of gas 
are moved backwards and forwards by the turbulence. 
Their treatment led to the equations - 

ST.. SL+ u. 
Eqn. 2. 

for weak turbulence, u' c<SL, when ut is the intensity 

of turbulence 

and S. 
1, 

S. SL's (2 SLu' ) 

Eqn. 3. 

for strong turbulence u' 7? SL 

Equation 3 was found to fit the experimental 

values of the turbulent burning velocity of open 
Bunsen type flames when a turbulence intensity, 

which was thought to represent the intensity of 
"flame-generated" turbulence, was used instead 

of the much smaller intensity of the approach flow 

turbulence. 
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This estimation of the intensity of flame generated 
turbulence represents a considerable advance in the 
"wrinkled flame front" theories of turbulent flames. 
However it has been suggested by Longwell, Frost 

and Reisse that, within a given volume, an insufficient 

number of laminar flame sheets can be obtained to 

yield the probable local heat release rates that have 
been observed in a 17/s inch ramjet by Mullen, 
Fenn and Garmon20. This indicates a definite 
limit to the application of these theories. 

An alternative concept of the structure of a tur- 
bulent flame has been proposed by Summerfield, 
Reiter, Kebely and Mascolo21 who suggest that the 
flame is a zone of distributed reaction, having smooth 
spatial variations in the time-average values of 
temperature and concentration. The transport pro- 
cesses within the combustion zone are controlled by 

the stream turbulence. On the basis of this model, 
and by comparison with the laminar flame structure 
the following "similarity" equation was obtained - 

ST dT 
ýL 

ev 

Eqn. 4. 

when dT and dL are the thicknesses of the turbulent 
and laminar flames respectively; other symbols as 
defined above. 

What few experimental data have been obtained 
are in fair agreement with this equation. 

The distributed reaction zone model may prove 
to be very useful, particularly in the high velocity, 
high turbulence range of conditions. A difficulty in 

the application of the theory as it stands is that the 
left hand side of the above equation contains two 
terms that are characteristics of the turbulent flame- 

the burning velocity and the flame thickness. 

Flame spreading in ramjets. 

Flame spreading in a 1i/s inch ramjet has been 

studied by Wilkerson and Fennts, the effectiveness 

of the spreading being represented by the combustion 

efficiency at the chamber outlet. All the efficiency 

measurements were taken with choked flow at the 
burner exit. An independent oxygen-hydrogen pilot 

was used and it was found that the efficiency with 

any one geometric system increased considerably 
when the pilot heat input was increased from 0.5 to 
4.5% of the heat release within the chamber (assuming 

complete combustion). This result cannot be ex- 

plained by the wrinkled flame front theories of tur- 
bulent burning velocity. The distributed reaction 

zone theory (Equation 4)) cannot yet be applied to 

these conditions owing to the lack of data on the 

turbulent flame thickness. A very satisfactory 

explanation has been given by Wilkerson and Fenn 

themselves who considered the combustion chamber 

as a region of homogeneous combustion. The tem- 

perature T at a characteristic point in the chamber 

was assumed to be given by the expression 

T" Tu -f ChK 
Egn. 5. 

when Tu is the temperature of the cold gas. C is a 

constant, h is the pilot heat input (as a percentage 

of the total heat release) and K is a factor measuring 
the rate of mixing of the pilot heat with the main 

stream. -The factor K was determined by observing 
the temperature distribution with only the hot pilot 

gases and cold air entering the chamber, the main 
fuel supply being stopped. Since all measurements 

were taken using a atoichrometric fuel-air mixture 
the combustion efficiency, º. , is assumed to be a 
function only of the temperature, and is given by - 

7c 'Ae: p (- ) 

when E Is the activation energy. 
Eqn. 6. 

The constant C in Equation 5 is chosen to fit 

the experimental results. While Wilkerson and Fenn 

appreciate that their treatment is over simplified, it 

nevertheless gives a good correlation of the results. 

With the same apparatus Wilkerson and Fenn 

studied the influence of mixing rate on the com- 
bustion efficiency. Different mixing regimes were 

obtained by placing orifices of diameter ranging 
from V/3 inch to 1% inch in the 17/a inch diameter 

duct'carrying the main stream, at a distance of just 

over 1 inch upstream from the pilot exit. The 
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mixing factor K was measured for each of the geo- 
metries used. Aith the pilot heat input maintained 
constant it was found that an increase in the mixing 
factor K, which was achieved by using a smaller 
diameter of orifices, was accompanied by an increase 
in the combusticn efficiency. Equations 5 and 6, 

which had correlated the influence of pilot heat 
input on the combustion efficiency, were also found 

to correlate the influence of mixing on the combustion 
efficiency. These correlations are given in Fig. 2. 

The use of devices, such as the orifices used 
by Wilkerson and Fenn, which increase the mixing 
simply by imparting general turbulence to the main 
stream, represents one method of achieving improved 
flame spreading. In the apparatus shown in Fig. 1 
improved flame spreading was achieved by the use of 
a system of fingers placed across the main stream, 
the roots of the fingers being level with the pilot 
exit. It has been shown by gas sampling that mass 
transfer of pilot gases takes place along the wakes 
of the fingers, and it appears that when the main fuel 

supply is introduced these fingers act, at least 

partially, as flameholders. An example of the 
influence of the number of fingers and the width of 
fingers on the overall combustion efficiency is given 
in Fig. 3. The few tests carried out on the influence 

of finger inclination indicated that an increase in the 
inclination leads to a slight improvement in the 

combustion efficiency performance. 

Discussion. 
In low speed systems it appears that the flame 

spreading is controlled by the burning velocity 
(laminar or turbulent). In the conditions met in a 
ramjet combustion chamber in which the flow is 

choked at the tailpipe exit the combustion appears 
to be more homogeneous and the mixing processc' 
become important. It has been observed that in- 

creasing the mixing rate improves the flame spreading, 
and also that it the mixing rate is increased beyond 

a certain limit a decrease in the stability, leading 

to extinction, can occur. 

The theoretical analyses of the influence of 

mixing on the combustion rate which have been made 
by Berl, Rice and Rosen22 are relevant to this problem. 
They have shown that much higher heat release 

rates can be obtained with optimum mixing, than are 

obtained with only slight mixing. They have also 

shown that, when extremely rapid mixing takes place, 
the time required to burn a given volume of mixture 
becomes excessive. 

Suggestions for Further Research 

Since it is seen that mixing has a considerable 
influence on the combustion rate, future work might 
fruitfully be directed towards achieving the controlled 

mixing necessary to give the optimum heat release 
rate. 

It would be useful to know if the finger type 
flame spreaders, that have been described above, 

achieve their effect simply by causing general mixing 
as was the case with the orifices used by Wilkerson 

and Fennts. An answer to this question might be 

given by a comparison of the combustion efficiency 
measurements made with a finger type flame spreader, 
and with an orifice giving similar values of the 

pilot heat mixing factor K. 

The question of the pressure loss involved in 

achieving the mixing is also important. 

The influence of mixing on the stability of a 
system has been demonstrated. It is therefore im- 

portant to develop a piloting unit which will remain 
stable even when rapid mixing is taking place further 
downstream. Can-type stabilisers may prove use - 
ful in this connection. The influence of heat losses 
from the stabilising zone, and the ways in which 
they may be avoided, are important. 

The author wishes to thank Professor Small 

and Pr. Barr of Glasgow University for the 
guidance and encouragement given by them in the 

preparation of this review. 
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Swirling air jets issuing 
from vane swirlers. Partl: 
free jets 

Publication 3 

Designs of vane swirlers for efficient directing of the air are 
discussed. A design of 'hubless' swirler is suggested for studying 
swirling jets. The pressure drop across swirlers and hence the 
efficiency of the swirl generator is derived from theoretical con- 
siderations and is confirmed by experimental results. The 
pressure drop is proportional to U02 tang 0 where Ua is the nozzle 
velocity and 0 is the vane angle. The static pressure on the axis at 
nozzle exit is found to be proportional to U02 tan 0 in the case of 
hubless swirlers. It is shown that a swirling jet experiences a 
sudden expansion soon after it issues from the nozzle, but after 
about 2 to 4 of the expansion becomes nearly linear with similar 
spread angles for jets having varying degrees of swirl. For vane 
angles of 45' and higher the sub-atmospheric pressure in the 
central zone of the jet near the nozzle is strong enough to induce 
recirculation. This recirculation mass flow is roughly proportional 
to tang 0. The recirculation results show that tan 0 itself is a good 
measure of swirl for jets issuing from vane swirlers. 

1. Nomenclature 
ci constant. 

c_ constant, 
C 

d° diameter of hubless swirler, in. 
dl, d2 inner and outer diameters of annular swirler, 

in. 
(d, - d) equivalent diameter of annular swirler for 

calculation of Reynolds Number, in. 
g acceleration due to gravity, ft/s2. 
G. axial momentum flux, lb ft/st. 
G¢ angular momentum flux, lb ftE/s=. 
hf total pressure drop in a vane swirler, hf 

= (hol + h, 2), lbf/ftt. 
hfi pressure drop for 0° vane, lbf/ft=. 
hf 2 additional pressure drop for increase in vane 

angle from 0°, lbf/ft$. 
k constant, k=k, + k2 tan2 0. 
kl pressure drop constant for 0° vane angle. 
k2 pressure drop constant for increase in vane 

angle from 0°. 
p pressure, lbf/ftt. 
zip pressure difference, lbf, ft2. 
r1, r_ inner and outer radii, in. 

R 
1 (d23-d13 

torque mean radius, R=3 (dj, 
--dl)' in. 

S swirl number. 
Uo average nozzle velocity, determined from the 

total nozzle flow and the cross-sectional flow 
area of corresponding 0° swirler, ft/s. 

U. axial component of velocity on jet axis, ft/s. 

hub ratio = 
d,. 

0 swirl vane angle, deg. 
angle subtended by the vane when viewed in 
the axial direction, deg. 

p jet density, lb/ft3. 

2. Introduction 
Swirling jets are used in furnaces as a means of control- 
ling the length and stability of the flame. One common 
method of generating a swirling jet is by employing a 
vane swirler. This paper describes a study of the design of 
vane swirlers for the efficient directing of the air. The 
energy spent in swirl generation and the velocity and 
static pressure distributions in the jets issuing into the 
atmosphere are reported, particularly with reference to 
the central recirculation zone. 

*Department of Mechanical Engineering, University of Jodhpur 
(India). 
tDepartment of Mechanical Engineering, University of Glasgow. 
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3. Review of published work 
A bibliographical chart of published work on swirling 
jets with application to combustion is given in Table 1. 

The earliest reference to vane swirlers is given in 
Watson and Clarke's description' of the combustion 
chambers of the original `Whittle' engine. Theoretical 
studies of swirling jets have been made by Loitsyanskii4 
and Gortler" but their results are only applicable to 
fully developed weak swirling jets having no reversal of 
flow at any point. Experimental studies on swirling jet 
flames produced by introducing air through tangential 
ports have been reported by Cude=. s who found that the 
flame length was considerably reduced by swirl. Hottel 
and Persona have studied swirling jets produced by 
introducing air tangentially into a cylindrical chamber. 
However, their system did not induce significant amounts 
of central recirculation and the efficiency and the overall 
mixing ratio were found to be independent of the ratio of 
tangential velocity to radial admission velocity (radial 
admission velocity is proportional to axial velocity). 
Ullrich10 has studied annular swirling jets produced by a 
combination of tangential air inlets and adjustable 
vanes. He found that swirl introduced instability in the 
stream, resulting in an unsymmetrical jet. Rose has 
studied swirling jets generated by a rotating pipe" and by 
a specially designed swirl generator, " although in 
neither case was central recirculation obtained. 

Recently Beer and Chigierla, u at the International 
Flame Research Foundation, IJmuiden, have studied 
swirling jets issuing from a generator having tangential 
air entries. General velocity profiles, and the form and 
shape of the central recirculation vortex were obtained. 
Kerr22.23.29 and Fraser22.3° have studied swirling jets 
issuing from vane swirlers in a boiler furnace and in a 
model burner respectively. It was found that the angular 
momentum is conserved along the length of the jet and 
is equal to the measured torque. Kerr found that his 
velocity profiles followed the error curve distribution in 
the fully developed region of the jet, which was the only 
region investigated. No central recirculation was reported 
by him. Drake and Hubbard'3,27 have studied the effects 
of swirl on combustion in the furnace of an experimental 
water-tube boiler. It was found that an intermediate 
degree of swirl gave a minimum of unburnt solids in the 
flue gases. 

4. Design of vane swirlers 
Many different designs of vane swirlers are used today. 
Several of these designs only partially deflect the air due 
to lack of overlap between the adjacent vanes. In the 
study described here a design for annular swirlers was 
evolved to give complete deflection of the air, by the 
provision of adequate overlap. No attempt was made to 
minimize the pressure loss necessary to generate the 
swirl. 
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TABLE 1A bibliographical chart of published literature on swirling jets with application to combustion 

Type of swirl generator Type of jet 
Enclosed combustion 

Model chamber 

Author Year Ref. No. 
Tangential 

Vane entry Others Free Air 
Gas 

Water Turbine Boiler 

Watson and Clarke 1947 1 * 

Cude and Hall 1950 2 
Cude 1953 3 
Doitsyanskii 1953 4 Mathematical analysis 
Hotte) and Person 1953 5 " 
Gortler 1954 6 Mathematical analysis 
Clarke 1955 7 " 

Poulston and Winter 1956 8 * * 

Winter 1958 9 " * 

Ullrich 1960 10 Combination of vane " 
and tangential entry 

Rose 1962 11 
Rose 1962 12 * 
Drake and Hubbard 1963 13 " 
Cohen de Lara and Fellous 1963 14 * *_ 

Beer and Chigier 1963 15 *** 

Cohen de Lara and Fellous 1964 16 
Chigier and Beer 1964 17 

Brown and Thring 1964 18 ** 
Beer and Lee 1964 19 
Livesey and South 1964 20 * 
Chigier 1965 21 ** 

Kerr and Fraser 1965 22 . *** cold 
Kerr 1965 23 *** 
Shao-Lin Lee 1965 24 Mathematical analysis 
BeCr 1965 25 *** 
Chigier and Chervinsky 1965 26 
Drake and Hubbard 1966 27 ** 

Patrick 1966 28 General discussion on swirl 

4.1. Annular swirlers 
This design is shown in Fig. 1. There are eight vanes, 
0.022 in thick. The vanes are symmetrical, and the 
trailing edges of the vanes do not lie in the plane of the 
hub exit. The angle subtended by a vane at the axis, when 
viewed in the axial direction (0), is 75°, giving an overlap 
of 30° between adjacent vanes. All experimental results 
reported herein were obtained, unless otherwise stated, 
from swirlers made to this design. 

4.2. Hubless swirlers 
For studying swirling jets which are free of hub effect, 
`hubless' swirlers were made. The design is developed 
from the annular swirler design, described above. The 
vanes are in the shape of segments of a circle, and when 
assembled in the swirler, all the vanes meet at a point on 
the axis. In practice it was difficult to manufacture 
completely accurate hubless swirlers. 

5. Swirl number of vane swirlers 
The definition of swirl number most commonly accepted 
is 

S= 
Gý (1) 

Gs r2 

dza - dl 1a 
where R, the torque mean radius =3 

Cd 
2-dE, 

2 rz 1- zal (3) =3 
C1-z2! 

S vane:, 24 SWC. 

0 True shape of 60'vone. 

J. e 
- 

In the case of vane swirlers equation (1) reduces22 to 

S_R tan B (2) 
r. FIG. I Annular vane swirler. 

I 3-q6 
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TABLE 2 Dimensions and swirl number of swirlers 

Thickness of Swirl No. 
Swirler d, d, z Area of flow No. of vanes vanes Vane angles equation (1) 

in in in' in 

Hubless 0.934 zero zero 0.602 8 0.022 0°, 15°, 30°, 0.67 can 0 
453,60°, 70°, 
75° 

Annular 3.86 1.25 0.324 10.25 8 0.022 ditto 0.72 tan B 

Thus the swirl number of a hubless swirler 

=3 tan 0 (4) 

and the swirl number of an annular swirler 

=3 
(i 

- =-) 
tan 0. (5) 

The swirl number of an annular swirler is a function 
both of the vane angle, 0, and of the hub ratio, z. Com- 
paring swirlers of the same vane angle, annular swirlers 
having hub ratios in the range 0.2 to 0.5 (the normal 
practical limits) have swirl numbers ranging from 3 to 
17% higher than that of the hubless swirler of the same 
vane angle. On the other hand, increasing the vane angle 
from 30° to 60° increases the swirl number by 300%. 
Thus the effect of hub ratio on swirl number is quite small 
corn pared to that of vane angle. Hence for vane swirlers 
tan 0 alone may be taken as a measure of the degree of 
swirl. This approximation has been substantiated by the 
present study. 

The dimensions and swirl numbers of the swirlers 
studied are given in Table 2. 

All swirlers were to Design No. 2 except the annular 
swirlers having vane angles of 15° and 30°. The designs of 
these two swirlers were similar to Design No. 2 but did 
not give the full overlap of 30°. The overlaps in these two 
cases were -13° and 27° respectively. 

The term kl in equation (8) becomes negligible for 
vane angles of 45° and higher. The pressure drop is then 
proportional to the square of the tangent of the vane 
angle. If all losses are neglected, the theoretical value of 
k2 is unity. 

If in practice the vanes of a swirler give complete 
deflection, an efficiency of a swirl generator may be 
defined as the ratio of the theoretical pressure drop to the 
actual pressure drop. 
i. e. Efficiency of swirl generator 

Theoretical pressure drop 
Actual pressure drop 

1 for swirl angles of 45° and above . (10) 
k2 

7. Experimental work 
7.1. Objectives 

(a) To measure the pressure drop across hubless and 
annular swirlers in a model burner and compare the 
results with those predicted by the theoretical analysis. 

(b) To measure the velocity and static pressure distri- 
butions in jets issuing from hubless and annular swirlers 
in a model burner with special reference to central 
recirculation. 

6. Theoretical analysis of the pressure drop 
across vane swirlers 
The frictional resistance to fluid flow depends on surface 
roughness, the area of wetted surface and the density and 
velocity of the fluid. In the turbulent region the frictional 
resistance increases approximately with the square of the 
velocity. The frictional loss for flow through a swirler 
with axial vanes, i. e. vane angle 0°, may be given by 

h11= kl P2 0s (6) 

The value of the constant kl depends on surface 
roughness, wetted area, and the obstruction due to the 
thickness of the vanes. 

If the flow is through a swirler with vanes at an angle, 
B, to the axis, additional pressure head is required to 
increase the velocity from Uo to 

cos°8. 
The additional 

pressure head, hf_, may be given by 

- 
U2 hýz ks 

2g 
Ccos2 

B-U =1 

= k2 p U. 2 tan2 B (7) 
S 

where k2 is a constant. 
Factors which affect k2 are the design and pitch of 

vanes, and the effectiveness of the vanes in deflecting the 
air through the passages. The total pressure drop, h,, is 
given by 

hf = h, 1 + h,: 

=p gS 
(k1-. - k2 tan2 0) .. (8) 

2 

=2 
g' k. (9) 

7.2. Apparatus 
The rig consisted of two concentric tubes with metered 
supplies of air to both the central (primary) and annular 
(secondary) streams 3' The primary tube, I in inner 
diameter, 1.188 in outer diameter, was 50 in long. This 
length is assumed to give a fully developed jet. The 
secondary tube, 3.86 in inner diameter, was 36 in long. 
The various hubless and annular swirlers were fitted in 
turn in the downstream ends of these tubes. 

A traversing mechanism positioned the probes which 
were used to study the jets. The accuracies of locating the 
probes were ±0.001 in in the horizontal and vertical 
radial directions and _0.02 

in in the axial direction. The 
lengths of travel were 12 in in the radial directions and 
72 in in the axial direction. A motorized drive was used 
for the vertical radial travel. 

To measure the velocity components in the three- 
dimensional flow in the swirling jet, a three-dimensional 
probe, made to the design of Hiett and Powel132 was used. 
This probe has the advantage of having only three holes 
and of being able to measure flows from any direction 
except parallel to its own axis. Static pressures were 
measured by a disc static probe to the design of Miller 
and Comings. 33 

The pressure differences across the probes were 
measured by an electronic micromanometer of which the 
output was fed into a potentiometric chart recorder. The 
components of the electronic micromanometer were 
maintained at a constant temperature to obtain stability 
and constant calibration, as described by Kerr. 29 An 
accuracy of ±0.0005 in water was achieved in the 
pressure measurements taken in this way. A Casella 
manometer, having an accuracy of ±0.001 in water, was 
used to measure the pressure drop across the swirlers. 
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FIG. 2 Pressure drop across primary swirlers. 

7.3. Procedure 
The exit static pressure and the pressure drop across the 
hubless swirlers were measured for nozzle velocities (U0) 
ranging from 14 to 195 ft/sec (Reynolds Numbers 
7x 103 to 9.5 x 104). Similar readings were taken for 
the annular swirlers over the nozzle velocity range 12 to 
44 ft/sec (Reynolds Numbers 1.7 x 104 to 6x 105). 

The static pressure distributions along the axis and the 
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FIG. 3 Pressure drop across primary swirlers. 
3 

velocity distributions were measured in the hubless 
swirling jets for a nozzle velocity of 100 ft, 'sec and in 
the annular swirling jets for a nozzle velocity of 39 ft sec. 

8. Results and discussion 
8.1. Pressure drop across swirlers 
The results of the pressure drops across the hubless 
swirlers are given in Fig. 2. The gradients of the lines on 
this Figure show that the pressure drop is proportional 
to the square of the nozzle velocity. If the constant k1 is 
determined from the results of the 0° swirler using 
equations (6), the additional pressure drops, h1_, due to 
the inclination of the vanes on the other swirlers may be 
evaluated. The group (hi_'tan2 0) is plotted against 
nozzle velocity in Fig. 3. On this plot the results of the 
various swirlers reduce to a single line, confirming the 
theoretical analysis (see equations (7) and (8)). 
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FIG. 4 Pressure drop across annular swirlers. 

The pressure drop results obtained with the annular 
swirlers have been plotted in a similar manner in Fig. 4. 
In this case the results from all swirlers, except the 15° 
swirler. correlate satisfactorily. The discrepancy in the 
results of the 15' swirler is considered to be associated 
with incomplete deflection of the air due to the negative 
overlap (-13`) between adjacent vanes. 
TABLE 3 Pressure drop across swirlers 

ane angle i Hublese swirlers i Annular swirlers 

k k, k= k_ ik 
k 

ki k. k, 
k 

15 0.47 0.219 3.6 0.47 0.18 0.083 1.3 0.46 

30' 1.31 3.3 0.17 0.97 2.9 0.085 

45- 4.52 .. 4.3 0.05 3.5 3.4 0.024 

60' 10.7 .. 3.5 0.02 ý 11.7 .. 3.9 0.007 

70` 1 25-S .. 3.4 0-009 29-9 4-0 0-003 

75" 65 .. 4-6 0-003 149.3 3.5 0.002 

Averages 3.79 3 . 54" 

*Neglecting the results of the 15 swirler. 
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The values obtained for the constants k, kl and k= are That the values of k2 for the hubless and annular 
given in Table 3. On the basis of equation (10) the swirlers are in close agreement indicates that swirlers of 
average value of the efficiency of the swirl generators is different sizes but of similar designs will have similar 
0,27. values of this coefficient k2. The numerical values of ks 

are high, presumably due to flow disturbance at entry to 
the swirlers. This loss coefficient could be reduced by 
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efficient design. 
The results given above are for simple hubless or 

annular swirlers but the pressure drop across a com- 
plicated composite design of vane swirlers such as 
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FIG. 8 Exit static pressure on axis in annular jets. 

described in reference 22 could also be evaluated in a 
similar fashion. 

A valuable comparison of the efficiencies of different 
methods of achieving the same degree of swirl could be 
made by comparing the pressure drops in the swirl 
generating devices. 

8.2. Static pressure on the axis of jets 
8.2.1. Hubless swirlers 
In jets issuing from the hubless swirlers, the static pressure 
on the axis of the jet at the swirler exit is sub-atmospheric. The pressure, relative to atmospheric pressure, is found 
to be proportional to the square of the nozzle velocity 
and to the tangent of the vane angle (see Fig. 5). 
i. e. Jp= P= (Patmos - Pextt) = c1 p Ug 

tan B (11) 

The proportionality with the square of the nozzle 
velocity is to be expected, but it is not known why the 
static pressure is proportional to tan 0. 

The average value of the constant cl is found to be 0.97. 
The pressure drop across the swirlers, due to the inclination of the vanes, hf2, has already been found to be 

proportional to tan2 0, and so this pressure drop, h72, and the exit static pressure, dp, are related by 
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FIG. 9 (a) Variation of static pressure along jet axis in annular 
jets. 

hfl 
= 

k2 
tan O=c, tan 0.. (12) TD cl 

This relationship is demonstrated in Fig. 6, the average 
value of constant c2 being found to be 3.9. 

The variation of the static pressure along the axis of 
the jets is shown in Fig. 7 (a) and (b). The non- 

Patmos -Pstatfe\ 
dimensional group 

(p 
U02 ) is independent of 

\ 2g / 
Reynolds Number. 

For comparison with the swirling jets, the static 
pressure was measured along the axis of an unswirling 
jet issuing from a nozzle of the same diameter as the 
swirlers. In this unswirling jet the static pressure at the 
exit plane is above atmospheric. Moving downstream, 
the static pressure increases slightly to a maximum at a 
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FIG. 10 Hubless jets: profiles of axial-velocity component for varying degrees of swirl. 

distance x/d, = 0.6. Thereafter the static pressure 
decreases, equalling atmospheric at x/d, = 2.6 and 
reaching a minimum value at x/d, = 8. At this section 
the jet is fully developed. Finally the static pressure tends 
towards atmospheric. In the region beyond about 
x/d, = 20 this approach is proportional to x-2 (see 
Fig. 7 (b)). 

In the swirling jets the static pressure on the axis is 
always sub-atmospheric. The minimum pressure occurs 
at the swirler exits. On moving downstream from the 
swirlers the pressure rises towards atmospheric, the 
approach eventually being proportional to Y-^. The value 
of the index n varied from 3.5 for low-intensity swirl to 
2.5 for high-intensity swirl. 

8.2.2. Annular swirlers 
In jets issuing from annular swirlers the static pressure on 
the axis of the jet at the swirler exit was sub-atmospheric, 
and, relative to atmospheric, it was found to be pro- 
portional to the square of the nozzle velocity, but not 
proportional to the tangent of the vane angle, as had been 
the case with the hubless swirlers. The results are shown 
in Fig. 8 which illustrates the irregular manner in which 
static pressure changes with vane angle. 

The static pressure distributions along the axis of the 
swirling jets and also along a corresponding non- 
swirling jet are shown in Fig. 9 (a) and (b). The pressure 
distribution in the non-swirling jet is similar to that 
described by Chigier and Beer. 34 At the nozzle exit the 
pressure is sub-atmospheric but on moving downstream 
the pressure rises rapidly above atmospheric. A maximum 
pressure is reached at a point, referred to as the `stagna- 
tion point, ' where x! d. = 0.4. Thereafter the static 
pressure falls to below atmospheric pressure. In the 

swirling jets, those issuing from the 15° and 30° swirlers 
also show a rapid rise in static pressure immediately 
downstream of the swirler, although in neither case does 
the pressure rise to atmospheric. This is then followed by 
a reduction in pressure to a minimum. Finally the 
pressure rises, approaching atmospheric asymptotically. 
In the jets issuing from the swirlers of 45° and higher vane 
angles there is no initial rise in the static pressure. 
Instead the pressure falls, reaching a minimum value at a 
distance about ds downstream from the swirler, and 
thereafter the pressure approaches asymptotically to 
atmospheric. 

It can be seen, on comparing the pressure distributions 
in the hubless and annular jets, that the behaviour of the 
hubless jet is simpler and might be mathematically 
described more easily, which illustrates the usefulness of 
studying hubless jets. 

8.3. Velocity distributions 
8.3.1. Axial-velocity distributions 
The profiles of the axial component of velocity for jets 
from hubless and annular swirlers are given in Figs. 10 
and 11 respectively. In both the hubless and annular jets 
the velocity profiles close to the swirler have the shape of 
double crests separated by a central trough. Within the 
lengths observed (12 d, for hubless jets and 7 d_ for 
annular jets) the distribution of the axial velocity com- 
ponent does not fit the error curve relationship. (The 
error curve relationship is applicable to non-swirling 
jets beyond 8 d, and has also been found in one case to 
fit swirling jets at distances greater than 12 d. 22) 

With vane angles of 45' and greater there is a reverse 
velocity, i. e. recirculation, in the central zone of the jet 
near the nozzle. The strength of the recirculation increases 
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with the vane angle, as shown in Table 4. This central / 
recirculation, which is an important feature of strongly 
swirling jets, is closely associated with the regions of 
rapidly decaying negative pressure (see Section 8.2). The 
maximum mass flow in the recirculation vortex in the 4 
annular jets was measured. This maximum occurs at Central recirculation 
about a distance ds downstream from the swirler and the b 
magnitude of the flow is roughly given by 
Maximum recirculating mass flow 

_0 06 tan2 8 
Nozzle flow . (13) 

y1 4 ,2 l0 20 
It was not possible to measure the recirculating mass A. iol distance in. 

flows in the hubless jets due to the small cross-sectional recirculation and maximum reverse velocity ratios are 
area of the vortices. generally similar for both hubless and annular swirlers of 

The results in Table 4 indicate that the limits of the same vane angle. This would suggest that the term 

TABLE 4 Central recirculation in swirling jets 

Jets Issuing from bubless 
swirlers Jets issuing from annular swirlers 
Limits of Max. reverse vel. Limits of Max. reverse vel. Max. reverse flow Max. reverse flow 

Vane angle recirculation Nozzle vel. recirculation Nozzle vel. Nozzle flow Nozzle now x tan'e 
to from to from 

15° Nil Nil Negligible 
30° Nil Nil Negligible 
45° 0.3 d°3.2 d°0.33 Hub 3.7 d. 0.35 0.039 0.039 
60° 0.1 d° 4 d., 0.40 Hub 5 d. 0.77 0.157 0.052 
70° Nozzle 4.3 d° 0.90 Hub 5.2 d2 0.76 0.434 0.057 

exit 
75° Nozzle S d, 0.90 Hub 5"2 d, 0.72 0"84.0.060 

exit 
Average 0.052 

L Velocity lcole {t/t. * in. 
1'! 4e 12 lb 20 
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tan 0, instead of 
GG. 

r2 
ý, 

may be taken as a measure of the 

degree of swirl for jets issuing from vane swirlers, 
provided of course that the vanes give sufficient overlap 
to achieve complete direction. 

The variations of the axial component of velocity 
along the axis of the jets issuing from hubless and 
annular swirlers are shown in Figs. 12 and 13 respectively. 
The minimum axial velocity, which as mentioned above, 
is negative with high degree of swirl, is attained in all 
cases about one diameter downstream from the swirler. 
Only in the jets issuing from the 15° and 30° hubless 
swirlers does the axial velocity component on the axis 

C 

C 

FIG. 14 Hubless jets: profiles of tangential-velocity component for varying degrees of swirl. 
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FIG. 15 Annular jets: profiles of tangential-velocity component for varying degrees of swirl. 

reach a maximum positive value and then decay within 
the jet lengths studied. 

From the velocity distributions shown in Fig. 10 and 
11 it can be seen that the maximum value of the axial 
component of velocity decays more rapidly as the degree 
of swirl is increased. 

8.3.2. Tangential-velocity distributions 
The tangential velocity distributions for jets issuing from 
hubless and annular swirlers are given in Figs. 14 and 15 
respectively. In both types of jets the tangential velocity distributions indicate the jet as being a fixed vortex core 
surrounded by a free vortex region. The cross-sectional 
area occupied by the fixed vortex core remains almost 
constant in the length of the jet, the area being about 
equal to the swirler exit area. 

8.3.3. Variation of jet width along the axis 
The width of the jet was found from the axial velocity 
profiles by assuming the boundary of the jet to be the 
point where the axial velocity is 10% of the maximum 
axial velocity in that plane. Jet widths obtained in this 
manner are plotted in Figs. 16 and 17 for the hubless and 
annular jets respectively. These results show that a 
swirling jet, when it emerges from the swirler, initially 
experiences a rapid rate of expansion, this rate increasing 
with the swirler vane angle. Further downstream this 
rate of expansion reduces to a value which is almost independent of the swirler vane angle. 

C 
C 

7s" 

2 
) 

s 12 lb 20 
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8.4. Combination of hubless and annular 
swirlers 
Many industrial applications employ a combination of 
two concentric swirlers. It is deduced that in such cases 
both the inner and outer streams need to be given swirl 
to achieve significant central recirculation. Satisfactory 
results should be obtained by using vane angles of 45° for 
the primary swirler and 45° or higher for the secondary 
swirler. 

9. Conclusions 
(1) In the design of vane swirlers for effective directing 

of the air a positive overlap between adjacent vanes is 
essential. An overlap of 30' in an eight-vane swirler has 
been found to be adequate. 

(2) The pressure drop across vane swirlers is given by 

hf=P2°s (kl--k2tan20). 
S 

Constant kl is negligible for swirlers of vane angles of 

45` and higher. Constant. represents the efficiency of 

swirl generation. If the value of k, is less than unity it 
indicates that the air is not fully directed. 

(3) In hubless jets the static pressure, relative to 



MATHUR AND MACCALLUM: SWIRLING AIR JETS FROM VANE SWIRLERS. PART 1 224 

atmospheric pressure. at exit from the swirler is pro- 
portional to U02 tan 0. In annular jets the static pressure 
is proportional to U02 but varies irregularly with 0. 

(4) The axial velocity profiles of a swirling jet, within 
the lengths investigated (7 d2 for annular and 12 d, for 
hubless swirlers), do not follow the error curve relation- 
ship. A swirling jet experiences a sudden expansion soon 
after it issues from the nozzle-the rate of expansion 
increasing with degree of swirl. After 2 to 4 d, (or d, the 
expansion becomes linear with nearly the same spread 
angle for jets having varying degrees of swirl. 

(5) Central recirculation, extending from 3 to 5d 
downstream of the nozzle exit, is an important feature of 
jets issuing from swirlers of vane angles of 45° and 
higher. The maximum mass flow in the recirculation 
vortex, occurring at about one diameter downstream of 
the nozzle exit, is roughly equal to 0.06 tan' 0 of the 
nozzle flow. 

(6) Tan 0 is a good measure of swirl for jets issuing 
from vane swirlers. 
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Swirling air jets issuing 
from vane swirlers. 
Part 2: enclosed jets 

Previous work on flow in swirling free jets has been extended by 
the study of enclosed swirling jets in isothermal air and water 
models. Profiles of the axial and tangential components of velocity 
have been obtained in jets issuing from a series of annular swirlers. 
The maximum and minima of the static pressure at the chamoer 
wall have been related to the jet impingement point and to the 
positions of the recirculation zones respectively. 
Mixing of a swirling primary flow with a surrounding non-swirling 
secondary flow has been studied. The axial distance required 
for a given degree of mixing is approximately proportional to 
(tan 8)-0-66. 
It has been shown that for central recirculation to be established 
in double concentric jets, swirl must be imparted to both streams. 
For example, a combination of 45' swirlers in both the inner and 
outer streams gives satisfactory central recirculation. 

1. Nomenclature 
d_ = outer diameter of annular swirler, in. 
in, = nozzle flow, Ibis. 

. bf" = central recirculation mass flow, lb/s. 
Mrout = outer recirculation mass flow, lb/s. 
U. = average nozzle velocity, determined from the 

total nozzle flow and the cross-sectional flow 
area of corresponding 0° swirler, ft/s. 

U, Q = central recirculation velocity, ft/s. 
1. = distance to reference concentration on axis, in. 
L= half width of the chamber, in. 
0= swirl vane angle, deg. 

2. Introduction 
Part 1 of this paper' described the behaviour of swirling 
jets issuing from vane swirlers into a free atmosphere. 
The second part of the programme, reported here, 
consisted of a study of swirling jets in an air model of a 
furnace, and in a corresponding water model. 

The mixing of a primary swirling air jet, issuing from 
an annular swirler with helical vanes and diffusing in a 
cylindrical chamber with a non-swirling secondary air 
flow, has been studied by Cohen de Lara and Fellous. 2 It 
was found that the zone of outer rccirculation is reduced 
by the existence of swirl in the primary flow. The same 
authors have also studied' the diffusion of the swirling jet 
when there is no secondary flow. The central recirculation 
was found to change irregularly with the degree of swirl 
over the range tested. However in all cases the position of 
the maximum reverse flow could be estimated by simple 
wall pressure measurements. The work of Cohen de Lara 
and Fellous on helical swirlers issuing into a cylindrical 
chamber has been extended, as reported in this paper, by 
studies of jets issuing from constant vane angle swirlers' 
issuing into a model of square cross-section. 

3. Objectives 
(a) To obtain velocity profiles of the jets issuing from 

vane swirlers in an enclosed air model, and to confirm the 
general patterns in a water model. 

(b) To determine the distribution of wall static pressure 
and to relate this distribution of pressure to the flow 
pattern. 

(c) To study the mixing of a primary swirling flow in a 
surrounding non-swirling secondary flow in the air 
model, using the nitrous oxide tracer technique. 

4. Experimental work-air model 
4.1. Apparatus 
The air model used in the experiments is shown in Fig. 1. 
It was a simplified one-fifth-scale model of the furnace of 

'Department of Mechanical Engineering, University of Jodhpur 
(India). 
tDepartment of Mechanical Engineering, University of Glasgow. 
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the oil-fired boiler] in the Engineering Department, 
Glasgow University. The model was of square cross- 
section, the width being 9.6 in. In order to give fully 
developed jets the length of the model was made 48 in, 
much greater than the scaled-down furnace length, and a 
further 72-in long exit pipe was attached to prevent any 
reversal of flow from the atmosphere into the chamber at 
high swirl intensities. Two concentric air streams, inde- 
pendently controlled, could enter the air model. The 
inner stream, equivalent to the primary air in the furnace, 
entered by a 'hubless' swirler, 0.934 in outer diameter, 
and the outer stream carrying the secondary air entered 
by an annular swirler of 3.86 in outer diameter and 
1.25 in inner diameter. These dimensions of the primary 
and secondary swirlers were obtained by scaling from the 
furnace burner using the Thring-Newbys parameter. The 
swirlers, which had vane angles ranging from 0° to 75°, 
were the same as those used in Part 11 of this work. 

An arrangement with inner and outer slides was built 
into one of the side walls of the chamber to enable probes 
to be inserted and traversed across the jet, a flush and 
leak-free inner surface still being maintained. Static 
pressure tappings were provided in one side wall, and in 
the two end walls. 

A three-dimensional probe, of 0.31 in outside diameter, 
to the design of Hiett and Powell6 was used for velocity 
traverses. The probe pressures and wall static pressures 
were measured by an electronic micromanometer and 
recorded on a potentiometric recorder to an accuracy of 
±0.0005 in H2O. 

4.2. Procedure 
Velocity profiles and wall static pressure distributions in 
the chamber were obtained for jets issuing from annular, 
i. e. secondary, swirlers having vane angles of 0,15', 30', 
45°, 60°, 70' and 75', the secondary nozzle velocity being 
39 ±1 ft, 's, and there being no primary flow. Similar 
readings were taken for the jet issuing from the 45' 
hubless, i. e. primary swirler, there being no secondary 
flow. For the jets issuing from the remaining primary 

'swirlers (15', 30', 60°, 70° and 75'), only the wall static 
pressures were recorded. For all the primary jets the 
nozzle velocity was 100 ft, 's. 

The effect of swirl on the mixing of the primary stream 
in a non-swirling secondary stream was studied by adding 
nitrous oxide as a tracer to the primary stream and 
analysing the samples withdrawn in an Infra-red Gas 
Analyser. The ratio of the primary nozzle velocity to the 
secondary nozzle velocity was maintained at 5, typical of 
the conditions in the original furnace. A primary nozzle 
velocity of 150 ft, -s was used for the 0°, 15', 30° and 45' 
primary swirlers, of 100 ft /s for the 60° primary swirler, 
and of 50 ft/s for the 70° primary swirler, complete 
traverses being taken in all cases. A few readings, although 
not sufficient for drawing concentration contours, were 
also taken with the 75° primary swirler with a primary 
nozzle velocity of 50 ft/s. 
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5. Results and discussion-air model TABLE I Recirculation velocities and mass flows in 
5.1. Secondary swirlers enclosed secondary jets 

The profiles of the axial component of velocity in the jets Axial distance Outer 
are given in Fig. 2. From these profiles the distances to S"'irrer to impingement recirculation central recirculation angle on wall M, 

wl ý. s 
Region i.. 

e m: Äf 
e w.: 

the point where the jet impinges on the wall, the extents of in M. t". M, 
the recirculation zones, and the recirculation flows have 0-- 16 (4.2d, ) 0.9 Nil Nil Nil been determined and are given in Table 1. is, 9.8 (2"5d, ) 0-75 Nil Nil Nil 

Within the range of axial distances studied (up to 4d2), 30' 4 (1-04d, ) Difficult to 0-3 in to 13.5 in 0-29 at 0.36 
the axial velocity profiles with the 0° and 15° swirlers are measure 6 in 
similar to those of free jets, ' although the jet spread is 45' 3.6 (0.93d, ) do Swirler exit to 13.3 0.43 at 077 

in 6"S in 
slightly more rapid. However, it should be noted that all 60 3.2 (0"$3d, ) do Swirler exit to 13 in 0.50 at 0.9s but one of the traverses behind these two swirlers were 6 in 
made in the region before the jet impinges on the walls of 70' <1(<0.26d, ) do Swirler exit to a in 0.41 at t "05 
the chamber. There is no central recirculation with these on aaf beyond 34 in 

75' do do 8 in a forward 0.42 at !" 17 
two swirlers, except perhaps in a very small zone close to velocity done 44 in 

surrounded by a 
the hub. There are substantial outer recirculation flows- reverse velocity 
the maximum recirculation mass flows being about 90 region 
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FIG. 2 Enclosed secondary jets. Profiles of axial-velocity component for varying degrees of swirl. 
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FIG. 3 Maximum reverse velocity on axis in enclosed secondary jets. 

and 75% respectively of the nozzle flow for the 0° and 
15° swirlers. 

When the swirler vane angle increases to 30° and above 
the initial jet spread is much more rapid than in the 
corresponding free jets, and the point of impingement on 
the wall moves progressively much closer to the swirler 
exit (see Table 1). Correspondingly the length of the 
outer recirculation vortex reduces. With the 70° and 75° 
swirlers the jet, as it issues, almost touches the upstream 
end wall of the chamber. Beyond the point of impinge- 
ment the velocity profiles in the enclosed model, with 
their high velocities close to the walls, differ markedly 
from the corresponding free jet profiles. ' Central re- 
circulation has become established in the enclosed jet 
issuing from the 30° swirler and is strengthened with 
further increase in swirl angle. These central recirculations 
are much more pronounced than those observed in the 
corresponding free jets. ' The more rapid initial spread of 
the jet in the enclosed model, compared with that of the 
free jet, is presumably associated with this increase in the 

central recirculation. At the plane of maximum central 
recirculation the recirculation 'vortex' occupies between 
30 and 50°6 of the cross-sectional area of the chamber. 
For the swirlers of vane angles of 60° and greater this 
central recirculation vortex not only extends upstream to 
the hub of the swirler, but also slightly 'blocks' the 
annular flow area at exit from the swirler. The maximum 
reverse velocity, given in Fig. 3, varies to only a small 
extent with the degree of swirl. The maximum reverse 
mass flow, shown in Fig. 4, increases with the degree of 
swirl, although the increase becomes asymptotic at high 
degrees of swirl. These maximum reverse flows are 
different from those observed by Cohen de Lara and 
Fellows' and Brown and Thring. 7 The discrepancy is 
attributed to the different methods of swirl generation and 
to the different values of the ratio d. L. 
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FIG. 4 Maximum reverse mass flow in central zone in enclosed 
secondary jets. 

Profiles of the tangential component of velocity are 
given in Fig. 5. For the traverses made in the jets which 
had not yet impinged on the walls, the tangential velocity 
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FIG. 5 Enclosed secondary jets. Profiles of tangential-velocity component for varying degrees of swirl. 
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FIG. 7 Wall pressures in enclosed primary jets. 

profiles are similar to those obtained in the free jets, " 
i. e. a fixed vortex core surrounded by a free vortex. 
However, because the rates of spread in this region before 
impingement in the enclosed jets are more rapid than in 
the free jet. the reduction in the maximum tangential 
velocity component on moving downstream is more 
rapid. After the jets have impinged on the walls the 
maximum tangential velocities occur close to the wall 
and the complete flow approximates to a fixed vortex. 

As mentioned in Section 4.1. the Thring-Newby 
parameter was used in scaling the swirler dimensions in 
the model from the swirler in the furnace. This resulted in 
the ratio d1 L in the model being 0.4. while the ratio in the furnace is 0.22. It can be-seen from the results described above that. with this very large value of the 
ratio d. L in the model. the proximity of the walls has a 
significant effect on the flow patterns. The wall effect in 
the furnace will be less pronounced. due to the lower 
value of the d_ L ratio. and thus one would not expect the flow patterns in the furnace to correspond with those 
observed in the model. This suggests that, in cases where the furnace d,,. L ratio is large. it is not desirable to use the Thring-Newby parameter for scaling. For these cases an 

alternative method of scaling has been proposed by 
Robertson. e 

The wall static pressure distributions are given in 
Fig. 6. Distinct maxima can be seen in the cases of the 
30', 45` and 60' swirlers. The positions of these maxima 
are in reasonable agreement with the points of impinge- 
ment of the jets on the wall predicted from the velocity 
traverses (see Table 1). This confirms the conclusion of 
Cohen de Lara and Fellous. 3 For the 0' and 15` swirlers 
the maximum is too weak to be observed, and for the 70: 
and 75- swirlers the velocity traverses indicate that the 
jets strike the wall close to the first pressure tapping. 

Downstream from the impingement point a minimum 
static pressure is observed with the swirlers of vane angles 
of 30` and more. The position of this minimum agrees 
fairly closely with the plane of maximum central reverse 
velocity. 

5.2. Primary swirlers 
The wall static pressure results are given in Fig. 7. As with 
the secondary swirling jets, maxima can be seen in the 
pressure distribution. On the basis of the secondary 
swirler results. these maxima correspond to the points of 
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FIG. 8 Enclosed primary jets. 
o Centre of outer recirculation. 
x Axial distance where jets strike the wall. 
impingement of the jets on the wall. Similarly the minima 
further downstream indicate the positions of the maxi- 
mum central reverse velocities. Pressure minima can also 
be seen upstream of the impingement point. As these 
minima occur roughly midway between the swirler exit 
and the impingement point, it is deduced that the minima 
correspond to the centres of the outer recirculation 

vortices. The positions of the impingement points and 
outer recirculation centres are given in Fig. S. 

5.3. Mixing of a swirling primary flow in a 
non-swirling secondary flow 
Concentration contours in the double concentric jets for 
the varying degrees of primary swirl (0' to 70') are shown in Fig. 9. The reference concentration used is the con- 
centration when the two streams have become fully 
mixed. The decay of the concentration along the axis is 
given in Fig. 10. In the absence of swirl there is a 'poten- tial core' along the axis. This core is progressively 
reduced when swirl is introduced. With the 70 primary 
swirler the position of the highest concentration is shifted 
away from the axis. 

A logarithmic plot of the axial distance to the point on 
the axis of reference concentration is given in Fig. 11, to a 
base of tan 0. These points were obtained by extra- 
polation from Fig. 10, the result from the 75' swirler 
being included. The best straight line through the points 
corresponding to the 15°, 30° and 45^ swirlers (all with 
150 ft. 's nozzle velocity) passes through the remaining 
points (60°, 70° and 75° swirlers, nozzle velocity 100 or 
50 ft is). From this it is concluded that for swirling jets. 
as for non-swirling jets, the mixing pattern is independent 
of nozzle velocity, provided that the velocity ratios are 
maintained. The linear relationship shown in Fig. 11 has 
the form 

constant 10 
(tan 0)0.66 

where 1° is the distance along the axis to the point of 
reference concentration. 

In practice the reference concentration is approached 
asymptotically and it is easier to locate points where the 
concentration exceeds the reference value by, say, 10°;,. 
This practice would be similar to that adopted in 
defining the boundary of a jet. The points corresponding 
to a concentration 10% greater than the reference value 
are also shown in Fig. 11, and they may be joined by a 
line of similar slope to the line through the reference 
concentration points. 

It can be seen that increasing the degree of swirl 
greatly reduces the distance to these reference concentra- 
tion points. These distances in the model to the reference 
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FIG. 11 Distance to reference concentration on axis with varying degrees of swirl. 

concentration points are related to the corresponding 
flame lengths in the furnace. Thus swirl can be used to 
control the length of a flame in a furnace. However, it 
should be noted that while a very high degree of swirl will 
produce a short flame, there may also be incomplete 
combustion. some fuel escaping from the flame due to 
the very rapid expansion of the primary jet. 

6. Experimental work-water model 
6.1. Apparatus 
The perspex water model was of 4.2 in square cross- 
section and 21 in long. These dimensions are 0.43 of the 
corresponding air model dimensions. It was not possible 
to manufacture accurate primary swirlers similarly scaled from the air model and so the air model primary swirlers 
themselves were used in the water model. The secondar% 
swirlers in the water model were made to have a flow area 
which was nearly (0 "44)= of the flow area of the air model 
secondary swirlers. The value of the ratio d., L in the 
water model almost equalled that in the air model. 

6.2. Procedure 
Polystyrene panicles, on average 0.02 in diameter. were introduced into the water tank upstream of the swirlers. 

A longitudinal plane through the axis of the swirlers was 
illuminated by a 2-kW lamp condensed and focused by 
perspex strip lenses. Photographs of 1 '30- or I "60-second 
exposure were taken by Ilford HPS (800ASA) film, using 
a single-lens reflex camera. 

When combined flows from the primary and secondary 
s%%irlers were being studied, the timing of the exposure 
could be selected so that the tracers predominated in 
either the primary or secondary streams. 

7. Results and discussion-water model 
7.1. Secondary swirlers 
Flow patterns were studied in the jets issuing from 
secondary swirlers in the absence of primary flow. The 
patterns are similar to those found in the air model. With 
the 15- swirler there is outer recirculation. but no central 
recirculation. When the swirler angle is 30' a certain 
amount of central recirculation can be observed. With the 
45 swirler (illustrated in Fig. 12) the central recirculation 
is firmly established and the outer vortices are con- 
siderably reduced. For swirlers of 60' and greater angles 
the water enters the chamber almost adhering to the end 
wall. With these swirlers the central recirculation was 
further increased. In addition a reverse flow was observed 
along the axis from the chamber exit towards, but not 
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FIG. 12 Flow pattern in jet issuing from 45: secondary swirler. No primary flow. (a) Particle traces, (b) Diagram indicating outer and 
central recirculations. 
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FIG. 13 Flow pattern in combined jet. 0= primary. ': ' secondary swirlers. (a) Tracers predominant in primary. (b) Tracers pre- 
dominant in secondary. 

quite meeting, the main central recirculation. It is not 
known if a similar reverse flow occurred in the air model 
as no traverses were made beyond about 4 c! _ downstream 
from the swirler. 

7.2. Combined jets 
Several secondary swirlers were used in conjunction with 
each primary swirler from 0; to 45 to determine the 
combination which would give central recirculation. Both 
the primary and secondary swirlers imparted swirl in the 
same direction. The nozzle velocity in the primary flow 
was about five times the secondary nozzle velocity in 
all cases. 

When the primary flow had no swirl, no central 
recirculation was obtained, even with the highest degrees 

of secondary swirl-see Fig. 13. When primary swirl was 
introduced central recirculation became possible-sig- 
nificant central recirculation being obtained with the 
combination. for example. of 45' primary and 45' 
secondary swirlers. Alternatively a higher degree of 
secondary swirl and lower degree of primary swirl (see 
Fig. 14), or vice versa. gives appreciable central re- 
circulation. This finding confirms the deduction of the 
previous work' that in order to obtain central recircula- 
tion in combined jets swirl should be given to both the 
primary and secondary streams. 

8. Conclusions 
(I) The initial rates of spread of the jets in the enclosed 

model are more rapid than those observed in corre- 
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iponding free jets. The central recirculations. which are 
established with vane angles of 30' and above, are 
stronger in the enclosed model than in free jets. Flow 
patterns were similar in the air and water models. 

(2) The velocity profiles before the jet impinges on the 
wall are similar to those obtained in free jets. but down- 
stream from the impingement point the profiles are 
completely different. 

(3) The maximum in the wall static pressure coincides 
with the impingement point, and the minima upstream 
and downstream of this point correspond to the regions 
of maximum reverse velocity in the outer and central 
recirculation zones respectively. 

(4) The intermixing of double concentric jets is made 
more rapid by the introduction of swirl. The distance 
required for a given degree of mixing is related to the 
degree of swirl. Thus, in a furnace, swirl can play an 
important part in controlling the length of the flame. 

(5) In order to obtain significant central recirculation 
in double concentric jets it is necessary to give swirl to 
both streams. For example, a combination of 45' vane 
angle swirlers in both the inner and outer streams gives 
satisfactory central recirculation. 
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FLAME STABILIZATION ON RECTANGULAR BURNERS 

RAIL A. BONILLA H. * AND N. R. L. MACCALLUMt 

Disagreement exists between the relationships previously published for correlating the stability limits of rectangular 
burners in which the flow is fully developed. It is now found that flashback limits in laminar now can be correlated 
satisfactorily by the boundary velocity gradient close to the corners of the burner port. The blow-off limits in both 
; aminar and turbulent Clow are best correiated by the average velocity gradient around the per-meter of the port. 
Bloc-oti limits in laminar : low can also be reasonably correlated by the boundary velocity gradient close to the 
corners. The velocity gradients are all calculated assuming that the flow is undistorted by the presence of the flame. 
The correlations are applied to a considerable body of new experimental data and also to the results of the earlier 

workers. 

Introduction 
THE correlation of the stability limits of circular 
burners by means of the wall velocity gradient, 
as proposed by Lewis and von Elbe', has been 
generally accepted, and its validity has been 
confirmed for many fuels and oxidants over a 
wide range of burner diameters. Recently Reed" 
has suggested that a flame blows off due to flame 
stretch. He proposes the equation 

Two of these attempts4 6 have yielded different 
correlations for laminar flow limits in rectangular 
burners, neither of which fits the other's results. 
Grumer, Harris and Schultz}, from stability 
limits for methane-air mixtures, produced the 
following equations using the friction coefficient. 
i, forrelating the stability limits of the rectangular 
burners with the critical gradients obtained. 
from circular burners 

g =(023pCSulk) Ci-(1-x)64xJ C1] 
which is found to correlate the results of 
numerous fuels over ranges of pressure, tem- 
perature and mixture composition. He shows 
from equation 1 above that the wall velocity 
gradient theory is a special case of the flame 
stretch theory of blow-off, and therefore experi- 
mental results quoted in confirmation of the 
flame stretch theory will also be correlated by 
the wall velocity gradient. As the object of the 
work reported here is to compare the stability 
limits of rectangular burners with those of 
circular burners, the comparison will be based 
simply on the critical wall velocity gradient for 
a particular concentration of a particular fuel. 

Burners used in industry are not necessarily 
circular and consequently attempts have been 
made to find a wall velocity gradient correla- 
tion for burners of non-circular cross section 
in which the flow is laminar and fully developed. 

*E cuela Politecnica. Quito. Ecuador. 
+ Department of Mechanical Engneerme. L ni ersity of Giasgoa 

i. V(Re)' [2] ýG = 2Jrd3 

For rectangular channels 
i. = 61.4 (Re)' 1'09 [3] 

For square channels 
i= 125 8 (Re)'' 24 [-1] 

where gG is the critical wall velocity gradient 
for comparison with circular burner data. 
d is the equivalent diameter =4x area, peri- 
meter and (Re)' is the Reynolds number defined 
by Grumer for his purposes as 4pV npd. The 
friction coefficient, i. used by Grumer and as 
used in this paper is given by 

dp pU2 1 
dz ll 

where c is the average velocity and the Z axis 
lies along the axis of the channel. [The constants 
used in equations 3 and 4 are those given in 
a later publications. ] 

Grumer and his colleagues concluded that. 
492 
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due to now redistribution when a flame is 
present. wall velocity gradients calculated for 
Poiseuille flow in the absence of a flame could 
not be used for correlation of stability limits. 

Later Maccallum°. from measurements with 
butane-air flames. found that his blow-off results 
could be correlated by the local wall velocity 
eradient at the centre of the long side of the port. 
calculated from undisturbed Poiseuille flow. 
The wall gradient at the centre of the long side 
gc. is given by 

gc = P[7-a [6] 

The function P is tabulated by Maccallum6 
from summations published by Smith Jr, 
Edwards and Brinkley Jr. Maccallum also 
made some flashback observations, but the 
gradients at the centre of the long side corres- 
ponding to these limits were considerably higher 
than the critical gradients from circular burner 
data. Maccallum suggested that this might be 
due to heating of the walls of the burners which 
were not water-cooled. 

The aim of the work reported here is to 
present further experimental results using both 
butane-air and methane-air mixtures and to 
offer general correlations for flame stability 
in rectangular burners in which the flow is 
fully developed. These correlations are applied 
both to the present results and to the previous 
results4 6. 

Experimental 
Apparatus 
Stability limits of methane-air flames were 
obtained for burners having the following 
cross-sectional dimensions: 0.61 cm x 0.58 cm, 
1.27 cm x 0.64 cm. 2-55 cm x 0.61 cm, 5.08 cm 
x 0.65 cm and 1.27 cm x 1.26 cm. The stability 
limits of butane-air flames were observed with 
the same burners and also with a burner having 
a cross section of 2.55 cm x 1.29 cm. 

The approach lengths of the burners were, 
due to manufacturing difficulties, in some 
cases only about half the transition length, at 
a Reynolds number of 2000. for a cylindrical 
channel of similar equivalent hydraulic dia- 
meter. The transition length. L. is that required 
to change an initially flat velocity profile into 
one in which the velocity at the centre of the 

49? 

channel is within one per cent of the central 
velocity in Poiseuille flow, and is given bys 

L=0.065 d(Re) 11 

[The definition of Reynolds number for a 
rectangular channel used in this equation and 
subsequently in this paper is given by 

(Re' =pd: u 
This definition differs from that used by 
Grumer et at. in equations 2 to 4. ] 

That some approach lengths were shorter 
than the transition length by a factor of about 
two should only affect the calculations of velocity 
gradients for stability limits taken when the 
Reynolds number of the flow in the burner lies 
between 1000 and 2000. To test if this effect is 
significant limits were observed for two circular 
burners of 0.94 cm bore, one being 58 cm long 
and the other being 90 cm long, the corresponding 
transition length being 120 cm for a Reynolds 
number of 2000. No significant effect on the 
limits was observed and it has therefore been 
assumed that an approach length of half the 
transition value produces an exit velocity distri- 
bution in which the wall velocity gradients 
coincide, within experimental error, with those 
corresponding to fully developed flow. 

It has been mentioned above that Maccallum° 
found, with butane-air mixtures, that the blow- 
off limits could be correlated by the wall 
velocity gradient at the centre of the long side. 
However, at the flashback limits the gradients 
at the centres of the long side exceeded the 
corresponding values from circular burner data 
by a factor of about 1.3 to 1.6. He suggested that 
if his burners had been water-jacketed some 
agreement in the flashback limits might have 
been observed. The effect of water jacketing was 
observed in the current series of tests using the 
1.27 cm x 1.26 cm burner. It was found that 
the blow-off limits were not significantly affected 
and that the volume flows at flashback were 
reduced by about ten per cent. This effect, while 
significant, is not sufficient to suggest that flash- 
back may be correlated by the wall velocity 
gradient at the centre of the long side. All the 
new results reported here were obtained using 
water-jacketed burners. 

The air and fuel flows were measured by 
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capillary meters. corrections being made for 
changes in temperature and pressure. The esti- 
mated accuracy of flow measurement is within 
three per cent. 

The fuel used consisted of 97 per cent methane 
and the remainder inerts. 

The butane used had the composition: n- 
butane. 16: isobutane. 34: butene. 32: butadiene. 
15: propylene.: per cent. with traces of ethane 
and pentane. 

Stability limits 
It has been reported6 that when a flame of 
high fuel concentration lifts from a rectangular 
burner of small cross-sectional width/length 
ratio the flame lifts first from the centre of the 
long side and finally from the ends. Similar 
effects were observed in the results reported 
here although the change in flow conditions 
from lifting from the middle of the port to final 
lift was so small as not to be significant. All the 
limits here correspond to the final flame lift. 

On approaching the flashback limits the 
flame frequently tilted into the burner. Sometimes 
the flame temporarily completely entered the 
burner port, only to reappear within a few 
seconds. These initial transient effects were 
more noticeable with methane than with butane 
as the fuel, and they were apparently influenced 
by draughts. A more repeatable limit was ob- 
tained by recording the conditions at which the 
flame moved at least ten diameters upstream in- 
side the burner, and did not re-emerge. All the 
flashback limits reported here were recorded 
in this way. 

Correlation of stability limits 
The number of limits observed with each burner 
was considerable. For convenience in correlating 
the limits of the various burners, interpolated 
points were selected both for the blow-off and 
for the flashback limits for each burner. 

The first correlating equations applied to the 
results were equations 2 to 4, due to Grumer 
et al. 4. The resulting critical gradients, referred 
to as gG, are plotted in Figure 1 for the methane- 
air mixtures. The solid line corresponds to the 
critical gradients observed using circular burners. 
It is seen that there is very considerable scatter 
in the correlation. A similar scatter occurs when 
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the butane-air results are treated in the same 
manner. The values of the gradient q0 appear 
to increase as the width length ratio of the 
burner cross section decreases. A limitation on 
equations 2 to 4 to exclude such 'slit' burners 
has already been indicated by Grumer9. 
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An attempt was , next made to correlate the 
same limits on the basis of the velocity gradient, 
g,, at the centre of the long side (equation 6). 
The blow-off limits with butane appeared to be 
reasonably correlated, although the methane 
blow-off limits were clearly not correlated. 
There was no correlation of the flashback limits 
with either fuel. The values of g, at the flashback 
limits appeared to increase as the burner 
dimensions increased. 

The next attempt at correlation was primarily 
intended for the flashback results. It has been 
mentioned earlier that on approaching flash- 
back limits the flame frequently tilted into the 
burner. entering the port at one corner. or 
simultaneously at the two corners at one end. 
Again when the flame finally flashed back it 
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seemed to advance upstream at the corners. 
This suggested that it was first near to a corner 
that the local flame velocity exceeded the local 
flow velocity. It was decided therefore to evaluate 
the boundary velocity gradients in the region 
close to the corner. Smith. Edwards and Brinkley' 
have tabulated values of functions from which 
the boundary velocity gradient. normal to the 
wall, can be evaluated at any point around the 
perimeter of a channel of rectangular cross 
section. The steps in this evaluation are indi- 
cated below. 

The boundary velocity gradient normal to 
the wall at a point on the long side, say, of the 
port is given by (dU/dX)x-.. This gradient is 
related to gradients on `reduced' coordinates by 

dU 
all co 

= 
aCU 

äX 

xal 

äx 
()X, 

a 

where x is the fractional distance X/a, co is the 
`reduced' velocity, and Co is the mean value of 
the reduced velocity. The function (dcw/dx)x =1 is 
tabulated as a function of the fractional distance 
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along the long side and of the channel width 
length ratio. The term w is tabulated as a 
function of this latter ratio. Thus having selected 
the point on the long side of the port. the velocity 
gradient normal to the wall at that point can be 
readily evaluated. 

It was found for the methane-air flashback 
results that if a point on the long side at a cons- 
tant distance of 0.17 cm from the corner of all 
burners was selected, the boundary velocity 
gradients at that point normal to the wall gave 
a rough correlation of the flashback limits 
with circular burner data. This correlation 
is shown in Figure 2, the gradient at this point 
on the long side being referred to as gs. For 
the butane-air mixtures, a point at a distance 
of 0.097 cm from the corner was chosen and 
the resulting reasonably satisfactory correlation 
is given in Figure 3. The distances from the 
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FIGURE 3. Stability limits of rectangular burners: butane- 
air, gradient g, 

corners were chosen in both cases so that the 
mean value of the flashback results from the 
various rectangular burners would, coincide 

246 
Butane % by volume 



496 RAUL A. BONILLA H. AND N. R. L. MACCALLUM 

with the critical gradient from circular burner 
results. It will be noticed that when the gradients 
at these points on the long side close to the 
corners are evaluated for the blow-off limits. the 
various results are grouped together although 
with methane-air mixtures the gradients are 
greater than the corresponding circular burner 
gradients while with the butane-air mixtures 
the gradients are less than the circular burner 
gradients. ~ This method of calculating a wall velocity 
gradient close to the corner was next refined by 
evaluating a so-called `average' gradient in 
the corner, referred to as go. This `average' 
gradient is given by 

J(ýý) = dL' =} 
C9] 9a =+- dX X_a dY y 

where b is the half cross-sectional length. The 
boundary gradients normal to their respective 
walls, (dU/dX)x=Q and (dU dY)y=h, are evalu- 
ated at equal distances from the corner; again 
the distances for the methane-air and butane- 
air mixtures being selected such that the average 
flashback result of the rectangular burners is 
in agreement with the circular burner data. 
The distances were found to be 0.105 cm for 
methane-air and 0.076 cm for butane-air. 
The results of evaluating this 'average' gradient 
in the corner are given in Figure 4 for methane- 
air mixtures. This correlation is very satisfactory. 
The correlation is also satisfactory for the butane- 
air results, but no more satisfactory than the 
previous correlation (gs). Comparison of values 
of the average corner gradient for the blow-off 
limits shows a fair amount of scatter for both 
fuel gases, although the mean values are in 
reasonable agreement with the circular burner 
gradients. 

The distances from the corners at which the 
velocity gradients are calculated should be 
related to the quenching distances of the mixtures, 
though the form of the relationship is not yet 
known. 

From the above it can be seen that two 
reasonable correlations (g5 and g�) have been 
found for the flashback results. For the blow-off 
limits, the correlation based on gs is probably 
the better, though it leaves much to be desired. 
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FIGURE 4. Stability limits of rectangular burners: methane- 
air, gradient ga 

A further correlation has been considered for 
the blow-off results. The average wall velocity 
gradients around the perimeter have been 
evaluated assuming fully developed flow profiles. 
The average gradient, gay., is given by 

4(a + b) ge,,, p =- 4ab dp/dZ [10] 

Substituting from equation 5 gives 

gav, = i(Re)U/'8d [11] 

In laminar flow the friction coefficient, i:, in 
rectangular channels is related' to the Reynolds 
number by 

Qi, _ (Re)-1 [12] 

where Q is a function of the channel cross- 
sectional width/length ratio and is tabulated6 
from the results given by Smith, Edwards and 
Brinkley'. 

The average velocity gradients obtained in 
this way have been used to correlate the blow-off 
results, the correlation of the butane-air results 
being shown in Figure 5. This correlation is 
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Paper 13 

THE PERFORMANCE OF TURBOJET ENGINES 
DURING THE 'THERMAL SOAK' TRANSIENT 

N. R. L. Maccallum* 

The changes are considered which might be present within a jet engine during the 'thermal soak' transient to 
cause the engine's performance to differ from the equilibrium performance. The effects of known values of 
these changes are given for a simple jet engine over a wide range of engine pressure ratios. Values of these 
changes are then predicted for a typical engine, and the observed loss in thrust of 1.7 per cent is satisfactorily 
explained. Two of the major factors giving loss of thrust in the simple jet engine were heat absorption in the 
turbine metal and heat absorption in the compressor metal. The effects of known values of these two factors on 
the performance of a typical high by-pass turbofan engine are given. For similar fractional heat absorptions, 

the losses in thrust of the turbofan engine are roughly double those of the simple jet engine. 

INTRODUCTION 
AFTER A TURBOJET ENGINE is rapidly accelerated to its 

maximum speed, a finite time elapses before the various 
components of the engine attain their equilibrium tem- 
peratures. At the commencement of this `thermal soak' 
transient the performance of the engine may differ sig- 
nificantly from the equilibrium performance. 

In this paper the changes are considered which might 
be present within the engine during this thermal soak 
transient. The effects of known values of these changes on 
the performance of a simple jet engine are given for a 
wide range of engine pressure ratios. The predictions are 
then applied to a typical engine and compared with the 
experimental results. Finally, the effects are evaluated of 
two of the major factors-heat absorption in the turbine 
and heat absorption in the compressor-on the perfor- 
mance of a high by-pass turbofan engine. 

Notation 
A3 Throat area of high-pressure nozzle guide vanes 

(simple jet engine). 
c, Specific beat at constant pressure. 
J Ratio of rate of heat absorption in metal of element of 

compressor or turbine to rate of mechanical energy 
transfer from the fluid in the element. 

m Index of non-adiabatic compression or expansion. 

The MS. of this paper was received at the Institution on lit August 
1969 and accepted for publication on 5th September 1969.33 

" Lecturer, Department of Mechanical Engineering, University of 
Glasgow, Glasgow, W. 2. 

rim Compressor mass flow. 
n Index of adiabatic compression or expansion. 
P Fluid pressure. 
T Fluid temperature. 
v Specific volume of fluid. 
y Isentropic index. 
,? PC Polytropic, or small stage, efficiency of compression. 
71p, Polytropic, or small stage, efficiency of expansion. 
Prime (') refers to values during the thermal soak transient. 

TRANSIENT FACTORS DURING THE 
THERMAL SOAK 

The following transient factors are considered which 
might cause the performance of a simple jet engine im- 
mediately after an acceleration to differ from the equili- 
brium performance. 

(a) Tip clearance changes in the compressor 
These are due to differential rates of expansion in the 
compressor, resulting generally in (1) a reduction in com- 
pressor mass flow and (2) a reduction in compressor 
efficiency. It is estimated from experiment (t)* that a tip 
clearance change such as to cause a1 per cent reduction 
in mass flow will also cause a1 per cent reduction in com- 
pressor efficiency. 

(b) Change in throat area of high-pressure nozzle guide vanes 
The thermal response of the air-cooled high-pressure 

nozzle guide vanes of a typical engine of pressure ratio 10 

" References are given in Appendix 13.1. 
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has been studied using a simple one-dimensional model. 
(The results of a test on this engine are given in the next 
section of this paper. ) 

For this design it was first predicted that in equilibrium 
the temperature of the nozzle guide vanes at mid span 
would be lower than the gas stagnation temperature by 
20 per cent of the difference between the gas stagnation 
temperature and the compressor delivery temperature 
(assumed to be the high-pressure cooling air tempera- 
ture). This prediction used standard correlations for the 
heat transfer from the vanes to the cooling air, and a heat 
transfer coefficient from the gas to the vanes averaged 
between Halls' correlation (a) and Hodge's correlation (3). 
The vane was then treated as having a uniform tempera- 
ture distribution over its cross-section, but temperature 
could vary along its length. The transient conditions were 
simulated by giving a single-step increase to the gas 
temperature from 730°K (corresponding to ground idling 
speed) to 1130°K (corresponding to equilibrium at the 
maximum continuous speed). From observations of fuel 
flows, temperatures, and pressures during an actual 
acceleration it is thought that the predicted temperature 
distribution 8s after this step increase will roughly corre- 
spond to the actual temperature distribution 5s after the 
completion of a sudden acceleration. It was found that the 
average temperature along the span of the vane was 
within about 25 degK of the equilibrium temperature of 
1014°K, and' thus further change in throat area due to 
expansion along the vanes may be ignored. It was not 
possible, however, to predict the response of the carcase 
containing the nozzle guide vanes. This, presumably, 
would have a much slower rate of time response, though 
the temperature range would be less. 

(c) Change in cooling air flows 
Due to differential rates of expansion the effective resis- 
tances of the seals which control the cooling flows may 
alter, allowing the flow rates to alter. 

(d) Heat absorption by turbine metal 
During the period that the turbine metal is heating, the 
gas expansion will be non-adiabatic. A simple method of 
analysing the effect on performance is given below. 

In an adiabatic expansion, the ̀ small stage' or polytropic 
efficiency, 77,, relates elemental changes in temperature 
and pressure: 

c, dT=71,, vdP .. - (13.1) 
This leads to the relation between the index of expan- 

sion, n, and the isentropic index, y: 
n-1 

='! nt 
7-1 (13.2) 

ny 
The polytropic efficiency has also been called the path 

efficiency by Silver (4), who has suggested its applica- 
bility to the non-adiabatic situation. 

Consider an elemental change in an expansion in which 
heat is being transferred from the fluid. For this elemental 
change let the heat transferred from the fluid be the factor, 

f, of the work transferred from the fluid. Then equation 
(13.1) becomes: 

c, dT = (1+f)78v dP .. (13.3) 

Provided the factor, f, is constant along the turbine, 
and provided that the fluid properties are uniform over 
planes through the turbine, then equation (13.3) can be 
integrated to give the new index of expansion, m: 

(1+. f)17K(13.4) m1 1 

The above assumptions are made in the analysis given 
here, and it is also assumed that the small stage efficiency 
in the non-adiabatic expansion equals the small stage 
efficiency in the adiabatic expansion. 

The above treatment is similar to that already given by 
Horlock (g). 

(e) Heat absorption by compressor metal 
The non-adiabatic flow in the compressor can be analysed 
in a manner similar to 'that given for the turbine. In this 
case the index of compression in the transient conditions, 
m, is related to the isentropic index by 

m-1 
- 

1+f y-1 (13.5) 
m lac y 

Here again f is the ratio of the heat transferred from the air 
to the work transferred from the air. Thus for an engine 
which has accelerated, factor f will be negative for the 
compressor. 

In the thermal soak transient investigated here, in which 
the engine has already reached its working speed, it is 
assumed that the aerodynamic patterns of the flows 
through the compressor and turbine are similar to the 
equilibrium patterns. Correlations for blade heat trans- 
fer coefficients which have been obtained in equilibrium 
conditions are considered to be applicable to the thermal 
soak condition. However, it should be noted that, under 
certain conditions, heat transfer may disturb the aero- 
dynamic flow pattern. It is known (6) (7) that heat transfer 
causes an earlier transition from a laminar to a turbulent 
boundary layer in the flow over a heated flat plate. Thus, 
for example, during and immediately after a rapid de- 
celeration, heat transfer from the compressor blades to 
the air may cause an earlier separation of the flow. This 
may be contributory to the greater tendency to stall 
observed when re-accelerating an engine after a rapid 
deceleration (8). This effect is being investigated (9). 

(f) Heat absorption by combustion chamber metal 
When the engine is governed to run at a constant speed, 
this heat absorption will only cause a temporary increase 
in fuel flow, and will not affect the other performance 
parameters. 

(g) Change of final nozzle area 
There are two factors which have opposing effects. Im- 
mediately following the acceleration the nozzle dimen- 
sions will be smaller than at equilibrium. However, the 
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heat transfer from the gas may thin the boundary layer 
so that the effective area is a larger proportion of the geo- 
metric area. Thus the net departure from the equili- 
brium effective area may be small. There is experimental 
evidence given later suggesting that in one case the change 
is less than 0.25 per cent. 

(h) Clearance changes in turbine 
Due to differential rates of expansion, clearances may 
differ from their equilibrium values, resulting in changes 
in turbine efficiency. 

The effects of the above factors on the performance 
parameters of typical simple jet engines have been evalu- 
ated. Compressor pressure ratios in the range 5 to 28 have 
been covered. The engines operated at an air inlet stag- 
nation temperature of 288°K and a turbine inlet stagnation 
temperature of 1350°K. The polytropic efficiencies of 
compression and expansion were 0.87 and 0.89, respec- 
tively, and the loss in stagnation pressure in the combus- 
tion chamber was. 6 per cent of the compressor delivery 
pressure. The rotational speed was held constant during 
the thermal soak transient (for a multi-spool engine the 
low-pressure spool speed was held constant), and it was 
assumed that the high-pressure nozzle guide vanes of the 
turbine were effectively choked. The effects of known 
magnitudes of some of the above factors on turbine inlet 
temperature, turbine outlet temperature, and thrust are 
given in Figs 13.1,13.2, and 13.3, respectively. The 

+40 

+30 

w +20 
I- 
4 
K 
W 

d 
.., +10 

J 

Wo 

cc 

H 

Z -10 
W 
t9 
Z 
a 

i 
-'' -2C 

-30 LiiIi 
5 10 15 20 25 30 

ENGINE PRESSURE RATIO 

--"- 

(a1(idgA c 0.86 

"f--" ------ -------- 

(c) A H. P. C. A. -+O . OIth 

(d)Turbine f: +0.02 

D/ A j=0.99 A3 

f )nr'=0.991n 

e1 Compressor f=-0.02 

+40 

+30 

W 
K 

= *20 

+10 

.. J 

O 

WO 

s0 

r 

? -10 
W 
4.2 

ä 
"-20 

-30 

'"". (a)(ii) 
c=0-86 86 

----f 

. i--- ----- 
(c)MH. P. C. A=+0.01 

(b)A=0.99A3 
(c)(i)m'=0 99m 

Turbine / +0.02 

(e)Compre 

_ 

ssor /"- 0.02 

10 15 20 25 30 
ENGINE PRESSURE RATIO 

Fig. 13.2. Simple jet engine: effects of changes on 
turbine outlet temperature 

magnitudes of the transient factors whose effects are 
illustrated are: 

(a) (i) Compressor mass flow 0.99 of equilibrium 
value, i. e. rim' = 0-99th; (ii) compressor polytropic effi- 
ciency 71'n,, = 0.86 (cf. equilibrium rip,. = 0.87). 
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(b) High-pressure nozzle guide vane throat area 0-99 of 
equilibrium value, i. e. A'3 = 0.99A3. 

(c) Increase in high-pressure cooling air flow by 0-01 of 
the compressor inlet flow, i. e. d(H. P. C. A. ) = +0.011h. 

(d) Heat absorption rate in turbine metal of 0-02 of 
power transfer from gas, i. e. f= +0.02. 

(e) Heat absorption rate in compressor metal of 0-02 of 
power transfer to air, i. e. f= -0.02. 

The magnitudes of these transient factors have been 
selected purely arbitrarily at this stage. In a subsequent 
section of this paper the magnitudes appropriate to a 
particular jet engine are shown. As the magnitudes of the 
factors that will be encountered are small, it may be 
assumed that the performance parameters change linearly. 

The graphs corresponding to factors (a), (b), and (c) 
shown in Figs 13.1,13.2, and 13.3 are well known, as are 
the graphs for final nozzle area changes and turbine 
efficiency changes (omitted from the figures for clarity). 
The graphs corresponding to factors (d) and (e) present 
new information. 

It is seen that the turbine inlet temperature is con- 
siderably reduced by compressor heat absorption but is 
almost unaffected by turbine heat absorption. Both tur- 
bine outlet temperature and thrust are reduced by heat 
absorptions in the compressor and in the turbine. The 
magnitudes of these reductions increase with engine pres- 
sure ratio for the same value of the ratio of heat absorption 
rate to power transfer. 

TEST ON A TYPICAL JET ENGINE 
A test was carried out on a typical single-spool jet engine 
of pressure compression ratio 10. 

The engine was held at 3000 rev/min (ground idling 
speed) to allow temperatures to stabilize, and then rapidly 
accelerated to 7950 rev/min (the maximum continuous 

speed). The engine speed was thereafter maintained at 
about 7950 revf min for 5 min while observations were 
taken of thrust, jet pipe static pressure, air meter differen- 
tial, jet pipe temperature, compressor delivery pressure, 
speed, and air inlet temperature. Readings were taken at 
15-s intervals. 

It was found that most of the changes in the performance 
parameters occurred in the first minute. For the purpose 
of the analysis to be given here, the performance of the 
engine 5s after attaining 7950 rev; min (instant `A' 
hereafter) will be compared with the performance after a 
further 60 s have elapsed (instant 'B'). The conditions at 
the latter point may be regarded for practical purposes as 
representing equilibrium conditions. 

It is assumed that the time lags associated with thrust 
and pressure measurements are small (say less than 1 s). 
However, doubt existed about the time lag in the response 
of the jet pipe thermocouples. At instant `A' they indi- 
cated a temperature of 838°K. Final nozzle mass flow and 
thrust comparisons with instant `B' (and equilibrium 
running) predicted jet pipe temperatures at instant `A' of 
856°K. This figure of 856°K is assumed in this analysis 
to be representative of the jet pipe temperature at instant 
W. 

The relationship between jet pipe static pressure and 
thrust observed during the thermal transient was in satis- 
factory agreement with the relationship subsequently ob- 
tained during equilibrium running. 

The engine performance figures at instant `B' and at 
instant `A' are given in columns (1) and (10) respectively 
of Table 13.1. 

PREDICTION OF TRANSIENT RESULTS 
The transient factors which have previously been de- 
scribed are now applied to the engine which gave the 
above test results. 

Table 13.1. Engine performance figures 

At Effects of changes from equilibrium Observed At 
instant differences instant 

'B' Air A. ) Heat to Heat to Heat 1 Sum of at 'A' from 'A' 
(i. e. flow -0.4% -0.4°ö turbine compressor to jet predicted equilibrium 

equili- -04% f- +0.03 f= -0.01 pipe changes I 
brium) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

Jet pipe ý i 
temp., "K 868 -3.4 +6.5 -2.6 -10.0 -6.5 -3.0 -19.0 -12 856 

Jet pipe static 
pressure, 
lbf: in 
(gauge) 20.65 -0.25 +0.16 -0.04 -0.17 -0.11 -0.04 -0.45 -0.42 20.23 

Thrust, lbf 12 550 -104 +68 -30 -79 -51 -20 -216 -210 12 340 

Compressor 
delivery 
pressure, 
lbf: in2 
(gauge) 127 -0.79 +0.47 +0.39 -0.09 -0.42 -0.03 -0.47 -1 126 
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(a) Compressor tip clearance 
At instant `A' the compressor mass flow was observed to 
be 0.4 per cent lower than the equilibrium value at in- 
stant W. The departures from equilibrium performance 
due to this change are given in column (2) of Table 13.1. 
Assuming a corresponding reduction in compressor 
efficiency of 0.4 per cent gives the effects listed in 
column (3) of Table 13.1. 

(b) Change in throat area of high-pressure nozzle guide vanes 
It has been indicated previously that, for this engine, 
within 5s of the completion of the acceleration the 
temperatures of the aerofoil sections of the nozzle guide 
vanes are within about 25 degK of the equilibrium values. 
The effect of the remaining expansion along the vane on 
the throat area is negligible. However, the carcase con- 
taining the nozzle guide vanes will have a much slower 
thermal response, although the temperature range will be 
smaller. It is assumed that the temperature of this carcase 
changes by 200 degK between instants `A' and `B', leading 
to an increase in the throat area of the high-pressure 
nozzle guide vanes of 0.4 per cent. The effects of this 
change are given in column (4) of Table 13.1. 

(c) Change in cooling air flow 
The engine was not instrumented for measurement of the 
high-pressure cooling air flow. However, the agreement 
which is presently seen between the sums of the other 
predicted changes and the observed change in performance 
suggests that the increase in cooling air flow was small, 
perhaps 0.2 per cent of the compressor air flow, but the 
arbitrary assumptions in the predictions must be borne in 
mind. 

(d) Effect of heat absorption by turbine metal 
Using the simple one-dimensional model described pre- 
viously for the nozzle guide vanes, the rates of absorption 
of heat'by the different parts of the turbine have been 
estimated. Arbitrarily a mass equal to double the root 
mass has been allocated to each blade (and nozzle guide 
vane) to make some allowance for the thermal capacity of 
the parts of the discs and mountings which are in good 
thermal contact with the blades (and nozzle guide vanes). 
The results are given in Fig. 13.4, showing the individual 
absorptions for the high-pressure nozzle guide vanes, for 
the final stage rotor blades, and for the total turbine. 
Although a single time constant of 16 s could effectively 
be applied to the final stage rotor blades, no single con- 
stant can be representative of the high-pressure nozzle 
guide vanes nor of the turbine as a whole. 

If it is again assumed that the predicted heat absorption 
rate in the turbine 8s after the step increase in temperature 
corresponds to the absorption rate 5s after completion of 
the actual acceleration, then the heat absorption rate in the 
turbine is about 380 Chu/s, which is 3 per cent of the 
mechanical energy transfer rate. Making the assumptions 
previously referred to, the effects of this heat absorption 
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Fig. 13.4. Predicted heat absorption rates in turbine 
metal following step increase in turbine. inlet tem- 
perature 

rate of 3 per cent of the work transfer have been evaluated 
and are given in column (5) of Table 13.1. 

(e) Effect of heat absorption by compressor metal 
By applying a treatment similar to that described for the 
turbine it is estimated that 8s after a step increase in speed 
from 3000 rev/min to 7950 rev/min (this instant is assumed 
to correspond to instant `A'), the heat absorption rate in 
the compressor is about 130 Chu/s, or 1 per cent of the 
work transfer rate. In this case, as the rotor blades are 
held by pins, no additional allowance has been made for 
the thermal capacities of the disc and carcase metal at the 
blade mountings. The effects of this heat absorption on 
engine performance are given in column (6) of Table 13.1. 

(f) Effect of heat absorption by combustion chamber metal 
As already stated, this only causes a temporary increase in 
fuel flow, and does not affect the other performance para- 
meters. It was observed during the test that the fuel flow 
during the 15 s following instant `A' exceeded the equili- 
brium fuel flow by about 2 per cent. 

(g) Change of final nozzle area 
The calculations of final nozzle mass flow and engine 
thrust which were used to predict the jet pipe temperature 
at instant `A' indicated that at instant `A' the effective 
area of the final nozzle was at least within 0.25 per cent of 
the effective area at the end of the transient. Further, the 
plot of jet pipe static pressure against thrust indicates that 
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the effective areas are virtually identical. For practical 
purposes it is concluded that there was no significant 
change in the effective final nozzle area. 

(h) Effect of heat absorption by jet pipe metal 
This was estimated to cause a heat abstraction at instant 
`A' of about 130 Chujs, and the effects of this on the per- 
formance are given in column (7) of Table 13.1. 

The sums of the above effects (a), (b), and (d) to (h) are 
given in column (8) of Table 13.1 and then compared in 
column (9) with the observed differences in performance 
between equilibrium and instant W. (The values of the 
changes which appear in Table 13.1 are those corre- 
sponding to the engine tested, which had a turbine inlet 
temperature of 1130°K. They do not correspond exactly 
with the values shown in Figs 13.1,13.2, and 13.3 for 

engines having turbine inlet temperatures of 1350°K. ) 
The agreement between the predicted and observed 
changes is very satisfactory, with the exception of the jet 

pipe temperature where there is a discrepancy of 7 degK. 
This cannot be attributed to position error as the `experi- 
mental' temperature at instant `A' was obtained by com- 
parisons of mass flows and thrusts with equilibrium 
conditions. It may be that this agreement is as good as can 
be expected. The compressor delivery pressure was read 
in the test only to the nearest 1 lbfjin2. The agreement 
between the predicted change of 0.47lbf/in2 and the 
observed change of 1 lbf/in2 is regarded as satisfactory. 

The agreements on thrust and jet pipe pressure suggest 
that there were probably no other factors present which 
would significantly alter the engine performance. There' 
might have been a slight increase in high-pressure cooling 
air flow by 0.2 per cent of the total air flow. This would 
reduce the jet pipe temperature discrepancy from 
7 degK to 5 degK and would change the thrust dis- 
crepancy from -6 lbf to +10 lbf. There does not appear 
to have been a significant change in turbine efficiency. 

APPLICATION TO HIGH BY-PASS 
TURBOFAN ENGINES 

The two factors which caused the largest deficits in thrust 
during the thermal soak of the simple jet engine con- 
sidered above were heat absorption in the turbine metal 
and heat absorption in the compressor metal. 

The effects of these two factors on the performance of 
turbofan engines of by-pass ratio 6 have been evaluated. 
As for the simple jet engine calculations, the air inlet 
stagnation temperature was 288°K, the turbine inlet 
stagnation temperature was 1350°K, the combustion 
chamber stagnation pressure loss was 6 per cent of the 
compressor delivery pressure, and the polytropic effi- 
ciencies of compression and expansion were 0-87 and 0.89, 
respectively. Overall pressure ratios in the range 16 to 28 
have been covered and the by-pass pressure was selected 
in each case to give equal velocities in the by-pass air and 
turbine exhaust gas exit streams. It was assumed that the 
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Fig. 13.5. Turbofan engine: effects of turbine and com- 
pressor heat absorptions on turbine inlet and outlet 
temperatures 

fan, or compressor for the total air (by-pass air plus `cycle' 

air), is on a separate shaft from the 'cycle' air compressor. 
The rotational speed of the `cycle' air compressor was 
held constant during the thermal transient. (For an engine 
where the `cycle' air compressor is split, it is assumed that 
the rotational speed of the first `cycle' air compressor is 
held constant. ) The rotational speed of the fan, or first 

compressor, during the transient was then found to be 
lower than the equilibrium speed. The changes in per- 
formance resulting from heat absorption rates in the 
turbine and in the compressor, in each case of 2 per cent 
of the power transfer, are given in Figs 13.5 and 13.6. 
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compressor heat absorptions on static engine thrust 
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It is noted on comparing Fig. 13.5 with Figs 13.1 and 
13.2 that the temperature changes in the turbofan engine 
are similar to those in the simple jet engine. However, 
comparison of Figs 13.6 and 13.3 shows that for the 
turbofan engine the reductions in thrust due to heat 
absorptions are roughly double the corresponding thrust 
reductions for the simple jet engine. It is thus evident 
that it is even more desirable for a high by-pass turbofan 
to use turbines and compressors of low thermal capacity 
per unit power. The product of thermal capacity and 
temperature range is a measure of the time integral of the 
thrust deficit due to heat absorption. The variation of this 
thrust deficit with time is influenced by the coefficients of 
heat transfer and the conductivities of the materials. 

The reduction in turbine temperatures due to heat 
absorption in the compressor suggests the possibility of 
increasing the engine speeds during the transient to give 
the maximum permissible turbine temperatures. 

CONCLUSIONS 
A simple jet engine was rapidly accelerated from ground 
idling speed to its maximum continuous speed. Imme- 
diately after completion of the acceleration the engine 
thrust was lower than the equilibrium thrust by 1.7 
per cent (210 lbf). The engine reached equilibrium 
performance some 60 s after completion of the accelera- 
tion. The departures from equilibrium performance which 
were observed immediately after the acceleration have 
been satisfactorily accounted for by considering the 
following factors: 

(a) Heat absorption in the metal of the turbine (thrust 
deficit 80 lbf). 

(b) Heat absorption in the metal of the compressor 
(thrust deficit 50 lbf). 

(c) Changes in compressor tip clearances causing a 
reduction in air flow of 0.4 per cent and an associated 
reduction in compressor efficiency of 0.4 per cent 
(combined thrust deficit 36 lbf). 

(d) High-pressure nozzle guide vane throat area 
lower than equilibrium value by 0.4 per cent (thrust 
deficit 30 lbf). 

(e) Heat absorption in jet pipe metal (thrust deficit 
20 lbf). 

(f) There may also have been an increase in the 
high-pressure cooling air flow by 0.2 per cent of the 
compressor flow, giving a thrust increase of 16 lbf. 

Graphs have been presented which predict the effects of 
known rates of heat absorption in the compressor and in 
the turbine on the performance of simple jet engines over 
a wide range of pressure ratios. 

Similar graphs are presented for a turbofan engine of 
by-pass ratio 6, showing that the reductions in thrust of 
the turbofan engine are roughly double those of the simple 
jet engine, assuming that the rates of heat absorption are 
the same fractions of the power transfer. 
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Summary 

The aerodynamic characteristics of turbulent swirling flames 

issuing from annular and hubless swirlers with vane angles of 150,300, 

450 and 60o have been investigated. The swirlers were to the same design 

as those used for previous1 cold tests. Measurement3of the velocity 

components, static pressure and temperature across and along the jet 

klave been made. The results of the flame tests are compared with those 

obtained in cold jets. The prediction method of Spalding et a17 has been 

used for computing the velocity components in cold and burning jets issuing 

from. a 15°.. annular swirler. 

For annular swirlers with 450 vane angle and over, reverse flow 

zones were observed as in cold models but the recirculation zone in each 

case was shorter and wider than that observed in cold tests. The length 

and width of the recirculation zone also depends on the swirl number. 

The static pressure remained subatmospheric within the jets for all the 

iirlers throughout the length investigated. Temperature profiles 

indicate off-centre maximum values near the swirler exit. The downstream 

position at which the maximum temperature reaches the axis depends on the 

swirl number. Within the recirculation zone, temperature gradients 

are small. Comparisons with cold tests show that the shapes of the 

axial and tangential velocity profiles are the same in both cases, 

although the position of maximum reverse velocity is not constant as in 

cold models. The initial rates. of expansion of the swirling flame jets 

are higher than in cold jets but due to entrainment of ambient fluid the 

expansion rate drops downstream. 

With the hubless swirlers, combustion causes changes in the various 

profiles similar to those observed with the annular swirlers, expect that 

the recirculation zones are not shortened. 
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1. (a) Nomenclature. 

d = diejr. eter of hubless swirler o 
dl, d2 = inner and outer diameters of annular swirlers 

Ox = axial momentum flux 

GA = angular momentum flux 

h = enthalpy 

K = reaction rate constant 

m = mass fraction of chemical species 

mf = mixture fraction 

p = pressure 

r = radial distance 

R = universal gas constant 

S Swirl number 

T = temperature 

u = axial velocity component 

v radial velocity component 

Vs u2+v2 

W = swirl velocity 

x = axial distance 
dl 

z swirler hub ratio =d 
2 

r' L turbulent exchange coefficient 

A vane angle of swirler 

µ = viscosity 

n = product of density and corresponding component 
of velocity 

vector equivalent of IT 

p = density 

cp = angle subtended by vane when viewed in axial direction 
or dependent variable 

= stream function 

0)) = vorticity 

STC = stoichiometric air/fuel ratio by weight 
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Subäcriots 

eff = effective value 

fu = for fuel 

max = maximum value 

max, exit = maximum value at exit 

ox = for oxidant 

o for ambient fluid 

r= in radial direction 

x= in axial direction 

a= on the axis 

0 
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1 (b) List of Figures 

1. Annular , wirler 

2a-d Radial distribution of axial Velocity for Annular Swirlers 

2e Annular Swirlers: Decay of axial velocity along the jet axis 

2f Annular Swirlers: Decay of maximum axial velocity along the jet 

3a, b Radial distribution of axial velocity for Hubless Swirlers. 

3c Hubless Swirlers: Decay of axial velocity along the jet. axis 

3d Hubless swirlers: Decay of maximum axial velocity along the jet. 

4Ea-d Radial distribution of swirl velocity for Annular Swirlers 

4e Annular Swirlers: Decay of maximum swirl velocity 

5a, b Radial distribution of swirl velocity for Hubless Swirlers 

5c Hubless Swirlers: Decay of maximum swirl"velo3ity 

6a-d Radial distribution of static pressure for Annular Swirlers 

6e Annular Swirlers: Decay of static pressure along the jet axis 

6f Annular Swirlers: Decay of maximum static pressure along the jet 

7a, b Radial distribution of static pressure for Hubless Swirlers 

7c Hubless Swirlers: Decay of static pressure along the jet axis 

7d Hubless Swirlers: Decay of maximum static pressure along the jet 

8a-d Radial distribution of temoeratt, re for Annular Swirlers 

8e Annular Swirlers: Variation of temperature rise along the jet axis 

8f Annular Swirlers: Variation of maximum temperature rise along 
the het 

9a-d Temperature distribution for Hubless Swirlers 

10 Annular Swirlers: Variation of jet width 

11 600 Annular Swirler : Comparison of cold and hot jet widths 

12a Boundary conditions for isothermal free swirling jet 

12b Boundary conditions for combustion variables 

13a, b Predicted distributions of axial and swirl velocities in 
isothermal jet from 15° Annular Swirler 

14a-c Predicted distributions of axial and swirl velocities and 
temperature in burning jet (f/a 0.24) fron 15° Annular Swirler 
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2. Irtrodu^. t1on 

The addition of swirl to the air entering a furnace can be used 

to control the length and stability of the flame. One common method of 

generating swirl in the air jet is by means of a vane swir]. er. A studyl 

has ".; reviously been r.. ade c--F' the perfor. ance of vane swirlers and of the 

aerodynamics of the issuing jets in the absence of combustion. Results 

were given for air jets issuing into a free atmosphere and into a cold 

model of a furnace. 

This rerort contains observations of burning swirling jets issuing 

into a free atnosnhere, swirl again being generated by vane swirlers. 

The results were obtained using both annular and hubless vane swirlers 

similar to those used in the previous cold study. 

Pre-mixed town gas and air was used as the combustible stream. 

Observations are reported of the axial and tangential (or swirl) 

velocities, of the temperatures. -and of the static pressure in the jet. 

3. Design of vane swirlers 

3.1 Annular swi. rlers 

The design is shown in Figure 1. The outer and inner diameters 

of the annular passage are 3.86 in (98.0 nm) and 1.25 in (31.8 mm) 

respectively. There are eight mild steel symmetrical vanes of thickness 

0.032 in (0.813 mm). Swirlers having vanes at inclinations, 0, of 150, 

300,450 and 600 to the axis of the flow have been tested. The vane 

lengths for the 300,450 and 60o swirlers are such that when viewed in an 

axial direction the angle subtended by the vanes at the axis, 0, is 75°, 

thus giving an overla' of 300 between adjacent vanes. With the 150 swirler 

the overlap was "negative", being - 13. 0 

3.2 Fiubless swirlers 

"Ilublcss" swirlers were prepared to a design developed from the 

annular swirler design. The vanes are in the shape of seCments of a 

circle, and, when asse;: hled in the swirler, all the vanes meet at a point 

f 
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on the axis. The sane vane inclinations of 150,300, )E50 and 600 as 

for the annular swirlers were tested. The overlaps between adjacent 

are as for the annular sairlers. The swirler diax: ieter, do, is 

0.93 in (23.7rm). 

4. Swirl cumber 

The swirl number used in this paper is defined as 

2 G0 

GX d2 

where G0 is the axial flux of angular momentum and GX is the axial flux 

of axial momentum, ignoring static Pressure effects, d2 is the outer 

diameter of the swirler. 

For annular vane swirlers giving complete deflection equation (11.1) 

reduces 2,1 to 

S=2 (1 - z2 ) tan 0 .... (4.2) 
3 1-z 

The swirlers tested in these experiments had vane angles of 150, 

300,150 and 600 and their respective swirl numbers, by equation (k. 2) are 

0.19,0.42,0.72 and 1.25. 

For hubless vane swirlers equation (4.1) reduces to 

S=3 tan 9 .... (4.3) 

For the 150,30°, 450 and 600 hubless swirlers the respective swirl n nbers 

are 0.18,0.385,0.67 and 1.16. 

5. Experimental wori: 

5.1 Objectives 

The object of the ex^erinental work was to obtain results of axial 

velocity, tangential (or swirl) velocity and static pressure which could be 

compared with previous results for isothermal jets. 'Tem2erature would also 

be rreasured. 

s 
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5.2 Apparatus 

air and town gas was supplied to the test rig A pre-mixed stream of 

which consisted of approach pipes at whose downstream end the various 

swirlers were fitted. The length of the approach pipe was approximately 

10 d2 for the annular swirlers and 60 do for the hubless swirlers. 

The mixture issuing from the swirler into the atmosphere was 

ignited at the swirler exit. It was found that stable flames could be 

held downstream of the swirler over a wide range of fuel/air ratios. 

A fuel/air ratio of 0.15 by volume and an average axial nozzle velocity 

(calculated from mixture flow rate and swirler flow area taking account 

of vane thickness) of 50 ft/sec (15.2 m/sec) were selected for the 

experimental observations of the flames issuing from the annular swirlers. 

For the 15°, 300 and 45° hubless swirlers a fuel/air ratio of 0.20 by, 

volume and an average axial nozzle velocity of 80 ft/sec (24.4 m/sec) 

were used. For the 600 hubless swirler a stable flame could not be 

obtained with this mixture and so a fuel/air ratio of 0.25 by volume was 

mlected. 

The town gas varied slightly in composition but a typical composition 

is given in Table 1. For this composition the stoichioinetric fuel/air 

ratio is 0.244 by volume. 

The velocity components in the swirling jets were measured by a 

three hole water-cooled probes to the design of Hiett and Powell3. A 

probe of 0.375 in (9.5 rive) tip diameter was used with the annular swirlers, 

and of 0.25 in (6.3 ,. m) tin diameter with the hubless swirlers. Static 

pressures were measured by a water-cooled disc static probe to the design of 

Miller and CominSs2. The pressure differences across the probes were 

measured by electronic micromanometer5 to an accuracy of = 0.0005 in water 

(± 0.013 mm). 

Temperatures were measured by an unshielded Platinum 51 Rhodium/ 

Platinum 20'' Rhodium thermocouple (wire diameter 0.01. in (0.25 mm)). 



Component '1 by voll ne 

56.1 LH 2 
co 6.5 , 

cx4 11.9 

C2Hü o. 6 

c3Hý 3.5 

C4H10 1.8 

Unsaturated 0.4 Hydrocarbon 

CO2 15.2 

H2 3.6 

02 o. 4 

TABLE 1. Composition of coal gas 

5.3 Procedure 

Fressure and temperature traverses were made in the swirling flames 

issuing from the sýwirlers, the gas and air flows being set to give the 

fuel/air ratios and nozzle velocities listed in paragraph 5.2 above. 

6. Results and discussion of aerodynamic test 

6.1 Axial velocity distribution 

The distributions of the axial component of velocity for the annular 

. wvirler studies are presented in Figure 2a -d and for the hubless 

swirlers in Figure 3a, b. With the exception of the 15° hubless swirlcr, 

the profiles close to the swirler exit show two crests representing the 

off-axis maxirrm velocities together with a central trough representing 

the minimum (scnetimes reverse) velocity. As the flow proceeds doýw: nstrean 

the maximum velocity tends towards the axis, the position at which it reaches 

the axis depending on the swirl number. For example Figure 2a shows that 
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the raxitrum velocity for the 150 annular swirler h, --s reached the axis 

at 1.0 d2 from the inlet w : ereas annular swirlers of hither vane angles 

have off-centre maximum velocities throughout the axial distance 

investigated. For the 150 hubless . wirler the iaximirn axial velocity 

is observed at the axis at the traversing plane nearest to the swirler 

exit at 1.0 do from swirler exit. This jet resembles most closely an 

unswirled jet issuing from a pipe. 

Central reverse flows were observed with the 450 and 60° annular 

swirlers and with the 30°, 45° and 600 hubless swirlers. The width and 

length of the recirculating zone increases with swirl number. 

The rates of decay of the axial velocity along the axis, plotted 

as a ratio of the maximum axial velocity at the swirler exit, are shown 

in Figure 2e for the annular swirlers and Figure 3c for the hubless 

swirlers. For the hubless swirlers the maximum axial velocity at the 

plane one diameter downstream from the swirler is taken as the reference. 

The positions of maximum reverse velocity for the 450 and 600 annular 

swirlers are 0.5 d2 and 1.5 d2 respectively, and für the 300,1150 and 600 

hubless swirlers the positions are at approximately 1.0 do, 1.5 do and 

2.0 do respectively. For annular and hubless swirlers of 300 and over 

the axial velocity on the axis reduces immediately downstream of the swirler 

after which the velocity increases. The subsequent increase in the axial 

velocity is associated with the movement of the Position of maximum axial 

velocity at any cross-sectional plane towards the axis as the fluid 

moves downstream. 

The profiles of the rates of decay of the maximum axial velo-: ity, 

as a ratio of the maxim u: ; axial velocity at the s*vrirler exit, are given 

in Fig. ire 2f for the annular swirlers and Figure 3d for the hubless 

swirlers. Between exit and about 2.5 diameters no generalisation of tze 

shape can be made, presumably due to the effects of high tem;; erature and 

hence density gradients. Downstream of this region the rate of decay of 

the maximum axial velocity increases with swirl nunber. 
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6.2 Swirl velocity c'. ictribution 

The swirl velocities are shown in r ig'. ires 2 a-d L or the annular 

swirlers and Figures 5a, b for the hubless swirlers. Beyond about 

2.5 di*: r. cters the ; -rofiles of the swirl velocity indicate a central 

forced vortex core surrounded by an annular free vortex region. Closer 

to the swirler and at the higher swirl numbers the profile is 

distorted from the forced/free vortex (Nattern, the distortions becoming 

more severe as the swirler is a-rroached. The distortion of the inlet 

profile due to changes in swirl number has been re^orted6 in isothermal 

air jets and when the added co: nr, lexity of combustion is present, the 

distortion can be expected to be more severe. 

Where reverse flows are obtained, it is seen that within the 

reverse flow zones the swirl velocities are low, although within a short 

radial distance outside the reverse flow boundary the swirl velocity 

increases rapidly to its maximum value. 

Figure 4e shows the variation of the ratio of maximum swirl velocity 

at a plane to the value at exit from the annular swirlers and Figure 5c 

gives the corresponding decay for the flame jets issuing from the habless 

swirlers. In the region from about 1 diameter downstream the decay rate 

increases with the degree of swirl. It seems possible that at some 

distance downstream of the ranke of measurements the naximimr. swirl veloAty will 

be independent of swirl. The region where this micht occur however is not 

usually of great interest. 

6.3 Static pressure distribution 

The results for the annular swirlers are given in Figures 6a-d and 

for the hubless stivirlers in Figures 7a, b. The static pressures are 

subatmos°herie at the c, 'wirler exits ani remain so throughout the lengths 

invest'. Zated for all swirlers. Close to the swirier exit the profiles L cw 

en off-centre naxinum subatmo _herie value and a r,: i. nir Lj. i cuoatr.; os ; her is 

value on the exi. s", Moving coV; rstrec";, fro!: the exit, ',: -, e radial position 

Cr the : axir.. u:, S: 1bF1t!: CS: tie2'iC rressure I, '.. y move Out. vardS before tei. Ö. i^_, - 

tcwards te axis (150 and 600 -wirlers, annular and h: ubless), or it may 



n 

. -, rrýn c<i the is ti,! t .t fir- tc e_ : (150, ,. n ula. and hublec ) 

i'rýe -,, ° a-_:: lr: r uair 1: _ 
f:, l].:. rec. the lý LLa: at t. z: n white the 10 ° 

hubles twirler &: i 
io. tec1 ýi', e fc-, -, nr The axial Tosition where 

thD C: wyi.,.: S: i3: 'ic 
" 

_'e urn' rezx'- c the 
. xis dc ends on the 

swirl r. u: rber. As swirl incr; as2s the ;: osition first moves away from 

the s: w: irler and then a:. 'ears to rove back towards the s-yirler for the 

highest deb ee of swirl. For the 1.50 annular swirler which position 

occurs at about 2 d2 do: rnstrean, while for the 450 hubless swirler the 

po3ition is about 5 to 6 do dc: "rnstream. 

The rates of decay of the n axi^iurm subatmosohcri. c pressure and of the 

pressure on the axis alo: z_ the jet are shown in Figures 6e, f for the 

annular swirlers and Figures 7c, d for the hubless swirlers. In each 

case the rate of decay increases w. ". h the degree of swirl. 

The positions of the maximum subatmospheric pressures on the axis 

in the 1: 50 aril 60° annular swirlers correspond with the positions of 

maxim m, reverse velocity (these were the only annular swirlers which 

produced significant recirculation). 

For the annular swirlers, the positions of maximum reverse velocity 

with the 450 and 600 swirlers correspond with the positions of rnaxi: nur 

subatmospheric pressure on the axis. For the hubless swirlers the 

exoerimenta] evidence is less definite - accurate valoc: ity and pressure 

msasurements in the recirculation region were vary difficult. 

6.4 Tem'ýcrature distribution 

As shown in Fib-u: es ea-d and 9a, b the m. ximu term , erature positior' 

near the swirler exit moves away from the axis with both the annular and 

hubless swirlers an the swirl nwnber increases. For swirlers of vane 

an ; les hi :r than 15°, te s-read of the jet causes a corres-ording 

increase in the radial -position of the renk temaerature until the axial. 

teil-Brature is surf icientl. y h; cth when the ? ro`file5 become flat near th 

axis. Further do nýtr ee.: I, the r'aximi tc0. i' erature is recorded on the E"xi3. 
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In T1 Ures ee a-i E`f are ncc::.;,, , >foi, 
t. ie ar. n tar twirler., the 

var. 1. e. t o; t of rJ. e on the axis and the peal: tcº. ner7 tu: 'e riso 

alone the jet as ratios of the r5ax17:! t -n 
f1 

. ae te: 1 erat:: re rise res-ectivety. 

For the 150 £"nd 300 s. "ºi. rlers, the ter?:; eratures on the axis increase in 

the r:: r-ion close to the exit before dro-'ning off further downstream but 

the X00 and ä3o swirlers slic: a continuous decrease. The distance 

downstrearn o" the position of ºr. axiimizi te; perature rise is greater for 

smaller swirl numbers. This indicates that as the swirl number increases the 

position of conp1ete ce'.? bus Lion roves towards the swirler thus confirming 

the shortening of the flame as the swirl number increases. 

The variations or the tem;, erature rise a1on- the jets issuing 

from the hubless swirlers follow ttends similar to those for the annular 

wirlers described above, though the reduction in te; r. -)erature is less 

ra; id at correspondinr, distances downstream. 

7. Comparison of results with cold jets 

It is interesting to compare the results with those observed in 

cold free jets issuing from similar vane swirlersl. Due to the difficulties 

in making accurate observations in the small diameter jets issuing from 

the hubless swirlers the comparison is drawn principally on the results 

obtained with the annular swirlers. 

7.1 Annular swirlers 

7.1.1 Axial-velocity distribution 

Double humped distributions of the axial cor-. onent of velocity are 

observed in both burning and cold jets close to the swirler. However, the 

trou; n in velocity at the axis disappears within a shorter distance in 

the barring jets. For exa: i le, with the 150 swirler the trough disappears 

at an axial distance of one diameter while in the cold jet the tirong. i 

persists to an axial distance of at least 4 diameters. 

The maxir. um axial velocity in the burning jets rises initially to 

rouý'ii y double (rot constant, dirniniahes as swirl increases) the rraximu: r, 

axial velocity in the corresnordirg cold jets. The fractional decays in 

I 

Y 

i 

f 

r f 

ä 

E 
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the :. xial velo`; i. t; about cns di%mct. er are similar 

in Loth th,. ....: 
i"i Y1: oc''l:. jets, t1h3 Cdccüy been: nS nore rapid as the 

swirl vale £: n_O. n 

In both b:: r: ar c. ud colt: Lets, increasi: ý;; the swirl results in 

the establishment of central racirculation zones. However, the critical 

degree of swirl required in burning jets is slightly higher. At 

corres"iondiT� c'egrees of s Virl the central recirculation zones are 

shorter and wider. This widening is to be ex^ected due to the density 

cha^; _; e resultin; frc: ý: conb: isýion. The extents of the recirculations 

in the burning and cold jets are given in Table 2. The table also shows 

the magnitudes and locations of the maximum reverse velocities and 

maximum reverse mass floss. It is seen that the magnitudes of the 

reverse mass flows in the burning jets are much lower than in the 

corresponding cold jets. In the cold jets the ratio of the maxirium 

reverze flow to the nozzle flow had been found to be roughly proportional 

to tan20. However in the burning jets the maximum reverse flow varies 

even more rapidly with swirl. 

The position of the maximum reverse velocity in the burning jet 

appears to move downstream from 0.5 d2 to 1.5 d2 as the vane angle is 

increased fron 1150 to Goo, whereas in the cold jet the position was 

independent of swirl vane angle, occurring at one diameter. 

7.1.2 Ten! e: 1ti_1-vc1ocity : 'is'rib: xLj. crs 

In bath the burning and cold jets the rate of decay of the 

tangential ccm, ýonent of velo^ity increases as the swirl vane angle 

increases, the decays in the hot jets being slightly more rapid. 

7.1.3 Vari^. tions of jet width 

The jet width is derive. here by the line v, here the axial co: 1: ponei_t 

of velocity 10-" of the r. axl"; aýn axiF1 co;:; ponent of velocity at that 

plane. 

In cold jets it was ohservu;: that t -2: 'e was an initial very rapid. 

C: 9 1i ý:: a c; -' the Tni. s initial r? Jte of increased w-'. th 

ion ra ý,:., ., iýi o,, enin t'. >e Li. a _zs s; tii. r). v__". _'e afl--ie. , ̀ t-or t. initiaJ. ra. ý 

i+.: _P-. 
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In the burnir.. jets the initial s. )read for a given vwirler is 

even more raid than for the cold jets. Therc-fter the rate of ex^ans: ion 

&'ors ('figure 10) . At the hic: ier c'. egreco of :. wirl the rate of expansion 

dro^s to a value which is loss thin the expansion rate o. the cold jet. 

Thus ultimately, burnin3 and cold jets will have the sa!: ie widths. With 

the 600 sý"%irler (illustratked in FiCure 11) it would a_,: wcar from 

extrapolation that the widths of the hot and cold jets will be equal at P. 

doi'mstrecm distance of roughly E. d2. At lover degrees of swirl the plane 

where the burning and cold jet widths nerze will be much further 

dov mstrcam. 

The initial widening of the burning jet relative to the cold jet. 

is due to the density change resulting from combustion. It ºnight be 

ex^ected that the development in the early stages will be rather similar 

to the development in a cold jet, issuing from the sate vane swirler, 

which has already opened out to a flad area to accommodate the density 

ratio due to combustion, namely 5.4. Thus for the 600 swirler (Figure 10) 

the plane in the cold jet one diameter downstream from the swirler exit 

might correspond to the commencement of the burning jet. It can be seen 

that widths of the burning jet in the region from say 0.5 d2 to 4 d2 

correspond roughly with the widths of the cold jet in the region from 

1.5 d2 to 5 d2. Deyond aboat IF d2 in this burning jet the 

density change due to combustion is effectively reduced by the entrainment 

of the cold air, and the jet width becomes diminishingly greater than the 

width of the cold jet at the same axial distance. The recirculation zone 

is seen to be shortened by coy . bastion but with ttiis 6Oo swirlcr the 

shortening is grcater, by a factor of 2, than the surd 'rested diE. Aacement 

of one diemeter required to make the early stages of the outer boundaries 

siniltr for the burning and cold jets. 
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7.1.4 Experimental swirl numbers 

Integrations of the momentum flux profiles indicate that 

the tangential momentum fluxes in the burning jets are about 

double the tangential momentum fluxes observed in cold jets with 

the same feed velocity. The axial momentum fluxes (ignoring the 

static pressure terms) are also considerably increased. These 

increases are associated with the higher pressure required of the 

gas/air supply system to overcome the effective "flame" pressure. 

This flame pressure is significant in spite of the burning jet 

being unenclosed. 

The static pressure term which should be included in the 

axial momentum flux can amount to up to 70% (600 Swirler) of the 

"velocity" term and therefore should be included in the 

definition of swirl number. 

7.2 Hubless Swirlers 

The effects of combustion on the distributions of axial 

velocity, swirl velocity and pressure in jets issuing from hubless 

vane swirlers are similar to those noted above in jets issuing 

from annular vane swirlers, with the notable exception that the 

recirculation zone does not appear to be shortened. Due to 

difficulties in measuring velocities in the small diameter 

recirculation zones it is not possible however to be explicit 

about the positions of the maximum reverse velocities and flows 

in the zone. 
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8. prediction of flan c? istr?;, uti. on 

The theoretical an: )lysis discussed below is based on the finite 

difference prediction method formulated by Spalding et al. The prediction 

method will therefore not be discussed fully but further information 

about the derivation ai: d slj, plification can be obtained from references 

7 and 8. 

Defining vorticity as 

)v ýu W 6X br "... 
ýý. 1ý 

and stream function as 

1ý 

rPu=r nX = 
är 

.... 
(8.2a) 

rpv=r nr =- 
ä 

.... (8.2b) 

second order partial differential equations of the elliptic type can be 

written for vorticity, stream function, swirl velocity, W, and when there 

is combustion, similar equations can be written for fuel mass fraction, 

enthalpy and mixture fraction defined as 

m 
mf = mixture fraction = mfu - -2C ) 

These equations are derived from considerations of the conservation of 

chemical species, mo. rentum In the x, r and A directions, and mass. The 

general form of the elliptic equation is 

a rr . grad p= Div (b Grad (Ccc)_7 + d. .... 
(8. tß) 

where the coefficients a, b, c and d for each dependent variable r_re 

shown in Table 3. 

By dividing the flow field into a number of control volunes and 

integrating the above equations over each control volume taking account 

of the direction of flew, finite difference forms of the equations viere 

obtained. For the solution of the finite difference equations, a 

multi-purpose cc. : utcr pro: --: -am '. v; ritten by Sp, ldin- et al and this 
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programme can be modified for the analysis of various flow conditions, 

e. g. ( 8-/. 
This program�e was modified for the 2resent comrutation 

and for processing in a KDc^9 and in a UNIVAC 1108 com uter. 

8.1 Details of Commutation 

The equations for vorticity, stream function, swirl velocity, fuel 

mass fraction and enthalpy were considered with a 16 x 14 non-uniform grid 

system. The inlet profiles of the vorticity, stream function and swirl 

velocity were derived from the assumed distribution of the axial components. 

The swirl velocity was calculated from the equation 

w=u tan A ... (8.5) 

The distribution of the enthalpy was taken as uniform at the .t and, 

" for the present analysis, arbitrary values of the distribution of fuel 

mass fraction were specified. The analysis has been carried for an 

annular swirlar having a vane angle of 150. A similar analysis has been 

carried out for a cold jet issuing from a 450 annular swirler but the 

results are not shown because of limitation of space. The specification 

of the axial velocity components at inlet gives a triangular profile with 

a maximum value of 80 ft/sec at the mid-point of the annular flow section. 

The computation was stopped when the fractional difference between two 

successiveiterations is 0.005. 

The boundary conditions are shown in Figures 12 (a) and (b) 

U) :0 r 
*: gradient tyre 

Bl W ---0 --------- ----- --- ýC1 

ýy t 
rl 

gradient type icu r: gradient type 

r 4r 
jsee 

text ty : gradient type 
W 10 1W : gradient type 

tt 

;lt 

0 
r 
yr ;0 Dl 
W0 

x 

Fig. 12a Boundary conditions for isothermal free swirling flow. 
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B2 m C2 u 
h) see text 

mfu = 01 mfu gradient type 

h= atm$srheric h) 

value 

. 

a2 

mfu ) 
D2 

h) gradient type 

Fig. 12b Boundary conditions for combustion variables. 

At the boundary B2, C2, the gradient type of boundary conditions was 

used except at the first few grid points where atmospheric values 

were taken. 

8.2 Results 

The predicted cold results for the 150 annular swirler are 

shown in Figure 13 (a) and (b). The results are compared with the 

experimental results in (1). It will be seen that the predictions 

show the general features, e. g. free and forced vortex regions, in a 

swirling jet and also corn ares favourably with experimental results. 

Using the assumptions discussed in Section 8.1, the predicted 

results for the burning jet (f/a 0.24 by volume) are shown in Figures 

14 (a) - (c). Work is continuing on the computational procedure for 

burning jets. 
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9. Conclusions 

When combustion takes place in a swirling flow, the general 

sha^es of the profiles of the aerodynamic variables remain similar to those 

for a cold flow although there are significant differences between the 

rates of change of the variables along and across the flow field, as a result 

of the density gradients. For both cold and burning swirling flows, 

the rate of change of the variables is strongly dependent on the swirl 

number. 

For swirlers with vane angles of 450 and over, recirculation 

zones were observed, as in the cold jets (recirculation was also observed , 

with the 300 hubless swirler). With the annular swirlers the recirculation 

zones were shorter and wider than those observed in the cold jets, while 

with the hubless swirlers the recirculation zones were of similar length 

but wider. In annular swirlers the position of the maximum reverse 

velocity, which was found to be constant for all swirlers with recirculation 

zones in cold flow, depends on the swirl number. It moves downstream 

as the reverse flow zone gets wider and longer with increasing swirl 

number. 

The initial rate of expansion of a burning jet is higher than for 

a cold jet. The rate of expansion is slowed down further downstream by the 

entrainment of ambient field and at a position far away from the swirler 

exit, the width of a burning and cold jet can be expected to correspond. 

This position will depend on the swirl number and it can be expected to 

increase with reduction in swirl number since rate of entrainment increases 

with swirl number. 

As the swirl number increases, the position of the maximum flame 

temperature from the, swirler exit decreases and there is a shortening of 

the length of the flame. 

The prediction method indicates the general pattern of the profiles 

in a swirling flow. The results however depend strongly on the velccity 

distributicn and the boundary conditions. 
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C36/73 EFFECT OF 'BULK' HEAT 
TRANSFERS IN AIRCRAFT GAS TURBINES ON 

COMPRESSOR SURGE MARGINS 

N. R. L. MACCALLUM* 

During transients of gas turbines, bulk heat transfers take place in the compressors and turbines to, or from, the 
air or gas streams. The effects these have on the compressor surge lines and on the steady-running conditions have 
been investigated theoretically for four typical transients of a twin-spool bypass engine. The two most serious 
situations found occur in the low-pressure (LP) compressor during an altitude deceleration and in the 
high-pressure (HP) compressor when attempting an acceleration immediately following a rapid deceleration. In 
these two cases the appropriate surge margins are reduced by 18 and 35 per cent respectively. 

1 INTRODUCTION 

The behaviour of gas turbines during and immediately 
following accelerations or decelerations is of great interest. 
Methods have been developed for predicting the dynamic 
response during these transients (1), (2)t. These methods 
have used the characteristics of the components (com- 
pressors and turbines) observed under steady-running condi- 
tions. However, it is knbwn that the behaviour of a gas 
turbine during, for example, an acceleration depends on the 
state of the engine immediately before the acceleration is 
commenced. In one case (3) it is reported that the allow- 
able increase in fuel flow without causing compressor surge 
when accelerating an engine is approximately halved if the 
engine is `hot' following a previous rapid deceleration, as 
compared with an engine that is starting from `cold'. Thus 
there must on some occasions be considerable departures of 
components from their equilibrium characteristics. 

Four possible causes of these departures from equilib- 
rium are given below. 

values due to the markedly different response rates of 
blades, discs and outer casings to changes in air or gas 
temperature. For example, in transients at sea level the 
aerofoils of compressor blades typically have time con- 
stants in the range 0.5-10 s, turbine blades in the range 
2-16 s, while a turbine disc may have a time constant of 
40 s. If clearances are increased during a transient this 
lowers the component efficiency and, for a compressor. 
decreases the mass flow delivery. 

A study of the first factor listed above, the effect of heat 
transfer on boundary layer stability, is reported separately 
by Grant (4). 

This paper presents the results of a theoretical investiga- 
tion of the second and third factors-the effects of 'bulk' 
heat transfers on compressor characteristics and on the 
working line of the engine. The fourth factor can only be 
investigated with reference to particular designs, and in 
some cases this has been done. 

(1) The stability of the boundary layers on the 
aerofoils in the compressors and turbines may be altered 
by heat transfer from the air or gas to the blades during 
an acceleration and by heat transfer from the blades to 
the air or gas during a deceleration. 

(2) The above mentioned heat transfers which occur 
In the compressors may alter the compressor charac- 
teristics because of the resulting density changes in the 
air. 

(3) The non-adiabatic nature of the compressions 
and expansions may cause the engine working line to be 
displaced. 

(4) Tip and axial clearances in the compressors and 
turbines may be significantly different from equilibrium 

The MS. of this paper was received at the Institution on 6th June 
1972 and accepted for publication on 2nd October 1972.33 

"Senior Lecturer, Department of Mechanical engineering, Univer- 
sity of Glasgow G12 8QQ. 

t References are given in Appendix 36.1. 

1.1 Notation 
A Effective throat area of turbine nozzle guide 

vanes. 
CD Coefficient of discharge of non-adiabatic 

nozzle, defined by ratio of actual mass flow to 
mass flow through adiabatic nozzle of same 
geometric size and at same inlet conditions and 
exit pressure. 

F Ratio of heat transfer to fluid in an element of 
a compressor or turbine to work transfer from 
the fluid in the same element. 

HP High pressure. 
LP Low pressure. 
m Index of non-adiabatic compression or expan- 

sion. 
NA Non-dimensional compressor speed at condition 

A, a non-adiabatic surge point. 
NB Non-dimensional compressor speed corres- 

ponding to point B on the adiabatic surge line, 
point B being such that the density ratio across 
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the compressor is the same as at the non- 
adiabatic surge point A. 

P Stagnation pressure. 
Rsa Compressor pressure ratio at adiabatic surge 

point B. 
RsA Compressor pressure ratio at the non-adiabatic 

surge point A. 
Rw Compressor pressure ratio in adiabatic steady- 

running. 
r Pressure ratio across a nozzle. 
7 Isentropic index. 
77Pe Polytropic, or small stage efficiency of com- 

pression. 
11Pr Polytropic, or small stage efficiency of expan- 

sion. 
Station numbering 
1. LP compressor inlet 
2. HP compressor inlet 
3. HP compressor delivery 
4. HP turbine inlet 
5. LP turbine inlet 

2 EFFECT OF BULK HEAT TRANSFER ON 
COMPRESSOR CHARACTERISTICS 

The engine investigated in the work here reported is a 
twin-spool axial flow bypass engine of compression ratio 
20. 

Firstly the magnitudes of the heat transfers were 
assessed. This was done by representing the blades of the 
compressors as isolated aerofoils and the platforms were 
regarded as being flat surfaces with fins (5). To make some 
allowance for the disc or casing in thermal contact with the 
blade platform, the platform masses were increased by 50 
per cent. Typically the time constants for the response of 
the aerofoils are shorter than those for the `finned' plat- forms by a factor of about 6. The heat-transfer coefficients 
used for the pressure surfaces of the aerofoils were taken as being as on a flat plate with a turbulent boundary layer 
from the leading edge. For the suction surfaces the heat 
transfer coefficients were taken as the arithmetic mean of 
completely laminar and completely turbulent boundary 
layers on a flat plate. It is interesting to note that the 
average coefficients for the aerofoils in the compressor 
obtained in this way are within about 5 per cent of the 
coefficients that are obtained if the correlation given by 
Halls (6) for turbine blades is applied to the compressor blades. 

Four typical transients have been studied. 
(1) Acceleration at sea level from ground idle speed 

to maximum speed. 
(2) Deceleration at 12 200 m altitude (40 000 ft). 

0.61 Mach number from maximum speed to flight idle 
speed. 

(3) Deceleration at sea level over the same non- 
dimensional speed range as in transient (2). 

(4) Deceleration at sea level from maximum speed to 
ground idle speed. 

All the transients were virtually completed, so far as 
speed was concerned, in 10 s. 
2.1 Acceleration 
In the acceleration (1) the temperature reduction in the LP 
compressor below the adiabatic compressor exit tem- 

perature is small and never exceeds about 3 deg K. The 

effect of the resulting density change on the LP compressor 
characteristics is negligible. In the HP compressor the 
temperature reduction due to heat transfer is more marked. 
being as high as 18 deg K summed along the compressor, 
midway through the acceleration. The work input increases 
during the acceleration, and the heat transfer, expressed as 
a fraction of the instantaneous work transfer has a nu- 
merical maximum of 0-07 after 3-6 s of the acceleration. 
Figure 36.1 shows the temperattire reduction due to heat 
transfer and the ratio of this heat transfer to the work 
transfer during the acceleration. It was decided to investi- 
gate the conditions of the compressor after 3-6 s of the 
acceleration, because it is at this instant that the fractional 
heat transfer, F, is at its numerical maximum. At this 
instant the temperature reduction due to heat transfer is 15 
deg K. 
Y 
P 
d 

ýn 

W 
W 
V) 

Q 

cr 

W 

1 x- 0 
N 

Temperat ure 

-15 
rise 

z 
z 
o UJ 0 
d 
W w 0 

' vi 

-20 01 ö 0a W 
U ý N 

W 
L^ ä a Ck: 

E 

N 

0 
0 2 4 6 81 0" 

TIME seconds 
Fig. 36.1 Heat transfer in HP compressor during a sea level 

acceleration (transient M) 

The effect of the heat transfer on the compressor 
characteristics was predicted by adapting the simple stage- 
stacking method which had been used by Huppert and 
Benser for an adiabatic compressor (7). For simplicity, the 
12-stage HP compressor was divided into four groups of 
three stages and individual stage characteristics assumed for 
each of the groups. The characteristics, in the form of 
pressure rise coefficients and efficiencies to a base of flow 
coefficient, were taken to be similar to those of Huppert 
and Benser, and of performance such as to satisfy the 
design pressure ratio and surge margin at the maximum 
speed. It was assumed that the stall experienced in all stages 
was of the root-to-tip type as all the stages in the HP 
compressor are of high hub-tip ratio. Using this method the 
adiabatic characteristic was predicted corresponding to the 
non-dimensional speed observed at 3.6 s in the acceleration. 
It was found that the predicted characteristic differed 
somewhat from that observed in tests of the complete 
compressor. To allow subsequent comparisons of the move. 
ments of surge lines and working lines, it was decided to 

Temperat ure 
rise 
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adjust the predicted characteristic to agree with the 
observed overall characteristic. This adjusted characteristic, 
and the associated surge line, are shown as solid lines on 
Fig. 36.2. The effect of heat transfer, in this case from the 
air, was then allowed for by inserting the temperature 
changes due to heat transfer between the stages in the 
stacking calculation. This result, scaled in the same manner 
as for the adiabatic prediction, and the associated surge line 
are shown as dotted lines on Fig. 36.2. It is seen that the 
pressure ratio at the surge point is increased from 4.60 to 
4.70, but the movement of the surge line itself is negligible. 
The stacking calculations indicate that at this speed the 
surge in both the adiabatic and non-adiabatic cases is due to 
stall in the 7-9th stages. The effect of the heat transfer is 
equivalent to a movement of the constant non-dimensional 
speed line, in the direction anticipated in that heat transfer 
in an acceleration lowers the temperatures, compared to the 
adiabatic values, at the various stages along the compressor 
and therefore raises the `effective' non-dimensional speed. 
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Fig. 36.2 Effects of heat transfer on surge and steadyrunning lines 
at 3.6 s in sea level acceleration (1) 

2.2 Decelerations 
Calculations similar to those described above for accelera- 
tion (1) were carried out for three decelerations (2)-(4). As 
in the acceleration, the temperature changes in the LP 

compressor due to heat transfer are small, never exceeding 
about 4 or 5 deg K. The temperature changes in the HP 

compressor due to heat transfer are much more significant, 
having maximum values of 22,11 and 23 deg K respectively 
in the three decelerations. Fig 36.3 gives the temperature 
changes due to heat transfer during the altitude decelera- 

tion (2). The thermal effects in the sea level deceleration 

over the same non-dimensional speed range (3) are roughly 
one half to one third of those observed in the altitude 
deceleration. This is due to the much higher air mass flow 

rates through the compressor at sea level. In the sea level 
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Fig. 36.3 Heat transfer in HP compressor during a deceleration at 

12 200 m (40 000 ft) altitude 0.61 Mach number (transient 
(2)) 

deceleration to the ground idle speed (4) the thermal 
effects are similar to those observed in the altitude decelera- 
tion. Since in these decelerations the thermal effects are 
close to, or at, their maximum values at the ends of the 
deceleration, the conditions of the compressor at these end 
conditions were investigated. 

The effects of heat transfer on the surge line were 
determined by the method described previously. As before, 
the predicted characteristics were scaled so that the adia- 
batic predictions agreed with overall test results. It was 
found that the surge point at the speed corresponding to 
the end of each of the decelerations is associated with stall 
in the first stage of the compressor. Heat transfer causes a 

50 

Temperatu re 
rise 

45 

Adiabatic 
---Non-adiabatic 

Sýc9e 
HP COM PRESSOR 

Sea° s ý\ýe 
Constant non-dimensional 
speed lines 

,A 40 
0 
a 

W 

35 
%A 
W 

a 

ö 30 
W 

a- a 0 
0 
U 15 

13L 
55 

V 23 24 25 26 

alýýPe 15 ýq 
LP COMPRESSOR 

14 
Constant non- 
dimensionot -- 
speed line 

I., 

Fig. 36.4 Effects of heat transfer on surge and steady-running lines 

at end of altitude deceleration (2) 

Instn Mach Engrs Conference Publication 3 1973 



EFFECT OF `BULK' HEAT TRANSFERS IN AIRCRAFT GAS TURBINES ON COMPRESSOR SURGE MARGINS 97 

3.5. 

30 

25 
0 
a 

-20 
11 12 13 14 

ui W 

at Q. 1.4 

W LP COMPRESSOR 
cx 
ö 13 
Vf QQý 

20 25 30 35 40 4.5 
k m2Kh12 NON-DIMENSIONAL MASS FLOWS ki s 
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at end of sea level deceleration to ground idle speed (4) 

reduction in the `effective' non-dimensional speed. But as 
first stage stall controls surge, according to the stage charac- 
teristics adopted, then the surge point is moved con- 
siderably from the adiabatic surge line, as. shown in Figs. 
36.4 and 36.5 for the altitude deceleration (2) and for the 
sea level deceleration to ground idle speed (4) respectively. 
The other deceleration (3), is not shown, the deterioration 
in this case being about one third of that in deceleration 
(2). 

Heat transfer has a slight effect on the location of stall in 
the compressor. During the decelerations, the heat transfer 
to the air tended to move the stall further forward in the 
machine to a position corresponding to stall at a lower 
rotational speed. However, the effect was fairly small and in 
none of the transients considered was the stall position 
moved from one group of three stages to the next, and of 
course at the ends of the decelerations, stall in the adiabatic 
case was already in the first stage. 

2.3 Comparison with other predictions. 
A helpful analysis of the effects of heat transfer on the 
surge line has been made by Barnes (8). His method applies 
to the situation where the mass flow rate at surge at a 
particular speed is the same in both the adiabatic and 
non-adiabatic cases. This therefore limits the application to 
the lower speed region where surge is associated with first 
stage stall. For this condition he shows that the pressure 
ratios for the non-adiabatic surge, RSA, at speed NA is 
given by 

Adiabatic 

---Non-adiabati c Sur 
\ines 

HP COMPRESSOR 

u n 
Steady t \ Constant 

\ýýes non-dimensional 
speed lines 

LP COM PRESSOR 

Sic 4e 

Constant 
non-dimensional 
speed line 

RSA -1 
-NA Rsa-1(NB ' 

where RSB is the pressure ratio at the adiabatic surge point 
giving the same density ratio across the machine as occurs 

in the non-adiabatic case, and NB is the speed correspond- 
ing to this point. 

The results of this prediction for the surge points at the 

conclusions of the two decelerations (2) and (4) are in close 
agreement with the predictions of the stacking method. 
These surge conditions, as mentioned, are associated with 
first stage stall. Unfortunately, Barnes' method cannot be 

applied when surge is associated with stall towards the rear 
stages of the compressor, as was the situation at 3.6 s of 
acceleration (1). Also, Barnes' method requires knowledge 

of the density ratio in the non-adiabatic case. 

EFFECT OF BULK HEAT TRANSFER ON 
STEADY RUNNING WORKING LINES 

Surge margin can be expressed by the difference between 
the surge pressure ratio and the pressure ratio of the 
steady-running working line at that particular mass flow 

rate. A study has therefore been made of the effects of the 
heat transfers in transients on the steady-running working 
line of the same twin-spool bypass engine. Bulk heat 
transfers have two effects in this context; compressions and 
expansions are non-adiabatic and the effective areas of the 
throats of the nozzle guide vanes are altered. 

It has been shown (9) that in non-adiabatic expansions, 
if the ratio, F, of the heat transfer to the fluid to the work 
transfer from the fluid is constant along the turbine then 

mm -I= (1 -F)nnr7'ry 
1 

... (2) 

The corresponding equation for compressions is 

m-1_ 1-F 
... (3) 

m npc y 

In (9), which dealt only with heat absorptions, a factor f 
was used, defined by the ratio of the heat transfer from the 
fluid to the work transfer from the fluid. The sign given to 
heat transfer was the opposite to the normal thermo. 
dynamic convention. In the work reported here, the ratio F 
follows the normal convention. 

Using the revised finned blade model (5) the heat 
transfers in the two compressors and two turbines were 
determined during the four transients (1)-(4). The heat 
transfer coefficients used for the compressors were ob- 
tained as described previously and for the turbines, Halls 
correlation was used (6). It was found that, at any instant, 
the factor F varied considerably within the individual 
components. For example, after 3s of acceleration (1), the 
average value of F for stages 1-3 of the HP compressor is 
0.030 while it is 0.103 for stages 10- 12. At the end of the 
acceleration the F values are more uniform, being 0.025 
and 0.039 respectively at these locations. In spite of this 
variation, it is considered that the error resulting from using 
an averaged F for a component is small and averaged values 
have been used in this work. 

The magnitudes and effects of the bulk heat transfers in 
the compression and expansion processes at 3.6 s of acceler- 
ation (1) and at the conclusions of decelerations (2) and (4) 
are shown in Table 1. The heat transfers are very consider- 
able, when compared with the work transfers, particularly 
in the turbines. 

Heat transfers during the transients may also affect the 
effective flow controlling areas at the nozzle guide vane 
throats in the HP and LP turbines. This effect is in the 
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opposite direction to the uncompleted thermal expansion. 
For example, at the end of the altitude deceleration (2) the 
temperature of the aerofoils of the first set of HP nozzle 
guide vanes is some 100 deg K above the equilibrium value. 
This corresponds to a linear contraction still to be com- 
pleted of 0.14 per cent, and a probable throat area 
reduction of 0.4 per cent. However, the heat transfer to the 
gases in these nozzle guide vanes raises the gas stagnation 
temperature by 10.7 deg K. This causes a reduction in the 
`coefficient of discharge' of the nozzles. Watson (10) has 
investigated this effect, both theoretically and experi- 
mentally. His one-dimensional theory predicts the coeffi. 
cient of discharge, CD, of a non-adiabatic nozzle, ignoring 
friction, to be given by 

M-1 
} 

CD=r( 7) 
1-r m 

... (4) 

Lo_Fo_ri) 
where r is the ratio of the downstream static pressure to the 
upstream stagnation pressure and CD is defined by the ratio 
of the mass flow in the non-adiabatic nozzle to the mass 
flow in an adiabatic nozzle of the same geometric size and 
at the same inlet conditions and exit pressure. For the case 
at the end of the altitude deceleration the above expression 
gives a CD of 0.989. Combining this reduction with the 
higher geometric area indicates an effective area at the end 
of the deceleration of 0.993 of the equilibrium effective 
area. 

The expression given in equation (4) for the CD in a 
non-adiabatic nozzle is based on a one-dimensional analysis. 
A more recent investigation of flow in non-adiabatic 
nozzles also uses a one-dimensional theory (11). However, 
preliminary boundary layer calculations allowing for 
changes in displacement thickness due to heat transfer, 
after the method of Harris and Luxton (12), and assuming a 
one-dimensional flow outwith the boundary layer, indicate 
that the reduction in CD due to. heat transfer should be 
about 0.015 for the condition at the end of the altitude 
deceleration. It was decided to adopt these predictions 

which considered boundary layer behaviour rather than use 
the simple one-dimensional theory of equation (4). On this 
basis, the effective area of the first set of HP nozzle guide 
vanes at the end of the altitude deceleration is 0.988 of the 
equilibrium value. The HP and LP nozzle guide vanes were 
treated in this way for all the transients, and the effects on 
the steady-running pressure ratios are shown in Table 1. 

The summation of the effects of the non-adiabatic 
compressions and expansions and of the effective area 
changes on the steady-running line are indicated by the 
dotted lines on Figs. 36.2,36.4 and 36.5, corresponding to 
the three transients (1), (2) and (4) respectively. Equilib- 
rium steady-running lines are indicated by the solid lines. 

4 DISCUSSION OF PREDICTIONS 
There must be some reservations about the accuracy of the 
results owing to the approximations that were required in 
the stacking procedure and in the calculations for simulat- 
ing the steady running of the engine. Nevertheless, the 
general effects must be valid and these are discussed below. 

Heat transfer causes only slight changes in the surge line 
and constant speed lines of the LP compressor. The changes 
are probably small enough to be ignored. However, signifi- 
cant changes occur in the characteristics of the lip com- 
pressor. In the low speed range where surge is associated 
with first stage stall, the surge line is depressed by heat 
transfer from the blades etc. to the air. At the conclusion of 
the altitude deceleration the deterioration is worth about 
29 per cent of the margin between the equilibrium surge 
and working lines. The corresponding reduction at the end 
of the sea level deceleration to ground idle speed is 30 per 
cent. When accelerating an initially cold engine there will be 
corresponding beneficial displacements of the surge line at 
the low speed end. 

At higher rotational speeds, compressor surge is associ- 
ated with stall in stages nearer the exit of the compressor. 
In these circumstances, there does not seem to be a 
significant displacement of the surge line due to heat 
transfer, only a movement of the constant speed line to a 

Table 1. Effects of changes in components on steady-running compressor pressure ratios 

3.6 sin acceleration (1) End of deceleration (2) End of deceleration (4) 

F 
6RW 6RW SRw 

LP 
Comp 

HP 
Comp 

F 
LP 

Comp 
HP 

Comp 

F 
LP 

Comp 
HP 

Comp 

Heat transfer in LP compressor +0.03 -0.003 0.000 -0.13 +0.007 0.000 -0.30 +0.003 0.000 

Heat transfer in HP compressor +0.07 -0.003 -0.050 -0.14 +0.007 +0.065 -0.19 +0.003 +0.020 

Heat transfer in HP turbine -0.15 -0.005 +0.030 +0.23 +0.007 -0.030 +0.26 +0.002 -0.030 

Heat transfer in LP turbine -0.50 -0.009 +0.020 +0.32 +0.005 -0.015 +0.29 0.000 0.000 

Effect due to &A4 0.000 -0.030 0.000 +0.040 0.000 +0.020 

Effect due to SA s 0.000 0.000 0.000 0.000 +0.002 0.000 

E oRw -0.020 -0.030 +0.026 +0.010 +0.010 +0.010 

Rw 1.446 4.10 1.378 3.73 1.138 2.56 

R;,, 1.426 4.07 1.404 3.79 1.148 2.57 
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position of higher effective speed during an acceleration 
and of lower effective speed during a deceleration. 

As to the effects on the steady-running line, the effects 
on the line in the LP compressor due to the transfers in the 
various components are additive. The steady-running line is 
lowered when heat transfer is from the air or gas, as in an 
acceleration, and raised in the conditions corresponding to a 
deceleration. At the conclusion of the altitude deceleration 
(2) the raising of the steady-running line due to heat 
transfers reduces the surge margin by 18 per cent. At the 
conclusion of the sea level deceleration (4) the reduction in 
surge margin is 8 per cent. This reduction can be serious 
during a deceleration in that the trajectory in the LP 
compressor during a deceleration is raised above the steady- 
running line. The altitude deceleration is seen to be the one 
more prone to surge the LP compressor. 

The steady-running line in the HP compressor is, as 
expected, unaffected by heat transfer in the LP compressor. 
It is only affected by heat transfer in the LP turbine when 
the LP turbine is unchoked. Under these conditions, heat 
transfer alters the pressure ratio across the turbine and 
hence the effective flow capacity of the turbine. The 
summed effects of the heat transfers in the two turbines 
almost exactly cancel the effect of the heat transfer in the 
HP compressor, with little resulting net effect on the 
steady-running line. However, the position of the steady- 
running line is seen to be very sensitive to changes in the 
flow capacity of the HP turbine. For example, the sug- 
gested reduction in the flow capacity of 1.2 per cent at the 
end of the altitude deceleration (2) causes an increase in the 
steady-running pressure ratio of 0-04 which reduces the 
surge margin by just under 6 per cent. When these changes 
are coupled with the changes in the surge line due to heat 
transfer there is a reduction in the surge margin of 35 per 
cent at the conclusion of the altitude deceleration (2) and of 
32 per cent at the conclusion of the sea level deceleration 
to the ground idle speed (4). There is an increase in the surge 
margin of 4 per cent at 3-6 s in the sea level acceleration 
(1). The reductions in surge margins in the HP compressor 
during decelerations are probably unimportant during the 
decelerations themselves since the HP compressor deceler- 
ates away from surge, but will be important if an acceler- 
ation is attempted immediately following the deceleration. 

The above predictions for the changes in the steady- 
running points due to heat transfer may not be exactly the 
same as those observed during transients, as the pressure 
ratios and component efficiencies at the transient points differ from the steady-running values. However, the predic- 
tions given above are helpful in that they give magnitudes 
of the effects that may be encountered. 

5 CONCLUSIONS 

The magnitudes of the heat transfers in typical transients in 
a twin-spool bypass engine have been assessed. These heat 
transfers in the various components can be quite consider- 
able, rising to 0.3-0.5 of the work transfers in turbines and 
to 0.15-0.20 of the work transfers in compressors. 

The effects of the heat transfers in the LP compressor on 
the compressor characteristics are small. In the HP com- 
pressor the effects are more marked. One effect in the HP 
compressor is to move the effective non-dimensional speed. 
The other effect, which is on the surge line, depends on 
where the stall causing surge occurs in the HP compressor. 

If it is first stage stall, then the surge point comes at the 
same mass flow rate as in the adiabatic case, but at the new 
`effective' speed. However, if the stall causing surge occurs 
near the rear of the compressor then the surge point may lie 
very close to the adiabatic surge line, and there is only the 
change in effective speed. 

The effects of heat transfers on the steady-running lines 
in the compressors have also been assessed. Heat transfers 
not only cause the compressions and expansions to be 
non-adiabatic but they also affect critical flow areas such as 
at the nozzle guide vanes in the HP and LP turbines. The 
steady-running line in the HP compressor is particularly 
sensitive to changes in the effective capacity of the HP 
nozzle guide vanes. The relationship between heat transfer 
and the effective capacity of the nozzle guide vanes was 
estimated from preliminary boundary layer calculations. 
Further work is required in this direction. 

When the effects on the surge line and on the steady. 
running line are combined, the most serious situations 
appear to arise in the LP compressor during an altitude 
deceleration (18 per cent reduction in surge margin) and in 
the HP compressor when attempting an acceleration 
immediately following a rapid deceleration (35 per cent 
reduction in surge margin). The situation in the LP com- 
pressor during the deceleration could be improved by using 
a- variable area final nozzle with the nozzle area reduced 
during deceleration. 

The effects of heat transfer have been assessed only at the 
steady-running conditions corresponding to instants during 
or at the ends of transients. It is now proposed that these 
effects be included in transient programmes such as those 
of Saravanamuttoo and Fawke (1), (2). 
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Introduction 

Vane swirlers are commonly used for generating swirl 
in air (and gas) jets entering furnaces. If the swirl is 
sufficiently strong, a central recirculation zone may be 
established. This report describes a study of the 
mechanism of flame stabilization by this central recircul- 
ation zone in pre-mixed town gas - air jets. A means of 
correlating the stability limits is proposed. 

Apparatus 

The swirlers used were of "hubless" design (1), 
i'-23.7 mm diameter, having vanes at angles of 30°, 45° or 600 

to the axis of the jet (a vane angle of 1, " was insufficient 
to establish a tirl controlled central recirculation zone). 
The pre-mixed town gas-air jets issued from these swirlers 
into free air. 

The town gas had the following typical volumetric 
composition: - H2,0.56; co, 0.06; CHq, 0.12; C2H6,0.01; 

C3H$, 0.0k; CkH10,0.02; C02,0.15; N2,0.0k. 

Results 

The central recirculation zone controlled only the 
weak stability limits. The stability or the rich flames 
depenaed on secondary combustion with entrained a. ir. For 
this investigation of the role of the central recirculation 
zone, only the weak limits were relevant. 

" 
One of the authors (G. G. B. ) acknowledges the financial 
support of' the Commonwealth Scholarship Co mission, and the 
other (! 1. R. L. A1. ) acknowledges the financial support of the 
Science Research Council. 
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Fig. 1 shows these weak limits for the 300,45° and 

_. '600 swirlers, the axial component of velocity being plotted 
against the fuel/air ratio in the issuing jet. For interest, 
the stability limits of the 15° swirler are also shown - this 
swirler could not create a central recirculation zone. 

i- 

Theories of Bluff Body Flame Stabi. iization 

Various satisfactory models have been proposed for 
flame stabilization in the recirculation zones behind bluff 
bodies. For example Zukoski and Marble (2) have shown the 
importance of the time, T, that an element of fresh charge 
is in contact with the hot recirculation zone. This time 
is taken as the length of the recirculation zone, L, divided 
by the stream velocity, Umax. This time was found, for a 
given fuel/air ratio, to be substantially independent of the 
variables of flame holder shape and size. These results for 
time T have been interpreted by Lewis and von Elbe (3) in 
terns of flame stretch by arguing that during the time in 
which the mass element sweeps along the recirculation zone, 
a wave element advances with the burning velocity, Su, from 
the anchoring point, which is adjacent to the bluff body, a 
distance, y, across the stream to meet the element which just 
touches the end of the wake. Then 

L_Y 
Umax Su (1) 

Ff test for stability is the stretch of the flame 
front when this clement is "on its own" at the downstream 
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end of the recirculation zone. If the stretch parameter, K, 
equal to (To/U)(du/fly), exceeds a critical value of about 
unity, extinction occurs.. This development by Lewis and von 
Elbe partially explains the variation of T with fuel/air 
ratio. 

An entirely different mechanism for flame stabilization 
in recirculation zones has been given by Spalding (11). 
Several models were considered, typically based on the ignition 
oi" tho fresh charge by the recirculating flow, the rate of 
reaction in the mixture of fresh charge and recirculating 
products being assumed to follow a simple bi-molecular 
equation. A diagram of this model is given in Fig. 3 and 
stable combustion is illustrated in-Fig. 4. 

The predictions of the above mentioned models have 
been found to be compatible with the observed stability 
limits when the recirculation zone contains only burning 

-charge or products of combustion. 
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Comparison of Results with predictions of Bluff 
Body Models 

An initial application of "contact time" (2) predicts 
that, since increasing the vane angle from 300 to 600 (for' 
example) lengthened the recirculation by about 70(5), 
there shoulc' be a corresponding increase in blow-off velocity. 
The oppcäite effect is observed (Fig. 1). 

Tý 
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The explanation is considered to lie in the effect of 
the externally entrained air on the central rec:. "culation 
zone. Typical temperature traverses across the recirculation 
zone of the 1150 swirler are shown in Fig. 2 (5). The 
temperatures in the recirculation zone, where reaction is 

virtually complete, are considerably less than the adiabatic 
flame temperature, and less than where the fresh charge is 

burning. This is due to the gas feeding the recirculating 
zone being diluted by ambient air - an effect which increases 

with swirl. 

Recognition of this dilution efrect suggests that the 
blow-off velocities should be plotted against the corresponding 
temperatures where combustion is in at the edge of the 

recirculation zone. The axial components of the blow-off 

velocities are plotted in Fig. 5(a) and the absolute components 
in Fig. 5(b). These results support this type of correlation; 
that using the absolute velocity being the better. The mass 
ratios of entrained air to total gases in the recirculation 
zone were found to be 0.26,0.40 and 0.53 for the 300,4+50 

and 600 swirlers respectively. 
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Limits. 

Accepting this dilution effect, can the above 
mentioned models be suitably adjusted? In its simple form 
the contact time model cannot be altered. In the flame 

stretch theory (3), Su in Egn. (1) and the flame thic}: ness, 
110, in the stretch factor can be taken ut the fuel/air 

ratio corresponding to the recirculation zone. Comparing 
the two extreme swirlers (300 and 600), at a temperature, 
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the axial velocity for the 60° swirler is about 1V lower 
and length L is about 70, E greater. Eqn. (1) th,.,, gives Y60 
almost double Y30. The velocity gradients at the "break 

points" are about 20., lower for the 600 swirler (5), hence 
K60 is about 0.4 K30 instead of being the same. 

The effect of entrainment is perhaps most easily 
understood using Spalding's model (4). A simple adaption 
of this is to draw the reaction curves (Fig. 6) appropriate 
to the fuel/air ratio of the diluted stream after entraining 
the ambient air. It is plausible that raising the degree or 
swirl increases the diluting effect to such an extent that 
the values of Tl, at a flow velocity, are effectively 
unaltered at the blow-off limits although the approach fuel/ 
air ratios are much higher. 

Application to Flames in Furnaces 

In swirling furnace flames, the central recirculation 
zones will entrain considerable quantities of the externally 
recirculated gases. In this case the external gases will 
be hot products of combustion. If these have not been cooled 
by the furnace walls, etc., then the effective fuel/air ratio 
for stabilization in the recirculation zone will be the same 
as in the approach stream. However if some cooling has 
occurred, correction for the efrective fuel/air ratio will 
be necessary. A limited number of stability limits (6) 
taken in hot and cold furnaces agree with this form of 
correction. 

Conclusions 

The stabilization of flames in the central recirculation 
zones of swirling free jets is very much i. nfluienced by 
entrainment of ambient air into the central zone. This 
entrainment increases with degree of swirl and amounts to 
just over 5Q% of the recirculatit:, flow for the 600 vane 
swirler. 

The weak stability limits can be correlated reasonably 
by plotting the absolute component of velocity leaving the 
swirler against the temperature at the edge of the 

" recirculating zone nearest to the swirler. The results are 
explained more readily by the Spalding model (4) than by 
flame stretch. 
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by 
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Introduction 
If the flow entering a furnace is given swirl, the re- 

sulting flow within the furnace can be greatly altered. 
Addition of a small amount of swirl accelerates the spread of 
the jet, while still maintaining forward velocities on the 
jet axis. If the swirl is sufficiently increased, a central 
recirculation zone (C. R. Z. ) is established. This paper 
presents the results of the continuation of a previous study 
(1) of the flows issuing from a range of vane swirlers. 

Apparatus 

Swirlers: of hubless and annular design (2), vanes at 150, 
22°, 30°, 45° and 60° to jet axis: diameters; 
hubless, 93 mm; annular, 98 mm outer, 32 mm 
hub. 

Furnaces: firebrick, 0.46 m i. d. (D/d = 5), 1.4 m length; 
cement, 0.225 m i. d. (D/d = 2.5), 0.9 m length. 

Combustible: premixed town gas-air, fuel/air ratio generally 
0.125 by volume (3). 

'T'here was no quarl, and the exit from the swirler was in 
the plane of the inner surface of the furnace end-wall. The 
instrumentation was as used previously (1). Tests were per- 
formed in both burning and isothermal conditions. 

Results 
Some of the aerodynamic results obtained with the D/d =5 

furnace have been reported previously (1). The other results, 
and those in the D/d = 2.5 furnace are given in reference (3). 
A wide variety of flow types was observed, ranging from the 
very weak swirl case in which there is no significant trough 
in velocity at the axis (referred to as Type A) to those with 
a strongly established C. R. Z. (Type D). In Type B flog there 
is a trough in velocity at the axis, but no reverse flow. A 
regime in which there is a weak central reverse flow (mass 
flow < 0.1 of the burner flo: ww) is called a Type C flow. 

The type of flow adopted depends primarily on the swirler 
vane angle and on the density ratio resulting from combustion. 
For example, in isothermal, flan, transition fran B to C Type 
flow occurs at a vane angle of about 220, whereas under com- 
bustion cond. tions (Pw'Pb = 5) the vane angle for transition 
is about 300. The effect of relative furnace size is not 
The authors wi., h to acknowledge the financial support of the 
Science research Council. 
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great in the range observed, although the smaller relative 
furnace size tends to give transitions at slightly lower vane 
angles. 

and 

Correlation of Results 

A correlation of these transitions is desirable. The 
applicability of the commonly used Swirl Number S= T/(Gtd) 
has been examined. Experimental values of the momentum 
fluxes in the two furnaces (typical results shown in Figs. 1 
and 2 from (4)) have been compared with those predicted from 
the simple analysis of Kerr and Fraser (5) 

T= 12 Pu U2 d3 1- Z33/2 tan A (1) 
(1 - z`) 

Gt d2 pu u2 (2) 
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The experimental values of the tangential momentum fluxes 
in the developed flow beyond the CRZ (%-., here present) are 
considerably higher than the prediction of Eqn. (1), the 
ratios to the predicted value being 2.2 and 1.7 for isothermal 
flows in the D/d = 2.5 and 5 furnaces, and 3.0 and 2.0 for the 
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corresponding burning jets. Experimental values of total 
axial momentum flux require a definition of reference static 
pressure. Several have been proposed (5). The one selected 
here is the pressure at the centre of the peripheral recir- 
culation zones in the unswirled isothermal flea in that 
furnace. Here again the total axial moment= fluxes observed 
in the developed flows differ from the prediction of Eqn. (2), 
the ratios to the prediction being 2.1 and 0.85 for isothermal 
conditions in the D/d = 2.5 and 5 furnaces, and 3.5 and 1.1 
for the corresponding burning conditions. While there is 
scatter, it is clear that the observed fluxes in the developed 
flows (where the fluxes are more nearly conserved) differ from 
the simple predictions, being influenced both by combustion 
and D/d ratio. Consequently the correlation between flow 
types has been sought in terms of experimental fluxes rather 
than predicted values. In view of the uncertainty regarding 
the reference pressure required to define the total experi- 
mental axial momentum flux, for simplicity this flux has been 
based solely on the axial velocity component. The dynamic 
component is shown in the upper portion of Fig. 2. Regarding 
the linear dimension required in the Swirl Number, it is seen 
that (a) the same swirler can give different velocity patterns 
as the relative furnace size is changed and (b) the dimensions 
of the C. R. Z., when established, are primarily functions of D, 
and not of d. Thus the new definition of the experimental 
Swirl Number is 

s* = T/(GdD) (3) 
This parameter, S*, has given a very satisfactory 

correlation between flow types (Fig. 3). The transitions 
from flow types A to B, B to C and C to D occur at values of 
S* of 0.08,0.11 and 0.18 respectively. Further, for the 
same swirler, in say isothermal flow, the S* values are very 
similar in the two relative furnace sizes. A corresponding 
result holds for burning flows having the same fuel/air ratio. 

There is a change in the slopes of both the isothermal 
and burning correlations at a vane angle of about 300. In 
the burning case this corresponds to the transition to a 
C. R. Z. 

The displacement of the correlation for the burning jets 
from the isothermal correlation is a function of fuel/air 
ratio, as discussed below. 

Prediction of Swirl Number S* - Use for D, sign 
The S* -A relations (Fig. 3) required extensive experi- 

mentation. Satisfactory prediction of these relations has 
not yet been made, although it is helpful to note that S 
is very nearly proportional to tan A, particularly for Type D 
flows. If the isothermal correlation is established, a 
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method is outlined below for prediction of the burning cor- 
relation. 

Let the pressure drop required for the density change in 
the furnace be Fl times that for one-dimensional flew. When 
combustion occurs let us assume the dynamic component of the 
axial momentum flux is increased due to this pressure change 
acting across the front face of the furnace. Assuming, 
further, that the isothermal dynamic axial momentum flux is 
a fraction, F2, of that given by Eqn. (2), the dynamic axial 
momentum flux in the burning case is 

4p 
Gdb = F2 7 d2 Pu U2 + F1 ý+ D2 PU U2 (v) (-Pb 1) (4) 

The tangential momentum fluxes are slightly increased by 
combustion, as discussed above. Letting the ratios of these 
tangential fluxes, burning to isothermal, be F3, then the 
Swirl. Nt fiber ratio for a particular , twirler is 

Sb F2 F3 
(5) Si 

F+FM2 (pu) - 1j 21D pb J 

F3 is almost independent of (D/d) and a mean value of 1.3 is 
reasonable. F2 is markedly influenced by (D/d) and has 
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values of 0.51 and 0.16 for the (D/d) values of 2.5 and 5 

respectively. Using these values for F2 and F-3, it is found 

that a value of 2.1 for F1 fits both sets of furnace results 
(premixed gas-air flames). \ ith other forms of firing, Fl 

and F3 may be altered. The changes in F3 will probably be 

small enough to ignore. Fl will probably be reduced if 

combustion is slo, 'rer, but should not drop below unity. 
When using vane swirlers similar to those tested here, 

the isothermal correlation given in Fig. 3 can be used, and 
modified for combustion using Eqn. (5). 

For other designs of vane swirlers, the isothermal cor- 
relation can be established in a model (use (D/d) values in 
the range 2.5 to 5). Alternatively, the burning correlation 
can be established by using the sharp discontinuity that 
exists in the variation with 0 of the minimum static pressure 
on the axis. This discontinuity is the transition from flow 
Type B to C and corresponds to the value 0.11 for S*, locating 
the equivalent of point x on Fig. 3. The proportionality with 
tan 0 allows an approximate correlation to be drawn. The 
burning tests used to find the discontinuity in axis pressure 
may be carried out on a model. 

Conclusions 

The flow types resulting from vane-generated swirl are 
correlated by an experimental Swirl Nu'nber, S*. The isothermal 
S* -9 relation for the present design of srrirlers has been 
established and an expression has been developed for giving the 
burning relationships. Methods requiring much less 
experimentation are suggested for establishing the corresponding 
relationships for other designs. 
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Nomenclature 

d swirler diameter 
D furnace diameter 
F1, F2, F3 factors defined in text 

G axial momentum flux 
S swirl nu. mbcr T/(Gtd) 
S* swirl number T/(GdD) 
T tangential mcmentum flux 
U av. axial velocity approacbing swirler 
x (axial distance/D) 
z hub diameter ratio 
9 vane angle to axis 
p density 
Subscripts 

b burned i isothermal u unburned 
d dynamic t total 
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Introduction 

if the flow entering a furnace is given swirl, the re- 
sulting flow within the furnace can be greatly altered. 
Addition of a small amount of swirl accelerates the spread of 
the jet, while still maintaining forti-rard velocities on the 
jet axis. If the swirl is sufficiently increased, a central 
recirculation zone (C. R. Z. ) is established. This paper 
presents the results of the continuation of a previous study 
(1) of the flows issuing from a range of vane vairlers. 

Apparatus 

Swirlers: of hubless and annular design (2), vanes at 150, 
220,300,450 and 60oto jet axis: diameters; 
hubless, 93 mm; annular, 98 mm outer, 32 mm 
hub. 

Furnaces: firebrick, 0.46 m i. d. (D/d = 5), 1.4 m length; 
cement, 0.225 m i. d. (D/d = 2.5), 0.9 m length. 

Combustible: premixed town gas-air, fuel/air ratio generally 
0.125 by volume (3). 

There was no quarl, and the exit from the swirler was in 
the plane of the inner surface of the furnace end-wall. The 
instrumentation was as used previously (1). Tests were per- 
formed in both burning and isothermal conditions. 

Results 
Some of the aerodynamic results obtained with the D/d =5 

furnace have been reported previously (1). The other results, 
and those in the D/d = 2.5 furnace are given in reference (3). 
A wide variety of flow types was observed, ranging from the 
very weak swirl case in which there is no significant trough 
in velocity at the axis (referred to as Type A) to those with 
a strongly established C. R. Z. (Type D). In Type B flow there 
is a trough in velocity at the axis, but no reverse flow. A 
regime in which there is a weak central reverse flow (mass 
flow < 0.1 of the burner flow) is called a Type C flow. 

The type of flow adopted depends primarily on the swirler 
vane angle and on the density ratio resulting from combustion. 
For example, in isothermal flow, transition from B to C Type 
flow occurs at a vane angle of about 220, r; he: cas under com- 
bustion conditions (P /pb = 5) the vane angle for transition 
is about 300. The effect of relative furnace size is not 

The authors Irish to aeki. u: iiedge the financial support of the 
Science research Council. 
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great in the range observed, although the smaller relative 
furnace size tends to give transitions at slightly lower vane 
angles. 

Correlation of Results 

A correlation of these transitions is desirable. The 
applicability of the corimonly used Swirl Number S= T/(Gtd) 
has been examined. Experimental values of the momentum 
fluxes in the two furnaces (typical results shown in Figs. 1 
and 2 from (b)) have been compared with those predicted from 
the simple analysis of Kerr and Fraser (5) 

T=i2 puU2d3 
1- z3) tan0 

(1 z2)3 
(1, 

and 

Gt ° d2 Pu U2 (2) 
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The experimental values of the tangential momentum fluxes 
in the developed floh beyond the CIIZ (; There present) are 
considerably h1 her than the prediction of Eqn. (1), the 
ratios to the predicted value being 2.2 and 1.7 for isothermal 
flows in the D/d = 2.5 and 5 furnaces, and 3.0 and 2.0 for the 
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corresponding burning jets. Experimental values of total 
axial momentum flux require a definition of reference static 
pressure. Several have been proposed (5). The one selected 
here is the pressure at the centre of the peripheral recir- 
culation zones in the unswirled isothermal fl. crr in that 
furnace. Here again the total axial momentum fluxes observed 
in the developed flows differ from the prediction of Eqn. (2), 
the ratios to the prediction being 2.1 and 0.85 for isothermal 
conditions in the D/d = 2.5 and 5 furnaces, and 3.5 and 1.1 
for the corresponding burning conditions. While there is 
scatter, it is clear that the observed fluxes in the developed 
flcws (where the fluxes are more nearly conserved) differ from 
the simple predictions, being influenced both by combustion 
and D/d ratio. Consequently the correlation between flow 
types has been sought in terms of experimental fluxes rather 
than predicted values. In view of the uncertainty regarding 
the reference pressure required to define the total experi- 
mental axial momentum flux, for simplicity this flux has been 
based solely on the axial velocity component. The dynamic 
component is shown in the upper portion of Fig. 2. Regarding 
the linear dimension required in the Swirl Number, it is seen 
that (a) the same swirler can give different velocity patterns 
as the relative furnace size is changed and (b) the dimensions 
of the C. R. Z., when established, are primarily functions of D, 
and not of d. Thus the new definition of the experimental 
Swirl Number is 

S* = 'r/(GdD) (3) 
This parameter, S*, has given a very satisfactory 

correlation between flow types (Fig. 3). The transitions 
from flow types A to B, B to C and C to D occur at values of S* of 0.08,0.11 and 0.18 respectively. Further, for the 
same swirler, in say isothý: rnal flo. v, the S* values are very 
similar in the two relative furnace sizes. A corresponding 
result holds for burning flows having, the same fuel/air ratio. 

There is a change in the slopes of both the isothermal 
and burning correlations at a vane angle of about 300. In 
the burning case this corresponds to the transition to a 
C. R. Z. 

The displacement of the correlation for the burning jets 
from the isotrer, -, al correlation is a function of fuel/air 
ratio, as discussed below. 

Prediction of Swirl Number S* - Use for Design 
The S* -0 relations (Fig. 3) required extensive experi- 

mentatien. Satisfactory prediction of these relations has 
not yet been rude, although it is helpful to note that S* 
is very nearly proportional to tan 0, particularly for Type D 
flows. If the isothermal correlation is established, a 

mftý 
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method is outlined below for prediction of the burning cor- 
relation. 

Let the pressure drop required for the density change in 
the furnace be Fl timzs that for one-dimensional flow. When 
combustion occurs let us assume the dynamic component of the 
axial momentan flux is increased due to this pressure change 
acting across the front face of the furnace. Assuming, 
further, that the isothermal dynamic axial momentum flux is 
a fraction, F2, cf that given by Eqn. (2), the dynamic axial 
momentum flux in the burning case is 

4p 
Gdb = F2 T+ d2 Pu U2 + F1 D2 Pu U2 (D) (Pb - 1) (4) 

The tangential momentum fluxes are slightly increased by 
combustion, as discussed above. Letting the ratios of these 
tangential fluxes, burning to isothermal, be r3, then the 
Swirl Number ratio for a particular swirler is 

Sb F2 F3 

Si 

F+F(. 5) 
d2 (p u) 

-1 21 Pb 

F3 is almost independent of (D/d) and a mean value of 1.3 is 
reasonable. F2 is markedly influenced by (D/d) and has 
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values of 0.51 and 0.16 for the (D/d) values of 2.5 and 5 

respectively. Using these values for F2 and F3, it is found 
that a value of 2.1 for Fl fits both sets of furnace results 
(premixed gas-air flames). % ith other forms of. firing, Fl 
and F3 may be altered. The changes in r3 will probably be 
small enough to ignore. Fl will probably be reduced if 
combustion is slower, but should not drop below unity. 

When using vane s-wirlers similar to those tested here, 
the isothermal correlation given in Fig. 3 can be used, and 
modified for combustion using Eon. (5). 

For other designs of vane swirlers, the isothermal cor- 
relation can be established in a model (use (D/d) values in 
the range 2.5 to 5). Alternatively, the burning correlation 
can be established by using the sharp discontinuity that 
exists in the variation with 0 of the minimum static pressure 
on the axis. This discontinuity is the transition fron flow 
Type B to C and corresponds to the value 0.11 for S*, locating 
the equivalent of point x on Fig. 3. The proportionality with 
tan 9 allows an approximate correlation to be drawn. The 
burning tests used to find the discontinuity in axis pressure 
may be carried out on a model. 

Conclusions 

The flow types resulting from vane-generated swirl are 
correlated by an experimental Swirl Number, S*. The isothermal 
S* -0 relation for the present design of swirlers has been 
established and an expression has been developed for giving the 
burning relationships. Nethrxis requiring much less 
experimentation are suggested for establishing the corresponding 
relationships for other designs. 
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Ncrrenclature 

d swirler diameter 
D furnace diameter 
F1, F2, F3 factors defined in text 

G axial moment= flux 
S swirl number T/(Gtd) 
S* s: "tirl number T/(GdD) 
Tt ngential momentum flux 
U av. axial velocity approaching swirler 
x (axial distance/D) 
z hub diameter ratio 
9 vane angle to axis 
p density 

Subscripts 

b burned i isothermal u unburned 
d dynamic t total 
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Models for the Representation of 
Turbomachine Blades During 
Temperature Transients 

N. R. L. MACCALLUM 

INTRODUCTION 

When the air or gas temperatures change in arrangement used in axial-flow machines. The 

turbomachinery, as in a gas turbine when it models are compared on accuracy, computing time, 

changes speed, transient heat transfers take place simplicity of geometry and suitability for use 
to, or from, the blades until they and their alongside models representing other components. 
attachments reach their new equilibrium tempera- Satisfactory models will enable the prediction of 
tures. The heat-transfer rate can have important the heat-transfer rates and of the blade and 
influences on the behavior of the machine. For platform temperatures during and following the 

example, the heat-transfer rate to, or from the transient, for known heat-transfer coefficients. 
stator blade platforms in an axial-flow compressor 
has a large influence on the temperature response 
of the outer casing, whose thermal expansion or 
contraction directly affects the blade tip MODELS FOR UNCOOLED BLADES 

clearances. This could be a contributory factor 
in causing the thrust transient of a typical A typical blade in an axial-flow machine 
turbojet engine to lag appreciably behind the consists of a thin aerofoil attached to a platform-1 
speed transient (1). l Further, heat transfer to, Integral with the platforms of rotor blades are q" 
or from the blade aerofoils can affect the stability the mountings, e. g., fir trees or pin joints. The 

of the boundary layer flow (2) and the compressor mass of the material used in the platform-mounting 
surge margins (, )-a 30 percent reduction in arrangement may be of the same order as the mass 
surge margin has been predicted when attempting of the aerofoil. 
a re-acceleration at altitude of a "hot" engine. Predictions of heat-transfer rates and 

The heat-transfer rate during and following blade temperatures depend both on the values of 
a transient depends on the heat-transfer coefficientsthe heat-tiansf_r coefficients used in the 

and on the blade geometry. This paper compares calculations, and on the model adopted to represent' 

simple geometric models for the blade and platform the blade. In view of the uncertainties in the 

predictions of heat-transfer coefficients, it is 
Underlined numbers in parentheses desig- considered that a simple model which is reasonabll 

nate References at end of paper. accurate is adequate at this stage. 

NOMENCLATURE 

A= surface area, except Axa which is cross- 
sectional area of aerofoil, m2 

c- specific heat, J/kg K 
ha average heat-transfer coefficient, W/m2K 

k= thermal conductivity, w/m K 

m- mass, kg 
Nu " Pusselt number 

P- perimeter for convective heat transfer, m 
Q6 heat-transfer rate, w 

Re - Reynolds number 
T- temperature, deg K 

x- distance along aerofoil from platform, m 

rs time constant, sec 

Subscripts 

a aerofoil 
bi used in steady-state mean blade temperature C 

c= cooling air 
f= "fin" 

g= gas or air ti 
p= platform 
t- total 

x= used in Axa which is cross-sectional area 
of aerofoil 
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Table 1 Dimensions of Blades 

Blade Aerofoil Aerofoil Platform Platform Specific 
mass, surface mass* surface heat, 

kg area, m2 kg area, m2' kJ/kg K 

L. P. 
Comp. 0.145 0.031 
2 Rot 

0.164 0.0024 ' 0.92 

H. P. 
Comp. 0.0031 0.00094 

11 Rot 

H. P. 
Turb. 0.035 0.0037 
2 Rot 

0.0052 0.00024 0.52 

0.023 0.00032 0.54 

0 

Finite Difference Model (F. D. Model) 
An obvious method is that using finite 

difference methods (4) on a model which consists 
of an aerofoil divided along its length into equal 
elements, each spanning the aerofoil cross section. 
A single comparatively large element represents 
the platform and root attachment. Such a model 

was used in the analysis described in Reference 
(1). Any variation in temperature across the chord 

of the blade is ignored. The accuracy of the 

model can be improved, within the limitations of 
the foregoing assumption, by increasing the number 

of elements into which the blade is divided. This 

has been investigated by varying the number of 

elements in the range from 8 to 128. Slight 

errors resulted from using fewer than 16 elements, 
as is seen later, but increasing the number of 

elements above 32 was found to be unnecessary. 
This 32-element representation has been 

used for several blades in the compressors and 
turbines of a typical two-spool turbojet engine. 
Three blades have been selected for this paper 

as indicating the range of conditions that can be 

experienced, these blades being the 2nd Row Rotor 

Blade in the Low-Pressure Compressor, the 11th 

Row Rotor Blade in the High-Pressure compressor, 
and the 2nd Row Rotor Blade in the High-Pressure 

Turbine. These blades are referred to as Blade A, 

Blade B, and Blade C, respectively. The masses 

and surface areas of these blades are listed in 

Table 1. 
The response of Blade A to a step change 

from idling speed to maximum continuous speed 

conditions is given by the solid lines in Fig. 1 
(while a step change is not a practical situation, 
the response can indicate any dominant time 

constants). The response is represented by the 

heat-transfer rate, the fractional change still 

to occur in the platform temperature, appropriately 
called "Incompletion Ratio" by Dusinberre (4) and 
the fractional change still to occur in the aero- 
foil temperature (taken at mid-blade height). The 

average coefficient of heat transfer over the 

aerofoil was assumed to be given by the expression 

given by Halls (J) 

Nu - 0.235 Re 0.64 (1) 

This correlation was derived for turbine rotor 
blades and is not strictly applicable to compressor 
blades. However, as this paper is concerned with 

comparing one model with another, this correlation 
has been used for both turbine and compressor 
blades. The coefficients of heat transfer to the 

platform surfaces will be much higher than for 

undisturbed flow through the annular ducts forming 

the compressor and turbine. This is due to the 

large changes in the tangential velocities of the 

platforms in moving from a stator passage to a 

rotor passage and back to a stator passage, etc. 
For simplicity, since we are comparing models, it 

has been assumed that the coefficient of heat 

transfer to a platform is the same as that to the 

aerofoil of the same blade. 
It is to be noted from Fig. 1 that both the 

aerofoil and the platform temperatures show 
virtually exponential approaches (with, of course, 
differltnt time constants) to their new equilibrium 
values. The heat-transfer rate shows a decay 

characterized by two time constants, the larger 

time constant (which dominates the transfer from 
4o see onward) being almost identical to the time 

constant for the platform temperature. This 

behavior suggests that an alternative to the 

Finite Difference Model might be to represent the 

complete blade by the sum of an aerofoil and a 

3 
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Fig. 1 Predicted response of L. P. compressor 2nd 

row rotor blade to a step change-idling speed 
to maximum continuous speed 

platform, each with its own heat-transfer area per 
unit mass, and, hence, its own time constant. 
Three models of this type are considered in the 
following paragraphs. The predictions of these 
models are compared with those of the 32-element 
Finite Difference Model, which is taken as 
reference. 

Unfinned Model (U. P. Model) 
The blade is regarded in this model as being 

represented by the sum of two separate masses- 
the aerofoil mass and the platform mass. For the 

platform, the appropriate heat-transfer area is 
the platform surface area. 

The total heat-transfer rate from the blade 

at any instant is given by 

Qt ha Aa (Ta - T9) + hp kp (Tp - TB) ý2 

The time constants for the two components 
are given by 

%C 

ha Aa 
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Fig. 2 Predicted heat-transfer rate to L. P. 

compressor 2nd row rotor blade during and following 

an acceleration 

a 
MP C 

hp AP 

The predictions of this model for Blade A 

are shown by the single chain-dotted lines in Fig. 

1. Although the prediction of aerofoil temperature 

agrees exactly with that given by the F. D. Model, 
the predictions are otherwise far from satisfactory. 
Obviously, some allowance must be made for the 

ability of the aerofoil to act as a fin attached 
to the platform. This is investigated in the next 

models. 

Simple Finned Model (S. F. Model 
The blade is represented by the sum of the 

aerofoil and the "finned" platform. 
For the "finned" platform, the thermal 

capacity of the fin is ignored, and it is assumed 
that the fin is completely effective from the 

commencement of the transient. This is an approxi- 

mation because the fin only has effect after the 
fin temperatures have moved from the initial value 
toward the new air or gas temperature. The con- 
siderable lengths of the aerofoils, compared to 
their thicknesses, and the high heat-transfer 

coefficients, allow the fins to be regarded as of 
"infinite" length. 

For an infinite fin. the steady-state tempera- 

ture distribution along the fin is given by [see 

standard texts such as Reference (6), 

(T-T8) (Tp-Tg)esa 
ýx 

( 
ha pa) 

k Axa 
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The heat conducted by the fin from the plat- 
form is given by 

-k Aga )X, 
0 k Axa ('gip ' TE) 

h2 
)ý 

ý6ý 

The total heat-transfer rate from the 

platform at any instant is given by 

Qp - (Ty -T8) (hp AD 4k Ax& (k AM )) ý% ) 

The time constant for the finned platform 
is given by 

mP a 
r 

D 

hp AD (i +(k 
A2 h2 pa' 

hp Ap 

The predictions of this Simple Finned Model 
(S. F. Model) for Blade A are shown by the double 

chain-dotted lines in Fig. 1. The predictions of 
this Model are better than those of the U. F. Model. 
but they still have some unsatisfactory features. 
A major one is the erroneously high predicted 
heat-transfer rate at the commencement of the 
transient. This error in the S. F. Model is due 
to the assumption that the fin is effective 
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Fig. 4 Predicted heat-transfer rate to H. P. 
compressor 11th row rotor blade during and following 
an acceleration 

immediately after the transient commences. An 
improvement to overcome this weakness in the Model 
is given in the Revised Finned Model which is now 
discussed. 

Revised Finned Model (R. F. Model 
This Model is developed from the S. F. Model 

by including a factor to bring the "effectiveness" 

of the fin from zero at the commencement of the 
transient to the value indicated by equation (6) 

at some later time. This factor is required 
because initially the fin cannot be conducting 
heat from, or to, the platform as all the fin 

material is at the platform temperature. Thus, 

a factor for multiplying the second term in the 
brackets on the right-hand side of equation (7) 

might be 

Tf - T9 

TP 

where Tf is a "fin" temperature. One would expect 
this "fin" temperature to move exponentially from 
its initial value to the new air or gas temperature, 

and it can be argued that the time constant for 

this change will be the same as the time constant 
for the aerofoils themselves. In that case, the 
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fin temperature, Tf, is the same as the aerofoil 
temperature, Ta. The revised form of equation (7) 
then becomes 

Q- (Tp - Te) (hpAp+ (1 -Tiir _Tg) kAxa (h°cA-°) ) 9ý 

The same multiplying factor is applied to the 
second term in the brackets in the denominator of 
equation (8) to give the "time constant" for the 
response at that instant. This "time constant" 
will not be constant even with steady ambient 
conditions until this mulitplying factor becomes 
virtually unity. 

The "time constant" equation is 

mc t-D 

p 
TýTý kAhP ýr (10) 

hpAP ; I; -_ T) 
ýýý-) 

P9 hp AP 

The predictions of this Revised Finned Model 
(R. F. Model) for Blade A are shown by the dashed 
lines in Fig. 1. For most of the range plotted, 
the predictions of temperatures and heat-transfer 

rates are undistinguishable, on the logarithmic 
plot used, from those of the F. D. Model (taken as 
the reference Model). The discrepancies in the 
temperature responses of the aerofoil and platform 
never exceed 2 percent. For the heat-transfer 
rate, the predictions of the R. F. Model are high 
by up to 4 percent during the period 5 to 15 sec 
and low after about 40 sec. By 70 sec, the 

predictions are low. by about 5 percent. 
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Fig. 6 Predicted heat-transfer rate to H. P. 
turbine 2nd row rotor blade during and following 
an acceleration 

It can be seen that this R. F. Model gives 
a simulation which is completely adequate for 
practical purposes. 

Application of Models to Uncooled Blades Durin 
Accelerations 

In practice, the flow conditions around 
blades uu not undergo step changes. A typical 
acceleration from idling speed to the maximum 
speed may last 10 sec. For these accelerations, 
it is important to know how reliable the predictions 
of the models described in the foregoing are. The 
Finite Difference Model having 32 elements is 
again taken as giving the true response. 

The results for the predicted heat-transfer 
rates and temperatures for Blade A during and 
following a typical acceleration are given in Figs. 
2 and 3, respectively. Conditions during the 
acceleration were represented by the method of 
successive intervals. The corresponding predic- 
tions for Blade B are given in Figs. 4 and 5 and 
for Blade C in Figs. 6 and 7. 

The predicted heat-transfer rates based on 
the U. F. Model and on the S. F. Model are surprisingly 
good for Blade B. The predictions are less 
satisfactory for Blade A, because the effect of 
the fin is more significant for Blade A (where it 

accounts for up to 50 percent of the heat to the 

platform) than for Blade B (less than 16 percent 
of heat to platform). When the fin has small 
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r---- r---T-ý---r- each blade (an aerofoil temperature and a platform 
temperature). 

1150 The question now arises whether this R. F. 
Model possesses any advantages over a Finite 

1100- Difference Model. The 32-element F. D. Model 

requires storage for 33 elements per blade. This 
0 can be reduced to 17 by assuming that conduction 105 - , ßr along the aerofoil is insignificant beyond mid- 

blade blade height. The program running time for this 

simplified F. D. Model is almost double that for 
CEO' the R. F. Model. Running time and storage for the 

950- 'ýý 32 EL F D R. F. Model can be further reduced by reducing the 
. . /DAL T MODEL 'ý/ 900 O 

number of elements in the Model. It is important 
. ö /,. ": 

/ý ý to know to what extent this can be done without 

V 
/ 

ý significant error. This has been investigated, 
850 . ý and it is considered that the number of elements 

R. F. MODEL per aerofoil can be reduced to 8 without the errors 
800 becoming excessive. The predictions of this 8- 

element F. D. Model are shown for only one of the 
750- cases considered-the acceleration transient for 

PLATfORId TEMPERATURE 
Blade A (Figs. 2 and 3). The corresponding 

7000 
24b8 10 17 14 16 18 results for the other cases have not been plotted 

TIME FROM COMMENCEMENT OF ACCELERATION SECONDS to avoid obscuring the Figures. From Fig. 2, it 

Fig. 7 Predicted temperatures of H. P. turbine can be seen that within the time range plotted 

2nd row rotor blade during and following an 
(0 to 28 sec) the 8-element F. D. Model and the 

acceleration 
R. F. Model are roughly comparable in accuracy of 
heat-transfer rate predictions. In the first 10 

sec of the transient, the predictions of the 8- 

element F. D. Model lie within 1 percent of the 

effect, these two Models give similar predictions. expected rates, after which time the predictions 
Also, since these Models represent the two extremes, become progressively low-at 28 sec the prediction 
their predictions are close to the true response. is low by 5 percent. For the R. F. Model, the 

For Blade C, the fin has an effect intermediate predictions are high by amounts of less than 2.5 

between those for Blades A and B. percent during the first 10 sec. In the next 10 
The predicted heat-transfer rates given by sec, during which time the rates are decaying, 

the R. F. Model lie between those of the U. F. Model the predictions are high by'amounts up to 4 per- 

and the S. F. Model and are, therefore, in very good cent and finally high by 2.5 percent at 28 sec. 

agreement with the true behavior. Any discrepancy The predictions of platform temperature by the 

never exceeds 4 percent until well after the R. F. Model are better than those by the 8-element 

completion of the acceleration, by which time the F. D. Model. 
heat-transfer rates have reduced to less than 15 Comparisons between the R. F. Model and the 

percent of their peak values. 8-element F. D. Model for other blades are similar. 
The temperatures of the platform and aerofoil The program running times for the two models 

given by the R. F. Model are also in very good are similar, but the 8-element F. D. Model requires 

agreement with the expected values. The predicted more storage, although this is hardly significant 

platform temperatures given by the U. F. Model and with present facilities. 
the S. F. Model show significant discrepancies. A The R. F. Model possesses the advantage that 

slower response is predicted by the U. F. Model and analytic expressions are available 
[equations (9) 

the S. F. Model predicts a faster response. and (10)] for the heat transfer to the blade 

platforms. This is important when one considers 
ASSESSMENT OF MODEIS how the blade is mounted in the machine. It has 

been assumed in using the Models described in the 

It can be seen that the Revised Finned Model foregoing that the entire platform mass is at a 
is significantly better than either the Unfinned uniform temperature and that the platform is 

or Simple Finned Models. The program running times insulated from the part of the machine (e. g., 
are virtually the same for all three, and each turbine disk or outer casing) on which it is 

requires the storage of only two temperatures for mounted. This will not be the case in practice. 
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For example, much of the heat transferred to, or are almost as satisfactory in cases where the 
from, the outer casing of a compressor following aerofoil cross-sectional area is small compared 
a transient is transferred through the stator to the platform area. On the basis of these 
blade platform mountings. (The other major thermal Models, satisfactorily accurate values of heat- 

path is by convection to the surfaces adjacent transfer rates and blade temperatures can be 
to the rotor blades. ) There will be contact predicted, provided the values of heat-transfer 

resistances in the conduction path between the coefficients are known. 

platforms and the outer casings. In analyzing Program running times for all the Models 
the behavior of this system, it will be much are similar. The Finned Models possess the 
simpler if an expression can be written down for advantage that expressions can be written down 
the heat transfer to the platform, and this can for the heat transfer to, or from the platforms. 
readily be done using equations (9) and (10). This will be helpful when studying the temperature 
The problem can, of course, be solved by finite responses of the disks or casings to which the 
difference methods, but this will be less blades are attached. The Finned Models allow 
convenient to arrange due to the long time constant convenient hand calculations of blade response 
of the outer casing and the shortness of the time for simplified transients. 
intervals required to avoid instability in the 
numerical solution of the finite difference equa- ACKNOWLEDGMENTS 
tions for the blade Model. It is considered that 
for this application, the Revised Finned Model The author wishes to thank members of staff 
for the blade has an advantage over the Finite of Rolls-Royce (1971) Limited for engine data. 
Difference Model. He also wishes to thank them, and colleagues at 

the University of Glasgow for advice and comments. 
MODELS FOR COOLED BLADES 

The models described in the foregoing can 
be applied to cooled blades, provided the 
temperature differences and time constants used 
are as follows. The gas temperature, Tg, in 
equations (2), (5), (6), (7), (9), and (10) should 
be replaced by the steady-state mean blade tempera- 
ture, Tb,, corresponding to the gas and cooling- 
air temperatures applying at that instant. The 
group (ha Aa) appearing in equations (2) and (3) 
should be replaced by (ha Aa + he Ac). The group 
(ha Pa) appearing in equations (5) to (10) should 
be replaced by (ha Pa + he Pc). 

By the foregoing alterations, the thermal 
response of the cooled aerofoil can be well 
simulated. The representation of the platform is 
less accurate, but errors should not be serious. 

CONCLUSIONS 

Adequate representation of a blade in a 
typical axial-flow turbomachine is provided by 
either a Finite Difference Model in which the 
aerofoil length into 8 elements, or by a Revised 
Finned Model. Simpler Finned and Unfinned Models 
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Aerodynamics of vane-swirled flames in furnaces 
Selected results are presented of a series of aerodynamic measurements of isothermal and burning swirling flows in two furnaces. 
Annular and hubless vane swirlers having vane angles in the range 15'-60' were tested. The two furnaces had diameter ratios, compared 
with the swirler. of 2.5 and 5. The parameters measured were the three components of velocity, static pressure, temperature and carbon 
dioxide concentration. Distinctive flow patterns were observed. These flow types have been classified into types A, B. C and D. The 
transitions from one flow type to the next, due to change in vane angle, have been found to be correlated by a new swirl number, 
S' = T/(GdD). This correlation covers the two furnace sizes and both the isothermal and burning swirling flows 

1. Nomenclature 
D diameter of furnace 
d diameter of hubless swirler, 

diameter of equivalent hubless swirler to have 
same flow area as annular swirler 

f/a fuel/air ratio by volume 
Gd dynamic component of axial momentum flux, 

f2 rrpu2dr 
m mass flow rate 
p static pressure 
r radius 

S* swirl number defined by 
Gd . 

T axial flux of tangential momentum, f2Trrapuxwdr 
U average axial velocity leaving swirler, based on 

cross-sectional area of swirler ignoring vane 
thickness 

u, v, Nw velocity components in the axial, radial and 
tangential directions 

x axial distance 
x, distance to point of impingement of jet on 

furnace wall 
p density 
p� density of unburned mixture 
AT temperature rise 
AT� temperature rise when complete adiabatic com- 

bustion 

2. Introduction 
Swirl produces notable effects on flames, generally 
making them shorter and highly stable over a wide range 
of air and fuel flows. One common method of generating 
a swirling jet is to employ a vane swirler. The authors in 

*Formerly British Steel Corporation, Swinden Laboratories, 
Rotherham; now Department of Mechanical Engineering, Faculty 
of Engineering, University of Alexandria, Egypt. 
tDepartment of Mechanical Engineering, University of Glasgow. 
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this paper present the results of an aerodynamic study of 
the application of vane-generated swirl to premixed town 
gas-air flames in two furnaces. 

3. Experimental work 
3.1. Variables investigated 

(1) Degree of swirl: vane angles of 0°, 15°, 22', 30 
45° and 60° to the axial direction. 

(2) Swirler geometry: hubless and annular swirlers. 
(3) Furnace confinement: furnace diameter/burner 

diameter ratios of 2.5 and 5.0. 
(4) Reynolds number: for one geometry the values of 

7.5 x 1O5 and 10.2 x 105 were used. For all other tests 
the value was 9x 105 (based on swirler diameter and 
axial velocity leaving swirler). 

(5) Flow with combustion, as compared with iso- 
thermal flow. 

(6) Fuel/air ratio, particularly when swirl is near the 
critical value and a change in fuel/air ratio may just 
create a central recirculation zone, or just suppress it. 

3.2. Apparatus 
Six hubless vane swirlers were made to the design of 
Mathur and Maccallum, ' having the vane angles listed 
in section 3.1. The swirler diameter was 93 mm. The 
vanes (eight in each swirler) were made of stainless steel. 
1.6 mm thick. The 30°, 45° and 60° swirlers had an 
angular overlap, when viewed along the axis, of 30- 
between adjacent vanes. Because it was necessary for 
practical reasons to keep the. vanes a reasonable length, 
the overlaps of the other swirlers were reduced from this 
ideal value, being 15° for the 22° swirler and 0° for the 
15° swirler. Five annular swirlers were made, having the 
same vane angles as the hubless ones but omitting the 
22° angle. The outer and hub diameters of the annular 
swirlers were 98 and 32 mm respectively. The annular 
swirlers had the same exit cross-sectional areas as the 
hubless ones. 
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Furnaces of 460 mm inside diameter and 1.4 m length 
and 225 mm inside diameter and 0.9 m length were built; 
side-arch fire bricks were used for the former and fire 
bricks cast from heat-resisting cement for the other 
furnace. There was no quart and the exit from the swirler 
was in the plane of the inner surface of the end wall of 
the furnace. 

TABLE I Composition of town gas 

Constituent % by volume 
H, 48.2 
CH4 29.4 
C1H, 0.8 
C3H1 0.1 
C. H, o 0.1 

CO 1.3 
CO1 11.1 
0, 1.8 
N, 7.2 

The air and town gas flows were metered by sharp- 
edged orifice plates. The gas and air streams were mixed 
well upstream of the swirler, so that a homogeneous 
flow entered the furnace. A typical composition of the 
town gas is given in Table 1. 

3.3. Observations 
The flow parameters measured were the three components 
of the time-averaged velocity, the local static pressure, the 
temperature and the carbon dioxide concentration. The 
velocity measurements were made by means of a water- 
cooled three-hole probe to the design of Hiett and 
Powell. 2 The outside diameter of the probe tip was 
6.35 mm. This probe was also calibrated for measure- 
ments of static pressure. These were generally satisfactory 
provided the flow vector was not principally in a radial 
direction. In the locations where this occurred, a disc 
probe to the design of Miller and Commings3 was used. 
Temperatures were measured by a Pt 5% Rh-Pt 20% Rh 
thermocouple. The carbon dioxide analysis was per- 
formed by an infra-red gas analyser. 

Because of the limitations of the probe materials, and 
the difficulties in cooling them, fuel/air ratios were 

VELOCITY SCALE 04234u 



OF VANE-SWIRLED FLAMES IN FURNACES 185 

TABLE 2 Characteristic dimensions, swirl numbers and flow types 

Swirler 
vane 
angle 
deg. 

Swirler 
type 
H-hubless 
A-annular Did 

Flow state 
[-isothermal 
B-burning 
(f/a) 

Swirl 
number 
S" 

Flow 
type 

Impingement 
length 
xdD 

CRZ 

Length/D 
Max 
diameter/D 

Max u,,, 
U 

Max 
rig., �� 

15 H 2.5 1 0.074 A asym. - - - - 
22 H 2.5 1 0.120 C 1.2 0.44 0.15 0.36 0.044 
30 H 2.5 1 0.329 D 0.54 1.5 0.57 0.35 0.27 
45 H 2.5 1 0.582 D 0.45 0.67 0.37 0.29 
60 H 2.5 1 1.159 D 0.20 -" 0.65 0.37 0.80 
30 A 2.5 1 0.364 D 0.66 1.85 0.26 0.39 0.09 
45 A 2.5 1 0.572 D 0.48 -º 0.62 0.28 0.29 
60 A 2.5 1 1.149 D 0.27 -º 0.61 0.50 0.47 
15 H 5 1 0.079 A asym. - - - - 
22 H 5 1 0.119 B 1.2 - - - - 
30 H 5 1 0.363 D 0.82 -º 0.63 0.20 1.13 
45 H 5 1 0.553 D 0.44 -º 0.70 0.38 1.8 
60 H 5 1 1.250 D 0.12 -º 0.70 0.34 2.6 
15 H 2.5 B 0.030 A 1.2 - - - - 
30 H 2.5 B 

(0.135) 
0.095 B 0.80 - - - - 

30 H 2.5 B 
(0.105) 

0.103 C 0.52 1.0 0.41 0.48 0.06 

45 H 2.5 B 0.198 D 0.42 1.0 0.56 0.59 0.24 
60 H 2.5 B 0.324 D 0.22 1.6 0.56 0.65 0.19 
30 A 2.5 B 

(0.135) 
0.137 C 0.61 0.85 0.15 0.42 0.01 

30 A 2.5 B 
(0.105) 

0.119 C 0.56 1.35 0.41 0.46 0.07 

45 A 2.5 B 0.194 D 0.47 1.63 0.53 0.47 0.15 
60 A 2.5 B 0.382 D 0.28 1.80 0.57 0.58 0.25 
0 H 5 B 0.000 A > 1.8 - - - - 

15 H 5 B 0.037 A >1.8 - - - - 
22 H 5 B 

(0.143) 
0.059 A 1.2 - - - - 

22 H 5 B 
(0.125) 

0.054 B 1.1 - - - - 

30 H 5 B 0.088 B 1.1 - - - - 
45 H 5 B 0.302 D 0.45 1.50 0.71 0.53 0.59 
60 H5B0.520 D 0.18 1.83 0.71 0.55 0.75 
0A5B0.000 A >1.8 ---- 

15 A5B0.047 A 1.6 ---- 
30 A 5 B 0.106 B 1.2 ---- 
45 A 5 B 0.233 D 0.47 1.72 0.63 0.45 0.49 
60 A 5 B 0.436 D 0.36 1.72 0.70 0.56 0.81 

generally kept to about 0.125 by volume (stoichiometric, 
0.24). With the smaller furnace, oscillations were some- 
times encountered when the fuel/air ratio was 0.125. It 
was found that these oscillations could be avoided by 
altering the fuel/air ratio. Consequently the following 
fuel/air ratios were used with the smaller furnace: 
15° swirler, 0.135; 45° and 60° swirlers, 0.105; 30° 
swirler, both 0.105 and 0.135. 

4. Results and discussion 
4.1. Flow regimes 
There are significant differences between the forms of the 
flow patterns obtained in the various systems. To assist 
the study of these patterns, the flows have been classified 
into four categories: A, B, C and D. 

Flows classified as type A are those in which the 
maximum forward axial velocities are always close to the 

centre of the jet. This type of flow is obtained when there 
is no swirl, or very weak swirl. The jets, both isothermal 
and burning, issuing from the 0° and 15° swirlers, 
annular and hubless, in both furnaces are of this type 
(eg Fig. la). 

The opposite extreme of flow pattern, type D, occurs 
when there is a well-established CRZ (central recircula- 
tion zone). An arbitrary minimum value of 0.1 for the 
ratio of the maximum reverse mass flow in the CRZ to 
the burner mass flow has been selected to characterize 
this flow type. 

Flows such as these were obtained with both annular 
and hubless 45° and 60° swirlers in both isothermal and 
burning conditions in both furnaces (eg Figs. lc, Id, 2b). 
The isothermal flows from both 30° swirlers in both 
furnaces were also of this type, but not the corresponding 
burning flows. The axial velocity profiles of the flows, 
isothermal and burning at two fuel/air ratios, with the 
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ponents of velocity, as expected. Also, sometimes the 
flow regime is altered, as described above. 

Axial velocity distributions for a selection of the 
combinations of swirlers and furnaces are given in 
Figs. I and 2; a few results have previously been reported 
in reference 5, they are reported more extensively than 
here in reference 6 and fully in reference 7. The results 
obtained using the annular swirlers have not been 
illustrated here. These results were generally very similar 
to those from the corresponding hubless swirlers. Full 
traverses from one side of the furnace to the other were 
possible in the smaller furnace. In the larger one it was 
possible to traverse only from one side to a fractional 
radius of about 0.4 on the other side. The authors 
comment on those jets which appeared asymmetric in 
section 4.10. 

Increasing the degree of swirl, by increasing the vane 
angle, accelerates the spread of the jet. A measure of the 
jet spread is given by the distance to the point of impinge- 
ment of the jet on the furnace walls (defined by the 
intersection of the zero axial velocity contour with the 
wall). Values of the impingement distances xi, normalized 
by dividing by the furnace diameter D, are given in 
Table 2. The factors which influence the spread of the 
jet are discussed in section 4.9. 

At high degrees of swirl a CRZ is established. The 
maximum dimensions of these CRZ's and the maximum 
reverse velocities and mass flow rates in them are given 
in Table 2. For the well-established type D flows, several 
conclusions can be drawn. The maximum diameter of 
the CRZ is uninfluenced by further increases in swirl 
once the CRZ is well established. The maximum diameter 
is primarily controlled by the furnace diameter. Its 
fractional width is only slightly altered by changes in the 
diameter ratio (D/d); it is reduced from 0.7 to 0.64 for 
the isothermal jets when (D/d) is reduced from 5.0 to 2.5. 
Combustion has little effect on the maximum diameter 
in the larger furnace, but narrows the zone by about 
12% in the smaller furnace. 

The maximum length of the CRZ is not significantly 
altered by the degree of swirl. The length, when 
normalized by dividing by the furnace diameter D, is 
slightly reduced when (D/d) is reduced from 5.0 to 2.5. 
Combustion causes appreciable shortening. 

The maximum reverse velocity as a fraction of the 
swirler exit velocity is independent of (D/d) change. It 
increases only slightly with swirl, and increases noticeably 
when combustion occurs. This increase is however less 
than the relative density change, and so the maximum 
reverse mass flows are reduced by combustion. Swirl 
increases the maximum reverse mass flows. Increase of 
the ratio (D/d) increases the maximum reverse mass 
flow (expressed as a fraction of the swirler mass flow). 

Although combustion, when compared with the 
isothermal situation (an extreme fuel/air ratio change), 
causes little alteration to flow patterns of established 
type D flows, comparatively small changes in fuel/air 
ratio can cause considerable alterations in the patterns 
when the swirl number S* is near the critical value of 
0.11. For example, consider the previously mentioned 
case of the 30° hubless swirler in the Did = 2.5 furnace 
(Fig. lb). Increasing the fuel/air ratio by 30% from 
0.105 suppressed the CRZ and changed the flow pattern 
from type C to type B. The explanation for this is 
discussed in reference 4. 

Decays of the maximum forward axial components of 

30 
DId-5.0 FURNACE 

(b) 

0 
450 lor 

FIG. 3a, b Decay of maximum axial velocity along the furnace 
Hubless swirler flames 

30' hubless swirler in the Did = 2.5 furnace are shown in Fig. lb. The burning jet, at the fuel/air ratio of 0.105, 
represents type C flow. There is a CRZ, but the maximum 
reverse mass flow in it is less than 0.1 of the burner mass flow. An increase of the fuel/air ratio to 0.135 causes disappearance of the CRZ, though troughs remain in the 
axial velocity distribution around the axis near the 
burner. This pattern is referred to as type B, the dis- 
tinction between it and type C being that there is no CRZ. 

The distinction between type B and type A flows is not definite. The division adopted is that type B flows must 
show, near the burner, a double-crested axial velocity 
distribution with a minimum on the centre line. 

It has been found that in the two furnaces the transi- 
tions from one flow type to the next, in both isothermal 
and burning conditions, are correlated by a swirl number 
S* defined by 

S*= T 
GdD 

where T is the experimentally measured tangential 
momentum flux, Gd is the experimentally measured 
dynamic component of the axial momentum flux and 
D is the furnace diameter. The transitions from flow 
types A to B, B to C, and C to D occur at values of 
S* of 0.08,0.11 and 0.18 respectively. The use of the 
swirl number S* is discussed more fully in reference 4. 

4.2. Axial velocity distributions 
The general effect of combustion, when compared with 
the isothermal situation, is to increase the axial com- 
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velocity in the burning jets in the two furnaces are given 
in Figs. 3a and 3b. The corresponding results for the 
isothermal jets are not illustrated, but are included in this 
discussion. For type A flows there is little or no decay 
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up to the impingement point, and thereafter a steady 
decay. Flow types B and C show a more rapid decay up 
to some distance, beyond which there is little decay. The 
region where the initial decay ceases is moved forward in 
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the furnace as swirl increases. In type D flows, the decays 
in the isothermal jets are similar to those in types B and C, 
but with even more rapid decays which end at an axial 
distance of about I D. Some burning jets show similar 
decays, while others differ. One such differing case is 
that of the 45° swirlers in the Did = 2.5 furnace. Here 
an increase in the maximum axial velocity is observed in 
the first 0.5D, followed by a decay. The increase in the 

FIG. 8a, b Radial velocity distributions. Hubless swirlers. 
D/d = 5.0 furnace 

first section is consistent with the continuity equation. 
Density in the forward flow is reducing owing to reaction. 
Also, the forward mass flow is increasing owing to 
entrainment from the central and peripheral recirculation 
zones (PRZ), while the net flow area between the PRZ 
and the CRZ is decreasing. 

4.3. Tangential velocity distributions 
Tangential components are generally only slightly in- 

creased by combustion. Tangential velocity distributions 
for the selected cases are shown in Figs. 4 and 5. 

For flows of types C and D (ie with a CRZ) the 
position of the maximum tangential velocity moves 
rapidly towards the walls (as for the maximum axial 
velocities) and then a distribution takes place in such a 
way that there is a considerable annular area over which 
the tangential velocity components are almost uniform. 
The tangential velocities in the CRZ and in the PRZ are 
small. For type A and B flows the tangential velocity 
spreads less rapidly, without the maximum occurring 
near the wall. 

The decays of the maximum tangential velocities are 
shown in Figs. 6a and 6b. Flows of types A and B show 
an initial steady decay to some value which is maintained 
thereafter. The end of the decay occurs after about 1 D. 
Type C flows follow the same pattern with a more rapid 
initial decay and a higher ultimate value. Some type D 
flows indicate an increase in the maximum tangential 
velocity after the initial very rapid decay. Thereafter there 
is a slow decay to the value which is maintained to the 
furnace exit. Part of this apparent increase in tangential 
velocity could be due to the higher turbulence in the 
reaction zone, causing the probe to indicate, from the 

(continued on p 189) 
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observed time-mean pressure values, values of average 
velocity components which are erroneously high. ' 

4.4. Radial velocity distributions 
These distributions for the same selection of geometries 
are shown in Figs. 7 and 8. The sign convention used is 
that in the upper half of any diagram positive values 
correspond to' inward radial velocity components. In the 
lower half of the diagram the convention is reversed. 
Thus for a perfectly symmetric jet the distributions should 
be diagonally symmetric. Frequently the apparent dis- 
tributions are not of this form, sometimes because the 
jets at low degrees of swirl tended to be asymmetric, and 
sometimes because of experimental error in recording 
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the radial component. The probe readings are liable to be 
in error in regions where the flow has a high radial 
component but a low axial component. 

The distributions show that, close to the swirlers, the 
radial components are of the same order as the axial 
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components. The radial values drop rapidly and at axial 
distances greater than about ID they are very small. 
Combustion tends to increase the magnitudes of the 
radial velocities in the early stages. but has little effect 
thereafter. 

4.5. Static pressure distributions 
These are given in Figs. 9 and 10. The pressures in the 

flow arc generally sub-atmospheric, rising to about or 
just above atmospheric at the walls. Combustion always 
brings the static pressure closer to atmospheric. 

Pressures across the CRZ and across the PRZ are 
essentially uniform. There are high pressure gradients in 
the regions of high velocity. 

The effect of increasing swirl from a type A flow is to 
lower progressively the centre line pressure close to the 
swirler. This increases the adverse pressure gradient 
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along the axis, until it is too great to be sustained by the 
shear forces. The flow on the centre line then reverses, 
the CRZ appears, and the centre line pressure near the 
swirler rises markedly. This process is shown in Fig. 11. 
For example, for the smaller furnace, with the 30° 
swirler, at a fuel/air ratio of 0.135, there is no CRZ. 
At a fuel/air ratio of 0.105, with the same swirler, a CRZ 

CO, concentrations. Hubless swirlers. D/d = S. 0 

exists and the centre line pressure close to the swirler 
moves much closer to atmospheric. 

4.6. Temperature distributions 
Typicai temperature distributions are given in Figs. 12 
and 13. The variations in maximum temperatures are 
shown in Fig. 14. 

For flows of types A and B, combustion starts from 
the centre line, in the velocity trough due to the hub (if 
present) or due to the meeting of the vanes on the axis. 
Peak temperatures are recorded on the centre line. As 
swirl is increased the peak becomes wider. At higher 
swirl, when a CRZ exists, the initial temperatures are 
lower and reach their maximum values further down the 
furnace. When the CRZ exists in the Did = 2.5 furnace, 
the peak temperatures at a plane lie just inside the CRZ. 
This is slightly different from the observations in corre- 
sponding open flames' where the peak temperatures lay 
just outside the CRZ. The difference may be caused by 
the open flames entraining ambient air' into the CRZ. 
which lowers the temperature, whereas enclosed flames 
entrain gases from the PRZ, which are comparatively 
hot. The corresponding temperature distributions in the 
Did =5 furnace apparently represent an intermediate 
condition. 

With type C and D flames, a uniform temperature 
across the furnace is reached in a shorter distance than 
with the less swirled flames. 

4.7. Carbon dioxide concentration distributions 
These are shown in Figs. 15 and 16, as fractions of the 
CO2 concentrations for complete combustion. They are 
probably of most interest near the swirler where they 
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confirm the locations of reaction indicated from the 
temperature distributions. 0'1 -x 's °"135 014-2 S FURNACE 

r 30" 0.135 

4.8. Effect of Reynolds number 
The effect of Reynolds number change was studied for 
one arrangement: 45' hubless swirler in furnace having 
D/d = 5, for isothermal flow. The Reynolds number, 
based on the average axial component of velocity leaving 
the swirler, on the unburned density and on the swirler 
diameter, was changed from 7.5 x 105 to 10.2 x 105. No 
significant changes were observed in the non-dimen- 
sionalized velocity profiles or pressure distribution. 
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4.9. Comparisons of jet spreads 
4.9.1. Effect of swirl 
Jet spreads, as defined by the zero axial velocity contours, 
are shown in Fig. 17 for some selected cases in the two 
furnaces. Increasing the swirler vane angle increases the 
rates of spreads of the jets. 

4.9.2. Effect of confinement 
Confinement has been found to cause a rapid increase in 
the spreading rate of cold swirling jets. ' 

Free burning swirling jets expand more rapidly than 
isothermal jets. 8 The effect of confinement on the spread 
is less noticeable in the burning case. The expansions io 
the smaller furnace (D/d = 2.5) have to be compared 
with the early stages of the free burning jets where the 
spreads are rapid. In this case there is little effect on 
spread, particularly at the higher degrees of swirl. How- 
ever, at the free jet diameters corresponding to the larger 
furnace (D/d = 5) the free jet expansion is less rapid. 
The confinement by this furnace maintains a more rapid 
spread. 

On comparing the two furnaces, the lengths to impinge- 
ment divided by the appropriate furnace diameter are 
very similar for a given swirler (see Table 2). 

4.9.3. Effect of combustion 
Useful comparisons can be made when there is no flow 
pattern change due to combustion. 

For flow types C and D there is little change in spread 
due to combustion. The only noticeable effect occurs 
with the 60' swirler where the isothermal jet spread is 
slightly faster, impingement distances, which are already 
very short. being reduced by about 15"-� in the larger 
furnace. 

For flows types A and B, combustion increases the rate 
of jet spread. 

4.9.4. Effect of hub 
The effect in the smaller furnace is not noticeable. 

In the larger furnace (D 'd = 5), the spreads of the jets 
from the annular swirlers are slightly less rapid than from 
the hubless ones %k hen flow is of type D, ie strong CRZ. 
For other fto%% types the effect of the hub is to make the 
spreads slightly faster. 

4.9.5. Summary of effects 
For systems with established CRZs, for practical purposes 
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NUMBERS FOLLOWING VANE ANGLES ARE FUEL AIR RATIOS) 
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-oý. 

3 .- 

FIG. 17 Jet spread. Hubless swirlers 

the spread of the confined jets (measured by xj/'D) is 
controlled by the vane angle of the swirler, for values of 
confinement diameter ratio D/d in the range 2.5 to 5. 
The effects of combustion, of a hub and of the' value of 
Did in this range appear to be second order. 

It should be noted that the presence of combustion in 
these cases can alter the swirl number S* by a factor of 
about 3 for the same swirler vane angle. Thus spread 
cannot be related to this swirl number. 

For flow patterns types A and B, combustion and 
confinement both cause a noticeable increase in the rate 
of jet spread. 

4.10. Flow asymmetry 
Several of the jets, particularly those with low degrees of 
swirl and in the larger furnace, developed into asymmetric 
flows. One example, that of the isothermal flow from 
the 15° swirler in the Did = 2.5 furnace, is shown in 
Fig. la. In this case the jet attaches itself to one side of 
the furnace at an axial distance of about 1.5D. 

Jet asymmetry can have three causes: 
(a) constructional asymmetries which bias the jet 

direction, 
(b) coanda effect, 

and (c) vortices which are established between the main 
forward flow and the recirculation zones. '° 
These vortices precess either on the axis of the 
jet or on an axis inclined to the jet. In the latter 
case the jet appears asymmetric. This effect is 
diminished by combustion. 

It is worth noting that the asymmetry observed in the 
furnaces at low degrees of swirl was indeed reduced when 
combustion took place, suggesting that the precessing 
vortex cores might be contributing to the jet asymmetry. 

5. Conclusions 
(1) Swirl can bring about significant changes in the flow 
and combustion patterns of premixed flames in furnaces. 
If swirl is sufficiently strong, a central recirculation zone 
(CRZ) is established. The flow conditions under which 
the CRZ appears in the two furnaces tested, with both 
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isothermal and burning jets, have been correlated by a 
swirl number S* based on the furnace, and not the 
swirler, diameter. The critical value of S* for the 
establishment of the CRZ is 0.11. Wide ranges of S*, 
and of flow patterns, can be obtained with the same vane 
swirler, using different fuel/air ratios. Thus swirler vane 
angle alone is insufficient to define the flow type. 

(2) When a CRZ is well established, its maximum 
diameter is primarily a. function of the furnace diameter 
(about 0.65D), and is only slightly altered by further 
increases in swirl, by combustion or by (D/d) ratio 
change. The CRZ length also is proportional to the 
furnace diameter but is somewhat reduced by combustion. 

(3) For flows with a well-established CRZ, the spread 
of the jet up to the impingement point is a function of 
the swirler vane angle. Combustion and (D/d) ratio 
have little effect. This spread is not correlated by the 
swirl number S*. 

(4) The presence of a central hub in the swirler, of 
diameter 0.33 of the swirler outer diameter, had little 
effect on the flow and combustion patterns. 
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The modelling of vane-swirled flames in furnaces 
Comparisons are made of the fluxes of tangential and axial momentum in burning and isothermal jets issuing from vane swirlers into 
two furnace sizes. These and other experimental results indicate limitations on the use of the previously adopted swirl number. A new 
swirl number S' is suggested which is based on the experimentally measured momentum fluxes and on the furnace diameter D. This 
swirl number is valuable in classifying the flow patterns, correlating combustion effects and relative furnace size. When vane swirlers 
which are similar to those reported are to be used, their performance, in respect of flow type, velocity profiles, mixing and jet spread. 
can be predicted with reasonable accuracy from the correlations provided. When other vane swirlers are to be used, suitable model 
tests are suggested 

1. Nomenclature 
d diameter of hubless swirler; 

equivalent diameter of annular swirler d2(1 - =2)t 
dl, d2 hub, outer diameters of annular swirler 
D diameter of furnace 
F, factor on pressure drop required for combustion 

F, Op 
F2 factor on isothermal dynamic axial momentum 

compared with equation (3) 
F3 ratio of burning tangential momentum flux to 

isothermal tangential momentum flux 
G axial momentum flux 
th mass flow rate 
p pressure 
'Formerly British Steel Corporation, Swinden Laboratories, 
Rotherham; now Department of Mechanical Engineering, Faculty 
of Engineering, University of Alexandria, Egypt. 
tDepartment of Mechanical Engineering, University of Glasgow. 

JOURNAL OF THE INSTITUTE OF FUEL DECEMBER 1976 

Op pressure drop required for combustion, assuming 
one-dimensional flow 

r radius 
S swirl number defined by T 

Gid 

S* swirl number defined by 
Ga 

T axial flux of tangential momentum 12i0puwdr 

u local axial component of velocity in furnace 
U average axial component of velocity leaving 

swirler, based on cross-sectional area of swirler 
ignoring vane thickness 

w local tangential component of velocity in furnace 

.r axial distance in units of furnace diameter 

hub ratio of annular swirler 
x 

p density 
B swirler vane angle to axial direction 

(continued on p 194) 
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FIG. 2 Axial flux of tangential momenta. Hubless swirlers cold flow 
in D/d = 5.0 furnace 

FIG. 4 Axial flux of tangential momenta. Hubless sNwirler flames in 
D/d = 5.0 furnace 

Subscripts 
a ambient 
h burning 
d dynamic 
i isothermal 
in model 
p piototype 
ref reference 
rev reverse 
sir swirler 
t total 
u unburned 

2. Introduction 
Swirl is frequently used in furnaces to obtain suitable 
flow patterns. A common method of giving swirl to the 
flow is by the use of vane swirlers. The aerodynamic 
behaviour of jets issuing from vane swirlers has been 
studied at Glasgow University under a range of con- 
ditions: isothermal jets, open'. 2 and enclosed 3,1.5 and 
premixed burning jets, open 6,7 and enclosed. 4'5.8 With 
the exception of the first tests, ' all the swirlers were of 
similar designs. 2 The object of the authors in this paper 
is to compare the results of these tests and to provide 
correlations from which subsequent designers will be 
able to select the swirlers necessary to achieve the flow 
patterns required, or, where correlations are incomplete, 
directions for equivalent model testing. 

3. Momentum fluxes 
A quantitative measure of swirl is required. The accepted 
measures are based on the fluxes of tangential and axial 
momentum. It is informative to compare the momentum 
fluxes which have been obtained by integrating the 
traverses made in the tests mentioned in section 2. 

3.1. Tangential momentum flux 
The results of integrations of the traverses'. 5 made in 
isothermal flows in furnaces having furnace diameter to 

FIG. 1 Axial flux of tangential momenta. Hubless swirlers cold fl", in Did = 2.5 furnace 
0.5 1.0 1.5 x 

FIG. 3 Axial flux of tangential momenta. Hubless swirler flames in 
D/ d°2. S furnace 
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burner diameter ratios of 2.5 and 5 are given in Figs. I 
and 2 respectively. In both cases the swirlers were of 
hubless design. The corresponding results under burning 
conditions (premixed town gas-air) are given in Figs. 3 
and 4 respectively. The fuel/air ratio was 0.125 by 
volume (stoichiometric 0.24) in the D/d =5 furnace and 
varied between 0.105 and 0.135 in the D/d = 2.5 furnace. 

There is some scatter, particularly in the early part of 
the flow and in the Did =5 furnace where velocities are 
lower and more difficult to measure. However, it can be 
seen that beyond the central recirculation zone (CRZ), 
which extends to about 1.5 furnace diameters, the 
momenta become more uniform. The tangential 
momentum values increase with swirl. It is also to be 
noted that the tangential momenta are higher in the 
burning jets. Comparing sections downstream of the 
CRZ, they are higher by between 20 and 40%. 

These values can also be compared with those predicted 
in the simple analysis of Kerr and Fraser, ' who assumed 
a uniform velocity distribution at the swirler exit plane 
and that all the fluid left at the swirler vane angle. This 
led to the expression 
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for the tangential momentum flux. All the observed 
tangential momentum fluxes are higher than those 
predicted by equation (1). The ratios of observed to 
predicted fluxes are approximately 2.2 and 1.7 for the 
isothermal jets in the D/d = 2.5 and 5 furnaces respec- 
tively, and 3.0 and 2.0 respectively for the corresponding 
burning jets. Corresponding ratios for isothermal' and 
burning' free jets are 2.0 and 3.2 respectively. The only 
explanation that can be offered for the observed values 
being above those predicted is that the velocity distribu- 
tion leaving the swirler is not uniform, and there is a 
higher axial component of velocity at the larger swirler 
radii, and consequently a larger tangential momentum 
is imparted. This effect is more marked when the ratio 
(D/d) is reduced, and when combustion is taking place. 
The observed fluxes, for a given furnace and isothermal/ 
combustion state, are proportional to tan 0, as predicted 
by equation (1). 

3.2. Axial momentum flux 
The total axial momentum flux across a plane is given by 

D/2 

Gr = 2n 
f 

[put ± (p - p,,, )) r dr (2) 

The flux contains two terms: the dynamic term and the 
static pressure term. The dynamic term Gd is obtained 
readily by integration of the group (pu2). To evaluate the 
static pressure term, a reference pressure prei must be 
selected. The following alternatives for Prei have been 
considered: 

(a) The atmospheric pressure outside the furnace. An 
objection to this is that the general static pressure level 
within the furnace varies with the flow and with the 
chimney suction. 

(b) The wall static pressure at the exit section of the 
furnace. This again was variable and affected by the 
flow currents at this section. 

(c) The static pressure at the centre of the peripheral, 

ý--_ 30-. " 

6' 

FIG. S Axial momentum fluxes. ilubiess swirlers cold flow in 
D/d - 2.5 furnace 

or external, recirculation zone (PRZ) for each case. An 
objection is that this value is affected by swirl since the 
tangential velocities do not vanish in the PRZ. Also the 
value is influenced by the jet spread rate. 

(d) The static pressure at the centre of the PRZ for 
the non-swirled cold flow in the furnace under test. This 
reference pressure has been selected as it avoids the 
objections mentioned in (c). Consequently the net value 
of the static pressure term in the axial momentum flux 
will show the effects of swirl and of combustion in the 
same confinement. 

The axial momentum fluxes are given in Figs. 5-8, 
these results corresponding to the tangential momentum 
fluxes shown in Figs. 1-4. For the axial momenta, the 
dynamic term is plotted in the upper part, and the total 
momentum (p,, f as in (d) above) in the lower part of 
each figure. In each case, after fluctuating values in the 
early part of the flow, the total momentum flux steadies 
and is conserved. The dynamic term decays to a value 
which becomes more constant at axial distances greater 
than about 1.5D. 

Comparing the values which obtain after the initial 
variations, the dynamic term becomes smaller as swirl 
increases, and also decreases as the diameter ratio (D/d) 
is increased. When combustion is taking place the 
dynamic term is about four times as great as for the 
isothermal flow. In the D, /d = 2.5 furnace the total 
momentum fluxes are lowered by increasing the swirl, the 
negative component due to the pressure depression at 
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the centre of the jet having an increasing effect. In the 
Did =5 ffirnace the total axial momentum flux is almost 

o"! 

FIG. 8 Axial momentum fluxes. Hubless swirler fames in 
D/d = 5.0 furnace 

independent of swirl in the isothermal flow but apparently 
varies when combustion occurs. Part of this incon- 
sistency may be due to experimental error in determining 
these fluxes in a highly turbulent stream moving at 
comparatively low velocity (in the Did =5 furnace). 

Again, it is instructive to compare the observed axial 
momentum fluxes with those predicted from Kerr and 
Fraser's' expression 

G=r d2 p,, U2 . 
(3) 

Kerr and Fraser did not mention the pressure term when 
writing the above expression, but by assuming the 
pressure is uniform across the swirler exit and equal to 
the reference pressure, the expression can be interpreted 
as meaning the total axial momentum flux. 

The ratios of the measured total axial momentum 
fluxes (p�f as in (d) above) in the developed flows to that 
given by equation (3) are, when averaged, 2.1 and 0.85 
for the isothermal jets in the D/d = 2.5 and 5 furnaces 
respectively, and 3.5 and 1.1 respectively for the corre- 
sponding burning jets. It is difficult to explain how the 
observed total momentum fluxes in the isothermal cases 
can exceed the prediction of equation (3), other than to 
point out that these fluxes were determined using an 
arbitrary assumption for the reference pressure. Equa- 
tion (3) contains only a dynamic. term, and it has been 
helpful to compare the observed dynamic contributicns 
to the axial momentum flux with equation (3). The 
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resulting ratios are 0.51 and 0.16 for the isothermal jets 
in the Did = 2.5 and 5 furnaces respectively, and 2.2 
and 0.6 for the corresponding burning jets. The reason 
of course for the dynamic terms being lower in the larger 
furnace is that the jet has a greater expansion, and hence 
lower axial velocities, in the larger furnace. 

4. Swirl number 
4.1. Previous definitions 
A widely accepted definition has been" 

T4 

0 
where the linear dimension is the diameter d of the 
swirler. 

Kerr and Fraser, ' using equations (I) and (3) and the 
associated assumptions (section 3), obtained 

S=# ýýýý _ý1 
tan `2 8 
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o 
(5) 

However, the following considerations must be taken 
into account. 

(I) The velocity profiles and pressure distribution at 
the swirler exit are not uniform. 

(2) The increase in the axial momentum flux, observed 
above, as the result of the higher static pressure required 
when combustion occurs, was not considered in equa- 
tion (3). Differences in the velocity profiles can also be 
observed when combustion occurs. 

(3) The same swirler can give different velocity profiles 
as the confinement is changed. 

Because of factors (2) and (3) the tangential momentum 
flux is changed both by combustion and confinement, as 
described in section 3.1. 

(4) The dimensions of the CRZ, when established by 
the swirl, are primarily functions of the furnace diameter 
D rather than of the swirler diameter d. 

4.2. New measure of swirl: swirl number S" 
In this new definition of a swirl number, the furnace 
diameter D is adopted as the linear measure appearing 
in the denominator. This follows from the suggestion 
first made by Kerr1° for the similarity of swirling flows 
in furnaces. The suggestion is supported by some of the 
points listed above, particularly (3) and (4). For the fluxes 
T and G, which appear in the swirl number, the experi- 
mentally measured fluxes in the developed flows, 
described in section 3, are used. The choice of axial 
momentum flux presents some problems, partly owing 
to the choice of reference pressure from which the static 
pressure term can be calculated. It has been found that 
the most useful choice has been to omit the static pressure 
term and base the axial momentum flux solely on the 
dynamic term. Thus the definition of the new swirl 
number is 

S'" -T (6) 
G,, D 

The above pairing of interpretations of axial momentum 
flux and of diameter is the only one which has correlated 
the transitions of flow types. 
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FIG. 9 Swirl number relation to input conditions and flow types 

5. Modelling for flow patterns-use of S' 
The swirling flow results discussed in this paper have been 
divided into four classifications. 5 A type A flow had 
axial velocity profiles very similar to those of an un- 
swirled jet. A flow in which there was a well-established 
CRZ was classified as type D. The intermediate flow 
conditions were described as types C or B depending on 
whether there was a flow reversal on the axis, or not. 
It is found that for the tests reported above, transition 
from one flow type to the next occurs at the same value of 
S*, irrespective of the furnace/swirler diameter ratio 
D/d and irrespective of whether the jet is burning or 
isothermal. The transitions from types A to B, from 
B to C and from C to D occur at values of S* of 0.08, 
0.11 and 0.18 respectively. A further important feature 
is that for the same swirler, in say isothermal flow. the 
S* values are very similar for the two values of the 
ratio Did (ie 2.5 and 5). A similar result is obtained for 
the burning flows having the same fuel/air ratio. The 
only slight apparent departure from this is at vane angles 
close to that giving the critical S* value of 0.11. Under 
these conditions the lower value of the D/d ratio tends 
to give the higher value of S* and a greater tendency 
towards a CRZ. The results are illustrated in Fig. 9. 

It is noted that there is a change in the slopes of both 
isothermal and burning correlations at a vane angle of 
about 30°. In the burning case this corresponds with the 
establishment of central reverse flows. 

The displacement of the correlation for the burning 
jets from the isothermal correlation is a function of the 
fuel/air ratio. This relation is discussed in section 6. 

It is found that the velocity profiles in the furnaces 
downstream from the maximum width of the CRZ (ie at 
axial distances greater than I D) are similar at the same 
values of S*, profiles being compared at similar values of 
the ratio of axial distance to furnace diameter. Thus this 
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swirl number can be used as a modelling parameter bnth 
for the prediction of the type of CRZ and for ti'' ' 

.,., pattern which develops beyond its maximum , %ý , 

6. Prediction of swirl nurt., oer S' 
The relations between S* ant swirler vane angle shown 
in Fig. 9 depend on extensive experimental measurements. 
It would be very desirable if these relations could be 
predicted. This has not yet been found possible, although 
it is helpful to note that S* is very nearly proportional to 
tan 0, particularly for type D flows, as shown in Fig. 9. 
A method is given below whereby once the isothermal 
correlation is established, the correlation for the burning 
condition can be predicted. 

Assuming one-dimensional flow within the furnace, 
the pressure drop required for the density change is 
given by 

P. 
(D)'((Pb 

(7) 

As the actual flow is not one-dimensional, the actual 
pressure drop %%ill be a factor F, times Ap. When com- 
bustion occurs let us assume that the dynamic component 
of the axial momentum flux is raised because this 
pressure change (F, Ap) acts across the front face of the 
furnace cross-section. Assuming, further, that the 
isothermal dynamic axial momentum flux is a fraction 
F. of that gi%en by equation (3). the dynamic axial 
momentum flux in the burning case is given by 

l-: 24F, 
4D"p�UxýDýýýP 

If (8) 
Pb / 

The ratio of the dynamic axial momentum fluxes in the 
burning and isothermal cases is given by 

FL 
- FI 6m, 

(I'll F. 
The tangential momentum fluxes are slightly increased 

by combustion. as seen in section 3.1. Letting the ratio 
oI' these fluxes, burning to isothermal be factor F, then 

the swirl number ratio, for a particular swirler, becomes 

Sb* F2F3 
S, * 

F" -, Fl 
\0/2(Pa - 1) . (101 

The factor Fa is almost independent of the (D/d) 
ratio. Its values are 1.4 and 1.2 for the (D/d) values of 
2.5 and 5 respectively. It is reasonable to adopt a mean 
value of 1.3 within this range of relative furnace sizes. 
The factor F2 is markedly influenced by the ratio (D/d) 
and has values of 0.51 and 0.16 for the (D/d) values of 
2.5 and 5 respectively (section 3.2). Using these values for 
F2 and value 1.3 for F3, it is found that an FF value of 2.1 
fits both sets of furnace results reported here. The present 
results have been obtained with premixed gas-air flames. 
With other forms of firing, factors Fi and F3 may be 
altered. The changes in F3 will probably be small enough 
to be ignored. Factor F, may be reduced if combustion is 
slower, but presumably will not drop below unity. 

For design purposes, when using vane swirlers similar 
those tested here, it is suggested that the isothermal 

., rrelation for S* -0 given in Fig. 9 be used, and 
modified when combustion occurs by equation (10). 

For other designs of vane swirlers, the isothermal S*- 
vane angle correlation can be established from integra- 
tions of velocity traverses in a model. The swirler 
diameter in the model can have any value provided the 
(D/d) ratios in the prototype and model lie in the 
range reported here (2.5 to 5). An alternative method of 
establishing the burning relationship is to make use of 
the discontinuity at the flow transition from type B to C 
that occurs in the variation of minimum static pressure 
on the axis with vane angle. These correlations for the 
burning and isothermal flows in the Did = 2.5 furnace 
are shown in Fig. 10. As mentioned earlier, this transition 
point for the burning case approximately represents the 
lower swirl limit of the portion of the S* -0 correlation 
which is proportional to tan 0. Thus the vane angle 
corresponding to type B to C transition at that fuel/air 
ratio can be established from burning model tests (D/d 
ratio in the present range). This angle corresponds to the 
value of 0.11 for S*, locating the equivalent of point X 
on Fig. 9. The position of the correlation for burning 
type D flows at that fuel/ air ratio can be estimated using 
the proportionality with tan 0. The corresponding 
isothermal correlation can be drawn using equation (10). 

7. Modelling for mixing 
Where the intended prototype is to have a central 
recirculating flow, it is suggested that a good measure of 
the equivalence of the flows in the isothermal model and 
in the prototype is given by the respective ratios of the 
maximum reverse mass flows in the CRZ to the swirler 
mass flow. Ideally these ratios should be equal. 

This mass flow ratio has been determined for the 
results discussed here and is plotted in Fig. 11 against 
the swirl number S*. and in Fig. 12 against the vane 
angle. Before discussing these results, the difficulty of 
measuring the reverse mass flow rates must be " em- 
phasized, particularly for the Dd --= 5 furnace where the 
avera3e velocities are lower. Referring to Fig. II, it is 
seen that for the D, d=2.5 furnace. S* correlates the 
burning and isothermal maximum reverse mass flow 
ratios. The correlation it not valid in the Did -5 
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furnace. However it would appear that this correlation 
can usefully be used in the range for Did values of, say, 
2.5 to 3.5. Comparison of the maximum reverse mass 
flow ratios with the swirler vane angle 8 (Fig. 12) shows 
that, at a given value of B, the reverse mass flow ratios, 
burning, in the D/d =5 furnace are similar to those in 
isothermal flow in the D/d = 2.5 furnace. The Did = 2.5 
furnace in isothermal flow represents the isothermal 
model, scaled according to Thring-Newby, " of the 
burning flow in the D1 1d =5 furnace. Thus a second 
method of achieving equivalent mixing is to use an 
isothermal model in which the swirler diameter is scaled 
according to Thring-Newby and to use the same vane 
angle. 

8. Modelling for jet spread 
The jet spread results from these tests have been discussed 
in reference 5. The principal conclusion reported there 
was that, for flows with central recirculation (ie types C 
and D) the jet spread is a function only of the swirler 
vane angle. 

9. Use for design 
If vane swirlers are selected which are similar to those 
used in the work reported here, then the information 
provided here and in reference 5 should provide satis- 
factory predictions of the jet spread, of the flow type, of 
the velocity profiles and of the maximum reverse mass 
flows in the CRZ (if present). 

If another design of vane swirler is used, an isothermal 
model will give helpful predictions of the behaviour in 
the prototype, although not all features can be found 
from a single model. For example, where the prototype 
flow is to be of type D, the relationship between S* and 
vane angle (or equivalent measure) for the burning con- 
ditions must first be estimated as outlined in section 6. 
A suitable prototype vane angle can then be selected. If 
then it is required to predict the impingement point and 
mixing patterns, these can be found using an isothermal 
model having the same swirler vane angle as in the 
prototype and with the swirler diameter scaled according 
to Thring-Newby 

(d/D),,, 
_ 

(Pul 
(I 1) (d/D)u _ Pa/ 

The swirl number S* in the model will be higher than in 
the prototype by a factor depending on the furnace 
fuel/air ratio (eg a factor of about 3 in the present 
work): consequently the velocity *profiles downstream 
from the maximum CRZ width will not correspond. 

Should it be necessary to predict the velocity profiles 
in this doHnstream region, the vane angle should be 
reduced in the model until the values of S* in model 
and prototype are equal (see section 6). If the (D/d) 
ratios in the model and prototype are the same and in 
the approximate range 2.5-3.5, then the model test will 
give the CRZ mixing in addition to the downstream 
velocity profiles. 
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INTRODUCTION 

The transient behaviour of aircraft gas tur- 
bines is of great interest. Much attention is given 
to the avoidance of surge in the compressor(s). 
One particularly taxing transient appears to be a 
rapid throttling back, followed by an acceleration 
while the engine is still hot. In one case (1)* the 
allowable increase in fuel flow without causing 
surge is only about half of that when the engine is 
starting from "cold". Four possible causes for 
this reduction have been suggested (2). One is 
that at the beginning of such an acceleration, the 
blades in the compressor(s) are at temperatures 
higher than that of the air passing over them, the 
resulting heat transfer possibly causing changes 

* lumbers in parentheses designate References 
at end of paper. 

in the growth of the boundary layer. An earlier 
separation, and a reduction in flow deflection have 
been noted in both experimental and theoretical 
studies of flow over a hot convex surface (3). 

In the present work, the results of this investi- 

gation on single surfaces are incorporated in an 
exploratory method for predicting the characteris- 
tics of a multi-stage axial-flow compressor. The 
method is illustrated by applying it to the conditions 
in a compressor at the end of a rapid deceleration 

at 12,200 m altitude (40,000 ft) from maximum 
speed to flight idle speed, prior to a possible 
acceleration. The compressor selected is the 12- 

stage High Pressure (H. P. ) compressor of a typical 
twin-spool axial-flow bypass engine of compression 
ratio 20. 

Surge in an axial-flow compressor, such as 
considered here, is influenced by three-dimensional 
effects. Ideally, some form of prediction method 

ABSTRACT 

During transient operation of a gas turbine 
there are significant heat transfers between the 
fluid stream and the blades of the compressor and 
turbine. At the end of a rapid deceleration from 
maximum speed to idling speed, heat transfer to 
the compressor blade boundary layers may cause 
sufficient disturbance to delay any immediate re- 

acceleration. As a first estimate in one severe 
case - at altitude in an aircraft engine of com- 
pression ratio 20 - the surge margin prior to the 
re-acceleration is reduced by about 40, "o due to 
boundary layer effects, and by a further 25% due 
to "bulk' heat transfer. 
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based on blade-element data, with radial integration, 
followed by axial stacking, should be used. Such a 
procedure is very complex, and some of the neces- 
sary data are as yet incomplete. In the present 
exploratory calculation, it has therefore been 
decided to simplify the calculations by adopting a 
two-dimensional procedure based on the mean blade 
height. The aim of the study is of course to predict 
the change in the characteristics of the real, three- 
dimensional compressor due to heat transfer. It 
is considered that a reasonable first estimate of 
this effect will be given by the differences between 
the two sets of characteristics of the compressor, 
as predicted by the two-dimensional method without, 
and with heat transfer. 

PREDICTION METHOD - ADIABATIC FLOW 

The object of the investigation reported in this 
paper is a prediction of the changes in compressor 
characteristics brought about by heat transfer. 
Consequently the aim of the work described in this 
section was the development of a method of predict- 
ing the characteristics, in adiabatic flow, which 
gives results in reasonable agreement with experi- 
ment and which gives a realistic representation of 
stall and the source of surge. It was not considered 
necessary that the predictions should be in exact 
agreement with experiment. 

The method developed involves row by row 
calculations, at the mean blade height, based on 
two-dimensional cascade data, represented by plots 
of designed deflection, e*, versus design exit angle, 
a2*, and of the ratio e/ e* and of the profile drag 
coefficient, Cdp, versus the group (I - i*)/e*. 
These relationships are taken from Figs. 8 and 9 
of Reference (4). The second of these relationships 
is reproduced to give the adiabatic correlations 
shown in Fig. 1 of this paper. 

In the method developed here, the flow is com- 
pressible, Mach Number effects (5) are allowed for 
and the calculation procedure accounts for variation 
of axial velocity within the row in so far as it af- 
fects the exit velocity triangle and the energy 
transfer. The effect of axial velocity change on 
the deviation (6) is not included. In justification 

of the use of calculations at the mean blade height, 
this is considered reasonable (4), (7) for hub/tip 

radius ratios greater than 0.6. In the present work 
they are in the range 0.61 to 0.91. 

DEFINITION OF SURGE LINE - Knowledge of 
the position of the surge line is essential for decid- 
ing what engine acceleration schedules may be 
allowed. For the present work it is therefore re- 
quired that a prediction be made of the onset of 
surge. One possible approach is to draw the surge 

line through the peak-pressure-ratio points of the 
performance map (7). An alternative approach is 

offered by Gray (8) who indicates that in the surging 
cycle, stall progresses through all stages. 

At high rotational speeds the rear stages of the 
compressor tend to stall first. This can trigger 
stall in adjacent stages. The triggering advances 
rapidly through the machine until all stages are 
stalled and the compressor surges. Thus one cri- 
terion used here is that if a stage at the rear of the 
compressor stalls, then this represents the onset 
of surge. The quantitative definition of the stalling 
of a blade row used here is the same as that for 
cascades (9), viz. that the profile drag coefficient 
rises to double its minimum value. This occurs 
when the numerical value of the group (i - i*)/e* 
reaches 0.4. 

At low rotational speeds, stall first occurs in 
the early rows of the compressor, rotating stall 
cells being established. These can exist without 
causing surge. However, if the exit flow is suffi- 
ciently throttled the stall cells spread and surge 
occurs. On Gray's hypothesis, the stall cell zones 
must have extended along the length of the compres- 
sor. 

In the same paper Gray proposes the model 
that, when the stable rotating stall exists there are 
two types of flow regime in the annulus. In one 
section there are the stall zones which have zero 
net throughflow, and in the other, covering the 
remainder of the annulus, there is normal unstalled 
flow. An attempt has been made to incorporate 
this model in the present production method. How- 
ever, arbitrary assumptions have had to be made 
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as to the average losses in a row operating under 
these conditions. Further, it has been assumed 
that the flow returns immediately to the normal 
pattern at the first row at which the average value 
of incidence is insufficient to cause stall. The low 
speed surge criterion adopted here is that surge 
occurs when at least three of the early stages have 
stall zones, the calculation procedure having been 
based on the above assumption, or when the overall 
pressure rise - mass flow characteristic has a 
positive slope, whichever occurs first. 

APPLICATION OF METHOD - The method has 
been applied to the 12-stage H. P. compressor 
previously mentioned. The data required for the 
program are the absolute air inlet angle approach- 
ing the first row of rotor blades, the blade inlet 
angles and the design incidences and deflections 
for all rows of rotor and stator blades. Other 
geometric parameters of blade height, blade row 
mean diameter, mean blade spacing and mean 
chord are also needed. The fractional bleed, which 
occurs after the 6th stage stator blades is also re- 
quired, as are appropriate values of the work-done 
factor. In the program, efficiencies are calculated 
using profile drag, annulus drag and secondary loss 
values based on cascade results (9). In the com- 
pressor the efficiencies are lower, and arbitrary 
factors have been introduced to make this adjustment. 

The predictions of the program, and the results 
of rig tests are compared in Fig. 2 for values of 
9.33 and 9.77 of the speed parameter (n/iT). These 
speeds are adjacent to the flight idling speed value 
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of 9.63. The row efficiencies used were scaled 
from those calculated from cascade data to make 
the overall efficiency conform with that observed 
in the rig tests. This required lowering the effi- 
ciencies by 17% and 1% respectively for the two 
speeds of 9.33 and 9.77. Work-done factors were 
selected which gave satisfactory placings of the 
predicted constant-speed lines relative to the mass 
flow rate. The factors selected were in the ranges 
0.78 to 0.70 and 0.86 to 0.76 respectively for the 
two speeds. Surge line location was as described 

earlier. At these speeds the onset of surge is 
associated with stall zones originating in the early 
blade rows. 

Using the adjusting factors as described above, 
the predictions of the shapes of the constant-speed 
lines and of the position of the surge line represent 
a reasonable match with the experimental results. 

EFFECT OF HEAT TRANSFER ON BOUNDARY 
LAYER DEVELOPMENT 

It was now necessary to examine the effects 
of heat transfer from the metal surfaces on the 
flow of air through the compressor. Heat transfer 
produces a reduction in air density, which makes 
itself felt in two distinct ways. Firstly, there is 
a general reduction in the density of the air leaving 
the compressor, a "bulls" effect which may in 
itself cause a significant drop in performance (2). 
Secondly, there is the more localised effect on the 
boundary layers which develop on the annulus walls 
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and blade surfaces, which will be considered here 
in some detail. 

In general terms, heat transfer from a wall to 
a boundary layer increases the rate at which the 
layer develops, by the influence of local density 
reduction on the momentum integral equation. The 
effect is made more severe by the presence of an 
adverse pressure gradient. Transition from lami- 
nar to turbulent flow in the boundary layer is also 
influenced by heating, with the transition region 
moving upstream and reducing in length. Finally, 
in cases where the boundary layer separates, it 
has been observed that heat transfer will generally 
accelerate the process (10). 

Turning now to the case of the axial compressor, 
it seems probable that the annulus boundary layers 
will be thickened slightly, creating extra losses due 
to blockage. Similar thickening will occur in the 
layers on the blading, but here the effect is compli- 
cated by pressure gradients. - On the pressure sur- 
faces of the blades, the boundary layers will be 
thin, and because of the concavity of the surface, 
there will be a tendency for the hot air near the 
surface to move towards the edge of the boundary 
layer. This produces a circulatory effect (Taylor- 
Görtler vortices may be present even during adia- 
batic conditions, and heating will strengthen them) 
which prevents the build-up of a region of low- 
density air. It is thus anticipated that the develop- 
ment of these pressure surface boundary layers is 
not significantly influenced by heat transfer. 

On the suction surfaces of the blades, however, 
conditions are different, in that there is a strong 
adverse pressure gradient and that the convex sur- 
face will prevent recirculation of the hot air. The 
boundary layer would be expected to thicken appreci- 
ably. Consequently, the wake developed behind each 
blade would be thicker, resulting in an increase in 
losses due to profile drag. There is a further com- 
plication in the disparity of effects between suction 
and pressure surfaces: the angular stream deflec- 
tion produced by the blades may be reduced, as will 
be seen later. 

In order to examine the development of blade 
boundary layers, a computer prediction method was 
employed. In the method, laminar boundary layer 
growth is predicted by the theory of Luxton and 
Young (11). The possibility of the development 
of a separation bubble, with subsequent turbulent 
reattachment, is considered as an alternative to 
straight-forward transition of the attached boundary 
layer. Calculation of turbulent boundary layer 
development is based upon the entrainment theory 
of Head (12), as modified for compressible flow by 
Green (13). Allowance for longitudinal surface 
curvature is made by means of modifications to 

the momentum integral equation, as suggested by 
Patel (14). It was assumed here that static pressure 
variations normal to the surface were negligible, 
across the thickness of the boundary layer. 

The method has been tested by one of the pre- 
sent authors (3), (10) by comparing its predictions 
with the observed movements of the separation 
point on a heated convex - plate simulation. 
Typical results are shown in Fig. 3. There is 
good agreement between the predicted and observed 
movements. 

The prediction method has been applied to aero- 
foils and conditions typical of axial-flow compressor 
practice. Blade configurations and pressure dis- 
tributions were chosen from data supplied by Rhoden 
(15) and Masek and Norbury (16). Three incident 
angles were examined'for each blade, one repre- 
senting typical operating incidences, and the other 
two being respectively favourable and unfavourable. 
Nine sets of calculations were made under adiabatic 
conditions, and then repeated with the blade surface 
temperature at 30 deg K above that of the air stream. 

It was found that the region of most rapid 
boundary layer growth was on the suction surface 
near the trailing edge of each blade, the layer there 
being fully turbulent. Upstream, in the laminar 
and transition regions, the layers were thin and the 
predicted effect of heat transfer was small. Atten- 
tion was then centred on the turbulent boundary 
layer, and particularly on the development of b 
the displacement thickness, which measures the 
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effective blockage produced by boundary layer 
growth. 

In all cases, the effect of heat transfer was to 
increase the displacement thickness of the turbulent 
boundary layer. This was most pronounced in the 
cases where separation took place; in the majority 
of these, the heat transfer was predicted to cause 
a small upstream movement of the separation 
point. Fig. 4 shows the effect of heating on dis- 
placement thickness in two typical cases, one 
involving turbulent separation and one where 
attached flow is maintained throughout. 

The above comments applied only to the suction 
surface boundary layers. In contrast, those on the 
pressure surfaces were largely insensitive to heat 
transfer from the wall, and were in any case much 
thinner overall than their counterparts. The likely 
consequences for the wake formed behind a hot 
blade are illustrated in Fig. 5. The wake compo- 
nent from the pressure surface boundary layer 
is substantially independent of heat transfer, and 
so its thickness and angle of departure from the 
blade trailing edge will not change with blade 
temperature. However, the more rapid growth 
of the suction surface boundary layer on a "hot" 
blade will result in a change in its angle of depar- 
ture compared with the adiabatic case; this change, 
exaggerated for clarity, is shown as (2 & a2) In 
Fig. 5. For the subsequent development of the 
wake behind the "hot" blade, one component of 
which is undeviated and the other deflected through 
the angle (26 a2), it is suggested that it adopts the 
direction shown in the Figure, making an angle of 
approximately n a2 with its direction in adiabatic 
conditions. Thus the overall result of heat transfer 
from'the blade to the boundary layer is the forma- 
tion of a thicker wake, and a reduction in the effec- 
tive deflection produced by the blade, by an angle 
nom. 

The value of °C will of course depend upon 
blade and stream temperatures. The predictions 
discussed here were all made for a rise in blade 
temperature from 270 K to 300 K and at the com- 
pressor inlet density. The results must be viewed 
in this context. It would appear that ° a2 is also 
strongly influenced by conditions in the suction sur- 
face boundary layer, namely whether or not it is 
turbulent and whether or not it has separated. 
Finally, there appears to be an appreciable depen- 
dence upon blade configuration, as evidenced by the 
considerable scatter in Fig. 6 where Aa2/e * is 
plotted against the group (i - i*)/e *. 

A relationship between these two quantities 
was required from this graph for incorporation 
into subsequent calculations. The following linear 
relation was adopted 
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which is justified by earlier experimental findings 
(10). 

A final set of predictions was made for the con- 
ditions corresponding to the later stages of the com- 
pressor. The effect of the increased air density 
was to increase the inertia of the flow, reducing 
boundary layer thickness and delaying separation. 
But once separation had occurred the rate of growth 
of the displacement thickness was increased. There 
was some variation in the new values of the change 
of deflection, depending on the original position of 
the separation point, but in no case was there a 
reduction in 4c 2. In order to avoid overestimating 
the effect, it was decided to use throughout the 
relation developed for the inlet flow conditions 
(equation (1)). It should be emphasised that this is 
not regarded as a definitive statement. Further 
investigation is required. 

PREDICTION METHOD - NON-ADIABATIC FLOW 

The reduction in deflection due to heat transfer, 
described above, was incorporated in the prediction 
method used for adiabatic flow. There is another 
effect which must be considered. For a given 
incidence angle, the profile drag will be increased 
if the deflection is reduced, because losses are 
closely related to the width of the wake, which is 

closely related to the deviation. To quantify this 

effect for inclusion in the prediction method, it has 
been assumed that the profile drag coefficient in 
the non-adiabatic case equals the profile drag 

coefficient observed in adiabatic flow when the air 
exit angle is the same as that occurring in the non- 
adiabatic case. This assumption is illustrated by 
the dashed lines on Fig. 1. 

These two effects due to boundary layer 

changes have been incorporated in the prediction 
method. The further effect due to density changes 
resulting from "bulk" heat transfers to the air has 

also been included. Results are discussed below. 

RESULTS 

The prediction methods have been applied to the 
conditions in the H. P. compressor of the engine 
previously mentioned, at the conclusion of a rapid 
deceleration from maximum speed to the flight 
idling speed, at flight Mach number of 0.61 at 
12,200 m altitude (40,000 ft). This type of trans- 
ient had previously been found to show the greatest 
effects of "bulk" heat transfers (2). 

The predicted constant-speed characteristics, 
both in the adiabatic and non-adiabatic cases, show 
distinct maximum pressure-ratio values as the mass 
flow is reduced. The predicted surge lines are 

drawn through these maxima. In the computational 
model used, only the first row of rotor blades was 
showing stall cells at these "surge" conditions. 

The results are shown in Fig. 7. The predicted 
adiabatic surge and speed characteristics are shown 
by solid lines. When the boundary layer effects 
resulting from heat transfer are taken into account 
the corresponding characteristics are shown by 
dashed lines. It is noted that the surge condition 
occurs at virtually the same mass flow as in the 
adiabatic case. 

The engine working line is included in Fig. 7 
and it is seen that the surge margin, at a mass flow 
rate, is reduced due to these boundary layer 
changes by about 40%. The temperature differences 
between the aerofoils of the blades and the air 
stream ranged from 29 deg K to 15 deg K. These 
temperature differences had been predicted using 
models described by Maccallum (17). 

It is worth noting that the reduction in pressure 
rise achieved by the compressor when the heated 
boundary layer effects are present is due to two 
factors -a reduction in small-stage efficiency, 
associated with the broader blade wakes, and a 
reduction in flow deflection in passing through a 
blade row. 

Inclusion of bulk heat transfer effects (2) In 
addition to boundary layer changes leads to the 
result shown by the chain-dotted lines in Fig. 7. 
Bulk heat transfers cause a loss in surge margin 
of about 25%, in addition to that due to boundary 
layer changes. 
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CONCLUSIONS 

A method has been developed for predicting the 
effects of boundary layer changes due to heat trans- 
fer on the characteristics of an axial-flow compres- 
sor. When applied to a severe transient of an air- 
craft engine -a rapid deceleration at altitude to the 
flight idling speed prior to an acceleration - there 
is apparently a marked reduction in surge margin. 
The reduction is estimated to be about 40%. There 
is estimated to be a further reduction of about 25% 
due to the "bulk" heat transfers causing density 
changes. 

Several assumptions were made in the course 
of the investigation. These were made so that the 
order of the effects on compressor performance 
could be assessed. It is contended that this investi- 
gation shows that these effects are appreciable, and 
that this problem merits further investigation to 
clarify some of the assumptions. 
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The Effect of a Transversely Injected 
Stream on the Flow Through Turbine 
Cascades: Part I-Flow Effects 

K. D. SHRIVASTAVA N. R. L. MacCALLUM 

NO1-ENCIATURE nax = maximum 

a= distance along chord from leading edge 
of blade 

Aca parameter, defined by equation (4) 
b. injection jet width 
c= chord 

Cp = pressure coefficient, defined by (p - 
Pl)/(Pol - P1) 

d= distance along blade pitch from one 
mid-passage line to next, in direction 

of blade suction surface 

= mass flow rate 
n- index to fit power law equation (1) 
p- pressure 
Q@ ratio of maximum velocity of injected 

jet to velocity of main approach flow 
s= blade pitch 

usw 6 velocity components in boundary layer 

parallel and normal to the local main 
velocity, U 

Uo velocity of main flow outside the 
boundary layer 

y- distance from end-wall carrying the 
injection slot 

as main fluid angle, measured from axial 
direction 

y- stagger angle 
- thickness of skewed boundary layer, 

defined by point where layer begins 
to skew 

E W/u 
B= angle between injected het and cascade 

end-wall 

Subscripts 

o= stagnation 
w- end-wall 
1= inlet to cascade 
2= outlet from cascade 

app - approach 
ave - average 
I n! - infected 

INTRODUCTION 

In a typical gas turbine, small airflows 

are extracted from the main flow to cool vari- 

ous components of the turbine, e. g., blades, 

nozzle guide vanes, and disks. After they 

have fulfilled their function, these cooling 
flows are returned to the main flow in the 

turbine. The cooling air from the blades and 

vanes usually returns via holes in the blade 

surfaces. The disk cooling air returns by 

entering the main flow transversely between 

blade rows. It has been observed that these 

transversely injected flows can cause appreci- 

able alteration in the performance character- 
istics of the turbine. This has been most 

noticeable in multi-spool engines where the 

matching of the turbines is upset. 
This paper describes an experimental in- 

vestigation of the aerodynamic effects of in- 

jecting air transversely in front of a two- 

dimensional cascade of turbine nozzle guide 

vanes. 

APPARATUS AND TEST PROCEDURE 

Apparatus 
This consisted of a cascade of five 

blades (four passages) of 129-mm (5.07-in. ) 

chord, 381-mm (15.0 in. ) height, at 88-mm (3.5- 

in. ) pitch having profiles typical of an in- 

termediate or low pressure row of nozzle guide 

vanes. The blade length was sufficient to en- 

sure that secondary flows did not affect the 

flow at the mid-blade height. 
The cascade was placed in the suction to 

a variable speed fan. 
Typically, the flow velocity at exit from 

the cascade was 27 a, /sec (90 ft/sec) correspond- 

ing to a blade Reynolds number, based on this 

exit velocity of 2.5 x 105. 

I 



The .: ain airflow to the cascade entered 
through a contraction of area ratio 3.3. }lire 

grids were placed in this contraction to give 
a turbulence level of 1.5 percent at the cas- 
cade inlet. This turbulence level ensured 
that the operating Reynolds Number was well 
above the critical. 

The slot through which the transverse 
flow was injected was placed across one end- 
wall, innediatel;; in front of the leading edges 
of the cascade blades. The end-wall bouldary 
layer in the -lain flow approaching this slot 

was sucked away some 133 in. ) upstream 
of the slot. 

The cascade and injection parameters were 
as follows: (a) stagger angle, 45 deg; (b) 

main fluid inlet angle, 15 deg; (c) width of 
injected jet, 9.1 mm (0.36 in. ); (d) angle of 
injected flow to cascade end-wall, 90 deg; and 
(e) ratios of injected velocity to main ap- 
proach flow velocity, 0.0,0.5,1.0, and 1.5. 
At the maximum injection rate, the transversely 
injected mass flow was 3.6 percent of the main 
approach flow. The injected flow was at the 

same temperature as the main flow. 

Test Procedure 
The angles of the exit side-walls, rela- 

tive to the cascade, were adjusted until there 

was a symmetric velocity distribution across 
the exit flow. The fan speed was then adjusted 
to give an approach velocity of 13.6 m/sec 
(45 ft/sec), and the following observations 
were made: 

1 Total head pressure distribution and flow 
direction in the end-wall boundary layer 
behind the injection slot at point C 
(Fig. 1), i. e., midway between blades and 
at an axial chord distance of 0.64 

2 Pressure distribution around the suction 
and pressure surfaces of the middle blade 
in the cascade, over a range of blade 
heights 

3 Total head pressure distribution and flow 
direction across a traversing plane 200 mm 
(7.9 in. ) downstream in the flow direction 

of the cascade exit. This corresponded 
.o an axial downstream distance of R8 mm 
(0.92 axial chord). 

The flow was also visualized, =. air. l us- 
ing short lengths of thread, particular atter. - 
tior being giver. to the region i. -r ediatel7 
dc rstream of the injectior. slot. 
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Fig. 1 Velocity directions on end-wall behind 
injection slot 

RESULTS 

Qualitative Effects -- Flow Visualization 
When the additional flow was injected 

transversely across the main flow, a separa- 
tion bubble was formed on the cascade end-wall 
immediately behind the injection slot. This 

creation of a separation bubble has, of course, 
been widely studied in situations where there 
is no cascade (l, 2). l Ih much of that work, 
the pressure gradient along the flow was ef- 
fectively zero. In the presence of a positive 
pressure gradient, the bubble length increased 
(2). In the work reported here, the bubble 
lengths were much shorter than those obtained 
in streaming flow (no pressure gradient). This 
is attributed to the combination of the nega- 
tive pressure gradient and the presence of 
secondary flows (1) in the cascade. 

An illustration of the bubble size is 

given in Fig. 1 which gives the flow directions, 

as indicated by threads, on the end-wall sur- 
face immediately behind the injection slot. 
In this case, the injected jet had a velocity 

1 Underlined numbers in parentheses 
designate References at end of paper. 
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1.5 tines the rain flow velcc'_t; -. The rea: - 
tachnent boundary at the downstream end of the 

separation bubble is irdicated by line AE. 
The average length of the bubble, in the flow 
direct=or., is about 0.25 chord. It is to be 
noted that there are considerable velccit; 
components along the bubble, parallel to the 
inlet plane of the cascade, the direction be- 
ing toward the suction surfaces of the blades. 
This is in keeping with the observation of 
Elair (3) that the effectiveness of an end-wall 
cooling film, injected at 30 deg to the mair. 
flow, is much greater nearer the suction sur- 
faces due to the coolant being swept by sec- 
ondary flows across the channel toward the suc- 
tior surface. 

In other flow visualization studies, us- 
ing liquid films which dry on the surfaces, and 
fron surveys using threads, it was seen that a 
vortex appears near the end of the separation 
bubble close to the blade suction surface, i. e., 
in the vicinity of point A in Fig. 1. This 

vortex lifts a short distance away from the 

end-wall and then tends to adopt the mean flow 
direction through the cascade passage. This 
vortex is almost certainly associated with the 
increased secondary flows outside the end-wall 
boundary layer which are observed at point C 
(in Fig. 1) when the transverse flow is intro- 
duced (discussed in the following). The vortex 
continues through the passage and persists well 
downstream of the cascade exit. This can be 
seen in the exit traverse (Fig. 11) discussed 
later. 

End-Wall Secondary Flows within the Passage 
The distributions of velocity and flow 

direction in the boundary layer, and adjacent 
main flow, at point C (Fig. 1) are given in 
Fig. 2. 

For the case of no injection, the skewing 

of the boundary layer is typical of that on the 

end-walls of cascades, as studied by others. 
For example, Pager (4) has proposed that the 

cor_ponents of velocity in the boundar; - layer 

are -- , 'en 
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Fig. 2 Effects of transverse injection on 
velocities and directions in boundary layer 

on cascade end-wall (Point C) 

concept of the inner and outer layers, and, 
according to his model, the cross-flow veloci- 
ties in the inner layer are given by 

w= ew u (3) 
üu 

and in the outer layer by 

Ü-A 
(1- I) (4) 

The parameter, A, is given by 

a 
A -2 UY- 

lU 
The components of velocity in the skewed 

boundary, observed in the present work with no 
injection, are shown or. a Polar Plot jr. Fig. 3. 

The boundary-layer thickness was defined by the 

point where, on approaching the end-wall, the 
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fluid flow began to skew (c). A value of 19 

for the index r. in equation (1) was found to 

fit the experimental data. This value is con- 

siderably higher than the values of about 7 to 

0 . zsually observed in the absence of pressure 

gradients. The change to 19 is attributed to 

the negative pressure gradient. 

E*f-- 45deg + EXPERIMENTAL 

15 deg PREDICTION - MAGER (4) 

00 ----- PREDICTION -JOHNSTON S) 

WITH A-22 

0 
ýý 

0.2 

t4u 
0.1 

O010.2 0.3 0.4 O. 5 0.6 0.7 O80.9 1.0 
u/U 

Fig. 3 Polar plot of velocity components in 

boundary layer on channel end-wall (Point C) -- 
no injection 

Using n- 19 in equations (1) and (2) 

gave the predictions from Mager's model shown 
in Fig. 3. 

According to Johnston's model, it appears 
that all the experimental points are in the 

outer layer where the secondary components of 

velocity are given by equation (4). The value 

of A in this equation to give the best fit is 
2.2. This does not compare well with the value 
of 3.9 predicted by equation (5). It has, 
however, been shown by Horlock (1) that equa- 
tion (5) is limited to unconfined flows and 
will tend to be in error in the bounded flow 
in a blade channel. 

The predictions of the two models (with 

the exception of the prediction of A) are very 

similar and in close agreement, allowing for 

experimental error, with the observed results. 
While it is realized that there are shortcom- 
ings in these simple models, e. g., in the use 

of a power law in equation (1), it is important 
to note that in this turbine cascade, these 

simple models give realistic predictions. 
When the transverse flow is introduced, 

there is a considerable change in the boundary- 
layer flow at point C. In the extreme case of 
raxim,. m injection (C Q 1.5), the boundary layer 
itself is no longer skewed, but there is cor. - 
siderable charge of direction jr. the main flow 

outside the boundary layer. This change of 
direction jr. the main flow occurs in the region 
which is influenced by the vortex emanating 

from around point A (Fig. 1), discussed in the 

previous section. If one assumes that a neas- 
ure of this skewing in the rain flow near the 

end-wall is riven by the change in angle in the 
flow at the position corresponding to the edge 
of the bourdarj layer (as defined in the fore- 

going) when there was no injection, then this 

measure, 4, has values of 3.5,9, and 12 deg 
for values of the injection parameter, q, of 
0.5,1.0, and 1.5, respectively. 

At the intern ediate transverse injection 
rates (Q - 0.5 and 1.0), there is some skewing 
within the end-wall boundary layer. 

For the case where Q-1.5 and the bounda- 

ry layer is virtually two-dimensional, the ve- 
locity distribution in the layer is fitted 

reasonably well by a power, law using n- 22 
[equation (1 0, which is very close to the 

value of 19 observed in the skewed boundary 

when there is no transverse injection. 

Pressure Distributions on Blade Surface 
At mid-blade height, the pressure dis- 

tribution is virtually unaffected by the trans- 
verse injection, except that it increases the 
main flow velocity in the region not disturbed 
by the jet. 

At blade heights close to the end-wall 
behind the injection slot, alterations due to 
the transverse flow are observed. The results 
are illustrated in'Figs. 4 to 7 for the four 

distances from the end-wall -- y/c - 0.025, 

0.075,0.20, and 1.48 amid-blade height), re- 

spectively. 
Closest to the end-wall and at the high- 

est injection rate, the pressure on the suc- 
tion surface is affected for about 40 percent 
of the chord, and for about 15 percent chord cn 
the pressure surface. The separation bubble con- 

nects suction and pressure surfaces on the op- 

posite faces of the channel and tends to equalize 
the pressures. The length in which the pressure 
distribution is thus affected are Jr. agreement 
with the lengths of the separation bubble ob- 
served in the flow visualization studies (Fig. 

1). 
It is also noted that the pressure dis- 

tribution on the suction surface downstream 
from the separation bubble is also affected. 
For example, at i/c - 0.20 (Fig. 6), the pres- 

sure in this region first reduces as transverse 
injection is introduced, and then when the in- 
jection rate is a maximum, it rises again at 

positions between about 50 and 80 percent chord. 
It is considered that this is due to the develop- 

ment of the vortex, emanating from point A 
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(Fig. 1), which sweeps downstrean close to the the cascade exit traverse plane have been de- 

suction surface. ternined from the total head measurements. The 

distributions with no transverse injection and 
Exit Traverse with maximus: injection are shown in Figs. 8 and 

Velocity Distributions. The velocity 9, respectively, these depicting the distribu- 
distributions in the main flow direction across tions when viewed in the downstrean direction. 
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Transverse injection has the effect of creating 
a significant trough in the exit velocity dis- 
tribution at a height of about 0.38 chord above 
the end-wall from which the transverse flow is 

introduced. The minimum velocity in this trough 
is about 0.82 of the mid-passage velocity at the 

mid-blade height. The trough does not lie di- 

rectly in the wake of the blade, but between 

the suction surface and the mid-passage, being 

rather nearer the latter. This trough in for- 

ward velocities coincides with the center of 
the exit vortex indicated in the angular devia- 
tion traverses at the same plane and discussed 

in the next section. At mid-blade height, the 

wake behind the blade is slightly increased by 

transverse injection. 
The results when lower injection veloci- 

ties are used lie intermediate between the no 

cases illustrated in Figs. 8 and 9. Integrated 

results (as integrated total head losses) from 

all four tests are discussed later. 

A: : lar Deviations. Distributions of 
angular deviations are given in Figs. 10 and 11 
for the cases with no transverse. injection and 
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Fig. 9 Velocity contours at outlet traverse 

plane -- with transverse injection 

with the maximum transverse injection, re- 

spectively. For the case without transverse 

injection, there is only significant deviation 
(say greater than 3 deg) close to the end-wall 

of the cascade. Here the deviation is posi- 
tive. This is in agreement with established 
results. When the transverse injection is 

introduced, there are strong positive devia- 

tions at blade heights in the range 0.1 to 0.3 

chord, and strong negative deviations at heights 

of around 0.5 chord. These deviations are 

greatest downstream of the flow between the 

suction surface and the mid-channel. These 

deviations and the change of deviation across 
the pitch at the height of 0.38 chord indicates 

the presence of a vortex centered near point D 

in Fig. 11. The vortex as viewed in this 

figure, which is looking downstream, is rotat- 

ing in a counter-clock rise direction; i. e., at 

the side of the vortex nearest the suction 

surface it is moving away from the end-wall. 
It is important to note that point D coincides 

with the trough in the for-'ard velocity dis- 
tribution (Fig. 9). This vortex is the con- 
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tinuation of the vortex observed in the flow 
visualization studies which left the separa- 
tion bubble in the region of point A (Fig. 1). 

Integrated Stagnation Pressure Losses. 
To provide numerical comparisons, some form of 
mean values across a pitch at the various blade 
heights are required for the parameters of 
stagnation pressure loss and deviation. If 
sufficient points are taken, it is considered 
(8) that suitable averages are obtained simply 
b; - taking arithmetic mean values. 

The results, thus averaged, are given in 
Fig. 12. The peak losses in stagnation pres- 
sure, at the various injection rates, occur at 
the heights along the blade where the variation 
ir. outlet angle is most influenced by the exit 
vortex. 

The only hitherto published experimental 
work on the effects of transverse flows or. cas- 
cade performance that has been traced is that 
by Deich, et al. (g). Their cascade was of im- 
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Fig. 11 Deviations at outlet traverse plane -- 
with transverse injection (location of measure- 

ment is tail of arrow) 

pulse blading design, and their results are 

shown in Fig. 13 compared with the extreme in- 

jection rate results of the present work. Both 

sets of results are of the same form. Further- 

more, the losses of Deich et al., and also those 

of the present work, when integrated along the 

blade height, are in good agreement with a one- 
dimensional theory given in another paper by 

the present authors (10). 
I-tecrated Deviations. The deviations, 

integrated in the pitch direction, are shown in 

Fig. 14. 
When transverse injection is taking place, 

there is positive deviation near to the end- 

wall. This average deviation first increases 

and then decreases, almost linearly, as distance 

from the end-wall increases. A maximum negative 
deviation is observed, after which the mean 

flow angle rises toward the value in the main 

stream which has been unaffected by the injec- 
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tion. The mid-point between the maximum posi- 
tive and maximum negative deviations represents 
the height of the center of the exit vortex, 
i. e., the height of points such as point D in 
Fig. 11. 

CONCLUSIONS 

Increasing the transverse jet velocity 
causes increasing disturbance to the flow with- 
in the cascade and in the exit flow. The dis- 
turbance is observed in the following effects: 

1A separation bubble appears on the 

cascade end-wall immediately behind the injec- 
tion slot. This extends at the maximum in the 
present work to about 40 percent chord on the 

suction surface, and to about 15 percent chord 
on the pressure surface. 

2 More pronounced secondary flows are 
set up within the passages of the cascade out 
with the boundary layer on the end-wall behind 
the injection slot. 

3 The pressure distributions on the 
blades are disturbed in the vicinity of the 

separation bubble and of the vortex which leaves 
from it. The charges are such as to reduce lift. 
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4A vortex-like flow appears at the sue- 
tion surface end of the separation bubble and 
moves downstream with the rain flow at a short 
distance fron the end-wall. This vortex per- 
sists in the exit flow, causing local devia- 
tions, ir. the present work of up to 8 deg. The 

acre of the vortex passes between the aid-char. - 
nel and the suction surface. The direction of 
the vortex is away from the end-wall at the 

side nearest the suction surface. Associated 

with the vortex is a trough in the forward ve- 
locity, at worst in this cascade the velocity 
in the trough dropping to scme 82 percent of 
the adjacent plateau velocities. 

A subsequent paper (10) gives graphical 
and numerical comparisons of the effects of the 

parameters of injection jet velocity, jet 

width, jet inclination, main flow approach 
angle, and cascade stagger angle. In that 

paper, the losses of stagnation pressure across 
the cascade and the changes in flow capacity 
are compared with the predictions of a very 
simple one-dimensional theory. 
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This paper reports the changes in the performance of three turbine cascades when a 
transverse flow is injected from an end-wall into the main flow immediately in front of the 
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and 45 deg. The effects of the following other variables were also investigated-main flow 
inlet angle. injection let inclination to main flow, injection let velocity, and let width The 
performance changes were assessed by measurements of averaged stagnation pressure 
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The Effect of a Transversely Injected 
Stream on the Flow Through Turbine 
Cascades: Part II-Performance Changes 

K. D. SHRIVASTAVA 

NOMENCLATURE 

N. R. L. MacCALLUM 

t- injection jet width 
c- chord 
d= distance along blade pitch from one 

mid-passage line to next, in direction 
of blade suction surface 

D- measure of strength of exit vortex, 
defined by (Aa*)(. y*/c) 

E- measure of kinetic energy of tangential 
components in exit vortex, defined by 
(Aa*)2(AY*/c)2 

f= ratio of cascade exit mass flow to 
mass flow of main approach stream 

F- measure of angular momentum of exit 
vortex, defined by (Aa*)(Dy*/c)3 

k= ratio of specific heats 
A- main approach mass flow rate 
M- Mach number 
p= pressure 
Q= ratio of maximum velocity of injected 

jet to velocity of main approach flow 
s= blade pitch 
T- temperature 
U- velocity of main flow outside the 

boundary layer 
y= distance from end-wall carrying the in- 

jection slot 
a= main fluid angle, measured from axial 

direction 
y= stagger angle 
'7 = nozzle efficiency 
0- angle between injected jet and cascade 

end-wall 
p= density 

= change in angle of flow at the position 
of the outer edge of the end-wall bound- 
ary layer when there was no injection 

Subscripts 

o- stagnation 
1,2 - inlet to, outlet from cascade 

d- datum, i. e., with no injection 

ave = average 
max = maximum 
ref = reference 

Superscripts 

= after mixing 
* over range of maximum angular effects 

(integrated over pitch) of exit vortex 

INTRODUCTION 

When a flow is injected transversely into 
the main flow entering a row of turbine blades 

or nozzle guide vanes, as when disk cooling air 
in a gas turbine is returned, several significant 
effects in the flow are observed (1) .1A separa- 
tion bubble is formed on the end-wall of the blade 

passage immediately behind the injection slot. 
Near the blade suction surface end of this bubble, 

a vortex moves into the main flow and continues 
downstream through, and beyond, the blade row. 
The object of the present work was to study the 
effects on the performance of typical cascades of 
turbine blades of the variables of injection 
velocity, injection jet width, injection inclina- 
tion to the main flow, main flow inlet angle, and 
cascade stagger angle. The performance parameters 
considered were the magnitudes of the secondary 
flows on the channel end-walls, the pressure dis- 
tributions on the blade surfaces, the losses in 
stagnation pressure and efficiency of the cascades, 
the effective flow capacities of the cascades and 
the strengths of the exit vortices. 

VARIABLES EXAMINED 

The apparatus, which was based on a cascade 
of typical turbine nozzle guide vanes, was the 
same as that previously described (1), with the 
additional features that the main flow inlet angle, 

1 Underlined numbers in parentheses designate 
References at end of paper. 
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the cascade stagger angle, and the inclination 

and width of the injected flow to the main flow 

could all be varied. The aspect ratio of the 

cascade was 3.0. Typically, the approach velocity 

ct the main flow was 13.6 m/sec, giving an exit 

velccity :f abcut 27 =/sec. The injected flow 

was at the same temperature as the main flow. 

The , cmbirati: ns of variables examined are listed 

in Table 1. The instrumentation far examining 
the flow was as described in Reference (1), there 

being pressure measurements an the suction and 

pressure surfaces of the : aid-blade of the cascade, 

velocity traverses (nagnitude and direction) with- 
in the cascade passage near the end-wall behind 

the '_njecti_n slat (=id-way between the blades 

and at an axial. chord of ). 6L. ), and exit traverses 
for velocity and direction at an axial distance 
downstream from the cascade of 0.92 axial chord. 

Table 1 Combinations of Variables Tested 
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Fig. 1 Velocity contours at outlet traverse 
plane--injection at 60 deg 

been given in Figs. 8 and 9, respectively, of 
Reference (1). The effect of reducing the in- 

clination of the jet is seen in Fig. 1 of the 
present paper. These tests had been carried out 
with a main flow inlet angle of 15 deg. The 
elects of the transverse injection when the 

main flow inlet angle is 30 deg are seen by com- 
paring Figs. 2 and 3. (Q - 0.0 and 1.5, respec- 
tively), and the effects at a different stagger 
angle (7 - 35 deg c. f. 45 deg) are seen by com- 
paring Figs. 4 and 5. 

The effects of varying the injection Jet 
ýji, ýth and inclination on the pitch-integrated 
stagnation pressure losses and pitch-integrated 
deviations at exit are shown in rigs. 6 and 9. 

respectively, the corresponding results at the 
different inlet angle of 30 deg are shown in 
Figs. 7 and 10, and those at the different stag- 
ger angle of 35 deg are shown in Figs. 8 and 11. 
The effects of varying the injection jet velocity 
at the maximum jet width, in the present apparatus, 
have been shcwn in Figs. 12 and 14 c_ Reference 
(1). Equivalent results by Deich et al. (2) are 
also shc, an in Fig. 13 of Reference (1). 
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Fig. 2 Velocity contours at outlet traverse 
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verse injection 

It has been found that when transverse in- 
jection is introduced, the end-wall boundary 
within the channel becomes less skewed and may 
even appear two-dimensional (1). However, there 
is appreciable skewing in the flow outwith the 
boundary layer. The measure that has been adopt- 
ed of this secondary flow in the main stream is 
the change in the angle of the flow at the posi- 
tion of the outer edge of the end-wall boundary 
layer when there had been no injection. This 
parameter, 0, is listed in Table 2 for the vari- 
ous arrangements tested. 

Effects of Test Variables 
In general, it is found that if a variable 

is altered in a manner to increase, say, the 

separation hubh1e si2e_ then rnre rrnnnvii' 

1" 

1" 

Yý 

1" 

O 

O 

C 

C 

y-45 deg 

4 acl-3O deg 
A-90deg 2 

b-9. l mm 

N O-1.5 
2 

Vf N 
P°Ö 
pO to ä 

c 
no 
0 

PRESSURE 
SUCTION SURFACE 
SURFACE OF 

F BLADE 
BLADE 

go 45. 
1"6 -10 O-si 

ý >ý O"85 d. 

r4 
92S 0.90 

p"5 

"975 
p9j 

pof' "qO_O. 9? 
p 

0 O. 5 di. l" 

"o 

1/1 

"o 

8 
Fig. 3 Velocity contours at outlet traverse 

plane-main flow inlet angle 30 deg, with trans- 

verse injection 

Table 2 Comparisons of End Wall Skewing 
Parameter, 0, and of "Strengths" of Exit Vortex 

Cascade and Jet Parameters End-wall Exit Vortex Parameters 

V 
deg 

a1 
deg 

QI 6 
deg 

skewing 
Parameter 

$ 
deg 

D/Dref E/Ersf P/Pref 

45 15 1.5! 90 12 1.0 1.0 1.0 

1.0 9 0.59 0.35 0.28 

0.5 3.7 0.46 0.21 0.19 

30 1.5 21 1.39 1.94 2.42 

0 6.9 0.53 0.26 o. 2E" 

15 0 12 1.18 1.40 1.91 i 

5 16 1.75 3.03 5.2 

L5 60 4.5 0.67 0.44 0.40 

secondary flows within the passage are observed 
adjacent to the end-wall behind the injection she reference values Onet etc) are the values or the pararters 
slot, the area of the blade surfaces over which obtained with the reference geometry (v - 45 deg, al - 15 deg, 
the pressure distribution is affected is increased, 
the strength of the vortex in the exit flow is e- 90 deg) and with = 1.5. 

increased, its location moves further away from rar all the above cases, the Injected jet width, b, was 9.1 , R:. 
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the end-wall, and the trough in the forward 

velocity in the center of the vortex becones more 

pronounced. All the foregoing effects are im- 

plied when, in the discussion which follows, a 

change in a variable is said to cause a "deteri- 

oration" in the flow. 
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Fig. 4 Velocity contours at outlet traverse 

plane-stagger angle 35 deg, no transverse injec- 

tion 

The flow in the cascade deteriorates as 
the velocity of the transverse jet increases and 
as the width of the jet increases. The deterio- 

rations, within the accuracy of the tests, may 
be taken as linear with these variables. Thus, 
the deterioration is proportional to the volume 
flow (or mass flow) rate of the injected jet. 

Reducing the inclination of the injected 
jet to the main flow lessens the deterioration, 

although not, perhaps, to the extent suggested by 
the simple theory discussed in the following sec- 
tions. 

Increase of the main flow inlet angle, with 
a consequent increased turning angle within the 
cascade, is accompanied by a more significant de- 
terioration of the flow under transverse injection 
conditions. 
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Fig. 5 Velocity contours at outlet traverse 
plane-stagger angle 35 deg, with transverse in- 
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When the stagger angle of the cascade is 

reduced to 40 deg and then 35 deg, the effect of 
transverse injection is to cause progressively 
more marked deteriorations in the flow. 

Stagnation Pressure Losses,. -Comparison with One- 
Dimensional Theo 

A simple one-dimensional theory is given 
in the Appendix which relates the losses in stag- 
nation pressure and the changes in flow capacity 
of the cascade to the parameters defining the 
transversely injected flow. The treatment given 
in the Appendix is for incompressible flow (valid 

for the present work) and includes the inclination 

of the jet td the main flow as a variable. A 

compressible flow treatment, but restricted to 
injection at 90 deg only, has been given by Barnes 

and Fray (3). 

In both these theories, the effect of the 

cascade is ignored and the main flow is assumed 
to maintain its direction without change of cross- 

sectional area during mixing. 
The loss in stagnation pressure, predicted 

by the incompressible theory, is, 



- npo " }cu12 [(r2-1)- 2(f- 1)QoosQcos a1) 

(1) 

: he corresponding results fron the cor.. - 
pressible flow analysis (_), with 0= 90 deg, is 

P, - P., Oc 
swo 0 

Yý 

0.0 

............ Q-1.5,0-90 deg, b-9-i mm 

--- O-1.5 , B-90deg, b-5.6mm 

.5 -""- 0-1.5 
,8 -9Odeg , 

b-2.4mm 

--- Q-1.5 , 
8-6O deg, b-9.1 mm 

c y=45 deg 

o4j-15 deg 

"O I 

Gt 

000.10 0.20 
(Po1-P02)o, 

e/(Pol-P2) 

Fig. 6 Integrated stagnation pressure losses-- 
effects of jet width and jet inclination 

Equation (2), with To and To' equal, and 
for incompressible flow, reduces to equation (1) 
for the case of 9` 90 deg. It is to be noted 
that for this case of 0- 90 deg, the loss in 
stagnation pressure is a function only of the 
ratio of the injected mass flow to the main ap- 
proach flow (f - 1) and of the inlet velocity 
head. The predicted loss is independent of cas- 
cade parameters such as aspect ratio. 

The results of the comparison are given in 
Fig. 12, where the observed losses in stagnation 
pressure are plotted to a base of the losses pre- 
dicted by equation (1). The observed losses were 
obtained by comparing integrations across the 
exit traverse plant with and without injection. 
Allowing for the inevitable error arising from 
comparing two similar values of averaged losses 
(the largest observed increase in losses amounted 
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Fig. 7 Integrated stagnation pressure losses 

for main flow inlet angle of 30 deg 
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Fig. 6 Integrated stagnation pressure losses 
for cascade stagger angle of 35 deg 

to 30 percent of the datum losses), the agreement 
is very good for the cases where 0= 90 deg. The 

experimental losses where 0= 60 deg are lower 
than for the 9= 90 deg case, but the reduction 
is not as large as the 70 percent predicted by 

equation (1). 

The simple theory has also been applied to 
the arrangement tested by Deich et al. (2), and 
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here too, good agreement was obtained between the 

_reaicted and observed losses. 
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1 - 
Do2 

(3 ) 
Dal - P2 

Cn this basis, the efficiency of the nozzle in WI 
the present work when y= 45 deg and a1 = 15 

UU 
deg and without transverse injection is measured 
as C. 958. When the transverse flow is introduced 

at 90 deg at the maximum velocity (Q = 1.5) and 
naxi: ru jet width (t = 9.1 ns), the observed 
nozzle efficiency drops to 0.948. (Under these z 
conditions, the injected flow was 3.6 percent of -z 
tO he approach flow. ) 

Cascade Flow Capacity --Comparison with One- 
'inensional Theory 

For the same approach mass flow in the main 
stream, the cascade exit static pressure has to 
be lowered when the transverse flow is introduced 
by an amount given by (see Appendix) 

- Cv2 -*o u12 [ (r2- 1) -2 (f - 1) Q co. G too tri). (r2 - 1)(DO1-'2d) (Li. ) 

phis reduction in the exit static pressure for 
the some main flow is a measure of the lowering 

of the flow capacity of the cascade, when ex- 
pressed in terms of the main flow as a function 
of the cascade pressure drop. 

The results of the present tests are com- 
pared with the predictions of equation (4) in 
Fig. 13. There is good agreement for all cases, 
including that with injection at 60 deg. The 
dominant term on the right side of equation (4) 
is the second term, this being about 80 to 85 

percent of the total predicted reduction in static 
pressure. 

For the case of maximum injection (3.6 

percent) at 90 deg, the observed required reduc- 
tion in exit static pressure for the some main 
flow is 6.8 percent of the original cascade pres- 
sure drop. Thus, the reduction in flow capacity 
for an unchanged pressure drop is 3.4 percent, 
reckoned on the main approach flow. The predic- 
tion of equation (4) is slightly greater than 
Z. _s--a 

':. 
_ percent reduction. 

LY'. V, ý^tex --Quant_tat'_ve Cortarisons 
Pronounced vortices have been observed in 

the cascade exit flow. When a vortex exists jr. 

a flow approaching a row of blades, then this 
vortex appears to maintain its existence and 
"bcunces off" the blades, causing local flow d_s- 

tortion and separation (4,1). These effects 
have apparently only been observed qualitatively. 

. is likely that if vortices such as those ob- 

0-6- 

0-4 
pY 

O 

O. 2 X 
SYMBOLS AS IN 

FIGURE 12 

O 
0YO. 2 O. 4 O. 6 

ED 

Fig. 13 Predicted and observed changes in down- 

stream static pressure-effect of transverse 

injection 

served in the present work are created at some 
intermediate row of blades in a turbine, then 

they may cause significant disturbances in the 

subsequent blade rows in the machine. 
It is desirable to have some quantitative 

indication of the effects of the test variables 

on the "potential" of the vortex for disturbing 

subsequent flows. Three possible measures for 

this "potential" are suggested here-the circu- 
lation, the kinetic energy of the tangential 

velocity components in the vortex, and the angu- 
lar momentum of the vortex. If the vortex is 

assumed to be in solid body rotation, bounded in 
diameter by the positions of maximum pitch-inte- 

grated positive and negative deviations, then 

three parameters, D, E. and F, which are propor- 
tional to the foregoing measures, respectively, 
are defined by 

D-c ba7 )( Ay 'iC) (5 ) 

F-( ao 12( Lr /2ýO 

P (Eo21 (&/c) (7) 

The results of apFlSi r these equations 
are showr in Table 2 where the values of D, E, 

and F fr various arrangements are compared with 
Reference Values, these being for the cascade 
having Y= 45 deg, a= 15 deg with injection at 
90 deg at the maximum rate (Q = 1.5, b=9.1 r). 
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the oases where there was no transverse injection 

have been omitted, as under these conditions 
there were no clearly defined exit vortices of 

size comparable to those observed when there 

was transverse injection. 
As can be seen, parameter D increases al- 

most linearly with jet velocity. Parameters E 

and P increase more rapidly. The exit vortex 
is strengthened when the main : low inlet angle 
is increased to 30 deg, and very markedly in- 

areased when the stagger is reduced. Reducing 

the inclination of the transverse jet to 60 deg 

roughly halves the strength of the vortex. he 

. arges are in reasonable quantitative agreement 
with the changes in the end-wall skewing param- 
eter, 0. 

CONCLUSIONS 

The cascade variables of inlet angle and 

stagger angle affect the disturbance, as described 
in Reference (1), caused by transverse injection. 

Increasing the inlet angle slightly increases 

the disturbance, while reducing the stagger angle 
produces a more marked increase in disturbance. 

Variation of the injected jet variables 

of velocity and jet width indicates that the ex- 
tent of the deterioration of the flow resulting 
from injection is almost proportional to the in- 
jected mass flow. 

Reducing the inclination of the injected 
jet from 90 to 60 deg roughly halves the disturb- 

ance. 
For the cascade itself, the changes in 

efficiency and in flow capacity are in close 

agreement with a simple one-dimensional theory. 

In a typical case, injection at 90 deg of a flow 

amounting to 3.6 percent of the main approach 
flow causes a reduction in nozzle efficiency of 
1 percent and a reduction in the flow capacity 
(expressed in terms of the main approach flow) 

of 4 percent. 
It is likely that the strong exit vortex, 

which is present in the flow leaving the cascade, 
will cause a deterioration in the flow through 

subsequent blade rows in the turbine. No quan- 
titative data are yet known on the extent of 
this effect. 

APPENDIX 

.:: E- I: "IElTSIOP: AL TFlEORY FOR LOSSES IN STAGNATION 

-ESSIRE A: 1D FLV CAPACITY 

she thecr; given in the following is an 
extension tc that of Barnes and : ray (3) in that 

angles of injection other than 90 deg and main 
flow inlet angles of other than zero deg are 
included. It is more restrictive in that it is 

limited to incompressible, uniform temperature 

flow. 
It is assumed that the mixing takes place 

extremely rapidly and is completed before the 
flow enters the cascade. Thus, it is assumed 
that the main flow retains its approach direc- 
tion during the mixing. 

Momentum balance between the planes before 
injection and after mixing gives (Fig. 14) 

P: " C, -. U12 
(ir2 

" li . (r . 1) a oa, G ., oýjl 
(a) 

The loss in stagnation pressure between 
these planes is then 

-ev, -*0U12[(t2-1). 2(f_1)Q... a.. a ai] (1) 

PLANE I' 
PLANE 

V ýG1t 
Y 

Ii 

C; % 
V ML. ý_. _. 

i 
.. M 

SECTION AT MM 
Fig. 14 Model for one-dimensional mixing 

The loss of flow capacity in the cascade 
can be expressed in terms of the reduction in 

approach main flow for the same pressure drop 

across the cascade from inlet stagnation to out- 
let static conditions. It can also be expressed, 
for this non-choked cascade, in terms of the re- 
d;: cticn in exit static pressure for the same main 
approach flow. The exit static pressure has to 
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be lower due to two effects: (a) there is the 

loss in stagnation pressure due to injection, 

given by equation (1); and (b) the cascade threat 
has to accoi odate the total flow, and this will 
require an increased pressure drop. Sur. ing 
these effects gives 

- ODZ -10 ul2 
[ 

(r2 - 1) -2 (f - I) n ew 6 cw nl, . (f2 - 1)(0ol- Cx) 

The foregoing expression provided a useful 
comparison of flow capacities in the present 
work. The corresponding expression giving the 
flow capacity changes jr. terms of Hain approach 
flow changes for the same cascade pressure ratio 
(or drop) is 

> 
(9) 

"-4( 
ß'2 

. p2d 

the term (- A P2) having been obtained using 
equation (4). 
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Transient Expansion of the 
Components of an Air 

Seal on a Gas Turbine Disc 

N. R. L. Maccallum 
Dept. of Mechanical Engrg., 

Univ. of Glasgow (Scotland) 

WIEN A GAS TURBINE has its speed suddenly 
changed, some time may elapse'between the 
turbine reaching its new speed and the 
performance stabilising. The progress of 
the turbine towards its stabilised performance, 
after reaching its new speed, can be called 
the "thermal soak" transient (1)*. Factors 
which influence this transient are (i) non- 
adiabatic compressions and expansions (ii) 
altered blade tip clearances due to 
differential rates of expansions (iii) 
altered seal clearances due to differential 
rates of expansion (iv) altered critical flow 
areas e. g. at nozzle guide vanes. This 
paper describes a theoretical investigation 
of one of these factors - the expansions of 
the components of an air seal on a turbine 
disc during and following an acceleration 
from Ground Idling Speed to Maximum Speed, 
and the contractions during and following a 
deceleration back to the Id? ing Speed. The 
gas turbine investigated is a typical two- 
spoci by-pass jet engine. 

DESCRIPTION OF SEAL 

The Seal is illustrated in Fig. 1. The 
Seal is formed between the tips of four fins 
which are integral with the Turbine Disc (of 
the No. 1 High Pressure Turbine) and a 
Stationary Ring mounted on the partition 
wall, A. High Pressure Cooling Air (taken 
from the delivery of the High Pressure 
Compressor) is supplied to the left side of 
the Seal (as viewed in Fig. 1). The purpose 
of the Seal is to allow a small, controlled 
flow of this Cooling Air to pass through 
Zone B, cooling the face of the Turbine Disc 
and then leaving through the gap between 
the downstream edge of the platforms of the 
first set of High Pressure Nozzle Guide Vanes 
(H. P. 1 N. G. V's) and the front edge of the 
platforms of the first set of High Pressure 
Blades (H. P. 1 blades). The outward flow of 

* Numbers in parentheses designate References 

at end of oaner. 

ABSTRACT 

Using simple finite-difference moaels 
with appropriate boundary conditions, 
methods have been developed for predicting 
the movements of the critical components of 
an air seal on the face of the first High 
Pressure Turbine Disc of a typical two-spool 
Gas Turbine. The methods have been applied 

to two testing transients - the acceleration 
and the deceleration between the Ground 
Idling and Maximum Speeds. In the 
acceleration, seal openings of double the 
equilibrium value are predicted to persist 
for 30 s after completion of the speed 
transient. 
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cooling air prevents the ingress of hot 
turbine gases. 

At Maximum Speed the radial clearance 
between the tips of the fins mounted on the 
Turbine Disc and the inner surface of the H. P. 1. N. G. V. 

Stationary Ring should be between 0.13 mm 
and 0.23 mm. 

The Turbine Disc material is Incoloy 901, 
chosen for creep strength properties, while 
the Stationary Ring is made from a Martensitic 
Stainless Steel. 

The radial expansions of the Fins on the ALLA 
Disc and of the Stationary Ring from cold, 
stationary, to equilibrium at the Maximum 
Speed are given in Table 1. STATIONARY 

Using the results given in Table 1, the RING 
cold radial clearance is then HIGH 
(0.18 + 1.37 - 0.82), i. e. 0.73 mm. PRESSURE 

AIR 
LING N 

MODEL FOR TURBINE DISC 4 
690 

The transient temperature response of 
the Disc has been predicted by a simple 
finite-difference method using nodal 
resistance networks. The geometry of the 
disc has been approximately represented by 
the model shown in Fig. 2, the model 
consisting of 20 equal radial increments, 
each annular ring so formed being divided in 
the axial direction into 10 elements. 

The Boundary conditions at the various 
faces are discussed below. 

BOUNDARY CONDITION: DISC FACE 1- The 
mechanism of heat transfer to this Face can 
be considered to be that to a rotating disc 
adjacent to a stationary surface (wall A), 
the outer periphery of the system being 
shrouded with a small clearance (between the 
platforms of the N. G. V's and Blades) and with 
an outward flow of coolant air. The heat 
transfer and/or drag characteristics of this 
and other systems having some similarities to 
it have been studied by several workers (2) - 
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. SCALE 
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Fig. 1- Seal on H. P. 1 turbine disc and 
equilibrium turbine disc temperatures - 
predicted and from thermal point test - 
turbine inlet temperature 1365 K 
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Fig. 2- Simplified model to represent 
turbine disc 

(6). It was decided to base the heat 
transfer expressions to be used in the 
present work on experimentally derived 
correlations. Unfortunately in none of the 
above listed cases did the experimental 
conditions correspond with those in the 
situation being examined. The major 
difference was in rotational Reynolds Numbeý 
(Re) - in the present case it being 12 x 109 
whereas the highest value used in the 
experiments (2), (3) was ux 100. However 
these results can be extrapolated with some 
confidence due to the close relations^i;, 
between the results for these shrouded discs 
and those for free rotating discs. 
Consequently the correlations used in the 
present work are those for free rotating 
discs, modified for the effects of stator 
wall, shroud and cooling air flow. 

The local Nusselt Number on a free 
rotating disc at Re values approaching 1Cý 
agrees experimentally (7) with 

Nur = 0.0195 (Rer)0. 
b 

(1) 

Drag predictions and experiments, coupled 
with Reynoldg Aralor; "107 , 

(E) indicate that in 
the range 10 < Re C the average Nusselt 
Number or. th free disc should be proportion- 
al to (Re)0"°, so one would expect equation 
(1) to be reasonably satisfactor; p to Re 

value of 12 x l0F. The effects of the 

adjacent stator wall, of the shroud and of 
the coolant flow on the drag moment of the 
disc face have been investigated by "Bayley 

and Owen (2) at Re values up to 4x 101. At 
Re of '; x 105, with the value of gap ratio, 
G, of G. 074 (the present case), with the 

value of shroud clearance ratio, Gc, of 
0.00 (the present case) and with a value of 
coolant mass flow coefficient, Cw, of 
2. A x l0 (scaled in proportion to Re from 
the present case at equilibrium), the drag 
coefficient is about 30' higher than that of 
a free disc. This result is not greatly 
influenced by changes in mass flow or in 
shroud clearance ratio - doubling the mass 
flow increases the drag by about 10 while 
doubling the shroud clearance reduces it by 
about 5%. In the extrapolation of the 
increase (c. f. free disc) to the Re value of 
12 x 106, it is possible that this excess 
should be reduced. On the other hand, as 
seen later, the cooling air flows during the 
transients being studied are frequently 
considerably higher than the equilibrium 
values, which would tend to increase the 
excess. Consequently it has been assumed 
that the ratio of the shrouded disc drag to 
the free disc drag is 1.3 at the operating 
value of Re - 12 x 106. Assuming that there 
is a similar increase in Nusselt Number, the 
local Nusselt Number on Face 1 is given by 

Nur = 0.0253 (Per) 0.8 (2) 

It is important to compare this prediction, 
based on drag moment coefficients, with any 

other available predictions. For the 
present case at maximum speed, equation (2) 

integrated over Face 1 gives a value of 
10,700 for the average Nusselt Number. The 

average value over the same face predicted 
from the heat transfer correlation of 
Kapinos (3) is 8680. In this calculation it 

was assumed that Kapinos's expression could 
be used, without, serious error, up to the 

value of 12 x 1^'ý for Re, which is beyond the 
limit of Lx 10 for Re, to which it had been 

established. One explanation for the 
discrepancy between Kapinos's prediction and 
that of equation (2) is that Kapinos's 
systems had not been shrouded. The presence 
of the shroud is seen to increase the drag 

moment, typically by 1%, (2). Allowance 
for this would place the two predictions in 
close agreement. No comparisons other than 
that with Kapinos have been made as the Re 

, W. j A. - 



-: alues used in the tests of other workers 
were 5x 105 or less. 

In the calculation procedure adopted, 
allowance is made for the change ir 
temperature of the cooling air as it moves 
jutwards over Face 1. Heat is transferred 
between the air and both the Disc and the 
wall A. It is assumed that the total heat 
transfer to/from this air is 1.5 times that 
transferred from/to the Disc (the values of 
this factor 1.5 and of other similar factors 
are not critical to the results). The 
effective temperature of the air for heat 
transfer with the disc is taken as the 
static temperature plus the dynamic 
temperature 4w2 r2/2 cp). 

BOUNDARY CONDITION: DISC FACE 2- In 
this case the coolant flows inwardly. The 
drag moment coefficients, and average Nusselt 
Numbers for inward flow appear to be lower 
than those for outward flows (4), (5). The 
comparisons are only available at comparatively 
low values of Reynolds Number. Comparing 
drag moment coefficients (on different rigs, 
(4), c. f. (2)) at Re of 5x 105 suggests 
that the value for inward flow is about 0.75 
of that for outward flow. At the lower 
value of 2.06 x 105 for Re, the average 
Nusselt Number for inward flow is about 0.6 
of the value for the outward flow (5). In 
view of the apparent reduction in the 
difference between the inward and outward 
flow results as Reynolds Number increases, 
it is assumed that at Re values of about 
107, applying to Face 2, the ratio of Nusseit 
; lumbers might be much closer to unity, say 
0.9. This assumption has been used in the 
present work. 

BOUNDARY CONDITION: DISC FACE 3- This 
face is the outer wall of an annular passage 
through which passes the air for cooling 
the remainder of the H. P. Turbine and the 
L. P. Turbine. The standard equation for 
forced convection in developed pipe flow 
has been used 

0.8 0.4 k 0.023 (p) (Pr) (3) 

in determining the change in temperature 
of the cooling air, it is assured that the 
heat transferred to/from the cooling air is 
3 ; irres that transferred from/to the Disc 
at Face 3 (the factor 3 is possibly an 
overestimate, but reducing it to 2 has only 
a slight effect on the predictions). 

BOUNDARY CONDITION: DISC FACE 4- The 
air which cools Face 4 is surrounded by walls 
(H. P. 1 and H. P. 2 Turbine Discs) rotating at 
H.?. Shaft Speed. There are two extremes 
for the regime of this air flow. At one 

extreme the air rotates with the adjacent 
Turbine discs at the H. P. Shaft Speed, in 
which case the heat transfer can be regarded 
as being by natural convection in a high 
gravity field, the gravitational acceleration 
being 

B' w2r (u) 

The natural convection correlation is 

Nu = 0.12 (Gr x ? r)v.,, (ý) 
r 

At the other extreme, the core flow of the 
air can be assumed initially to have no 
angular momentum, and the heat transfer 
mechanism is as for Face 1, the local Nusselt 
Number being given by equation (2). At a 
typical radius on Face 4, the local Nusselt 
Number predicted from equation (5) is about 
0.5 of that predicted from equation (2). 
Some indication of the nature of the actual 
flow in this case is given by comparison 
with the flow between discs and stationary 
walls. Bayley and Owen (6) indicate that at 
a gap ratio of 0.03 the flow in the core is 
essentially radial. At lower values of gap 
ratio it is mixed. In the engine case being 
considered the equivalent gap ratio is about 
0.08, although there is no stationary wall to 
inhibit rotational motion. Thus the flow will 
probably more nearly approximate to the 
mechanism having little angular momentum. 
For the present work, heat transfer at Face 4 
has been assumed to be given by equation (2), 
but with the constant reduced by 2096 to make 
some allowance for development of angular 
momentum. 

It is assumed that the heat transferred 
to/from the air is 2 times that given from/to 
the H. P. l Disc. 

BOUNDARY CONDITION: DISC FACE 5- This 
boundary is in contact with the platforms of' 
the H. P. 1 Blades. This surface will be at a 
temperature somewhere between that of the 
average metal temperature of the blade (1177 K 
at Maximum Speed) and that of the entering 
cooling air (737 K'at Maximum Speed). A 
value 2O from the average metal temperature 
to the cooling air temperature has been used 
in the present work. The resulting 
expansion is not greatly sensitive to this 
factor -a change to 40ý; only alters the 
expansion at 30 s after commencing an 
acceleration by 0.611 of the total expansion 
over the transient. 

ýQUILiýRIUi4 CCMPARISCN OF PREDICTIONS W1':: 1 
TE", PRRATÜRES -A set of' observed equilibrium 
H. P. 1 Turbine Disc temperatures (at 1365 K 
Turbine Inlet temperature) is shown in Fig. 1. 

The cooling air used for the Disc is 
drawn from the High Pressure (H. P. ) Compressor 
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delivery and then passes adjacent to a wall 
separating it from the Low Pressure (L. P. ) 
Cooling Air before reaching the Turbine Disc. 
Prediction cf the heat transfer fror. the H. P. 
Cooling Air is difficult. To obtain 
satisfacto:; " agreement between predictior and 
experiment on the equilibrium temperatures of 
the bulk of the Disc, it appears that the 
H. P. Cooling Air must be cooled by about 
25 deg C by heat transfer to the L. P. Cooling 
Air. This deduction has been adopted to 
give the predicted equilibrium Disc 
temperatures (bracketed) shown jr. Fig. 1. 
The observed increase in temperature with 
radius is satisfactorily predicted. 

MODEL FOR STATIONARY RING 

The Stationary Ring and the simplified 
model used to represent it are shown in 
Fig. ". The Boundary conditions are 
discussed below. 

BOUNDARY COMITION: STATIONARY RING 
FACE 1- There is no high velocity over 
Face 1 and so the heat transfer coefficient 
has been based on natural convection 
correlations, increased by an assumed 50% 
as an allowance for local flows. This 
artibtrary assumption is not critical as the 
heat transferred across Face 1 is only a 
small fraction of the heat transferred to 
the Ring. 

BOUNDARY CONDITION: STATIONARY RING 
FACE 3- This is the serrated face opposite 
the tips of the four Fins carried by the 
Turbine Disc. This face experiences very 
high velocities. One possible basis of 
heat transfer prediction is relative to the 
correlation for fully developed, enclosed 
flow (equation (3)). On the one hand the 
local coefficients will tend to be higher 
than corresponding to this correlation as 
the flow profiles are more nearly those at 
entry sections. On the other hand the 
regions of this face which are not directly 
opposite the tips of the fins will experience 
lower coefficients. As a first estimate it 
has been assumed that the developed, enclosed 
flow correlation may be used. It will be 
seer. fror typical temperature distributions 
in this Ring (Fig. 6) that the temperature 
at this face comes very quickly to near to 
the temmerature of the adjacent air and the 
heating o: ' the Ring through this face tends 
to be limited by the conductivity of the 
Rine. material, rather than by the local 
convective heat transfer coefficient. 

BOUNDARY CONDITION: STATIONARY RING 
FACE u- This face is part of the 
stationary partition A (Fig. 1) which fors 
one wall of Zone B, the facing wall on that 

----. .. 

zone being the Turbine Disc. The local 

coefficient of heat transfer on Face Z is 

some function of the local coefficient on 
the ad tacent face of the Turbine Disc. It 
has been seer. (9) that the Drag Moment 
Coefficient on the stator wall at the 
relevant gap ratio varies from about C. 35 to 

about 0.55 of the DraC Moment Coefficient on 
the Rotor Disc over a range of inward coolant 
air flows, somewhat lower than in the present 
work, and at a lower rotational Reynolds 
Number. It has been assumed here that the 
heat transfer coefficient on this Face 4 is 
0.55 of the local value on the adjacent 
Turbine Disc face. This assumption is only 
an approximation, particularly for the 
section of Face h which is normal to the 
Disc face, rather than facing it. 

FACE I 

(b) SIMPLIFIED MODEL 
10 20mm 

SCALE 

Fig. i- Stationary ring and simplified 
model 

(a) STATIONARY RING 
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30LiMARY CONDITION: STATIONARY Rfl G 
FACE 2- This face is in a zone similar to 
Face a, in that it is in proximity to the 
rotating Turbine Disc. It has been assumed 
here also that the local heat transfer 
coefficient is 0.55 or the local value on 
the adjacent Turbine Disc. 

EDICT' MMMUMS 

As indicated earlier, the mean radial 
clearance at the Seal when at equilibrium 
at the maximum speed is 0.18 nun, and the 
corresponding cold radial clearance is 0.73 . nm. 
It is therefore to be expected that the 
transients in which large seal clearances 
occur will be those which involve large 
speed changes. It will be seen later that 
the thermal response of the Turbine Disc 
is less rapid than that of the Stationary 
Ring. Hence larger Seal openings will be 
observed in accelerations, and there will be 
some tendency towards smaller openings in 
decelerations. A larger Seal opening allows 
an excessive consumption of cooling air, 
which causes a deterioration in the engine 
performance, as discussed later. 

It was therefore decided that the most 
relevant and testing transients in which 
to investigate the responses of the seal 

1.6 

1'4 
MOVEMENT OF Pß 
STATIONARY RING 

1 

4.2 HONEYCOMB 
251, - 

v 1'0 
ýýC. 

ýFa eQý00Pe 

08 
0 

z 
0.6 

° 0.4ý 
a/ tCONDITIONS AT GROUND 

O ZJ :; 
' IDLING SPEED 

components would be an acceleration from 
Ground Idling Speed to the Maximum Speed 
and a deceleration over the reversed speed 
range. 

ACCEIEMTION - The speed transient is 
completed in under 10 s, but when the 
techniques described above are applied it is 
found that the thermal responses are much 
less rapid, for example the Turbine Disc 
response is found to be represented by a 
two time-constant system, the dominant time 
constant being 60 s. The dominant time- 
constant for the Stationary Ring is 17 S. 

The results of the predictions of the 
movements of the inner surface of the 
Stationary Ring, and of the tips of the 
fins integral with the Turbine Disc are 
shown in pig. 4. The most probable movements 
of these components are shown by the solid 
lines, and heat transfer coefficient being 
as defined earlier. An indication of the 
effects of changes in these coefficients 
is given by the dashed lines which represent 
coefficients lowered' by 251,9 for the 
Stationary Ring and raised by 25%o for the 
Turbine Disc. The results incorporate 
the expansion due to centrifugal effects and 
also the thermal strain deflection due to 
the fins on the Turbine Disc heating more 

gl E 
ý, ý. SEAL 

ýCOEFFICIENTS OPENING AT 

DECREASED BY 25% 
EQUILIBRIUM 

PROBABLE 
SEAL 
OPENING 

--- 

MOVEMENT OF FIN TIPS 

U L- 
COLD, 0 10 20 30 40 50 60 

STATIONARY TIME FROM COMMENCEMENT OF ACCELERATION s 

J 
m 

Fig. 4- ? redicted movements of seal 
components during and following an acceleration 
from ground idling to maximum speed 
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rapidly than the Disc itself. This latter 
effect is most marked between 10 s and 30 s 
after starting the acceleration. The 
maxirium deflection of the fins relative to 
the Disc occurs at about 20 s, and is about 
0.025 mm, at a time when the seal opening is 
about 0.40 mm. 

It is worth noting that during the 
transient, the major portion of the heat 
that is received by the Turbine Disc is 
supplied by the "cooling" air, and not by 
conduction from the Turbine Blades. 

From Fig. 4, on the basis of the probable 
expansions, the seal clearance when the 
speed transient has been completed is about 
2.3 times the equilibrium value, and remains 
at least double the equilibrium value for a 
further 30 s. 

The thermal response of the Stationary 
Ring is more rapid than that or the Turbine 
Disc. At an instant 20 s after commencing 
the acceleration the Disc has achieved 45% 
of its thermal growth while the Stationary 
Ring's fractional growth is 64%. 

H. P. 1. N. 6. Y. I r-H. 
P. 1. BLADE 

St 714 
ZONE 

LL 

HIGH 
PRESSURE 

71 699 COOLING 
AIR T37 

692 

5" 
TURBINE DISC 

TEMPERATURES IN K 
N491 3 

s 462 
6O1 

T30 L2 520 621 , 721 

NO 
gß 

H. P. TURBINE SHAFT 
0 10 20mm 
SCALE 

CENTRE LINE OF SHAFT 

Fig. 5- Predicted temperatures in turbine 
disc 30 s after commencement of acceleration 

The techniques described can also 
predict the transient temperature distribution 

within the components. The results at 30 s 
after commencing the acceleration are given 
in Figs. 5 and 6. In the Turbine Disc, 

particularly in the more massive section 
near the shaft, there are seen to be 
considerable temperature gradients, both in 
the radial and axial directions. 

DEC=fiATION - In this case again, 
the speed transient for the change from 
Maximum to Ground Idling Speeds is completed 
in less than 10 s. The thermal responses 
of the Seal's components are much less 
rapid, even when compared to their responses 
to the acceleration. This reduction in 
response is due to the lower heat transfer 
coefficients at the Ground Idling Speed, 
as compared to the Maximum Speed, resulting 
from the lower densities and lower rotational 
speed. The responses of both the Disc and 
of the Stationary Ring are more closely 
approximated by single time-constant systems 
than had been the case following the 
acceleration. The dominant time-constants 
are 89 s and 45 s for the Turbine Disc and 
Stationary Ring respectively. 

The predicted movements at the Seal are 
shown in Fig. 7. The most probable movements 
are indicated by the solid lines. If the 
coefficients to the Disc are increased by 
25%, and those to the Stationary Ring are 
lowered by 25yß, then the revised predictions 
are as indicated by the dashed lines. 

Although the thermal response of the 
Stationary Ring is more rapid, the seal 

656 

632 ( Iss 

HIGH vsv 
PRESSURE 697 721 723 
COOLING AIR 7; 2 no? 

737 
w 

/731 

TEMPERATURES IN K 

0 10 20 mm 
SCALE 

Fig. 6- Predicted temperatures in 
stationary ring 30 s after commencement of 
acceleration 
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Fig. 7- Predicted movements of seal 
components during and following a 
deceleration from maximum to ground idling 
speed 

clearance does not noticeably decrease, but 
rather increases, because (a) the Disc loses 
its centrifugal expansion within the 10 s 
of the speed transient, and (b) the Disc 
material has a higher coefficient of thermal 
expansion and therefore has to achieve a 
greater thermal contraction. 

During and following the deceleration 
the temperature distributions within the 
Disc are more uniform than following the 
acceleration. A typical distribution, 30 s 
after commencing the deceleration, is given 
in Fig. S. The local temperature gradients 
are about 1+0'4 oC those that existed 30 s 
after commencing the acceleration (Fig. 5). 

EFFECT OF LVCREASING `l RMER OF EL 1ENrS 
IN MODEL - The adequacy of the model used 
for the Turbine Disc was tested by increasing 
the number of elements in the axial direction 
from 10 to 14, the number of radial divisions 
being : teot at 20. The change in the average 
Disc temperature was typically just under 
1 deg, K, which is equivalent to a change in 
the Seal Clearance of less than 1, ' of its 
equilibrium value at the maximum speed, i. e. 
less than 0.002 mm. This, change is 
considered to be insicnificant, and so the 

11J 
110 120 Co 

10 x 20 element model can be regarded as 
adequate. 

EFFECTS ON ENGINE PERFORMANCE 

The flow of cooling air through Zone D 
(Fig. 1) during the first 30 or so seconds 
of the thermal soak transient following the 
acceleration will be about double the 
ecuilibrium value. This excessive flow 
reduces the quantity of air to provide the 
gases to pass through the H. P. l Nozzle Guide 
Vanes. Although this particular excessive 
cooling air flow is returned to the main- 
stream immediately after the H. P. 1 N. G. V's, 
it will be deficient in momentum in the main 
flow direction. There will be a reduction 
in the power output from the H. P. l Turbine. 
An investigation has been made (10) of the 
losses arising from the transverse injection 
of an air flow such as this immediately in 
front of a blade cascade. The loss in 
stagnation pressure in the immediately 
following cascade was found to agree with the 
simple theory proposed by Barnes and Fray (11). 
In addition, vortices were seen to be 
generated, being initiated in the separation 
bubbles formed by the transverse injection 
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TURBINE DISC 
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Fig. 8- Predicted temperatures in turbine 
disc 30 s after commencement of deceleration 

on the cascade end walls. These vortices 
may persist into further blade rows in the 
machine, causing further losses. 
Investigation is continuing on this problem. 

The responses to the deceleration are 
less critical, provided that mechanical 
contact between the opposinr faces is avoided. 
This condition is satisfied in the present 
case. 

POSSIBLE 11^_'EODS OF IMPROVING RESPONSE 

The problem of the large clearance 
during and following the acceleration could 
be reduced if the coefficients of expansion 
of the twc materials for the Turbine Disc 
and the ntationary Rinr. were more similar. 
If a stainless steel, similar to that for 
the Stationary Rinr;, were used for the Disc, 
following the acceleration the excess 
clearance above the steady-running value 
would be reduced by about one third. 
However a penalty would be incurred in 
creep strength. 

Alternatively the Seal could be designed 

to overate at a smaller radius on the disc, 

so reducing the transient opening. 
Another alternative, using essentially 

the original desirn, is to replace the face 

of the Stationar Ring iinnediateiy opposite 
the fir. tips by a honeycomb n. esh, of poor 
thermal conductivity, and in poor thermal 
contact with the body of the Stationary Ring. 
This would tend to restrict the heat flow 
into the Ring from this Zone of high heat 
transfer coefficients. The honeycomb mesh 
should be adequate for sealing purposes. 
The predicted expansion following the 

acceleration, f or such an arrangement, is 

shown by the chain-dotted line on Fig. 
, to be compared with the solid line curve 
for datum). The improvement is small, but 
helpful, reducing the excess clearance 
above the steady-running value by about 2O 

at 30 s after starting the acceleration. 
The predicted movement following the 
deceleration is similarly indicated in 
Fig. 7. The effect of the honeycomb in 
this latter transient is less than in the 

acceleration, due to the greater reduction 
in heat transfer coefficient at Face 3 than 

at the other Faces when operating at Idling 
Speed as compared with Maximum Speed. 

CONCLUSIONS 

Very simple finite-difference models, 
with appropriate boundary conditions, have 
been used to predict the expansions and 
contractions during transients of the 
components of an Air Seal on a Turbine Disc 
of a Gas Turbine. The finite-difference 
models need not be very sophisticated, as 
the most critical factors are the 
specifications of the heat transfer 
coefficients at the various boundaries. 

The predictions of the Turbine Disc 
model for the steady state are in reasonable 
ap; reement with thermal paint results. 

The most severe transient is an 
acceleration from Ground Idling Speed to 
Maximum Speed. Although the speed transient 
is completed in 10 s, the predi^ted seal 
opening, and resultant cooling air flow is 
at least double the equilibrium value for a 
further 30 s. Modifications to the design 
offering some improvements have been 
sur,, pested. 

Transient temnerature distributions 
within the components can easily be obtained. 

NM ENCIATURT7 

flow cross-sectional area 

cp = fluid specific heat at constant 
pressure 
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C= coolant mass flow coefficient w (= W/ur0) 

d= equivalent diameter of flow cross- 
section (= 4A/p) 

g= acceleration due to local gravity 

0- gap ratio (= s/r0) 

Gc = shroud clearance ratio (= sc/ro) 

Gr Grashof Number (= L'6 cc p2 g/µ2) 

h= local heat transfer coefficient 

k= fluid thermal conductivity 

L= typical linear dimension 

Nur = local Nusselt Number (- hr/k) 

p- perimeter of flow cross-section 

Pr - Prandtl Number (s µ cp/k) 

r, ro = local radius, outer radius of disc 

Re = rotational Reynolds Number 
(= p ro ra /W) 

Rer a local rotational Reynolds Number 
(= Pw r2/µ) 

s axial clearance between stator and 
rotor 

axial clearance between shroud and 
rotor 

W- local coolant mass flow rate 

fluid bulk coefficient of thermal 
expansion 

fluid viscosity 

p- fluid density 

9= temperature difference 

W= angular velocity of rotating disc 
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III-Influence of Aspect Ratio 
An experimental investigation has been made of the effect of a transversely injected 

stream on the flow through turbine cascades similar to those in which previous studies [1, 
211 had been made, but having aspect ratios of 1.5 and 1.0 compared to the previous value 
of 3.0. New instrumentation includes a five-hole probe. The average losses in stagnation 
pressure and the changes in flow capacity remain in agreement with one-dimensional 
theory. The exit vortex is moved towards the end-wall as aspect ratio is reduced. The 

strength of the vortex is diminished when the aspect ratio is reduced from 3.0 to 1.5, but 
there is little change for the further reduction of aspect ratio. 

Introduction 

When an additional flow is injected transversely into the main flow 

entering a row of turbine blades or nozzle guide vanes, as when disk 

cooling air in a gas turbine is returned, several significant effects in 

the flow are observed [1]. These effects include the formation of a 
separation bubble on the passage end-wall immediately behind the 
injection slot, and the appearance of a vortex starting near the suction 
side and moving into the main flow from this bubble and continuing 
in the flow leaving the blade row. The experimentally observed in- 
fluences of main flow inlet angle, blade stagger angle, injection slot 
width and injection velocity on the performance changes resulting 
from transverse injection for a typical blade row have been reported 
[2]. In that work the aspect ratio of the blade cascade had been 3.0, 
that being sufficient to ensure that secondary flows did not influence 

conditions at the mid-blade height. The present paper reports the 

performance changes that have been observed experimentally when 
the aspect ratio is reduced to 1.5 and 1.0. 

Apparatus and Test Procedure 
Apparatus. This consisted of a cascade of five blades (four pas- 

sages) of 129 mm (5.07 in. ) chord at 88 mm (3.5 in. ) pitch, having 

profiles 111 typical of an intermediate or low pressure row of nozzle 
guide vanes. These blades were the same as those used in the previous 

I Numbers in brackets designate References at end of paper. 
Contributed by The Gas Turbine Division for presentation at the Gas Tur- 

bine Conference, London, England. April 9-13,1978, of THE AMERICAN SO- 
CIETY OF MECHANICAL ENGINEERS. Manuscript received at ASME Head. 
quarters December 14,1977. Paper No. 78-GT-24. 

Copies will be available until December 1978. 

studies [1,21, and coordinates of the profile are given in Table 1. The 
blade height in the tunnel was 381 mm (15.0 in. ), which provided the 
aspect ratio of 3.0. The lower values of aspect ratio were obtained by 
inserting an additional partition wall inside the tunnel, parallel with 
the end-wall in which the injection slot was positioned. This partition 
wall extended in the upstream direction into the approach contrac- 
tion; and in the downstream direction it continued to 4.5 axial chord 
beyond the exit traverse plane. 

The cascade was placed in the suction to a variable speed fan. 
the average flow velocity at exit from the cascade was 7% 

27 m/s (90 ft/s) corresponding to a blade Reynolds Number, based 
on this exit velocity, of 2.5 X 105. 

Wire grids in the approach contraction gave a turbulence level of 
1.5 percent at the cascade inlet. This turbulence level ensured that 
the Reynolds Number was well above the critical. 

The slot through which the transverse flow was injected was placed 
across one end-wall, immediately in frönt of the leading edges of the 
blades. The end-wall boundary layer in the main flow approaching 
this slot was sucked away some 180 mm (7 in. ) upstream of the 
slot. 

The cascade parameters used in these tests were: stagger angle, 45 
deg-, main fluid inlet angle, 15 deg; angle of injected flow to cascade 
end-wall, 90 deg. The ratio of the injected jet velocity to the main 
approach flow velocity was generally 1.5 or 0.0, with one additional 
test being made with the velocity ratio of 1.0. (The injection velocity 
ratio of 1.5 is higher than normally encountered in practice, however 
the present results may be linearly interpolated, since the effects of 
injection are proportional to injection velocity [11). The width of the 
injection slot was adjusted as the aspect ratio was changed, to main- 
tain the ratio of injected mass flow to main mass flow at 0.035 when 
the injected velocity ratio was 1.5. To achieve the zero injection ve- 

Discussion on this paper will be accepted at ASME Headquarters until May 15,1978 



Table 1 Coordinates of blade profile-45 deg stagger angle 

r/c 0.0 0.047 0.156 0.272 0.373 0.450 0.512 0.574 0.629 0.691 

Z/c 0.0 0.025 0.080 0.156 0.238 0.315 0.388 0.474 0.564 0.697 
pressure 

1/c 0.0 -0.016 -0.021 0.008 0.070 0.159 0.272 0.398 0.522 0.684 
suction 

locity, the injection slot was sealed with tape. 
The injected flow was at the same temperature as the main flow. 
The plenum chamber supplying the injection slot was designed to 

insure uniform stagnation pressure across the length of the slot. The 

chamber provided a contraction of area ratio not less than 15 leading 
into the slot, and this gave a slot coefficient of discharge of 0.97. 
However there will be some variation in static pressure in the main 
flow field outside the slot, across the span of a blade passage. Conse- 
quently there may be some variation in local injection velocity across 
a passage span. A hot-wire anemometer was therefore provided for 
traversing along the slot to measure the local velocities in the injection 
jet. 

Test Procedure. With the aspect ratio set at 3.0, the angles of the 
exit side-walls were adjusted, relative to the cascade, until there was 
a symmetric velocity distribution across the exit flow. This setting 
also satisifed symmetry of the exit flow when the aspect ratio was 
reduced to I. S. However a slight discrepancy appeared when the as- 
pect ratio was further reduced to 1.0. In order to simplify the com- 
parison of the results, it was decided to maintain the same wall posi- 
tions, although at the expense of this slightly incorrect alignment at 
the lowest aspect ratio. 

With this side-wall setting, and with the partition placed to give 
the required aspect ratio, the fan speed was then adjusted to give an 
approach velocity into the test portion of the cascade of 13.6 m/s (45 
ft/s). The following observations were made: 

1 Pressure distribution around the suction and pressure surfaces 
of the middle blade of the cascade, over a range of blade heights; 

2 Total head pressure distribution, and flow directions and ve- 
locities, using a five-hole spherical probe (8 mm diameter) across a 
traversing plane 200 mm (7.9 in. ) downstream in the flow direction 
from the cascade exit. This corresponded to an axial downstream 
distance of 88 mm (0.92 axial chord). The use of the five-hole probe 
in place of the three-hole probe used in the earlier work allowed 
measurement to be made of the velocity components parallel to the 
blade height direction; 

3 Rotational speed of a "vorticity meter" traversing across the 
same plane as used for the exit velocities, etc. The vorticity meter had 
four vanes, three mm high, carried on a spindle rotating in galva- 
nometer bearings. The speed was measured by stroboscope. 

Results and Discussion 
In the results presented here, when injection was taking place the 

injection velocity ratio compared to the main approach flow velocity 
was generally 1.5, and the injected mass flow was 0.035 of the main 
flow. Some additional results at the intermediate injection velocity 
ratio of 1.0 (and injection mass flow ratio of 0.0231 are shown in Figs. 
6(b), 7,8, and 9(b). 

Variation of Jet Velocity Along Injection Slot. The manner 
in which the Injection Jet velocity varies along the length of the slot 
is shown in Fig. 1. There is an above-average flow from the portion 
of slot adjacent to the suction surface of the blade, whereas the flow 
is below average in front of the pressure surface. The amounts by 
which these maximum and minimum velocities depart from the mean 
velocity are not great, being about 12 percent. 

Pressure Distributions on Blade Surface. The pressure dis- 

-tributions at four blade heights for the case with aspect ratio of 1.0 
are shown in Fig. 2 (a)-(d). The pressure distributions at the blade 
mid-height (y/c - 0.48) are unaffected by the transverse injection, 
except that the pressures are changed to match the higher total mass 
flow now passing through the blade channels. The pressure distri- 
butions at the lower blade heights of y/c = 0.2 and y/c - 0.075 follow 
the same pattern. It is only at the blade height closest to the injection 
end-wall that significant changes are observed. It is seen that a sep- 
aration bubble exists on the end-wall behind the injection slot, and 
extending to about 0.1 chord adjacent to the pressure surface and to 
about 0.35 chord adjacent to the suction surface. This bubble is similar 
to that observed previously [1) at the aspect ratio of 3.0. The extent 
of the separation bubble, 2t the height of y/c of 0.025, is slightly re- 
duced from that observed with the aspect ratio of 3.0. Also, with the 
aspect ratio of 3.0, the bubble had risen to a y/c value of at least 0.075 
above the end-wall. However at the aspect ratio of 1.0, no trace of the 
bubble is observed at the y/c value of 0.075. 

These effects of aspect ratio on the height of the separation bubble 
are to be expected, i. e., the bubble is "squeezed" downwards as the 
aspect ratio is lowered. However the length of the separation bubble 
on the end-wall seems not to be significantly altered. 

Exit Velocity Distributions. 
Main Velocity Compe« nt. Contours of the main velocity 

component are shown in Figs. 3 and 4 for the aspect ratios of 1.5 and 

------Nomenclature 

a. distance along chord from leading edge 
of blade 

c- chord 
C,, - pressure coefficient, defined by (p - 

Pt)/(Po, -P1) 
da distance along blade pitch from one 

mid-passage line to next, in direction of 
suction surface 

D- measure of strength of exit vortex, de- 
fined by (Aa') (Jy"fc) 

E- measure of kinetic energy of tangential 
components in exit vortex, defined by 
(a')2 (, Iy "/c )2 

f- ratio of cascade exit mass flow to mass 
flow of main approach stream 

F= measure of angular momentum of exit 
vortex, defined by (. %a') (Jy*/c)3 

p= pressure 
Q= ratio of maximum velocity of injected jet 

to velocity of main approach flow 

s- blade pitch 
U= velocity in main flow direction 
u= velocity 
y= distance from end-wall carrying injection 

slot 
a- main flow angle, measured from axial 

direction 
n= nozzle efficiency 
B= angle between injected jet and cascade 

end-wall 

p3 density 

Subscripts 

0= stagnation 
1,2 = inlet to, outlet from cascade 
m= mainstream 
ave = average 
d= datum, i. e. with no injection 
inj = injection 
max = maximum 
ref = reference 
s= secondary 

Superscript 

range of pitch-integrated exit vortex 
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tually uninfluenced by aspect ratio, the velocities at the centers of the 
troughs, compared to the mid-passage velocity at the blade mid- 
height, being 0.82,0.80, and 0.80 for the aspect ratios 3.0,1.5, and 1.0, 
respectively. As the aspect ratio is reduced, these troughs are moved 
towards the injection end-wall, but at a diminishing rate. 

At the lowest aspect ratio tested (i. e., 1.0), the disturbance to the 
velocity distribution, resulting from transverse injection, extends 
virtually to the blade mid-height. 

Secondary Flow Velocity Components. The five-hole probe 
used in the exit traverses enabled both components of the secondary 

0 0.2 0.4 0.6 a/c 0.6 1.0 velocity to be measured. When there is no injection. the secondary 
velocities are comparatively small-for the aspect ratio of 1.0 the 

Fig. 2(b) 
highest amounted to 0.06 of the maximum main velocity component 
at the exit plane (Fig. 5(a)). When transverse injection is introduced. 

a strong vortex is seen (Fig. 5(b)) and the secondary velocities around 
this vortex rise to about 0.11 of the maximum main velocity compo- 
nent. This vortex, in the case illustrated, is centered around a point 

1.0. respectively. The contours are drawn for the region up to the blade at about y/c - 0.27 and downstream from between the mid-channel 
mid-height. as this is the region primarily influenced by the injection. and the suction surface of the blade. The location of this vortex was 
The transverse injection has the effect of creating troughs in the exit confirmed by the vorticity meter, which showed its highest rotational 
flow pattern, in the same manner as had been previously observed III speed in this position. 
at the higher aspect ratio of 3.0. The troughs coincide with the centers Integrated Stagnation Pressure Losses. To provide numerical 
of the exit vortices observed in the secondary flows, discussed later. comparisons, the stagnation pressure losses have been averaged across 
The magnitudes of the velocity depressions in these troughs are vir- a pitch. 
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The results, with and without injection, are shown in Figs. 6(a), (b), Umax. 

and (c), respectively, for the three aspect ratios. Fig. 5(b) When there was no injection, provided the aspect ratio was at least 
1.5, the distribution of losses was reasonably symmetric about the 
blade mid-height. However, at the aspect ratio of 1.0 the losses appear Fig. 5 Secondary velocities at outlet traverse plane-aspect ratio 1.0 
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to be significantly higher near the end-wall which does not carry the 
injection slot. The only explanations that can be offered are (1) that 
this end-wall would have a thicker boundary layer at inlet to the 
cascade, as there was no boundary layer removal, and (2) the end-wall 
has a slot at the exit plane to allow traversing by the probes. These 
factors may become more significant as the aspect ratio is reduced. 
The forms of these integrated losses, when there is no injection, are 
of the customary patterns which result from the blade profile losses 
(uniform over the blade height), the boundary layers on the end-walls 
and the corner vortices (e. g. [3) ). The profile loss is, as expected, un- 
affected by aspect ratio. The secondary and end-wall losses are ap- 
proximately similar for aspect ratios of 3.0 and 1.5, but of course in 
the latter case they represent double the loss when averaged over the 
blade height. The asymmetry when the aspect ratio is 1.0 makes 
comparisons difficult. 

When the transverse injection is introduced, the adjacent corner 
vortices are displaced and dominated by the vortex originating in the 
vicinity of the separation bubble and continuing in the exit flow, as 
discussed in the previous sections. The integrated pressure loss pro- 
files show a peak adjacent to the eye of this vortex. When the aspect 
ratio is 1.0, injection appears to reduce the secondary losses associated 
with the corner vortices on the end-wall opposite to that carrying the 
injection slot. 

To assist comparisons of performance, spanwise averages of these 
pitch-averaged pressure losses have been made, and these are dis- 
cussed in the next section. 

Overall Average Stagnation Pressure Losses. Overall average 
stagnation pressure losses have been obtained. From these, nozzle 
efficiencies have been calculated, according to the relation for in- 
compressible flow 

1.0 

0.8 
rI 
0.6 

0.4 

o-2 

ASPECT RATIO 10 

1, 
_ ýýý 

04 02 
(ao, 

- Poj). w/ 
(Pol 

- P2) 

Fig. 6(c) 

Fig. 6 kdogratsd stagnation pressure loss. s 

Table 2 Nozzle efficiencies and "strengths" of exit vortex 
Inject. 
Veloc. Inject. Nozzle 

Aspect Ratio Mass 
Effy. Exit Vortex Parameters 

Ratio Q Ratio n ýt EIE, f FIJ. "'r 

3 0 0.0 0.0 0.947 0.39 0.15 0.29 
. 1.5 0.035 0.936 1.00 1.00 1.00 

1 5 0.0 0.0 0.929 0.16 0.03 0.05 
. 1.0 0.023 0.925 0.44 0.19 0.15 

1.5 0.035 0.923 0.56 0.36 0.44 
0 1 0.0 0.0 0.930 0.20 0.04 0.09 
. 1.5 0.035 0.915 0.64 0.41 0.58 

The reference values (D,, e&: ) are the values of the parameters obtained with aspect ratio of 3.0 and Q-I. S. 
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P0' pot (1) 
Po1-P2 

The results are given in Table 2. The efficiencies, when there is no 
injection, decrease as aspect ratio diminishes, chord of course re- 
maining constant, in a manner similar to that generally observed (e. g. 
[4J). When injection is introduced, there is a reduction in efficiency 
which appears almost constant for a given mass injection ratio, al- 
though it is possible that the reduction will be more marked if the 
aspect ratio is reduced below 1.0. In the range of aspect ratios from 
3.0 to about 1.0, transverse injection at a mass ratio of 0.035 causes 
a loss in efficiency of about one percent. 

The losses in stagnation pressure have also been compared with 
those predicted by a simple one-dimensional theory [5,21. In (21 the 
predicted loss had been shown to be 

.. Po- 4pUt2[(f2- 1)-2(f - 1)QcosBcosall (2) 

The comparison between observed and predicted losses is given in 
Fig. 7. Some results from the previous work [21 at aspect ratio 3.0 have 
been included. The agreement is reasonable for aspect ratios 3.0 and 
1.5. The observed loss becomes somewhat above the predicted loss 
when the aspect ratio is 1.0. 

The one-dimensional theory has also been used as a basis of com- 
parison for changes in flow capacity expressed by reductions in exit 
static pressure for the same main approach mass flow. The predicted 
reduction in exit static pressure is given by [21: 

-4P2 -'fiPUi2[(%2 - 1) - 2(f -1)Q cos 0 cos all 
+ (/z -1)(Pa - P2d) (3) 

The comparison between observation and prediction is given in Fig. 
8, again including previous results. Agreement again is reasonable. 

Integrated Deviations. Pitch-integrated deviations are given 
in Figs. 9(a) to (c). The range of integrated deviations when transverse 
injection is taking place is somewhat reduced from about 10 deg to 
about 7 deg when the aspect ratio is lowered from 3.0 to 1.5. The fur- 
ther lowering of aspect ratio to 1.0 has little effect. 

The much increased variation in deviation resulting from transverse 
injection is indicative of the presence of the exit vortex. In the earlier 
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work [2) an attempt had been made to quantify this exit vortex by 
defining parameters D, E. and F which were proportional, respec- 
tively, to the circulation, to the kinetic energy of the tangential velocity 
components in the vortex, and to the angular momentum of the vor- 
tex, if the vortex were assumed to be a rotating solid body bounded 
in diameter by the positions of maximum pitch-integrated positive 
and negative deviations. The parameters are given by 

D (-'Ia')(. Iy'lc) (4) 

E (. sia')2(. 1y'/C)2 (5) 

F=(. a')(. y'/c)3 (6) 

These measures of the exit vortex have been applied in the present 
work, and the results are included in Table 2. where the values at as- 
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pect ratios 1.5 and 1.0 are compared with those at aspect ratio 3.0, and 
injection mass ratio 0.035, which is taken as reference. There is in- 
evitably experimental error in the results obtained, but it appears that 
reducing the aspect ratio has reduced the strength of the exit vortex. 
However it might be that at the lower aspect ratios, between 1.5 and 
1.0, this reduction has ended. 

Conclusions 
The following effects from transverse injection occur as the aspect 

ratio is reduced (at constant chord): 
1 The height of the separation bubble on the end-wall behind the 

injection slot is reduced, but the extent of the bubble along the end- 
wall is only slightly diminished; 

2 The stagnation pressure losses (and nozzle efficiency reductions) 
remain approximately constant and in agreement with a one-di- 
mensional theory, except when the aspect ratio drops to around 1.0 
where there may be a tendency for losses to increase; 

3 Flow capacity reductions remain constant and in agreement 
with the one-dimensional theory, 

4 The position of the exit vortex is moved towards the end-wall 
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as aspect ratio is reduced, the range of movement being from y/c 
0.38 to y/c - 0.27 as aspect ratio is reduced from 3.0 to 1.0 

5 The strength of the exit vortex, as indicated by circulation, or 
rotational kinetic energy, or rotational momentum, is reduced by 
lowering the aspect ratio from 3.0 to 1.5, but the further reduction to 
1.0 produced little change. 
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A preliminary experimental investigation has been made of the effects of vortices in the 
approach stream on turbine blade row performance. The vortex regime has been simulated 
by stationary vortex generators. The net pressure losses within the following blade row were 
reduced by 23 and 12 percent when the vortex generators were placed in line, respectively, 
with the mid-passages and with the leading edges. Further, the discrete inlet vortices had 
virtually disappeared at the exit plane. In addition, methods have been tested for reducing 
the exit vortex, particularly when enhanced by transverse injection. The most effective 
scheme examined was a fence location on the suction surface near the endwall. However. 
there is a pressure loss penalty. 
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Vortex Effects Resulting from Transverse 
Injection in Turbine Cascades, and 
Attempts at Their Reduction 

B. A. ABURWIN N. R. L MACCALLUM 

`i OMEN ̂MATURE 

c- chord 
d" distance along blade pitch from one mid- 

passage line to next, in direction of suc- 
tion surface 

D- measure of strength of exit vortex, de- 
fined by (, la*) (, %y*/c) 

Ea measure of kinetic energy of tangential 

components in exit vortex, defined by 
(Aa*)2(. Iy*/c)2 

F- measure of angular momentum of exit vor- 
tex, defined by (Jc)(. ý; */c )' 

p- pressure 
- ratio of maximum velocity of injected jet 

to velocity of main approach flow 

s- blade pitch 
U- velocity in main flow direction 

v- velocity 
x- distance in axial direction from leading 

edge 
y= distance from end-wall carrying injection 

slot 
z= distance along pitch direction from lead- 

ing edge 
a= main flow angle, measured from axial di- 

rection 
P= density 

Subscripts 

0= stagnation 
1,2 = inlet to, outlet fror.. cascade 

amb = ambient 

ave = average 
s= secondary 

Super scri; t 
*= ^a. ̂. -ze o_' e: _. . c_: ex 

INLET 
ýr- TRAVERSE 

PLANE 

L EXIT 
(, TRAVERSE 

_X . PLANE 

VORTEX TRANSVERSE 
GENERATORS INJECTION 
(WHEN IN USE) SLOT 

(WHEN IN USE) 

1 ` DLADES 

-p ý1 

F. 1 Test : ascade 

of turbine blades, as when disk zo3ling air in 
a ; as Curb.: Re is ^D_turre;:, severs! s_ niri a:: L 

effects _: 1 the : "a=:! _Pic.. are .... zer'ied (_) 
.1 : ne 

;ft ese effe--ts _., 
the . ;. e: ther'ra the 

se, ',,.:, ^. ai J vortex :n the 
--. :; leaving the b-34le, 

:r..., zzie zu-de :! a. -_e : c:;. The =^: _uen-. es c: 
i^. e.. _., n and --aszace 'isr-fables --n. 

the 

: a-. _ gee:: In 
-.. 

t 

13:., _1°c .ý and :^?.. annular nC3a : °_ - I Z. 

the present ... ^ý na d The _st 

:: her. an additional -"-c*..; 
transversely '_ntc the main __-, w e:: e: _ng a _.,: "r 

1 Underline: niters in parentheses 
designate References at end of raper. 
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: az -. c =nvestigate the e°: e: t of the exit vortex 
leaving cne ro: ": :f bia es cn the Fer. crr: ance of 
the next The seccnc air was tc study 
nethccs c: reducing the strength cf the exit 
vcr; ex. These investigaticns are discussed in 
turn in this raper, and the major conclusions 
are ': rcught tc_ethe: in the _final section. 

t+ r:;, F; 
L 

US 

This consisted of a cascade of five 
blades (four passages) having a chord of 129 mm 
(;. 0, in. ), cf aspect ratio 1.0, set at a stag- 
ger angle of 40 deg and at a pitch of 88 min 
(3.5 -n. ). The cascade, which had been used in 

previous related experiments is ii- 
lustrated in Fig. 1, and the coordinates of 
the blade profile are given in. Table 1. The 

cascade was placed in the suction to a variable 
speed fan. Typically, the flow velocity at exit 
from the cascade was 23 m/s (75 ft/s), corre- 
sponding to a Reynolds Number, based on the 

exit velocity and chord, of 2.2 x 107. 
The main airflow to the cascade entered 

through a contraction of area ratio 8.3. Wire 
grids were placed in this contraction to give a 
turbulence level, when there were no vortex 
generators present, of 1.5 percent at inlet to 
the cascade. The inlet to the cascade was set 
to give an air angle of 15 deg to the axial 
direction. 

When transverse injection was required, 
this was made through a slot 3 .0 mm wide, run- 

ning across one end-wall immediately in front 

of the cascade, as illustrated in Fig. 1. In 
the present work, the injected air was directed 

a: . _:. ^. ý aT: __es :c the 
___ 

flow. The In- 
: ec; ed __o:: and the : mir. _lo: ". were at the same 
tempe. atare, When not recuired, the inject=en 

C:., _ 22 taped over. 

Performance of the cascade vas established 

. traversin= the f o:. z at in-et and outlet. 
The _.. _ez . raverse . 

lane was at an axial dis- 
: an: e of :. 7 a la: ch: r, upstream fror.. the blade 
: en4_n e"_e, and She ,. c nstrea. z 

__ane ., as at an 
:_ axial chord fro. n the 

=a=-- ezge. The _nstru. ^e^t used for r.. easur- 

y/c 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

CLEAN ENTRY TO CASCADE 

WITH VORTEX GENERATORS IN 
LINE WITH MID-PASSAGES 

0 1.0 2.0 
(PCmb-P.. )/(1/Z pu1Z)1.. 

Fig. 2 Inlet pressure loss distributions - 
without and with vortex generators 

ing the flow velcc_ty, direction and pressure 
was a five-hcle spherical probe of 6-ir dia. 

This instrument was checked satisfaatorilY ir. 

these flows against a three-hole probe of 2.7-::, -. 
dia. Estimated accuracy of the five-hole probe 
is + 0.5 m/sec in velocity components and + C.; 

deg in direction. 

The centra. blade in the cascade was pro- 
vided with pressure tappings from which the pres- 
sure distributions could be observed, over a 
range of blade heights. 

EFFECT OF VORTICES IN FLOW ENTERING A BLADE ROW 

As described earlier, there are secondary 
vortices in the flow leaving a turbine blade 

row, and these are considerably enhanced if a 
flow is injected transversely into the main 
flow entering that blade row. In many turbines, 

the flow leaving this rcw of blades then enters 

a subsequent row. 
The aim of the tests reported here was to 

simulate this series of vortices leaving the 

"Isst row, and s^.: the: _ effect on the second 

row. Fo: this wc--v:, he second row was reF- 

resented by the straight cascade described 

in the previous se_tis n, and the vortices in the 

cascade entr y 
flotte were formed by Intr. ýäucin_ a 

se: res c_ generators. Zr: the res: t:: r - 
b_ne the vortices _. cve Feriodica_l, across the 

entry to the Tassa-zes, from the press. -re tc the 

suctio.. surfaces. �s t: ne-nean instrw. entatic. 

was to be used tc measure the _la vel: ci_t; and 

c_recticn and the pressure at out'-e-16 from the 
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Fig. 3 Secondary velocities at inlet to cas- 
cade - vortex generators in line with mid- 
passages 
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rigg. 4 Integrated inlet angles - vortex gen- 
erators in line with mid-rassages 

test cascade, it : aas decided that __^ . his 'n_- 
study, the vertex generators should 'e kort 

stationary relative to the cascade. , gists :; cuid 
be . a: ried �»t with generators in . _'°e: ert 
pcsiticrs relative to the cascade. : h_s use 

. of -aticnary genera; rS, : "thiie n:,: t_.. _; retre- 

se:: tati': e, should ; _: e he1rfal i: ._ ati ^s .f 
`. he effects or , -ese , crticez. he iesi ^^ cf 
ti: e ert:;; se: t: on to the zaszade __ Brea,:;; 

:. _ _: ied _, this rr: c°: ure. 

.. c: -e : Jene^3 tors 

, he vortex Sereratc: s .. *ere _=e_a_ei __., m 
t:. iy metal disks, ; 1-rn 9_a, out ;_ -ä; ße e_iht 

ric 
o 

SUCTION 
SURFACE 

0.5 

Oar 

03F 
rl-l- 

°/e 

? {ö. 5 Velocity contours at outlet traverse 

plane - clean entry to cascade 

vanes, and the vanes twisted to 45 deg to the 

axis of the disk, the direction of twisting 
being such as to simulate the exit vortex; i. e., 
the flow at the side of the vortex nearest the 

end-wall is twisted toward the suction surface 
of the passage from which it is leaving. This 

means that when the vortex enters the next row 
:f blades, the flow at the side of the vortex 
nearest to the end-wall is twisted toward the 

pressure surface of this new row. 
The vertex generators were mounted, as 

illustrated in ? i3.1, :, rith their axes at a 
height of 33 mm (0.26 chord) fror. : ne end-wall 
and at an axial distance of 300 mm (3.1 axial 
chord) in front of the cascade. : he axes of the 

generators were parallel to the axial flea di- 

rec: ion. This positioning of the generators 
prciuced vortices which ; orrespcnded with the 

slightly asymmetric exit vortices to be simu- 
lated (1). 

In the first series of tests using the 

vcrtex generators, the generators were placed 
as "_lustrated .n Fig. 1, in the lines leading 

to t ne mid-passage positions. In the second 
; es:, the generators were placed in line *: ith 
the leading edges of the blades. In both cases, 
therefore, the ci 2h between the generators : "ras 
. he sane as the toh of . he blades in the cas- 
: ae. 

-es` ? r-cedure 
. cr these tests, rc transverse _^�ec:: cn 

:: as used and the '_n,; ect: cn slct : -ras taped over, 

as -: ras the bcundary layer suction slot. 
With the entry to the cascade in the 
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Fig. 7 Velocity contours at outlet traverse 
; lane - vortex generators in entry in line with 
leading edges 

"clear. " state, i. e., with no vortex generators 
introduced, the angles of the exit side-walls 

were adjusted, relative to the cascade, until 
there was a s5 etric velocity distribution 

across the exit flow. This occurred when the 

exit side-walls were at 59.5 deg to the axial 
direction. The performance of the cascade was 
then established by traversing the flows at in- 
let and outlet. Pressure distributions around 
the blade surfaces were also recorded. 

Vortex generators were then introduced, 

as described in the previous section, and the 

above series of readings repeated. 

Results and Discussion 
inlet Velocity Distributions. The pitch- 

integrated inlet pressure loss distributions, 

relative to atmospheric pressure, are shown in 

Fig. 2, over 60 percent of the blade span, 

starting from the end-wall on which the vortex 

generators are roynted. 
i'he: there are no vortex: generators the 

_csses are verb un_forn, and snail, being due 

tc the inlet system, including turbulence grids. 
The ir. troducticn cf the vortex generators 

_ cduaes, as imended, vertex mct: on and the 

se_;.. dar, : lo, ccnponents are illustrated -n 
Fig 1-; in this case, the generators are situ- 
atec _r. line ,,,: =t1: the nld-passage p^s=tins. 
The blockage c_ the vertex generator leads to 

a reduction in ior. rard velocity dc,,; strean fror 
the generator, and this is indicate.: 

, 
the 

pitch-integrated loss distribution shown in 
Fig. 2. The peak of this pressure loss associ- 
ated with the vortex occurs at a blade span 
value of about 0.24 for y/c, which compares 
with the span position of the generators of 
0.26 for y/c. ? Itch-integrated inlet angles 
are shown in Fig. 4. 

Strencths of Inlet Vortices. It is 

necessary to compare the strengths of these 

vortices produced by the vortex generators with 
the strengths of the vortices which are intro- 
duced into blade passage exit flows as a result 
of transverse injection. Three simple param- 
eters have been used to quantify the strengths 
of these exit vortices (2). These parameters, 
D, E, and F, are proportional to the circula- 
tion, to the kinetic energy of the tangential 

components velocity components in the vortex, 
and to the angular mcmentur of the vortex, 
respective!: *, if the ., crtex is assumed to be 

a__a=_Is.:: _. _c ar dec in _ d_ a. m e: er '": 
the pos_t_crs c: nazi um t=tch-. ntegrated pcs:. - 
tiý, e and negative deviatI n. The parameters 
are given by 

L&) (.:. /c) 

Ea(. a)(, J4/--)2 k2` 

(. ýa*) (ý? '`/ý) ' (3) 

=c: a t; p. ca. case :: 7ýr transverse in ecticn 
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Fig. 9 Integrated outlet angles for entry flows 

without and with vortices 

Outlet Velocity Distributions and Losses. 
Outlet velocity distributions are shown in Figs. 
5,6, and 7 for the cases of "clean" entry to 

cascade, vortex generators in line with mid- 
passages and vortex generators in line with 
blades, respectively. 

The major point to note is that, while 
with the clean entry to the cascade the wake 
trough drops to about 0.86 of the plateau ve- 
locity, when the vortices are introduced in the 

inlet flow, the blade wake trough is less marked 

and for a considerable proportion of the span, 
the velocity in the wake does not drop lower 
than 0.9 of the maximum velocity. The velocity 
gradients are, in general, weaker when inlet 

vortices are present. 
The losses in stagnation pressure, rela- 

"ve to the average inlet stagnation pressure, 
have been integrated across the pitch, and are 
shosm in Fig. 8 as loss acefficients. These 

coef_°jcierts have been based on the average, 
rather than the maximum Inlet sta siaticn ores- 
sure due to the large charge introduced by the 

vortex generatcrs in the inlet stagnaticn pres- 

sure distribution (pig. 2). The average kinetic 

energy associated with the rotating motion in 
the inlet vortices is very small, less than 

Fig. 8 Integrated stagnation pressure losses 

across cascade for entry flows without and with 
vortices 

(3) -- aspect ratio 1.0, stagger angle 4; deg, 
inlet angle 15 deg, mass injection ratio 0.036 

-- the values of the parameters, D, E, and F, 
for the exit vortices are 1.4,2.0, and 0.062, 

respectively. When the flow is considered rela- 
tive to the next row of blades, these parameters 
will be somewhat changed due to the change in 
(pes) as predicted from the velocity triangles. 
Typically, the value of (ja*) might be increased 
by 50 percent; thus, the values of D, E, and F 
with reference to the next row of blades night 
become 2.1,4.71, and 0.093, respectively. 

'. (hen the same technique is applied to the 
vortices produced by the generators in the entry 
section of the present apparatus, the values of 
the parameters, D, g, and F. are 3.6,13, and 
0.22, respectively. 

Thus, the generators being used are creat- 
ing vortices whi: h are, say, twice as s: cng as 
those resulting from the typical transverse in- 
: ecticn case referred to (3) As it had been 
found that the strength :f the exit : 'crtex re- 
su_t_ng from transverse inject=on :s 

_ zropcrtlonal to the mass i^ ect: o^.: a: _:, it 
: ras decided to continue with the : resent vortex 
generators, and the results obtained can be 
scaled linearly to correspond to the appropriate 
exit vorterx strength. 
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exit flow, so its contribution as an energy or 

velocity head input is negligible. Span-wise 

i^tegratim of the loss coefficients, uz to a 

y/c value of 0.755, gives a value for the average 
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cases where there are inlet vortices, in line, plane - with transverse injection - with thick 

respectively, with the raid-passage and with the end-wall fence "C" 
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r/c 
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o" 

o" 

o" 

o" 
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o" 

blades. At first sight, this reduction in losses 

when inlet vortices are present is somewhat sur- 

prising. However, this finding is consistent 

with the lower velocity gradients present in the 

exit flow and, hence, less severe dissipation 

regions. 
On examining the secondary velocity com- 

ponents in the exit flow in the region up to 

y/c - 0.6, when the inlet flow to the cascade 
is "clean" the highest local secondary velocity 

amounts to 12 percent of the maximum main flow 

velocity. When the vortices are introduced into 

the inlet flow the highest local secondary ve- 
locities are between 9 and 10 percent of the 

maximum main flow velocity. It is important to 

n. to that the prcn: unced vortex, which had 

existed in the inlet _low, appears tc have been 

dissipated in passing through the blade channel. 
The pressure distributions around the 

blade showed nc discontinuities wher. vortices 

were introduced, and the changes which were ob- 

served were in line w: th the altered overall 
loss cf the cascade. 

0 d/A 0.5 
0.0 o"+ oz y4 

0 The rarner jr. which the pitch-integrated 
" Zmsx de; iaticns in the exit flow are influenced by 

: ig. .. Se: cndar; - velocities at cutlet traverse inlet vcr; ices is indicated in Fig. 9. Un- 

plane - with transverse injection - basic cascade fcrtuna: ely, these pitch-integrated curves con- 
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Fig. 13 Integrated outlet angles for various 
vortex reducing schemes - no transverse injection 

ceal the reduction in secondary velocities when 
vortices are introduced. It should also be 
noted, however, that when there are vortices 
in the inlet flow, frequently the highest 
secondary velocities are in directions which 
are not parallel to the end-wall, and, there- 
fore, they will not show up in plots of devia- 
tions. 

The improvement in the secondary flows 
resulting from the inlet vortices is probably 
associated with the direction of rotation of the 
inlet vortex. As stated previcusl , this ii-ec- 
ticn is such that the side of the vortex nearest 
to the adjacent end-wall is twisted tcwar the 
pressure surface of the blades which the flow 
is entering. : he higher turning angle obtained 
.n the passage In the flow nearest the end-wail 
brings the end-wall flow out at an angle nearer 
to the main flow, rather than over-turning it. 

? D? ": IO:: ^. F �_= 0TH 0? VC TICES :? -S:, Z: I:: G 

An _nvest_gaticn ras been made of several 
pcss . ble methods of reducing the strength of the 
7o: ices in the flow leaving a turbine .. lade __.. 
which result from transverse in. ec-. -zn in front 
of that blade row. 
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Fig. 14 Integrated outlet angles for various 
vortex reducing schemes - with transverse in- 
jection 

Devices ? xamined 
Two lifferent techniques have been con- 

sidered. The first was an attempt to counter 
the motion from the pressure to the suction 
surface which had been observed within the 

separation bubble on the end-wall immediately 
downstream of the slot from which the transverse 
jet emerged (1). It appeared that the exit 
vortex : riginated from near the suction surface 
end of this separation bubble. If the mass 
flow, and hence momentum, within the bubble 
toward the suction surface could be reduced, 
then the exit vortex might be weakened. The 

method used ; ras tc out a slot through the blade 

adjacent to the end-wall, as illustrated (Scheme 

A) in ? i;. 10. =he slot runs from a position :f 
high _ressure on the--_ressure surface side to a 

cs_t_on :f _o er pressure on the suction side. 
it t erefsre, carry fluid moo the separa- 
t_o.. ou;, c_e .. _,.. a mcment*= to oppose the : revl- 
_as_-, cb--er%ed : _c:. the bubble. The 3_- 

mers_cns of the s:.. are ;i : "en in Fig. 10. 

The second technique was to employ boundary 
layer fences, as descrioed by PY'urper (i), on 
the suction surface :_ the blades near the end- 
: call from which the transverse jet is injected 

I 
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Fig. 15 Integrated stagnation pressure losses 

for various vortex reducing schemes - no trans- 

verse injection 

(Scheme B), and on the end-wall itself parallel 
to the suction surfaces (Schemes C and D). Fence 

B runs the full length of the suction surface at 

a distance of 15.9 mm above the end-wall and 

extends 7 mm out from the suction surface. The 

thickness of the fence is 0.33 mm. Fences C 

and D stand 13.5 mm out from the end-wall, have 
the same profile as the suction surface, and are 
positioned throughout their lengths at 0.33 
blade pitch from the suction surface. Fence C 

is 1.6 mm thick (the "thick" fence) while Fence 

D is 0.46 mm thick (the "thin"fence). 

Test Procedure 
The turbine cascade employed was the sane 

as that used for the investigation described in 
the earlier part of this paper on the effect of 

..:,: ices -' the flow er: er_n a cascade, .. e., 
the leading particulars were: stagger angle, 
40 deg; inlet angle, 1c, deg; aspect ratio, 1.0. 
eher. transverse injection was introduced, the 

velcclty of the Jet was 1.5 times, the velocity 
of the main approach flow and the injection 

slot width was such that the ratic of injected 

mass _flcti": to main : sass flow was 0.036. When no 
transverse flow vas required, the injection. 

slot was taped over. The boundary layer or. the 

end-wall carrying the injection slot was sucked 
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n 
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Fig. 16 Integrated stagnation pressure losses 

for various vortex reducing schemes - with 
transverse injection 

away 180 mm in frpnt of the slot. 

Results and Discussion 
As the primary aim of the various devices 

was to reduce the exit vortex resulting from 
transverse injection, the exit velocity patterns 
under conditions of transverse injection are 
first considered, particularly with reference 
to the secondary velocity components. 

With the basic cascade, transverse injec- 

tion led to the significant vortex in the exit 
flow illustrated in Fig. 11. The introduction 

of Scheme A (slot through blade) made little 

difference to this pattern. The fences on the 

end-wall (Schemes C and D) led to a slightly 
reduced vortex closer to the end-wall, and a 

smaller vortex alongside, in counter rotation. 
_h_s is _llus: rated in Fig. 1-2. The ievice 

which was most successful in reducing the exit 

vortex: was the fence on the blade suction sur- 
face (Scheme B). In order to give a numerical 
comparison between the flows with the various 
Szhemes, the extremes of local deviations in- 

nediatel;, above and below the apparent eye of 
the vortex have been examined. With the basic 

cascade, the range of local deviations is just 

over 10 deg, while with Scheme B, it is about 
deg. Schemes A, C, and r, indicate correspond- 
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=able 2 Pressure Lcss Icefficients fcr Various 
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NO _ �e. _.,.. 
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: ^.,; eC: IC. ̂ . : -st-'c - _:? C 

: asic -ascale mac: .. C'° 

-eme 
-.. =, cugh bale _ce . - 

£cr. e_e =- 
fence on suction surface C. J77 0.085 

Scheme C- 
thick end-vall fence 0.080 0.083 

Scheme J- 
thin end-vall fence 0.068 0.079 

ing deviation ranges of about 11,9, and 6.5 
deg, respectively. 

Pitch-integrated deviations are shown in 
Figs. 13 and 14 for cases without and with 
transverse injection. Due to the creation by 
the fences of other, smaller vortices, it is not 
meaningful to apply equations (1) to (3) to 
these pitch-integrated deviations. However, the 

curves do give some indication of the variation 
of directions in the exit flow. On this basis, 
Scheme B (fence on suction surface) is seen to 
be about the best of the alternatives, when 
transverse injection is taking place. 

However, the changes in pressure loss 

coefficients resulting from using the various 
devices must also be examined. The pitch-inte- 
grated loss coefficients are shown in Figs. 15 

and 16 for the situations without and with trans- 

verse injection. To assist in the zompariscn of 
the loss coefficients, the pitch-integrated co- 
efficients have been averaged over the blade 

span '. lp to f/C a .8" The results are given in 
Table 2. For the cases :; ithout transverse in- 

, 
', eotion, all Schemes adcpted lead to higher 

pressure losses, the greatest increase being 

:. pith Scheme C (thick fence on end-wall) : mile 
the smal:. est increase is with Scheme A (slot 

t: ^scuýh blade) . When transverse in�ecticn is 

esent, all S_hemes except Scheme A lead to 
Inz eased ? csses, ., hen 2, _mpared to the bas---, 

cascade, Scheme 3 being he : rorst. : "lith Scheme 

.. ne losses are .. r: aal_ý : -ýcnange . =hxs, 

_n r. c case . as there been a :e . ucticn in _: szes 
In he ; resent work, although Fences of t;; es 
3, ,, and D have been re: cr. ed as 317_^g re need 

passes elsewhere ( ). The explanation _fcr this 

oe 
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Fig. 17 Velocity contours at outlet traverse 
plane - with transverse injection - basic cascade 

discrepancy may lie in the very low aspect ratio 
(0.25) used in Reference (5). which causes the 
two end-wall secondary flows to interact. 

Further insight into the effect of the 

various Schemes on pressure losses can be gained 
by looking at the exit main fl: w velocity dis- 

tributicns. Only two )f these velocit;; distri- 
buti:; ns are presented here -- that for the basic 

cascade in Fig. 17 and that with Scheme D (thin 

fence on end-wall) in Fig. 18. In both cases, 
transverse injection is taking place. The pro- 

nounced trough associated with the exit vortex 
from the basic cascade is considerably diminished 

by the fence. 

CO: ICLüSI0.1S 

When there are vortices adjacent to an 
end-: rail in the flea approaching a cascade of 
turbine blades, the vcrtices having the direc- 

tion of rotaticn toward the pressure surface 

_f: _ the fluid on the ride cf the vcrtex nearest 
the end-:; a'_1 -- as results fron transverse in- 

Ject_on in front of the previous ro-r of blades -- 
then, _rcn these initial studies, there appears 
to be a reduction in : he pressure 1_. 5s in the 

rc : ., lades cein3 , or_s_ ere.. The vcrt{ -, -2 s 

. hense_; es vi_. ua1_y i sappear as the 

passes through the blade channels. These find- 

ings =e^u=re further testing to provide zcnfirc a- 
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t' cm, partioa a: i: 7 as -n this simulation the 

vortex r-eneratc_s were stationary relative to 
the cascade that tre : _.,.. : as entering. 

The vcrtex res. --s =_ c... transverse 

can to reface. : the dev ces tested 
f: _ ach. ev_ .f this, -.. -e ... sc e: =ect_ve :: as a 
bc*a dar- layer : ende cn the suction sur_aoe c. 1 
the blade, near to the en, .: a_? . Hove:: er, a 
sn Sicant Fe aft,: in ; ressure less is incurred. 

De". " des : hich . a-: e ic.. er pressure lc-ts penalties 

are less effective in vortex reduoticn. In v_e:, 
of the ccrclus{ o.. given in the preceding para- 
graph, it na;; not be des_racle to reduce the 

vortex which results froh transverse injection. 

The authors :. sh to thanl: Professor 
:.. S. Silver ft: his e nco;: race-eat, staff of 
P. clls-'; cý ce Ltd., f,, _ sti=1ating co* erts, and 
the Science Research Council for financial sup- 
PC rt . 
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Comparison of Transverse Injection 
Effects in Annular and in Straight Turbine 
Cascades 

J. P. BINDON 

s. 3! "1'1: -'LATURE 

B. A. ABURWIN N. R. L MACCALLUM 

c- chord 
C- flow velocity 
d- distance along blade pitch from one mid- 

passage line to next, in direction of 
suction surface 

,: - measure of strength of exit vortex, de- 
fined by (Ja*)(Jy*/c) 

E- measure of kinetic energy of tangential 

components in exit vortex, defined by 
(Aa*) 2 (. Iy*/c) 2 

f= ratio of cascade exit mass flow to mass 
flow of main approach stream 

F- measure of angular momentum of exit vor- 
tex, defined by (, lam) (, lv*/c )3 

= ratio of maximum velocity of injected jet 
to velocity of main approach flow 

s- blade pitch 
1.; = hub peripheral speed 
x- distance in axial direction from leading 

edge 
y" distance from end-wall carrying injection 

slot 
z- distance along pitch direction from lead- 

ing edge 
a- main flow angle, measured from axial di- 

rection 
7- nozzle efficiency 
B- angle between injected jet and cascade 

end-wall 
P- density 

= s-aaticn 
: n=et tc, --u1et from cascade 

ave = average 

Sarerscrixt 
*- range of F_tch-integrated exit vortex 

": ^_F. O: )J:: TIO!: 

Zr'. a ,; ica. gas turbine, snal_ air n ows 

are extractea from the main flow to cool vari- 
ous components of the turbine, e. g., blades, 

nozzle guide vanes, and disks. After they have 
fulfilled their function, these cooling flows 

are returned to the main flow in the turbine. 

The cDoling air from the blades and vanes usu- 
ally returns via holes in the blade surfaces. 
The disk cooling air returns by entering the 

main flow transversely from between blade rows. 
The effect of such a transversely injected 

stream on the flow through the immediately fol- 

lowing row of blades has been studied where the 
following row is a straight cascade (1-3). 

l 

Interactions with the secondary flows were ob- 
served. Of course, in practice the row will be 

an annular cascade, rotating or stationary. 
When the annular cascade-is stationary, as when 
it represents a row of nozzle guide vanes, the 
basic secondary flows are somewhat modified and 
there is an inward radial flow in the wakes of 
the blades (4,2). For a moving annular row, 
i. e., a row of turbine blades, there is an out- 
ward radial secondary flow (6). The present 
paper reports on a study of the effects of 
transverse injection in a stationary annular 
cascade. The cascade had the additional fa- 

cility of being able to give skew to the hub 

end-wall boundary layer, as it approached the 
injection slot and the cascade. Comparisons 

are made with the effects in straight cascades. 

APPARATUS AID TEST PROCEDURE 

t^ru a^ -. aszade 
The a: Lnu_ar cascade cf stationary nczzie 

guide vanes was designed and built by Sjclander 
It is described by hic, and also by Bindon 

(E) who added t: the rig the facility to skew 
the hub end-wal_ boundary layer by rotating the 
hub ahead of the cascade. 

1 Underlined numbers in parentheses 
designate References at end of paper. 
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The blades are of T6 profile. on a para- 
bolic camber line, with a blade outlet angle of 
50 deg. Coordinates of the blade profile are 
given in Table 1. Leading dimensions are: 
chord, 76.2 mm (3 in. ); blade height, 50.8 mm 
(2 in. ); thus aspect ratio, 0.667; cascade di- 

ameter at mean blade height, 0.356 m (14 in. ). 

There are 16 blades, giving a pitch at the mean 
blade height of 69.8 mm and of 60 mm at the hub. 
The main airflow through the cascade was supplied 
from an axial compressor via a settling chamber 
fitted with screens. The. flow entered the cas- 
cade axially, as illustrated in Fig. 1, and left 

with a direction at 45 deg to the axial. The 
Reynolds Number, based on the cascade exit ve- 
locity, was 2.5 x 105. The nose cone, which 
formed the inner end-wall of the approach an- 
nulus, extended 0.4 m upstream of the cascade, 
parallel to the axis of the cascade. This nose 
core could be rotated in the direction across a 
blade passage from the pressure to the suction 
surfaces to simulate the skewing which occurs 
in a turbomachine. In the present : rcrk, this 
hub in the approach was either stationary, or 
was rotated with a surface speed equal to the 

axial air velocity at inlet to the cascade. 
A small air flow could be in. ected trans- 

versely into the main stream from the circumfer- 
ential gap between the nose cone and the front 

edge of the hub of the cascade. The width of 
this gap was chosen to give a ratio of injected 

mass flow to main mass flow of 0.: 2 when the 
injected stream velocity was 1.5 times the main 
floc; velocity. The inclination of the let to 
the main flow was 83 deg. The fl.:; fror., the 
slot was uniform from channel to s arnei. . then 

no injected flow was required, the r=pe supply- 
ing this in. lection slot was blanked of:. 

ANMJLAR CASCADE 1. SLAOE 
2. INJECTION SLOT 

3. OUTLET TRAVERSE 
PLANE 

STRAIGHT CASCADE 

INLET jý: 
--ý 

"ýN 

ANGLE 

SKETCH DEFINING OUTLET 
FLOW ANGLES ANGLE 

Fig. 1 Test cascades 

Flow visualization studies were made on 
the hub end-wall. It was found that drops of s 
mixture of titanium oxide and light engine oil 
provided a helpful picture of the end-wall flow. 

The boundary layer on the hub end-wall, 
behind the injection slot, was traversed for 
total head and for direction at various loca- 
tions in the blade passage. Also, traverses 
were made of the exit flow, at an axial distance 
of 0.25 axial chord from the blade outlet. The 
exit traverses extended from the hub end-wall to 

a Distance from the hub of 0.7 of the blade 
height. A three-hole 90-deg cobra probe, of 
head dimensions 1.9 x 0.64 mm, was used for all 
traverses. 

Straight Cascade 
The cascade is the same as that used in 

previous studies (1-3). The blades are on an 
approximately parabolic camber line, of 129-mm 
(5.07-in. ) chord, and 88-rn (3.5-in. ) Fitch, and 
set at a stagger angle of 4; deg. Blade profiles 
coordinates are given in Table 1. A movable 
partition wail had been inserted in the tunnel 

parallel to and opposite the end-wall in which 
the injection slot was positioned. This ad- 
justable partition wall allows the aspect ratio 
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of the cascade to be reduced from the value of 

.C when there is no .. artiticn ,: al_. In prev'_- 
ous _nvestizations 

(-), the aspect ratic had 

been reduced to ' .` an: .. C. To allow a closer 

similarity to the annular cascade being tested, 

t^e aspect ratio of this straight cascade was 
further reduced to 0.6 for the present work. 

Tne 
injection slot, which was in the lo er end- 

wall immediately In front of the leading edges 

of the blades, was of a width such that the in- 

jected mass flow was C, 021: of the main mass =low 

when the injected stream velocity was 1.5 time; 

the main -'low aptroach velocity; these ratios 

are identical to the ratios in the annular cas- 

cade tests. The injected stream enters at 90 

deg to the end-wall and, hence, to the main 
f; oi: direction. When the injected strear.. is 

not required, the injection slot is taped over. 

The coundar;, layer on the end-;: a='_ i.. 

cn the i njecticn slot is place:: was sucked 
away 181- m r. u. strear.. of the sic: " 

_ne cascade was raced in the suction to 

_v ar__ole steer _a... The flow enter_ 
,, 

the 

_ace was directed at _ aeo to . n. e s:. ___" 

_. _ t. o.. _ _.. s-... _, u :: 

__: ý_ _. cu^^ec oer. ., ". _ 

.: _ a_. _s_ " .__. e 

ec_ __e- 
__ e.. __. r_.. _ __ "ý .... u _-_.... s ee_. ..,. _ 

Sion tea. one .. _, .. _... 
:: o-.: e , _.. __.. _.. 

t.. _ .. a_.,.... _ e:: _: 

25: 0: _ J2, ._ : ca^_,. =_..: e =... yens: - " 

cent at the cascade. 
^cta_ ^: eac _ ressure cistribut' ons, fIow 

directions, and were measured 200 mr: 

dctimstrear ir. '. -. e flow direction from the cas- 

cade e:: it. The instrument used was a five-hole 

s; herical ;: rcoe __ 
ö-mr.. dia. This allowed meas- 

urement of conronents of velocity normal to the 

end-wall, i-&Lch rrcved helEful in studying exit 

vortices. The f_ve-hole grobe was checked 

satisfactorily in these flows against a three- 

hole rrobe of 2. -mr.. dia. 
In both the annular and straight cascades, 

the injected flow was at the same temperature as 

the main flow. 

R-S: 7LTS AND DIS. JSSIOI: 

The results of corresrDnding tests in the 

twc cascades are described below. Befcre nak n 

ccr. rar_scrs, the differences between the cascades 

shculd be s-a.;. r. a- aed. ? he inlet angles (tc the 

axial directicr.! are C and 1; deg, respective!:,, 

c. t. -. e a n- a- and stra_ , cascades. The 

anf the 2veraze 

__-. __ __. _ ..... _ .,.... c.. G >ý. 
_ 

arC' 

_^e onnu-a: c: as- 

caäe .: _.. - 1 
, "ez sw. t_cr. fr_... .. ̂ e enc- 

-- -rar. sve_"se _; ec t_.... ta,: e; 
. _. ,, _ .... ne :.. ra_-= -n-- cazzzaae, 

... e na: s_.. _- _.. unoar _a:: er _u_ 
-n-ý' ca - =_. c- _.. _ez- . u_ c. ,,.. _.. are 

-:..: i: -. . he an- 

w_.. _ _.. _ 

3 

_ .., _=1.0 
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Fig. 4 Hub end-wall boundary layer prc: iles at 
10 percent axial chord in mid-passage 

oil drops, are shown in Figs. 2 and 3. In both 

cases, there is transverse injection frcm the 

slot between the nose cone and the hub end-wall. 
in Fig. 2, the nose cone is stationary, and in 

rig. 3 the nose is being rotated with a surface 
speed equal to the axial velocity of the ap- 
proaching main flow. The separation bubble 

previously observed in straight cascades (1) is 

again seen in both cases, and the position of 
the reattachment line is similar, extending from 

about 0.1 axial chord on the tressure side to 

abtut 0.3 axial chord on the suction She. Uith- 
In t ne separation bubble itself, there is a ecn- 
sil4erable component of velocity from the pressure 
.o the suction surface, and a rotation :f the 
bubble about this axis of transverse move eat. 
Little 1if_erence is nave to the separattcn 
bubble when t ,e approaching end-wail 
layer is skewed, but downstream of t ne : eat- 
. ach. "aent line, there is indication o. a __h it_y 
=ore skewed end-wall f_cw. 

These observations of the effects of trans- 

-terse : nJeo.. __r in the annular as2ade are in 

general agreement with tose desc__cet in 

straight cascades. 
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Fig. Hub end-wall boundary layer trcfiles at 
50 percent axial chord in mid-passage 

3ourdary Layer Traverses on Nub End-'pia:. 
The results of the traverses in the an- 

nular casoade at a point at 10 percent axial 
chord on the mid-passage line are s=, -: n in 

Fig. _. This location is within the separa- 
tion bubble that is present when there is trans- 

verse injection. The existence of . he separa- 
ticn bubble is clearly indicate) by the ;. lots 

of skew angle, when with injection ; he skew 
rises to more than 100 leg frcn the mains-. r eam 
_lo: "t, i. e. the local flow is moving bac up- 

stream. The heigrt of the bubble is abcuo ö 

percent of the blawe height, or r. ercent of 
the chord. Approach end-: "rall skew. tir.: has no 
effect in : is re: {or., but above the bubble, 
increases the skewr. Apparent losses in tcta_ 

_ressure are aisc shorn in this : i;: re. he 

readings are of questionable 
the trobe is within the separation bubble, : ue 
to the swirling, turbulent nature of the __.,.;. 
: at-Tide the se_ar3: _cn bubbre, and .: -en . here 
is n transverse : r. ject_. r. the resa_ts are as 
to be expected. 

S1=11ar ; ransversas a; another . ^_rt _m 
the mid-Fassage : _ne, but further dc nstream -- 
at ;0 percent axial chord -- are shc: m in Fig. 

This pos_tion is well clear of he serara; _: n 
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bubble on the end-wall, and the flow is securely 
reattached. The effect of injection, with no 
skewing of the apcroach end-wall boundary layer, 
_s tc reduce slightly skew irnediately adjacent 
to the end-; call, but further from the . rall, say 
at dis; ar. ces of 4 to 2: percent of blade height, 
the skew is increased. When skew is given to 
approach end-wall boundary layer, in addition to 
the transverse injection, then there is a further 
increase in the skewing of the boundary layer at 
this location or the passage end-wall. 

Summarizing, the effect of transverse in- 
Jecticn in an annular cascade on the end-wall 
boundary layer is similar to that previously 
reported in straight cascades (1). 

Pressure Lcss Distributions at Outlet 
Pressure loss distributions at the outlet 

traverse ; lanes are shown in Figs. 6.7, and 8. 
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Fig. 6 Loss c: ntourz at exit from annular cas- 

cade - with transverse Injecti. o:, skewed hub 

apprcach bcun ary layer 

respectively, fcr the annular cascade when 
there was nc ir.. ecticn and nc skewing of the 

approach end-wall bcundary layer, for injection 
but no skewing. and, finally, injection and 
skewing. -_rcu.:. ferential distances are mapped 
as straight lines on these figures, and the 
length of the base-line represents the blade 

pitch at the hub. The results for the straight 
cascade are shown in Figs. 9 and 10. without 
and with transverse injection, respectively. 
To assist comparisons, the losses from the two 
different cascades are normalized against the 

outlet velocity head. However, there are other 
differences: in the straight cascade, the 
traverses are made much further from the blade 

exit, and the blades are of different profiles. 

0.6 
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0.5 

SURCONTOURS OFD 
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i 
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o. o"oa 0.0 Ar 
01 -0-16 

ý. 0 os a,, 6 i. 0 F. 9 Lcss ccnzcurz at exit : rcr.. straight cas- 
cane - nc transverse injeaticr. 
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Fig. 10 Loss contours at exit from straight 

cascade - with transverse injection 

Nonetheless, one can make reasonable deductions 

as to the effects of transverse in injection in 

each cascade. 
In the straight cascade, transverse in- 

jection causes a high loss region in the wake 
to be intensified and displaced away from the 

suction surface and toward the end-wall. This 

zone of low forward velocity has been identified 

as being a vortex (1), the side nearest to the 

end-wall rotating toward the suction surface. 
This result with an aspect ratio of 0.8 is in 

line with the observations at higher aspect 

ratios, and confirming that the location of the 

vortex moves progressively but slowly toward 

the end-wall as aspect ratio is lcwered -- now 
being at y/c = 0.23 c. f. at y/c = 0.27 when 

aspect ratio was 1.0. 

In the annular cascade, withcut skewing 
the approaching hub boundary layer (Figs. $ and 
7), transverse injection causes siniiar ef- 
fects -- a region of high loss appears in the 

channel flow, from adjacent to the suction- 

surface, and separated from the end-wail loss 

regions. Transverse injection lifts the high 

loss core away from the end-wall and in. ec: ion 

tlus skewing lifts it even further. The lifting 

effect of inject'_cn is unexpected since, as will 
be seen later, the cveral_ losses are increased 

by injection and the radial pressure gradient 

. 
old be expected to move the 

_c,. 
rer 

region toward the 'hub. The tr. ugn in _=war! 

7e_ocity is teen from the detailed : ev_aticn 

traverses to be a vortex. The ma_r. :: fie of the 

nax: mUm loss in this region is nct _reatl;; Af- 

ferent from the maximum wake loss -.; hen there was 
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Fig. 11 Integrated stagnation pressure losses - 
no transverse injecticn 

no transverse injection. 
When the approath hub boundary layer to 

the annular cascade is skewed, the lcsses at 
the hub end-wall are somewhat Distributed along 
the blade wake by the lifting of the passage 
vortex. This result is nct shown here but is 

given in Reference (8) and discussed in 9etail. 
When transverse injection is added this vortex 
region in the passage is enhanced. 

Integrated Stagnation Pressure Losses 
Pitch integration of the stagnation pres- 

sure loss distributions shown in Figs. 6 tc :C 
leads to the results shown in Fig. 11 when there 
is no injection, and in Fig. 12 for the rases 
where injection is taking place. Both area av- 
eraging and nass averaging methods were used, 
with little discrepancy. . Where mmerica: . on- 
parisons are made, as when stu:;; ing the effect 
of transverse injection on nozzle e_fi: ien_: ", 
consistent averaging tecr'i,, ues were a: cpted. 
In all cases, the effect of transverse =r.; ecticn 
is seen to : crn a high : css .. one which is `re_: 

separated from the hub er.: -, a11 bour.: ary layer. 

Overall Ayera. e Staznat'_cn ? res ure Losses 

To Frcvide numerical , cr.. r. ar_scns sf cer- 
fcr: cance changes, the Fit: h-integrated yrezsure 
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loss curves were averaged along the span of the 
blades. It had not been possible to extend the 
total pressure traverses to the outer annular 
wall due to the goose-necking of the cobra probe 
and of the five-hole probe. Thus, information 

was restricted to 70 percent of the blade height 
in the annular cascade and to 80 percent of the 
blade height in the straight cascade. The as- 
sumption adopted for the remaining portion, 
which is adjacent to the end-wall opposite to 
the end-wall from which the transverse injection 
is made, was that the loss distribution was the 

same as that at the other end of the blade, when 
there was no injection, and that this distribu- 

: able 2 Nozzle Efficiencies and "Strengths" of 
Exit Vortex 
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Fig. 13 Predicted and observed losses of stag- 

nation pressure 

tion was not affected by transverse injection. 

On this basis, nozzle efficiencies have been 

determined from the relation 

(Pol - P02)ave 
(1) 

')- 1- (Po2 - P2 )ave 

This relation is not quite the same as that 

used in earlier work (3), but in the form shown 

here, it provides a convenient indication of ef- 

ficiency and of efficiency change, particularly 

in the annular cascade. The results are given 

in Table 2. The effects of transverse injection 

on nozzle efficiency are apparently greater in 

the annular cascade, but this effect is explained 

below as being a function of the lower exit angle 

of the annular cascade. 
The changes in the averaged losses in stag- 

nation pressure have a-so been compared with : he 

predictions of a simple one-dimensional theory 

(2,2). In Reference (2), the predicted loss 

had been shown to be 

AFC a iP C12 
1( 

f2 - 1) 

-2 (f - 1) Q cos B cos a1 J (2) 

The comparison between observed and predicted 
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increase in losses is given in Fig. 13 results 
at other aspect ratios in the straight cascade 
(3) also being shown. Agreement is fairly good 
for the present work. 

Equation (2) also explains why the effi- 
ciency reductions associated with transverse 
injection are greater in the nozzles used in 
the annular cascade than in those used in the 

straight cascade. From the equation, the loss 
in stagnation pressure is proportional to the 

velocity head'at inlet to the cascade. The 
change in efficiency is equal to the loss in 

stagnation pressure divided by the exit velocity 
head. Thus, predicted change in efficiency, for 

a given mass injection ratio, is proportional to 
inlet velocity head divided by exit velocity 
head. Blades with higher exit angles (from the 

axial direction) will, therefore, show lower 

efficiency reductions. 

Integrated Deviations 
Pitch-integrated deviations are given in 

? igs. 14 and 15. When there is no transverse 
injection (rig. 14), the exit flow in the an- 
nular cascade shows considerable change in angle 
close to the hub, particularly when the hub 

boundary layer approaching the cascade is ske:; ed. 
These changes in average angle are made even 
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Fig. 15 Integrated deviations - with transverse 
infection 

larger when transverse injection is introduced. 
In the more highly distorted flow that 

exists when transverse injection is taking 

place, the effect of-skewing the approaching 
hub boundary layer is less marked. This is to 
be expected, as the transverse stream as it 

enters causes considerable disturbance to the 

skewed boundary layer and, of course, lifts it 

off the end-wall for a short distance. 
In the straight cascade, the flow direc- 

tion had been much more uniform when there was 
no transverse injection, but the introduction 

of the transverse stream caused considerable 
deviations, associated with the strong exit 
vortex previously described (1). 

In earlier work (2), an attempt had been 

made to quantify this exit vortex by defining 

parameters D, E, and F which were proportional, 
respectively, to the circulation, to the kinetic 

energy of the tangential velocity components, 
and to the angular momentum of the vortex, if 
the vortex were assumed to be a rotating solid 
body bounded in diameter by the positions of 
maximum pitch-integrated positive and negative 
deviations. The parameters are given by 

D= (fin ) (. "/) (5 ) 

(Aa*)Z (. Iy*/c)2 (U. ) 

8 



F (ýý*) (ý: '*/c)3 (`, ) 

These measures of the exit vcrtex have been ay- 
plied in the present werk. and the results are 
sho: m in. : able _. In a-1 cases, transverse in- 
Jeccicn has increased these measures, and it 

1": cu1d appear that the increases in the annular 
cascade, whether : ": ith cr without approach end- 
Wal= skew, are greater than those in the straight 
cascade. 

=N, L'JS IONS 

Transverse irjecticn from the hub end-wall 
in front of an annular cascade produces effects 
similar to those previcusl; observed in straight 
cascades, viz. a separation bubble is formed on 
the hub end-wall i. =ediatel,, behind the injection 

slot, within the bubble there is movement toward 
the suction surface, and a strong vortex de- 

velops in the exit flow. 
The changes in stagnation pressure loss 

and in efficiency are in reasonable agreement 
with the sirple one-dimensional theory which had 

previously been found applicable to results from 

straight cascades. 
Skewing the hub boundary layer as it ap- 

proached the annular cascade, there being no 
transverse injection, had been found to have 

considerable effect on the secondary flows (8). 

This effect of introducing skewing is less marked 
when transverse injection is taking place. 
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Thermal Influences in Gas Turbine 
Transients - Effects of Changes in 
Compressor Characteristics 

N. R. L MACCALLUM 

ABSTRACT 

During transients of axial-flow gas turbines, 
the characteristics of the compressor are altered. 
The changes in these characteristics (excluding surge 
line changes) have been related to transient heat 
transfer parameters, and these relations have been 
incorporated in a program for predicting the transient 
resoonse of a single-shaft aero gas turbine. The 
effect of the change in compressor characteristics 
has been examined in accelerations using two alter- 
native acceleration fuel schedules. When the fuel 
is scheduled on compressor delivery pressure alone, 
there is no increase in predicted acceleration times. 
When the fuel is scheduled an shaft speed alone, the 
predicted acceleration times are increased by about 
5 to 6 per cert. 

NCMETTCLATURE 
A- flow area 
c= chord 

co = soecific heat at constant pressure 
= ratio : )f heat transfer to fluid to work 

transfer from fluid in an elemer. -ý of a 
compressor or turbine 

h- heat transfer coefficient 
k= thermal confuctivity of fluid 
L- distance from leading edge 
m= index of non-adiabatic compression or 

expansi or. 
M- mass flow rate of fluid 
N= rotational speed of shaft 
?- pressure 

Pr - ? rardtl NuTber 
Q= heat flux to fluid in compressor or turbine 
T= temperature 

2 

y= blade height 
y= isentropic index 
Tj = small-stage, or polytropic efficiency 
µ= viscosity 

Subscripts 
1,2 = inlet to, outlet from compressor 
ave = average 
lam - laminar 

th = throat 
turb - turbulent 

INTRODUCTION 

It is important that reliable methods are 
developed for the prediction of the transient behav- 
iour of gas turbines. For example, one wants to be 

able to predict the speed response and the thrust 

response of an aero gas turbine when a given acceler- 
ation fuel schedule is applied. 

The earliest programs for the prediction of the 
transient performance used ecuilibrium characteristics 
for the components, and ignored heat transfer effects. 
However these simple programs seriously underpredicted 
the times required for the speed and thrust responses -ý 
Thomson (1)1 quotes underpredictions of 20 to ý'0 per 
cent for äcceleration times. 

The discrepancies between these simple predict- 
ions and the observed acceleration times have been 
attributed to one or more of the following factors: 

(a) heat absorptions in the compressor(s) and 
turbine(s) 

1 
Underlined numbers in brackets designate references 
at end of paper. 
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(b) heat absorption in the combustion chamber 
rietal 

(c) incorrect tip clearances in cor.. pressor(s) 
and turbine(s) during transient 

(d) incorrect seal clearances during transient 
(e) lag in conbustion process. 

Fawke and Saravanamattoc (2), after making 
reasonable simplifying assurptions, have included 
factor (a). Thomson (1) makes an estimate of the fuel 
flow equivalent to the difference between the increased 
fuel flow and the observed increases in kinetic energy 
and exhaust energy flux. This is then deducted fron 
the fuel flow in the acceleration schedule used in the 
prediction program. Thomson also indicates methods 
of predicting heat transfer to combustion chambers, 
tip clearance changes and combustion lag - factors (bl, 
(c) and (e). Maccallum (3) has illustrated how seal 
clearance changes in transients may be predicted. 
Excessive openings of critical seals may cause 
significant increases in cooling air flows, which will 
result in proportionately less gas passing through the 
higher pressure stages of the turbine. :, lso, the 
effects of these flows, if they return to the main 
flow in the turbine, may have to be considered (k) to 
(8). 

One factor which has not previously been con- 
sidered is: 

(f) the change in the compressor characteristic 
due to the transient heat transfer. 

A theoretical investigation of this aspect is 
reported in the present paper. In addition, there is 
an assessment of the heat transfer correlations, and 
of the simplifying geometric assumptions that have 
previously been used. 

HEAT TRANSFER IN CCMPRESSCRS AND T'JRBDNES 

Heat Transfer Correlations 
For flows in compressors and turbines, Fawke 

and Saravanamuttoo (2) have used the Colburn 
Equation 

0.8 0.4 
0.023 () (Pr) (1) 

This equation is valid for developed flow. However 
the flow over the aerofoil of a blade in a compressor 
or turbine will be far from developed. A new 
boundary layer has to be started at the leading edge 
of each blade. Consequently it might be more reason- 
able, say for the compressor, to use the flat plate 
correlations for developing laminar and turbulent 
layers. Thus for a laminar layer of length 1, the 
average heat transfer coefficient is given by 

haar, = 0.66L k (r0.33, io. 5 (2) 

and for a turbulent bounnary layer 

0 .2 -0.66 
hturb - C. C37 (A) cp (Au) (Pr) (3) 

In a compressor, it might be assumed that the 
boundary layer on the pressure surface was turbulent 
throughout its length, while that on the suction 
surface was initially laminar, becoming turbulent. 
An average heat transfer coefficient might then be 
given by 

have ` 0.25 hlarr + 0.75 hturb (1. ) 

Comoaring the predictions of ecuations (1) and (i. ) 
indicates that the values of coefficient given by 
ecuatior. (1) are typically at least ,0 per cent lower 
than those giver. by equation (4). 

The above expressions have ignored the influence 
of turbulence in the main flow. Turbulence intensities 
are known to be high (E to 10 per cent). Two recent 
studies on typical turbine (not compressor) blades 
show that such levels increase the average heat 
transfer coefficient. Brown and Burt:: r. (9) indicate 
a 60 per cent increase jr. average heat transfer 
coefficient for an increase in turbulence intensity 
from 1.8 to 8.6 per cent (intensity defined by root 
mean square of fluctuations, normalised by free stream. 
velocity). Bayley and Milligan (10) show increases 
of similar nature but depending o the frequency cf 
the turbulence fluctuations. The range of increase 
in coefficients was from, 2C per cent to 16C per cent 
for turbulence intensities varying between 14 and 
=+E per cent. It is suggested therefore that a 
reasonable practice to adopt in calculating heat 
transfer coefficients in a compressor is to use 
ecuation (4) with the coefficient increased by 60 
per cent. This practice has been adopted in the 
present work. 

For turbines, fortunately there is more experi- 
mental data available giving average coefficients or. 
blades. For example Halls (11) quotes 

C. 64 he 
0.235 (M (5) 

th 

It is suggested that where experimental correlations 
of this nature are available, these should be used. 
In the present work, heat transfer coefficients were 
calculated from the above equation. It is interesting 
to note that the predictions of equation (4), when 
applied to typical turbine blades, give coefficients 
which have to be increased by about 80 per cent to 
bring them into line with the experimental correlation 
of equation (5). This magnitude of increase provides 
support for the increase of 60 per cent recommended 
for the compressor. 

Representation of Blades during Temperature Transients 
Several models have been suggested (12) for 

representation of blades during temperature transients. 
Each of these is adequate for speed transients, and 
so it is recommended that nothing more sophisticated 
than a sirple "unfinned" model is required, in which 
the aerofoils and platforms are represented by 
separate plates of equivalent total surface areas and 
thermal capacities. To make some allowance for the 
thermal contact between platforms and the devices or. 
which they are mounted - disks or casings - in the 
present work the platform thermal capacities have 
been increased by 50 per cent. 

CHANZE: IF COMPRESSOR CHARACT7-iISTIC-0 DUE TO HEAT 
TRANS-7M 

Having established heat transfer rates, two 
effects are now examined. The first results from 
changes jr. the development of the boundary layers 
or. the aerofoils, particularly or the suction surfaces. 
The second is due simply to the alteration in density 
of the air at a plane, resulting : ron the heal 
transfer from, or to, the air jr. the section of the 
compressor up to that plane This results in an 
alteration jr. the local ratio of axial velocity tc 
blade speed. 
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"71"ect of heat transfer on Boundary Layers 
In general terms, heat transfer fr-,. n a wall to a 

boundary/ layer increases the rate at which the layer 
levelops. The effect is more severe in the presence 
o: -' an adverse pressure gradient. The transiticn 
region is moved upstream and, in oases where the 
boundary layer separates, heat transfer generally 
accelerates the process (1z. 1=). This advancement 
of the separation point wäs cöseried experimentally, 
and was also predicted by a procedure based on a 
modified momentum integral equation. 

. hese findings have been applied (15) to the flow 

. r. an axial air compressor. It is suggested there 
that heat transfer from the blades to the air has 
little effect on the development of the layer on the 
pressure surfaces. However on the suction surfaces 
the prediction rethod shows under certain conditiors 
a significant increase in the displacement thickness 
jr. the vicinity of the trailing edge when the heat 
transfer is to the air. This is illustrated oualita- 
tively in Fir. 1. In this case the angle of departure 
of the flow on the suction surface will be increased 
(angles measured from the axial direction) due to the 
more rapid displacement thickness development. It was 

ADIABATC 
DISPLACEMENT 
T ICKNCSS 

w" 
HOT 
DISPLACEMENT rH. 

2A 

AD'A%A1 
WAKE 

Fig. 1 The effect of heat transfer from a "hot" 
compressor blade on boundary layer development (Ref-15) 

then assumed that the averaged increase in the leaving 
angle from a "hot" blade will be one half of the 
increase in the inclination of the line through the 
boundary of the displacement thickness on the suction 
surface. Thus for a "hot" blade there will be a 
reduced deflection across the blade row. If the blade 
is "cold" there is the possibility of increased 
deflection. These changes are predicted to take place 
-nly if the flow is near to separating, i. e. when 
there is significant positive incidence. In reference 
(15) these effects were incorporated in a program for 
predicting the compressor characteristics. This 
program also assumed that the wake losses in a non- 
adiabatic situation corresponded to the losses in the 
adiabatic case where the incidence to a blade row 
produced the same average leaving angle as in the non- 
adiabatic case. It was predicted that these boundary 
layer changes cause the constant speed pressure 
characteristics of the compressor to be displaced, and 
also cause movement of the surge line. 

Effect of density change due to heat transfer 
This aensit;; change due to heat transfer alters 

the ratio -)f axial velocity to blade speed, and hence 
alters the working points of the stages. The effect 
this has or. the conpressor constant speed pressure 
characteristics and surge line has been predicted in 

references (15) and (15)" 

Changes in Compressor Characteristics 

In the present work, a sixteen-stage axial flew 
ccrpressor of a single-shaft aero gas turbine, of 
¶axinum pressure ratio 9.: ---, was selected for studying 
these effects. 

The thernal response of the compressor to an 
acceleraticn was first predicted, each blade row of 
the ! ompresscr being treated individually. The 
tenoerature differences between the air and the 
aerofoil surfaces, and the heat fluxes, were then 
included in the program for predicting the performance 
of the comoressor. Predicted characteristics are 
shown on Figs. 2, ; and a for the ccnd'_tions existing 
during the acceleration whetn. the c=pressor is at -~. 
oC and 95 per cent respectively of the naxinuri speed. 
The predicted characteristics in which both boundary 
layer changes and density chances due to heat 
transfer are accounted for are represented by chain 
dotted lines. The corresponding characteristics 
when only the boundary layer changes are allowed for 

are indicated by the dashed lines and the adiabatic 
characteristics are shown by the solid lines. It is 
seen that in all cases there is a shift of the speed 
line, the major contributor to this displacement 
being the density change resulting from heat transfer. 
The predicted adiabatic surge line is shown, as are 
the predicted surge terminations of the non-adiabatic 
characteristics - in the present work the definition 
adopted for the location of the surge position is 
the point where the pressure characteristic has a 
maximum. 

Predicted characteristics at speeds of 85 and 
90 per cent during decelerations from 100 per cent 
speed are also shown on Figs. 2 and 3. 
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Fig. 2 Predicted effects of heat transfer on 
comoressor characteristics during acceleration 
and deceleration at sea level- 
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The movements of the surge lines are important, 
and one case has been discussed in some detail in 
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compressor characteristics during acceleration 
and deceleratior at sea level - 
N/JT_l = 0.90 x take-off N/TT_l 

reference (15). In the present paper this is not 
discussed further, apart from stating that during an 
acceleration of a "cold" engine the surge line is 
beneficially moved by the heat transfer. During a 
deceleration, deterioration of the surge line is 
predicted. 

The movement of the constant speed line is 
important to the present investigation of transient 
response. Examination of the results shown in Figs. 
2 to 4 suggests that the transient characteristics 
may be regarded as being similar to the equilibrium 
characteristics when the compressor is running 
adiabatically at a speed different by, say, AN from 
the actual speed, N. of the compressor. Thus the 
"aerodynamic" or effective speed of the compressor 
is (N + AN). The correlation of these "speed changes" 
with relevant transient parameters is discussed below. 

RELATION OF CHANGES IN CONSTANT SPEED CHARACTERISTICS 
TO TRANSIENT PARAMETERS 

The changes due to the two effects - boundary 
layer and density changes - are considered separately. 

Firstly, estimates were made of the changes in 
effective compressor speed, V, corresoondinF tc the 
displacements of the constant speed characteristics 
shorn: in Figs. 2,3 and cue to the boundary layer 
effects. Grant (13) has shown that, for a given air 
temperature, changes in boundary layer development - 
for example movement of the separation point - are 
proportional to the temperature difference between 
the surface and the air. Therefore the changes in 
speed, AN, found above have been plotted, in 
normalised forr.., against this temperature difference, 
normalised by the average temperature in the 
compressor. These results are shown in Fig. 5. 
The correlation is not good, but bearing in mind that 
the movements due to boundary layer effects are small, 
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In a similar manner, estimates were made of the 
changes in effective co-npressor speed due to the 
density changes resulting fror, heat transfer. These 
are plctted or. Fig. 6 against the heat flux oer unit 
mass of air. A muck, better correlation is found 
for these changes, represented by the expression. 
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Fig. 5 Predicted changes in "effective" speed of 
compressor during transients due to boundary 
layer effects 
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These expressions have been incorporated in the 
gas turbine transient program discussed later. 

NON-ADIABATIC COMPRESSIONS AND EXPANSIONS 

If the ratio, F, of the heat transfer to the air 
to the work transfer from the air in an element of a 
compressor remains constant along the compressor, then 
it has been shown (17) that the index of the actual 
compression path, m, is related to the isentropic 
index by 

in -1 (1 - F)(Y - 1) 
m 

(8) a1Y 

The corresponding relation for turbines is 

rn -1s (1 F) ^ y; 1 (9) 

This simple analysis has been included in the 
gas turbine transient program discussed later. The 
analysis produces results virtually identical to 
those given by the method adopted by '? 'horson (1). 

S_?? Lý Tom" Tiý''91AL B BESE TATICPJ 0? Ca4PRESSCR$ AIM 
rpnrýý3 

ideally, in terrperat;: re transients, each row of 
c:, ades in the comoresscr, cr turbine, shau1d be 

treated seoaratel;; as blade dimensions vary frca. r: w 
r--w. However this greatly complicates the 

: -__: sion of thermal effects in as turbine transient 
pr--, grams. It would be much more satisfac-. zry if in 
adequate representation could be provided by a single 
representative row of blades, or failing this, say 
two or four representative rows. The row, or rows 
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Fig. 7 Validity of simplified representation of a 
sixteen-stage axial compressor in a temperature 
transient - predicted thermal response to an 
acceleration at sea level. 

In view however of the other uncertainties in 
the inclusion of heat transfer in gas turbine 
transient prediction procedures, it is considered that 
the single blade row representation is adequate for 
most purposes. The transient program used below 
utilises single-row representation. 

? R=I=ED SECTS OF I MAT TRANSFER IN GAS TURBINE 
TRANSIENT RESPONSES. 

A program was prepared for predicting the 
transient response of a single-spool aero gas turbine 
engine. The engine used the sixteen-stage axial 

-compressor whose transient characteristics have been 
analysed in the previous paragraphs. 

The speed transient program incorporated the 
facilities discussed above for including non-adiabatic 
compressions and expansions and also allowed for the 
dlsolacement of the constant speed lines on the 
co: raressor's characteristics. Single-row represent- 
at±; n was used for calculating the heat transfer rates 
in the compressor and turbine. 

The transient response has been calculated for 
accelerations at sea level using two alternative 
acceleration fuel schedules. 

In the first the fuel flow is a function of the 
compressor delivery pressure, as illustrated in Fig. E, 
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compressor outlet pressure. 

and in the second the fuel flow is a function of the 
engine shaft-speed as given in Fig. 9. 
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Fig. 9 Acceleration fuel flow schedule "B" - function 
cf engine speed, for acceleration at sea level. 

The predicted responses to the acceleration fuel 
schedule based on pressure are given in Fig. 10. Two 
starting speeds are considered - oer cent and 
50 per cent of maximur., speed. Fig. 10 shows the pre- 
dicted responses for the following assumed situations: 

(a) adiabatic compression and exoansion, 
(b) with heat transfer to compressor, but 

ignoring movement of characteristic, 
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Fig. 10 Predicted accelerations at sea level using 
fuel schedule "A" - function of compressor outlet 
pressure. 

(c) with heat transfer to compressor, and 
including movement of characteristic, 

(d) with heat transfer to compressor and to 
turbine, and movement of compressor 
characteristic accounted for. 

The results show that the inclusion of heat 
transfer causes a slight lengthening of the predicted 
acceleration times, but this amounts to only about 
5 per cent. Inclusion of the change in compressor 
characteristics produces no alteration in the predicted 
acceleration times. 

The predicted responses to the acceleration fuel 
schedule based on shaft speed are given in Fig. 11. 
Inclusion of heat transfer in the compressor and 
turbine again leads to an increase in the predicted 
acceleration times, though the change is only about 
3' to t per cent. However there is a significant 
change when the alteration in compressor character- 
istics is introduced. This increases the predicted 
acceleration times by about a further 5 to 6 per cent. 

The magnitudes of the changes in predicted 
acceleration times due to the inclusion of heat 
transfer in the compressor and turbine (but. ignerinr 
compressor charac: eristic chanre1are siailar tc those 
reported by Fawke and Saravanamuttoc (2' 

CONCLUSIONS 

Transient heat transfers alter the character- 
istics of axial flow compressors. The changes in 
characteristics car. be approximated by using the 
concept cf changes in effective speed, and these 
changes can be correlated te heat transfer parareters. 

The techniques have been applied to a single- 
shaft aero gas turbine. When the gas turbine uses an 
acceleration fuel sched;: le which is a function solely 
of compressor delivery pressure, inclusion of the 
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fuel schedule "B" - function of engine speed. 

compressor characteristic alteration in the engine 
transient program produces no change in the predicted 
acceleration times. However when the gas turbine 
uses an acceleration fuel schedule which is a function 
solely of shaft speed, the predicted acceleration 
times are lengthened by 5 to 6 per cent by allowing 
for the change in the compressor characteristics. 
In a deceleration, with the fuel scheduled on the 
shaft speed, the predicted deceleration time would be 
extended. 

Heat transfer correlations have been compared 
and recommendations are made. 

Simplified thermal representations of a 
^ompressor have been assessed, and a single-blade 
representation is adequate for most purposes. 
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Further Studies of the Influence of 
Thermal Effects on the Predicted 
Acceleration of Gas Turbines 
A previous study has investigated the effect of changes in compressor charac- 
teristics, due to transient heat transfers, on the predicted accelerations of a single- 
spool aero gas turbine of pressure ratio 9.5. In the present paper the analysis is 

extended to a two-spool bypass engine of pressure ratio 21. The increases in the 
predicted acceleration times of this engine, due to the inclusion of heat absorption 
and compressor characteristic change, are more marked than with the lower 

pressure ratio engine, depending on the fuel schedule used. The effects of changes in 

component efficiencies on predicted acceleration have also been studied. Again, the 
higher pressure ratio engine shows the greater influence. Compared with thermal 
absorptions, it is likely that component efficiency changes have as much, if not 
more effect on predicted accelerations. 

A previous study has investigated the effect of 
changes in compressor characteristics, due to tran- 
sient heat transfers, on the predicted accelerations 
of a single-spool aero gas turbine of pressure ratio 
9.5. In the present paper the analysis is extended 
to a two-spool bypass engine of pressure ratio 21. 
The increases in the predicted acceleration times of 
this engine, due to the inclusion of heat absorption 
and compressor characteristic change, are more marked 
than with the lover pressure ratio engine, depending 
on the fuel schedule used. 

The effects of changes in component efficiencies 
on predicted acceleration have also been studied. 
Again, the higher pressure ratio engine shows the 
greater influence. Compared with thermal absorptions, 
it is likely that component efficiency changes have as 
much, if not more effect on predicted accelerations. 

NOMENCLATURE 

f= fuel now 
F= ratio of heat transfer to : 1uid to work 

transfer from fluid in ar element of a 
compressor or turbine 

cp specific heat at constant pressure 
i= mass _flow rate of _luid 
r= rotational speed of shaft 
F= pressure 

= beat flux to fluid jr. compressor or turbine 
= temperature 
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Subscripts 
1,2   inlet to, outlet from compressor (L. P. ) 
3 outlet from H. P. compressor in 2-spool 

engine 

INTRODUCTION 

It is important that reliable methods are 
developed for the prediction of the transient behaviour 
of gas turbines. For example, accurate predictions 
are required for the thrust response and speed response 
of an aero gas turbine when a given acceleration fuel 
schedule is used. 

The earliest programs for the prediction of the 
transient performance used equilibrium characteristics 
for the components, and ignored heat transfer effects. 
However these simple programs seriously underpredicted 
the times required for the speed and thrust responses 
- Thomson (1)1 quotes underpredictions of 20 to 30 per 
cent for acceleration times. 

The discrepancies between these simple predictions 
and the observed acceleration times have been attribu- 
ted to one or more of the following factors: 

(a) heat absorptions in the compressor(s) and 
turbine(s) 

(b) heat absorption in the combustion chamber 
metal 

(c) incorrect tip clearances in compressor(s) 
and turbine(s) during transient 

(d) change in compressor(s) characteristics due 
to transient heat transfer 

(e) incorrect seal clearances during transient 
(f) packing lags 
(g) lag in the combustion. process 

The heat absorptions in factor (a) have been 
included by Fawke and Saravanamuttoo (2), after making 
reasonable assumptions to simplify the problem. :+ 
different method of dealing with this factor was 
adopted by Thomson (1), who estimated the difference 

Underlined numbers in brackets designate referercea 
at end of paper. 



between the increased fuel flow energy input and the 
observed increases in kinetic energy and exhaust 
energy flux. This difference was then deducted from 
the fuel flow in the engine's acceleration schedule 
to give the "effective" fuel flow for the transient 
prediction. Thomson also indicated methods of 
predicting heat transfer to combustion chambers, and 
of predicting tip clearance changes and packing and 
combustion lags - factors (b), (c), (f) and (g) above. 
usccallum (3) has illustrated how seal clearance 
changes may be predicted. Excessive openings of 
critical seals will cause increases of cooling air 
flows which will reduce the amount of gas passing 
through the higher pressure stages of the turbine. 

The factor (d) - changes in compressor charac- 
teristics due to transient heat transfer - has been 
studied (k) with reference to a single-spool acre gas 
turbine of pressure ratio 9.5. There it was seen 
that the predicted acceleration time was increased by 
5 to 6 per cent due to compressor characteristic 
changes if the accelerating fuel flow is scheduled on 
engine shaft speed alone. However if the fuel flow 
is scheduled on compressor delivery pressure there is 
no effect on the prediction of acceleration times. 
For both types of schedule, allowance for heat absor- 
ptions in the compressor and turbine caused increases 
of about 4 to 5 per cent in the predicted acceleration 
times. 

In the work reported in this paper, the effects 
of changes in component efficiency, and of component 
mass flow capacity, on predicted acceleration times 
are given for the same single-spool gas turbine. The 
analysis is then extended to a two-spool bypass engine 
where the influences of heat absorptions, compressor 
characteristic changes and component efficiency 
changes on predicted acceleration times are considered, 
two alternative accelerating fuel schedules being used. 

SINGLE-SPOOL ENGINE 

A study has previously been made (L) of the 
effects of factors (a) and (d) on the predicted 
acceleration times of a single-spool aero gas turbine 
of maximum pressure ratio 9.5. The calculation 
procedure adopted was described in reference (4). 
Allowance was made both for the non-adiabatic comp- 
ression in the compressor and for the non-adiabatic 
expansion in the turbine. The method adopted 
involved the instantaneous calculations in both 
components of the ratio, F, of the heat transfer to 
the air/gas in an element of the component to the 
work transfer from the air/gas in the same element. 
It was assumed that at any instant the value of this 
ratio, F, was constant along the component, which 
allowed integration along the component. Having 
accepted this approximation, it was then possible, 
without significant error (4), to simplify the 
representation of the thermal response of the compres- 
sor or turbine by the use of a single characteristic 
size of blade plus platform and shroud. The results 
obtained by this procedure were similar to those given 
by the method developed by Bauerfeind (ý), and subse- 
quently used by Thomson (1). The additional effect 
studied in reference (4) was the effect of the change 
in compressor characteristics due to heat transfer - 
factor (d). Two mechanisms have been described 
whereby transient heat transfer can alter the charac- 
teristics. The first mechanism is by a change in the 
development of the boundary layer on the suction 
surfaces of the blade aerofoils. If the heat trans- 
fer is from the blade to the air, as during and 
following a deceleration, then the boundary layer on 

the suction surface thickens more rapidly, and deflec- 
tion of the air flow is reduced, and a wider wake, with 
increased losses, results. For the single-spool 
compressor, of maximum compression ratio 9.5, used for 
this analysis in reference (4), the change in 
"effective" speed was related to the "mean" temperature 
difference between the aerofoils and the air by the 
equation 

(GNP a-0.055 
(T 

aerofoil - Tave 1.2) 
N boundary layer T 

ave 1,2 
(1) 

The second mechanism for altering the compressor 
characteristics is due to the change in the density of 
the air, after a given stage, due solely to the tran- 
sient heat transfer. This change in density disturbs 
the matching of the subsequent rows in the compressor. 
For the single-spool compressor analysed in reference 
(L) the resulting change in effective speed was 
correlated by 

(11 
N)=-0.15 

QT (2irc ) 
density change p ave 1,2 

Influence of predicted heat transfers on acceleration 
times 

The results of including beat transfers in the 
compressor and turbine, and of including compressor 
characteristic change, in the calculation of the 
response of a single-spool engine have been reported 
in reference (D) and the principal results are summar- 
ised here. The engine maximum pressure ratio was 9.5. 
Accelerations at sea level were studied using two 
alternative fuel schedules. In the first schedule 
the accelerating fuel flow was a function of compressor 
delivery pressure alone, and in the second it was a 
function of engine shaft speed alone. Allowance for 
heat absorptions in the compressor and in the turbine 
slowed the predicted accelerations for both accelerat- 
ing fuel schedules, times being increased by about 5 
per cent with the "pressure" fuel schedule, and by 
about L per cent with the "speed" fuel schedule. 
Compressor characteristic change had no influence on 
the predicted acceleration when the pressure fuel 
schedule was used, but it slowed the acceleration by 
about 5 per cent when the accelerating fuel flow was 
scheduled on shaft speed. 

Influence of compor_ent efficiency changes on 
acceleration times 

It is very likely that the efficiencies of the 
compressor and of the turbine during a speed transient 
will differ from the equilibrium values corresponding 
to that instantaneous shaft speed, inlet temperature, 
and component pressure ratio. A study has therefore 
been made of the sensitivity of the predicted acceler- 
ation times of the single-spool engine described in 
the preceding paragraph to changes in compressor 
efficiency and turbine efficiency. The results of 2 
per cent reduction in component efficiencies when using 
the accelerating fuel flow scheduled on pressure are 
given in Fig. 1. The predicted acceleration times are increased by about 8 per cent for this reduction in 
compressor efficiency, and by about 15 per cent for the 
corresponding reduction in turbine efficiency. The 
corresponding results for the case where the acceler- 
ating fuel flow is scheduled on engine shaft speed are 
shown in Fig. 2, where the increases in accelerating 
times are slightly greater, being about 11 per cent and 
about 17 per cent for the 2 per cent reductions 
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in compressor efficiency and in turbine efficiency 
respectively. 

Comparing the effects on predicted acceleration 
times of the inclusion of heat transfer processes 
with the effects of component efficiency changes, 
inclusion of heat transfer is equivalent, when using 
the pressure fuel schedule, either to a reduction in 
compressor efficiency of about 1.2 per cent, or to a 
reduction in turbine efficiency of about 0.7 per cent. 
When the accelerating fuel flow is scheduled on the 
shaft speed, the inclusion of heat transfer is equiv- 
alent either to a reduction of about 1.6 per cent in 
compressor efficiency, or to a reduction of about 1.0 
per cent in turbine efficiency. 

It should be noted that a reduction in compres- 
sor efficiency is usually due to an increase in tip 
clearance. Associated with this increased tip 
clearance, there is also a reduction in the mass flow 
delivered by the compressor at that particular non- 
dimensional rotational speed and pressure ratio. As 
a working guide, it is estimated (6) that when 
clearance changes etc. cause a reduction in compressor 
efficiency of 1 per cent, there is an associated loss 
of 1 per cent in the mass flow capacity of the 
compressor. The effect of a reduction in the 
compressor flow capacity on the predicted acceleration 
times is discussed in the next section. 

Influence of changes in flow capacities and nozzle 
area on acceleration times 

As described above, it is possible for the flow 
capacity of a compressor to differ during a transient, 
from the corresponding steady-running value. Also, 

during transients, the effective flow areas of the 
turbine's nozzle guide vanes, and of the final nozzle, 
may differ from their steady-running values. The 
effects of 2 per cent reductions in the flow capacity 
of the compressor and also of 2 per cent reductions in 
the effective throat areas of the nozzle guide vanes 
and of the final nozzle have been studied with reference 
to the predicted acceleration times of the single-spool 
engine used as an illustration above. The results are 
shown in Fig. 1 for the case where the accelerating 
fuel flow is scheduled on the compressor delivery 
pressure, and in Fig. 2 for the case of the accelerating 
fuel flow scheduled on the shaft speed. 

The reduction of the compressor flow capacity has 
no effect on the acceleration time when the fuel sched- 
ule based on the compressor delivery pressure is used. 
When the accelerating fuel schedule based on the shaft 
speed is used, the time for an acceleration is reduced 
by about k per cent by the 2 per cent reduction in 
compressor flow capacity. This is to be expected as 
the shaft speed will be higher for a particular inlet 

air mass flow, allowing a higher fuel flow and higher 
fuel/air ratio. Of course the trajectory of the 
acceleration on the compressor characteristic will be 
nearer to the surge line. When the compressor 
performance changes of efficiency reduction and mass 
flow reduction are coupled together by the working rule 
suggested in reference (6), namely equal incremental 
fractional changes in both parameters, then for the 2 
per cent reduction the acceleration times are increased 
by about 8 per cent when the pressure schedule is used, 
and increased by about T per cent when the shaft speed 
schedule is used. 
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The reduction of the turbine nozzle guide vane 
effective flow area leads to faster accelerations with 
both types of accelerating fuel schedule. The 
schedule based on compressor delivery pressure shows 
the greater change - accelerating times being reduced 
by about 10 per cent due to the 2 per cent reduction 
in guide vane flow area. With the fuel flow 
scheduled on the shaft speed, acceleration times are 
reduced by about L per cent. 

The effect of reducing the final nozzle effective 
flow area by 2 per cent is to increase acceleration 
times by about 6 per cent for both fuel schedules. 

TWO-SPOOL BYPASS ENGINE 

The analysis described above has been extended 
to the case of a two-spool bypass engine having a mixed 
exhaust. The engine was of overall maximum pressure 
ratio 21, the corresponding pressure ratio of the high 
pressure compressor being 7.6. The bypass ratio at 
the maximum conditions was 0.58. The engine was of 
similar thrust to the single-spool engine chosen as an 
example in the first analysis. 

In considering the heat transfer effects in the 
compressors, allowance was made, as previously, both 
for the non-adiabatic compressions and for the altera- 
tion in the compressor characteristics. For the L. P. 
(low pressure) compressor, the change in effective 
speed due to boundary layer effects was given by 

()0.10 
(T 

aerofoil 
Tave 1,2 

N boundary layer Tave 1,2 (3) 

The alteration in effective speed due to density 
change resulting from heat transfer was given by 
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For the H. P. (high pressure) compressor the corres- 
ponding relations were found to be 

() _-0.15 
(T 

aerofoil - Tave 
2.3) (5) 

Y boundary layer Tave 2,3 

and 

(ýN) =-0.15 me T 
C6) 

density change p ave 2,3 

Influence of predicted heat transfers on acceleration 
times 

The effects of heat transfers on the predicted 
acceleration times have been obtained for sea level 
accelerations on two alternative accelerating fuel 
flow schedules. In the first schedule the fuel flow 
was made a function of the H. P. shaft speed. This 
accelerating fuel flow schedule is shown on Fig. 3 
where it can be compared with the equilibrium fuel 
flow. In the second schedule used, the fuel flow 
divided by the product of the H. P. shaft speed and the 
H.?. compressor inlet pressure was made a function of 
the H. P. compressor pressure ratio. This schedule, 
and the equilibrium relationship are illustrated in 
Fig. L. 

The effects of heat transfers in the L. P. and 
H. P. compressors, including characteristic changes 
where appropriate, and of heat transfers in the H. P. 
and L. P. turbines have been studied individually. 
The procedures adopted were similar to those used with 
the single-spool engine. The influences of heat 
transfers in the two compressors are illustrated in 
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Fig. 5 for the case of accelerations on the H. P. shaft 
speed fuel schedule, and in Fig. 6 for the schedule 
using the fuel flow group as a function of H. P. 
compressor pressure ratio. With both schedules, the 
effect of changes in the characteristics of the L. P. 
compressor was negligible, and can therefore be 
ignored. Allowance for heat transfer in the L. P. 
compressor increased acceleration times (averaged for 
the two shafts) by about 2 per cent when the fuel was 
scheduled on H. P. shaft speed, and decreased the 
acceleration times by slightly smaller amounts when 
the fuel flow group was scheduled on H. P. compressor 
pressure ratio. Allowance for heat transfer plus 
characteristic change in the H. P. compressor showed 
an increase of about 6 per cent in the predicted 
acceleration time when the fuel flow is scheduled on 
H. P. shaft speed, and an increase of about 2.5 per 
cent when the fuel flow group is scheduled on the H. P. 
compressor pressure ratio. The case where the fuel 
flow is scheduled on the H. P. shaft speed is very 
sensitive to the changes in the characteristics of the 
H. P. compressor which lead to changes in effective 
speed, hence the large increase in predicted 
acceleration times. 

With regard to heat transfers in the turbines, 
whose effects on predicted acceleration times are 
shown in Figs. 5 and 6 for the two fuel schedules, the 
heat transfer in the L. P. turbine has negligible 
effect. The heat transfer in the H. P. turbine does 
have a noticeable effect, increasing the acceleration 
times for both fuel flow schedules by about 5 per cent. 

When all these heat transfer effects are 
included the acceleration time when using the H. P. 
shaft speed fuel schedule is increased by about 13 
per cent, as indicated in Fig. 5. With the fuel flow 
group scheduled on the H. P. compressor pressure ratio, 
the inclusion of all the heat transfer effects 
increases the predicted acceleration time by about 6 
per cent, as shown in Fig. 6. 

Influence of component efficiency changes on 
acceleration times 

For this engine also, a study has been made of 
the sensitivity of the predicted acceleration times to 
changes in the efficiencies of the compressors and 
turbines. 

The results of 2 per cent reductions in 
component efficiencies when using the accelerating 
fuel flow scheduled on the H. P. shaft speed are shown 
in Fig. T. The changes in L. P. compressor efficiency 
and L. P. turbine efficiency have very little effect. 
Reductions in the efficiencies of the H. P. components 
have marked effect, there being increases in 
acceleration times of 27 and 40 per cent respectively 
for the reductions in H. P. compressor and H. P. turbine 
efficiencies. The corresponding effects when the 
accelerating fuel flow group is scheduled on the H. P. 
compressor pressure ratio are shown in Fig. 8. In 
this case, changes in efficiency of the components on 
the L. P. shaft have a slight effect, the acceleration 
times being increased by between 1 and 2 per cent by 
reductions in efficiency of 2 per cent in either the 
L. P. compressor or the L. P. turbine. The reductions 
in acceleration rates due to lowered efficiencies in 
the H. P. shaft components are again considerable, 
though not as great as with the first accelerating 
fuel schedule. Reductions of 2 per cent in the A. P. 
compressor and H. P. turbine efficiency increase the 
acceleration times by 20 and 34 per cent respectively. 

If the summed influences of thermal absorptions 
and compressor characteristic change, as discussed 
earlier, are compared with these effects; the combined 
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thermal effects are equivalent, when using the fuel 
schedule based on H. P. shaft speed, either to a 
reduction in H. P. turbine efficiency of 0.7 per cent 
or a reduction in H. P. compressor efficiency, without 
accompanying loss of mass flow, of 1 per cent. If 
there is a loss in compressor mass flow capacity, as 
discussed previously, then the reduction in H. P. 
compressor efficiency would have to be about 2 per 
cent to give a reduction in acceleration rate equiva- 
lent to that due to the thermal effects. When the 
fuel schedule based on H. P. compressor pressure ratio 
is used, the equivalent reductions in component 
efficiency are - 0.4 per cent for the H. P. turbine and 
0. T per cent and 1.0 per cent respectively for the 
H. P. compressor without and with associated mass flow 
reductions. 

Influence of chances in flow capacities and nozzle 
area on acceleration times 

The effects on acceleration times of reductions 
in the flow capacities of the two compressors, of 
reductions in the effective flow areas of the nozzle 
guide vanes of the two turbines, and of a reduction 
in the flow area of the final nozzle have been studied. 

Change in the flow capacity of the L. P. compres- 
sor had negligible effect. The change in the flow 
capacity of the H. P. compressor produced significantly 
faster accelerations. When the accelerating fuel 
flow was scheduled on the H. P. shaft speed, a2 per 
cent reduction in the H. P. compressor capacity 
reduced the acceleration time by about 14 per cent 
(rig. 7). With the alternative fuel schedule (fuel 
flow group being a function of H. P. compressor 
pressure ratio) the reduction in acceleration time 
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was less marked - about 5 per cent (Fig. 8). These 
faster accelerations are to be expected, as, with the 
first fuel schedule, the H. P. shaft speed has to be 
higher to accommodate a particular non-dimensional mass 
flow at inlet to the H. P. compressor. The fuel flow 
is of course directly a function of this shaft speed, 
and is very sensitive to it, see Fig. 3. With the 
second fuel schedule, the dominant factor is that the 
fuel flow is proportional to the H. P. shaft speed, if 
we assume the H. P. compressor inlet pressure and 
pressure ratio are the same. The higher H. P. shaft 
speed required leads to a higher fuel flow for 
essentially the same air flow, hence a faster 
acceleration. 

When the effective throat area of the guide vanes 
of the H. P. turbine is reduced by 2 per cent, faster 
accelerations are predicted with both fuel schedules 
(Figs. 7 and S), the reductions in acceleration times 
being h and 12 per cent respectively for the two 
schedules. The reason for the second schedule shoving 
such a marked change is that the fuel flow in this 
schedule is very much influenced by the H. P. compressor 
pressure ratio, which rises markedly when the throat 
area of the H. P. turbine is reduced. 

Reduction of the effective throat area of the 
L. P. turbine leads to very much slower accelera- 
tions. This is because the matching of the engine is 
altered to lower the H. P. shaft speed relative to the 
L. P. shaft, and to lower the pressure ratio across the 
H. P. compressor. Thus the predicted increases in the 
acceleration times for a2 per cent reduction in L. P. 
turbine effective throat area are 17 and 12 per cent 
for the fuel schedules based on H. P. shaft speed and 
on H. P. compressor pressure ratio respectively. 
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Change in the final nozzle area produces very 
little difference in the acceleration times. With 
both fuel schedules, a reduction of 2 per cent in the 
area leads to an increase of just over 1 per cent in 
the acceleration times. 

COISARISONS BETWEEN ENGINES 

The results described in the previous sections 
provide the possibility of some comparisons between 
the two engines considered. The overall pressure 
ratios are 9.5 for the single-spool engine and 21 for 
the two-spool bypass engine. 

Comparison of thermal effects on predicted 
acceleration times 

If we compare the predicted acceleration times 
for the two engines when the accelerating fuel flow 
schedule is based on the speed of the compressor (or 
H. P. compressor), it is seen that when all the thermal 
effects are included the predicted acceleration times 
are increased by about 9 and 13 per cent for the 
single-spool and two-spool engines respectively. 

The other fuel schedules used with the two 
engines are not exactly equivalent in that with the 
single-spool engine the fuel flow is a function of 
the compressor delivery pressure (or pressure ratio 
for sea level accelerations), whereas with the two- 
spool engine it is the fuel flow divided by the product 
of the H. P. shaft speed and H. P. compressor inlet 
pressure which is the function of the H. P. compressor 
pressure ratio. However the dominant influence in 
both schedules is the compressor pressure ratio, and 
on this basis some comparisons can be made. With 
these schedules, inclusion of all the thermal effects 
increases the acceleration times by about 5 and 6 per 
cent respectively for the single and two-spool engines 
respectively. 

Simmmarising these results, the higher pressure 
ratio two-spool engine is more influenced by thermal 
effects -a result which is to be expected. However 
the increase is not great when the more practical fuel 
schedules based on the compressor pressure ratio are 
used. The larger effects when the fuel flows are 
scheduled on the compressor (H. P. ) shaft speed are 
very much due to the increased "effective" speeds of 
the compressors resulting from the transient heat 
transfers. 

Comparison of effects of component efficiency and area 
changes - 

The effects on predicted accelerations of 2 per 
cent reductions in compressor efficiency in the two- 
spool engine are just about double the effects in the 
single-spool engine. This result is not seriously 
influenced by the fuel schedule used. 

Similarly, when the turbine efficiencies are 
lowered by 2 per cent the increases in acceleration 
times with the two-spool engine are about double the 
increases with the single-spool engine. 

Changes in the effective throat area of the 
turbine (H. P. ) produce similar changes in the 
predicted acceleration times of the two engines when 
results with fuel schedules based on compressor (F. P. ) 
pressure ratio are compared, and when results using 
schedules based on compressor (H. P. ) shaft speed are 
compared. The former fuel schedules are the more 
sensitive to the throat area changes. 

Change of the final nozzle area of the two-spool 
bypass, mixed exhaust engine had very little effect on 
predicted acceleration times, whereas a2 per cent area 
reduction with the single-spool engine is predicted to 

increase the ccceleration time by 6 per cent. 

LIKELY RANGE OF COMPONENT EFFICIENCY CHANGES AND AREA 
CHANGES 

As it has been seen that predicted acceleration 
times are very sensitive to changes in component 
efficiency, it would be valuable to know the likely 
amounts by which component efficiencies during a 
transient could differ from corresponding steady 
running values. Such experimental data are scarce. 
Thomson (1) has indicated, for a typical two-spool 
bypass engine, reductions of up to 2 per cent in the 
H. P. compressor efficiency and of up to 1.5 per cent 
in the H. P. turbine efficiency. Maccallum (Z) has 

estimated an average reduction of 1 per cent in 

compressor efficiency for the single-spool engine used 
as an example in the first part of this paper, but no 
change in turbine efficiency. 

Changes in effective control areas are difficult 
to forecast. One estimate for the two-spool bypass 
engine used in the present study is that the effective 
throat area of the H. P. turbine is increased by about 
0.9 per cent during an acceleration (8). 

If it is assumed that the following departures 
from equilibrium performance are likely to occur 
during an acceleration of the two-spool bypass engine 
H. P. compressor efficiency and mass flow reduction 1 
per cent, H. P. turbine efficiency reduction 0.5 per 
cent and H. P. turbine effective throat area increased 
by 0.5 per cent - then the resulting predicted 
acceleration times are increased by about 18 per cent 
for both the fuel schedules considered. Alongside 
these, the increases in predicted acceleration times 
due to heat absorptions and changes in characteristics 
were 13 and 6 per cent respectively for the "speed" 
and "pressure ratio" fuel schedules respectively. 

CONCLUSIONS 

Transient heat transfers affect the predictions 
of the acceleration times of gas turbines. The 
predictions are also affected by departures in 

component efficiencies from the expected values. The 

effects of these factors on the predicted acceleration 
times depend on the engine and the accelerating fuel 
schedule used. The higher the pressure ratio of the 
engine the more pronounced are these effects. 

For a two-spool bypass engine of maximum 
pressure ratio 21, when a fuel schedule based on H. P. 

compressor speed is used, inclusion of heat absorp- 
tions in the components, and associated changes in 

compressor characteristics, increases the predicted 
times for an acceleration at sea level by about 13 

per cent. If the accelerating fuel schedule is based 
on H. P. compressor pressure ratio, the predicted times 
are increased by about 6 per cent. The predictions 
of acceleration times are very sensitive to alterations 
in component efficiencies, and increases in predicted 
acceleration of the same magnitudes as those resulting 
from thermal absorptions etc., quoted above, would 
have followed from reductions in H. P. turbine efficiency 
of 0.7 per cent or 0.4 per cent respectively for the 
two fuel schedules. 
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One estimate has been made of the likely changes 
in component efficiencies and control areas for 
the previously mentioned two-spool bypass engine, 
and this suggests, for these effects alone, 
increases of 18 percent in the acceleration 
times for both the fuel schedules considered. 
Coupled with the heat absorption effects and 
changes in the compressors' mass flow 
characteristics this then gives increases in the 
predicted acceleration times of about 30 percent 
and 24 percent, respectively, for the two fuel 
schedules. 

The sensitivity of the predictions to component 
efficiency change indicates that more accurate 
data is required on component efficiencies in 
transients. 
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SUMMARY 

The anticipated effects of heat transfer on the characteristics of an axial-flow air- 
compressor have been estimated using two different prediction methods. The second method, 
which incorporates end-wall boundary layers, predicted somewhat smaller changes of 
characteristics than those indicated by the earlier method. As the second method uses a 
model of the flow which is probably more realistic, for the present it is considered that 
its predictions on heat transfer effects on characteristics are more accurate. In an 
altitude deceleration of a typical 12-stage compressor it is therefore estimated that 
surge margins might be reduced by about 20 or 25%. In a sea-level acceleration there 
are similar increases in surge margins, as compared to adiabatic characteristics. 

Decreasing the stagger angle increases slightly the susceptibility to characteristics 
being altered due to heat transfer effects in transients. 

List of svmbols 
cp specific heat at constant pressure 
Ch enthalpy-equivalent static-pressure-rise coefficient 
e deflection 
g staggered spacing between blades 
h annulus height 
i incidence 
m mass flow rate 
N rotational speed 
Q heat flux to air in compressor 
T, AT temperature, temperature difference 
a air angle 
6 displacement thickness 
C tip clearance 
V kinematic viscosity 
A fractional effective area 
8$ change in angle of projected displacement thickness line 

Subscripts Superscript 
ht heat transfer * design 

core 
2 exit 

1. INTRODUCTION 

The behaviour of aircraft gas turbines during rapid accelerations and decelerations 
is of considerable interest. It is important that these transients can be carried out 
rapidly, without any malfunctioning of the engine - in particular without encountering a, 
serious stall or surge in the compressor(s). 

It appears that the steady-running characteristics of the engine and its components 
are not always applicable in transients. For example it has been found that the margin 
of compressor pressure ratio available between the working line and the surge line (the 
surge margin) is influenced by the immediately preceding history of the engine - in one 
case Warne (Ref. 1) reported trat the "overfuelling margin" for an acceleration was halved if the engine had immediately previously been allowed to "soak" at a high speed. 

The purpose of the present paper is to consider the factors arising in transients 
which might affect the performance characteristics of axial-flow air compressors. The 
magnitudes of these factors are estimated, and the factors are incorporated in two 
alternative procedures for predicting the performance of the compressors, the influence 
of these factors on the compressors' characteristics thus being indicated. 

2. PREDICTION METHODS - ADIABATIC FLOW 

The flow in an axial-flow air compressor, particularly as surge is approached. is 
influenced by three-dimensional effects. Ideally, the prediction method used should be 
based on blade-element data, with radial integration, followed by axial stacking. Such 
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a procedure is complex, and some of the information required is as yet incomplete. In 
the present work, which is regarded as exploratory rather than definitive, a simple 
two-dimensional procedure has been adopted, using calculations at the pitch-line and 
modified in two different ways. The modification used in the first method allows the 
possibility of the existence of stall cells. In the second method the modification 
takes account of the growth of the end-wall boundary layers on the casing and hub of the 
annular flow passage. These methods are now described, referred to as Methods 1 and 2 
respectively. 

2.1 METHOD 1: PITCH-LINE WITH STALL C2LLS 

This method has been used by Maccallum and Grant (Ref. 2) and is described in fuller 
detail in that paper. Briefly, the method uses row by row calculations at the mean 
blade height, based on the two-dimensional cascade data published in Ref. 3. The flow 
is compressible and Mach Number effects (Ref. 4) are allowed for. Axial velocity 
variation within a row is incorporated into the exit velocity triangles and energy 
transfer calculations, although its effect on deviation (Ref. 5) is not included. 

When the incidence of the flow into a particular row becomes too great, it is assumed 
that a stall cell is then formed in part of the annular area, and in the remaining area 
normal flow is restored. The quantitative definition adopted for this stalling of a 
blade row is that the profile drag coefficient rises to double its minimum value, and this 
occurs when the numerical value of the dimensionless relative incidence group (i-i*)/e* 
reaches 0.4. When the flow through a particular row is reduced below that giving this 
stalling value of the incidence group, it is assumed that the flow redistributes itself 
in the annulus so that part of the annulus operates with a flow giving exactly this 
stalling value of the incidence group, and the remainder of the annulus is occupied by a 
stall cell with no significant flow. 

Inherent in this type of pitch-line prediction method is the need to insert a work- 
done factor to account for the reduced energy transfer resulting from the development of 
the axial velocity profiles. Alternatively a blockage factor can be used. In the 
present study, work-done factors were used. 

The application of this prediction method is illustrated later in Section 4.1. 

2.2 METHOD 2: PITCH-LINE WITH END-WALL BOUNDARY LAYER 

It has been found by Koch (Ref. 6) that the limiting pressure rise potential of axial- 
flow compressor stages can be correlated with the peak pressure recovery data (Ref. 7) 
of two-dimensional diffusers having a 9% blockage in the inlet flow profile. In this 
correlation, illustrated in Fig. 1, a parameter representing the stalling effective 
static pressure rise is plotted against the ratio of the diffusion length to the exit 
width (staggered) of the diffusion passages. The parameter representing the stalling 
effective pressure rise of a stage is based on the static pressure rise coefficient, Ch, 
normalised by the pitch-line free stream dynamic head. This coefficient is adjusted for 
tip clearance, axial spacing, Reynolds Number and for an "effective dynamic pressure 
factor" to account for the proneness to stall of low stagger stages. 

As the flow through a stage is throttled so that the limiting, or stalling, pressure 
rise condition referred to above is approached, the end-wall boundary layers thicken, 
as shown by Smith (Ref. 8). The effective area ratio, at which the stalling pressure 
rise occurred was found to be a function of the tip clearance, staggered gap and blade 
height (Ref. 6) 

A=1- (0.34 +2 c/g ) (g/h) (1) 

At lower pressure loadings the end-wall boundary layers are thinner and the effective 
area ratio is higher. The relationship is complex and is illustrated in Fig. 2 by plots, 
given by Smith (Ref. 8), of the normalised displacement thickness of the casing boundary 
layer as a function of the loading and of the tip clearance. 

This data of Smith's on the relationship between the displacement thicknesses and the 
pressure loading allows a means of calculating the blockage factor for loadings lower than 
the limiting value. This, combined with the stalling pressure rise factors provided by 
Koch (Ref. 6), was the basis of the second prediction method used in the present work. 
The flow is assumed to be concentrated in the central core of the annulus with blocked 
regions of thicknesses equal to the displacement thicknesses adjacent to the casing and 
hub walls. For the flow in the core, it is assumed that the two-dimensional procedure 
described in Section 2.1 above can be used. In a typical calculation procedure for a 
stage, first the limiting pressure rise is determined from Koch's correlation, the flow 
velocities used in the denominator of the pressure rise coefficient being those 
corresponding to the core flow when the boundary layer blockages are those occurring at 
the stalling pressure condition (Eqn. (1)). A test blockage is then tried, giving core 
velocities, and angles through the stage. The pressure rise predicted from the two-dimen- 
sional procedures is then compared with the limiting, or stalling, value. The ratio of 
these two pressure rises then gives displacement thicknesses from Fig. 2. and its 
equivalent at the hub, which give a new blockage for that stage. This procedure is 
repeated until convergence is obtained. This calculation is carried out through all 
stages of the compressor in succession. 
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The loss in efficiency to be expected from the effects of blockage has been incorpor- 
ated using the results of Smith (Ref. 8) who found, on average, that the "tangential force 
thickness" was about half the displacement thickness i. e. the reduction in torque due 
to the low mass flow in the boundary layer was only half the reduction there should have 
been had the blockage area been passing no flow at all. 

Kochs correlation was developed essentially for low speed compressors. For high 
speed compressors Koch found the stalling pressure rises of the stages tended to fall 
below the correlation. To allow for this effect a factor was introduced into the present 
prediction program to scale down the correlation values of limiting pressure rise. 

The use of this second prediction method is illustrated later in Section 4.2. 

3. EFFECTS IN TRANSIENTS - GENERAL DESCRIPTION 

Several effects occur in transient operations of gas turbines which can alter the 
characteristics of the compressor. These have been listed for an axial-flow compressor 
(Ref. 9) and partially studied (Ref. 9,2). These effects are now reviewed. 

3.1 DENSITY CHANGES RESULTING FROM HEAT TRANSFER 

During an acceleration of an initially "cold" engine, there will be heat transfer 
from the air as it passes through the compressor to the blades, platforms and casings. 
This will make the air more dense, and will lower the axial component of velocity at a 
particular stage in the compressor as compared to the steady-running state at that 
particular non-dimensional rotational speed, based on inlet temperature. This alters 
the stage matching. Similar effects, but opposite in direction, occur during deceler- 
ations. 

The temperature distributions shown by Smith (Ref. 8) for a 12-stage compressor, under 
steady-running conditions, indicate that the energy dissipated into heat due to losses 
adjacent to the end-walls tends to remain within the end-wall boundary layers. Consequent- 
ly it appears that heat transfers to, or from, platforms and casings will have little 
influence on the temperature, hence density, of the flow at the pitch-line. However the 
heat transfers to, or from, the aerofoils of the blades will immediately influence pitch- 
line density. Thus the procedure that has been adopted in the pitch-line calculations 
described in Methods 1 and 2 in the previous section is that only the heat transfers to, 
or from, the aerofoils of the blades alter the density as compared to adiabatic running. 

3.2 BOUNDARY LAYER DEVELOPMENT ON BLADE AEROFOILS 

It has been shown (Ref. 10) that the separation from a convex curved surface in an 
adverse pressure gradient can occur earlier if the surface is at a temperature above the 
temperature of the flowing air. These results, on a large curved surface, have been 
used to validate a prediction method which has subsequently been applied to flows over 
typical compressor blades (Ref. 2). For conditions when the flow on the suction surface 
of the blade is near to separation, if the blade is then made hot, compared to the air, 
the displacement thickness increases much more rapidly near the trailing edge. There 
is no significant effect on the pressure surface. The behaviour of the boundary layers 
is shown qualitatively in Fig. 3. If the projected suction surface displacement 
thickness line with the hot blade is compared with the corresponding adiabatic line, it 
has been moved through an angle eý. Since the boundary layer on the pressure surface 
has not been affected, it has been assumed that the flow leaving the blade is, on average, 
displaced through an angle Am/2. Thus the flow through the -« mpressor blading of that 
row receives a reduced deflection. The correlation found in Ref. 2 for this reduced 
deflection, or increased exit angle, ea2 is 

ßa2/e* _ bT(0.0005 + 0.00084(i-i*)/e*) (2) 

It is also likely that the wake from the hot blade will be wider, and there will be higher 
profile drag losses associated with this. The assumption has been made (Ref. 2) that 
the drag coefficient is that corresponding to the pseudo incidence angle which would give 
the "revised" exit angle. 

3.3 BOUNDARY LAYERS ON END-WALLS 

The effect of heat transfer on the thickness of the boundary layers on the end-walls, 
and hence on the blockage, is uncertain. One simple approximation is to assume that the 
effect is similar to the effect on the thickness of turbulent boundary layers on flat 
plates (Ref. 11). 

(3) 6 ht/d = (vwa11/v-) 0.2 

This assumption has been used in Method 2, described in Section 2.2. 
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3.4 TIP CLEARANCE CMUES 

Due to the different rates of response of discs, blades and casing to temperature changes resulting 
from pressure ratio chances, tip clearances will differ from those occurring in steady running. These 
clearance changes will alter efficiencies and hence characteristics. The changes in tip clearances can 
he fed directly as input into prediction Method 2. Prediction Method 1 requires this information 
expressed as changes in efficiency. 

Tip clearance changes in transients, and their relation to efficiency changes are considered in 
Paper 17 to this meeting (Ref. 12) 

4. PREDICTIONS IN 'IRANSIFNTS 

The effects during transients of the factors of density change due to heat transfer, boundary layer 
development on the aerofoils and end-wall boundary layer development have been considered with application 
to the 12-stage axial flow H. P. canpressor of a two-spool by-pass engine having mixed exhausts and of 
overall canpression ratio 20. However the effects on the characteristics resulting from tip clearance 
changes (Section 3.4) have not been included. 

The method of calculating the average heat transfer coefficient over the blades has been described 
previously (Ref. 2). Briefly, a weighted average coefficient between that for a laminar boundary layer 
and that for a turbulent boundary layer starting on a flat plate has been used, increased by 50% as an 
approximate allowance for the high turbulence levels occurring in carpressors. 

4.1 PRFDICTION. S BY ME CD 1: PITCH-LINE WITh STALL CELLS 

This method has previously been applied to the conditions occurring in the compressor at the end of a 
rapid acceleration at 12,200 m altitude (40,000 ft. ) from maximum speed to the flight idle speed. It 
had been found, for a range of engines, that an immediate re-acceleration of the engine from the. flight. 
idle condition represented a severe test of the engine's ability to avoid surge - hence the interest in 
this transient. 

The results are shown in Fig. 4, the adiabatic constant speed characteristic being represented by 
the solid line. In order to obtain satisfactory agreement between the adiabatic predictions and rig 
results, work-done factors in the range 0.81 to 0.71 and an efficiency factor of 0.92 were used. The 
prediction of where surge will occur on this constant speed characteristic is not easy. Some workers 
(e. g. Ref. 13) have suggested the maximum pressure-ratio point, while others (e. g. Ref. 14) have 
suggested an averaged stage loading. In the present work, for the adiabatic characteristic, the maximum 
pressure-ratio point has been used. For the non-adiabatic situations, the point has been selected where 
the group of four stages most heavily loaded have an average axial velocity to blade speed ratio equal to 
that in the same group of four stages when at "suroe" on the adiabatic characteristic. Thus the 
characteristics shown in Fig. 4 were obtained. This method predicts very considerable reductions in 
surge margin, reduced by between 50 and 60% due to the canbined effects of density change caused by 
heat-transfer and aerofoil boundary layer changes, each of these individually causing a 
reduction of 25 to 30X. 

It was explained -in Section 3.1 that it has been assumed that only the heat transferred 
from the aerofoils cdntributed to a density change of the air at the pitch-line. This 
representes about one third of the total amount of the heat being transferred from the 
complete compressor. The remaining heat, from platforms and casings, is regarded as being 
held in the end-wall boundary layer flows. 

It has been suggested (Ref. 15) that the movements of the constant-speed characterist- 
ics are equivalent to the compressor operating at a new "effective" speed. Correlations 
for these changes have been given for a 16-stage compressor of a single-spool engine 
(Ref. 15) and for the 12-stage compressor being studied in the present work (Ref. 16). 

The latter correlations for this compressor are 
aT 

(AN/N)boundary 
layer = -0.15 T 

ave (4) 
air, ave 

and (MIN) 
density change - -0.15 T: 

(5) 
air, ave 

4.2 PREDICTIONS BY METHOD 2: PITCH-LINE WITH END-WALL BOUNDARY LAYER 

This Method has been applied to the transient condition described above. 

In order to line up the prediction of the adiabatic characteristics, work-done factors 
in the range 0.78 to 0.72, a factor on efficiency of 0.95 and a factor of 0.70 on 
the correlation of Koch (Ref. 6) were used. The adiabatic surge point was taken as the 
point of maximum pressure ratio, and for the non-adiabatic cases it was the condition 
giving the same averaged axial velocity to blade speed ratio as at adiabatic surge for the 
group of four most heavily loaded stages - i. e. the same criteria as used in Section 
4.1. The results are shown in Fig. 5. 

It is seen that this method predicts a less severe reduction in surge margin, and a 
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somewhat reduced change in effective speed than had been predicted by Method 1. Part 
of the reason for the reduced effects is that, considering the effects on the boundary 
layer on the aerofoil suction surface, with this end-wall program which incorporates 
blockage, the indicences to the blades in the core flow are reduced, and the flow on the 
suction surface is less liable to separate - consequently the effects of heat transfer 
from the blade are less noticeable. 

This Method has been applied to an instant during a sea-level acceleration of the same 
engine, and the results are shown in Fig. 6. Movements of the constant speed line and 
an improvement in the surge margin, as compared to adiabatic, are predicted. 

It is thought that the predictions of this Method 2 will be more accurate than the 
predictions of Method 1, due to the better flow description used. 

5. INFLUENCE OF STAGGER ANGLE ON SUSCEPTIBILITY TO HEAT TRANSFER EFFECTS 

Using Method 2, the susceptibility to heat transfer effects has been studied for a 
compressor having altered stagger angles. The compressor essentially had the geometry 
of the compressor considered in Section 4, but with stagger angles decreased by 30 
throughout and then increased by 30 throughout compared to the orginal. The predicted 
changes in characteristics at the conclusion of the altitude deceleration are shown in 
Figs. 7 and 8 respectively. It appears that the changes occurring when the stagger 
angles are increased by 30 are similar to those in the reference compressor. When the 
stagger angles are reduced by 30 the effects of heat transfer are slightly more marked 
than in the reference case. 

6. CONCLUSIONS 

Compressor characteristics are altered during transients due to the effects of heat 
transfer. 

Of the two prediction methods used, it is considered that the results from Method 2, 
which incorporates end-wall boundary layers, are more accurate. This method indicates 
reductions in surge margins of 20 to 25% in altitude decelerations, and increases of 
similar magnitudes in accelerations. 

Movement of constant speed lines can be quantified in terms of "effective" speeds. 
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DISCUSSION 

D. K. Hennecke, Ge. 
The heat transfer in a compressor during an acceleration or deceleration is transient. Therefore, l would like to 
know if the compressor characteristics you have calculated are valid for one instant in time. 

Author's Reply 
The compressor characteristics shown are in each case valid only for one instant in a particular transient. 

J. Hourmouziadis, Ge. 
MTU has had some experience with surging compressors during transients, however we were not able to identify 
any heat transfer effects. What is your estimate of the relationship in magnitude between such effects and those of 
changing clearances at the blade tip? 

Author's Reply 
The heat transfer effects must exist and the predictions in the paper indicate they are not insignificant. I would 
estimate that the changes in characteristics due to heat transfer effects might approach in magnitude the changes 
due to tip clearances. 

P. F. Neal, UK 
In your work on the effect of heat transfer on surge margin you have shown a significant effect with measurements 
at steady conditions. Dr Hennecke has already asked about the transient heat transfer effects on surge but have you 
done any work on the difference in surge margin between say a cold accel and a hot reslam considering the dynamic 
effect that any mass that is accelerated when its density reduces basically produces an oscillatory (or unstable) 
motion? 

Author's Reply 
I have not considered the dynamic effect in accelerating a flow that you describe. The present method does predict 
that the surge margin when accelerating a hot engine will be less than when accelerating a cold engine from the 
same initial speed. The effect you mention could accentuate this reduction. 

K. Bauerfeind, Ge. 
From some work carried out at MTU in the late 60's we found an additional effect, i. e. a change of the efficiency 
due to what one could term "interstage cooling" during an accel with a compressor. Could you comment on the 
magnitude of this effect? 

Author's Reply 
The procedures described in the present paper recognise this effect. It has been assumed that the small-stage 
efficiencies of the steps between the interstage coolings are the same as they would have been in adiabatic flow at 
the same values of the stage axial velocity ratios and stage pressure ratios. The method is described in Reference 9. 

In the H. P. Compressor considered in the present paper, during a sea level acceleration the sum of the interstage 
cooling effects, i. e. the temperature drop due to heat transfer, peaks at about 7 per cent of the temperature rise 
due to compression. This effect gives beneficial reductions in the powers absorbed by the compressors. However, 
there is a detrimental loss due to transient heat transfers in the turbines during the acceleration which more than 
balances the benefit in the compressors, and predicted accelerations are slowed 5 to 6 per cent when these effects 
are taken into account (Refs. 15,16). 
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MODELS FOR PREDICTING TIP CLEARANCE CHANGES IN GAS TURBINES 
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SUMMARY 

Clearances at compressor and turbine blade tips and seals alter during and following 
transients. These changes affect the performance of the components of the engine. 

In the present paper a model has been developed to predict these clearance changes. 
The model divides the stage into the casing, blade and disc sections, the disc being split 
into three elements. A simplified version has been produced for inclusion in engine 
transient performance programs. 

As an illustration the models have been applied to the H. P. Compressor of a two-spool 
by-pass engine, and to two seals controlling bleed and cooling flows. The results 
indicate that the effect of compressor blade tip clearance is small. More significant' 
are the effects of the seal clearance changes. 

List of Symbols 

D Diameter 
Gr Grashof Number 
L axial length of stage 
Nu Nusselt Number 
Pr Prandtl Number 
Re Reynolds Number 

Subscripts 

av average 
i hub of blade 
0 casing 
r at a radius 

1. INTRODUCTION 

It is desirable to develop accurate methods for predicting the transient behaviour of- 
gas turbines. For example, reliable predictions are needed for the speed response and 
thrust response of an aero gas turbine when a given acceleration fuel schedule is applied. 

The earliest programs for the prediction of the transient behaviour used equilibrium 
characteristics for the components, and ignored heat transfer effects. However these - 
simple procedures had weaknesses, for example they seriously underestimated the times 
required for the speed and thrust responses - Thomson (Ref. 1) quotes underpredictions of 
20 to 30% for acceleration times. 

The influences of the direct heat transfer effects on these predictions of responses 
have subsequently been studied for a typical single-spool (Ref. 2) and a typical two- 
spool by-pass engine (Ref. 3). Alterations in tip clearances cause changes in component 
efficiencies. This can be regarded as an indirect effect of heat transfer, although tip 
clearances are also influenced by centrifugal and pressure effects. It has been shown 
(Ref. 3) that predicted acceleration rates are very sensitive to changes in component 
efficiency -a loss of 1% in H. P. turbine efficiency increases the time for acceleration 
of a typical two-spool by-pass engine by 17%. A further indirect effect of heat transfer 
is the response of seals which control cooling air flows. It is therefore appropriate to 
consider whether engine transient programs should include allowance both for the direct 
heat transfer effects (Ref. 2) and for the indirect effects of tip clearance and seal 
response. 

The object of the present paper is to find models from which tip clearance, and hence 
efficiency, changes can be predicted, and also models for seal clearance changes. The 
aim is to incorporate these models, if required, in the engine transient programs. The 
models can of course be used to predict the transients most likely to cause "rubs", 
thereby assisting design. 
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2. PROCFDURE FOR ESTIMATION OF BLADE TIP CLEARANCE EFFECT 

The H. P. Compressor of a typical two-spool by-pass engine, of overall compression 
ratio 20 and having mixed exhausts, has been selected to demonstrate how the represent- 
ation of a multi-stage turbomachine can be simplified, still retaining reasonable 
accuracy. 

2.1 MODEL FOR BLADE TIP MOVEMENT 

The movement of the blade tip depends on the responses of the disc and of the blade. 
Studies using the finite element program of Ref. 4 have indicated that the complex shape 
of the disc can be broken down into three components -a thick hub portion, a thin 
diaphragm and an outer section or rim (Fig. 1). With regard to transient heat transfers 
to, or from, these disc elements, some faces are rotating adjacent to stationary faces 
while other faces form walls of what are effectively rotating chambers. For rotating 
faces adjacent to stationary faces, the correlation used is (Ref. 5) - 

Nur = 0.0253(Rer)0.8 (1) 

For rotating faces which form walls of rotating chambers the heat transfer mechanism is 
effectively natural convection in a high gravity field, the value of the gravitational 
acceleration being a function of both the local radius and the rotational speed and the 
correlation is - 

Nur = 0.12(Gr. Pr) 0.33 (2) 

For heat transfer to turbine blades, a suitable correlation is that given by Halls (Ref. 6) - 

D? uav = 0.235(Re)0.64 (3) 

For compressor blades, one approach has been to adopt a weighted average between laminar 
and turbulent boundary layers developing on flat plates (Ref. 7). The results of this 
method have been found to be within 5% of the results obtained by applying Hall's 
turbine correlation to the compressor blades. Therefore for convenience in the present 
work, which is intended to produce a model applicable to both compressor and turbine tip 
movements, Hall's correlation has been used for all blades. 

Centrifugal effects have also been accounted for. The centrifugal growth for the 
simplified "three element" disc was calculated ensuring continuity of radius dimension 
at the interfaces between the elements and a multiplying factor of 1.3 was introduced 
to line up with growths calculated by finite element analysis. 

Disc distortion in the angular direction during acceleration has been calculated, but 
the resulting radial movement is found to be negligible. 

2.2 MODEL FOR CASING MOVEMENT 

The casing structure of the H. P. Compressor is subjected to internal pressure from 
the core air and to external pressure from the by-pass air, and also exchanges heat with 
these two air flows. In order to estimate the heat transfer coefficient at the internal 
surface of the casing, one approach is to regard this as a cylinder in which a smaller 
cylindrical shape is rotating, the heat transfer coefficient in this case being given by 
(Ref. 8) - 

(4) Nu = 0.015(1 + 2.3(Do-Di)/L)(D0/Di)0.45 (Re) 0.8 (Pr) 0.33 

In applying the above equation to the present work, the linear axial dimension, L, used 
was the axial length of the blade pair, it being assumed that the end-wall boundary layer 
is effectively restarted at each blade pair. For the outer surface of the casing, the 
expression for a developing turbulent boundary layer on a flat plate was used. 

2.3 CLEARANCE MOVEMENTS 

The methods described in the preceding sections have been used to predict the 
clearance movements during and following an acceleration for each of the 12 stages of the 
H. P. Compressor of the two-spool by-pass engine previously referred to. The engine was 
stationary, at sea level, and the speed transient was completed in 11 seconds. The 
predicted results for stages 1,5 and 11 are shown in Figs. 2,3 and 4 respectively. In 
each there is a rapid reduction in tip clearance during the speed transient, due to 
centrifugal growth and comparatively rapid thermal growth of the blades. The pressure 
movement of the casing is small, amounting to about 1% of the blade tip movement. The 
thermal response of the casing is less rapid than that of the blades. Much of this takes 
place after the speed transient is completed. Finally the disc thermal response is 
achieved, which may take up to 360 s or longer for completion. To indicate the 
relative rates of the thermal responses of the various components, the time constants for 
Stage 5 at three instants in the transient are given in Table 1. 
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Time in transient 2s 6s los 

Disc hub 108s 66s 37s 

Disc diaphragm 

Disc outer section 
Blade 

Casing 

38s 17.8s 9.6s 

12.7s 9. Os 5.5s 

2.3s 1.6s 1.0s 

10.4s 7.6s 4.8s 

Table 1. Stage 5: Time Constants during Acceleration 

2.4 EQUIVALENT STAGE AND EFFICIENCY CHANGES 

It would be excessively cumbersome to have to include each individual blade row of 
each compressor and turbine into the transient program for the engine. The use of single 
"equivalent" stages would be highly desirable. A single equivalent stage can give 
satisfactory heat transfer rates (Ref. 2). A single equivalent stage has been developed, 
based on the averaged dimensions of the 12 stages and using averaged properties of specific 
heat and thermal expansion coefficient, to represent tip clearance and associated 
efficiency changes. (Ref. 9). 

The efficiency changes, relative to zero tip clearances, have been calculated during 
the acceleration transient using the efficiency alterations in each of the 12 stages 
calculated individually. The results are shown in Fig. S. The efficiency changes 
predicted using the single equivalent stage were next calculated, and are also shown in 
Fig. 5. It is seen that the efficiency changes predicted by the equivalent method are 
in satisfactory agreement with the calculation based on all 12 stages, discrepancies 
never exceeding 0.7% of efficiency. 

A further simplification has been introduced to reduce the property data required. 
The simplification involves the continuity of radius at the interfaces between the 
elements forming the disc, the movement of the outer edge of the platform being taken as 
the sum of the relative radial growths across the three elements. The efficiency 
changes predicted with this simplified analysis are shown by the solid line on Fig. S. 
There is satisfactory agreement between these predictions and those based on the 12 stages. 
This simplified model has been used in the engine transient program and sample results 
are discussed in the next paragraph. 

2.5 EFFECTS OF EFFICIENCY CHANGES IN ACCELERATIONS 

The methods described above have been used to illustrate the effect of accounting for 
efficiency changes resulting from tip clearance alterations on predictions of acceleration 
rates. The transient considered was a sea-level acceleration of the two-spool by-pass 
engine previously considered. The effects in the H. P. Compressor only are illustrated 
here. At each time increment in the transient the tip clearance was determined and 
hence the efficiency change relative to zero tip clearance. The tip clearance for 
steady running at that speed and flow condition was also determined, and the corresponding 
efficiency change from zero clearance. Thus the alteration in compressor efficiency at 
each time increment during the transient as compared to the equivalent steady running 
condition was found. These alterations in compressor efficiency are shown in Fig. 6, 
where it is seen that the changes are very small, less than 0.15%, and generally 
beneficial. The reason for the smallness of the effect is that the partially incomplete 
expansion of the disc is compensated by the partially incomplete expansion of the casing. 

The effect of these alterations in compressor efficiency on the predicted accelerat- 
ion rate has been estimated using the engine transient program, and has been found to be 
very small, indeed too small to be illustrated. 

3. PROCEDURE FOR ESTIMATION OF SEAL CLEARANCE MOVEMENTS 

The methods and model used for tip clearance can be adapted for making estimates of 
seal clearance movements during transients. In the engine considered in the present 
study, two relevant seals are the H. P. Compressor 12th Stage Outer Seal and the 
H. P Cooling Air Seal on the H. P. 1 Turbine Disc. 

3.1 H. P. COMPRESSOR 12th STAGE OUTER SEAL 

The movements of this seal have been studied by Lim (Ref. 10) using finite difference 
methods. The predictions of Lim and of the present much simpler method are compared on 
Fig. 7. The agreement is sufficiently close to allow the present models to be used for 
seal clearance predictions during transients. It is seen that during most of the 
acceleration speed transient, seal clearances exceed their maximum speed stabilised values 
by up to 30%. 
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3.2 H. P. COOLING AIR SEAL ON H. P. 1 TURBINE DISC 

The movements of this seal have been studied previously by finite difference methods 
(Ref. 5). The seal clearances during the acceleration speed transient exceed the 

maximum speed stabilised values by more than 100%. (Ref. 8) 

3.3 EFFECTS OF SEAL CLEARANCE MOVEMENTS IN ACCELERATIONS 

In the early programs for predicting the acceleration or deceleration rates of gas 
turbines it would probably be assumed that cooling and bleed air flows remained a constant 
fraction of the core air flow during the transient. However it has been illustrated 
above that seal clearances during the speed change period of a typical acceleration can 
be very much higher than the maximum speed stabilised or "design" clearances. Consequently 
these cooling and bleed flows, expressed as fractions, will exceed the "design" fractions. 

Allowance for the movements of the H. P. Compressor 12th Stage Outer Seal and of the 
H. P. Cooling Air Seal on the H. P. 1 Turbine Disc have been included in the engine trans- 
ient program, and the results, for the sea-level acceleration, are illustrated in Fig. 9. 
The predicted acceleration rate is slowed by about 5% due to inclusion of these effects. 

4. CONCLUSIONS 

A simple model can be used to predict tip clearances of individual stages during a 
transient. An equivalent stage can be developed which will give an "averaged" tip 
clearance from which efficiency changes of the component - e. g. the compressor - 
can be calculated. During an acceleration of a typical two-spool engine, in the H. P. 
Compressor, the tip clearance changes, and efficiency alterations, as compared to steady 
running, are small and tend to be favourable. 

The techniques for tip clearance prediction can be applied to seals. Some seals 
are seen to have large clearances during accelerations. Allowance for this makes 
predicted acceleration rates significantly slower than if this effect had been ignored. 
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DISCUSSION 

Ph. Ramette, Fr. 
(a) In the Nusselt Number expressions in terms of Reynolds Numbers, what are the reference lengths which you 

have taken in your model, for a blade or for a disc? 

(b) Is the equivalent stage you describe in your paper equivalent to the full high pressure compressor with 12 
stages that you have studied? 

Author's Reply 
(a) The reference lengths used to obtain the Reynolds Number in the Nusselt Number expression are: 

For the blades, blade-chords in both expressions for the disc outer section was the radial distance from the 
axis and for the casing the axial distance from the beginning of each stage. 

(b) Yes. The idea of the equivalent stage is to represent the full compressor by one stage only. It was found that 
taking averages of the different dimensions and properties of the compressor gave results that were considered 
satisfactorily similar to the full compressor (Fig. 5). 
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ABSTRACT 

Clearances of compressor and turbine blade tips 
and seals alter during and following speed transients. 
These changes affect the performance of the compo- 
nents and hence of the engine.. 

This paper describes models for the prediction 
of blade tip clearance changes and seal clearance 
changes. These models have been applied to the H. P. 
Compressor and H. P. Turbine and to two seals con- 
trolling air flows in a Two-spool Bypass Engine. The 
predicted acceleration rates appear to be more 
influenced by the changes in the seal clearances than 
by the tip clearance changes. 

The increases in computing time in the engine 
transient program which result from inclusion of the 
model are acceptable. 

NOMENCLATURE 

Reb = Reynolds Number over blade (_ ul/v 
Rei = Reynolds Number for inner surface of c casing (see Eq. 4) 
T = absolute temperature 
u = average gas velocity 
V c volume of disc section 
Va = axial velocity of fluid 
Vt = blade tip tangential velocity 
a = coefficient of cubical expansion 
em = mean air angle 

(tan Om = h(tan Bi + tan Bo)) 
= difference or change 

c= effectiveness 
n= efficiency 
e= temperature difference 
A- non-dimensional clearance (= C/Hb) 
v= kinematic viscosity 

= blade loading (c 2CpeTs/Vt2) 
- angular velocity 

A= aspect ratio 
C clearance 
Cp = specific heat at constant pressure 

D= diameter 
E= Young's Modulus 
g acceleration due to local gravity 
Cr = Grashof Number 

a9 ih 
V 

h= local heat transfer coefficient 
H= height 
k= fluid thermal conductivity 
1= characteristic length, blade chord 
L= axial length of stage 
N= mass 
Nub = average Nusselt Number for blade (= hl/k; 

! Nur = local Nusselt Number on disc ,= hR/k, 
Nuic= Nusselt Number for inner surface of casing 

= hDo - Di)/k) 

Pr = Prandtl Number 
R= radius 
Rer = local rotational Reynolds Number (= wR2/v) 

Subscripts 
av = average 
b= blade 
bt = blade tip 
c= cooling air 
d= disc 
9= gas 
h_ hub of blade 
i= inner, or inlet 
j= j'th section 
in = mean 
mf = final metal (temperature) 
o= outer, or outlet 
r= at a radius 
s= stage 



1. INTRODUCTION 

It is desirable to develop accurate methods for 
predicting the transient behaviour of gas turbines. 
The earliest programs for such predictions used 
equilibrium characteristics of the components and 
ignored alterations in these, such as due to heat 
absorption or tip clearance changes. Thomson (1)1 
quotes underpredictions of acceleration time of 20 
to 30 per cent as compared to the real engine, when 
using these simplified procedures. 

The influence of the 
heat transfer effect) has 
for a Single-spool Engine 
Bypass Engine (3). 

non-adiabatic flow (a direct 
subsequently been studied 
(2) and for a Two-spool 

Alterations in tip clearances cause changes in 
component efficiencies. This can be regarded as an 
indirect effect of heat transfer, although tip 
clearances are also influenced by centrifugal and 
pressure effects. Another indirect effect of heat 
transfer lies in the response of seals which control 
cooling air flows. 

The objects of the present paper are to develop 
models for representing tip clearance changes and to 
use these models to predict the effect of tip clear- 
ance changes during transients on the performance of 
the various components and hence of the engine. The 
models used in this work have been described briefly 
in a previous paper (4). More detailed descriptions 
are given in this paper. The transient program for 
the Two-spool Bypass Engine (3) has been extended to include these models so as to enable the calcula- 
tion of the desired effects on engine transient 
response. 

2. DETAILED DESCRIPTION OF THE METHOD 

Cas turbines have to operate over a range of 
steady-running conditions. The mechanical and 
thermal loadings of the components vary, producing 
small changes in the dimensions in both the radial 
and axial directions. These changes can result in 
relative movements between rotating and stationary 
components, thus causing varying tip clearances and 
off-design seal mass flows. During accelerations 
and decelerations of the engine these movements can 
be modified by delays in the temperature responses. 

In this paper, the radial changes only are 
considered. For much of this section the H. P. com- 
pressor of a typical two-spool bypass engine has 
been selected to demonstrate how the representation 
of a multi-stage turbo-machine can be simplified, 
still retaining reasonable accuracy. 

2.1 Thermal Effects 

2.1.1 Model for Blade Tip Movement. The movement 
of the blade tip depends on the responses of the 
disc and of the blade. 

Considering first the disc (Fig. 1), some 
faces are rotating adjacent to stationary faces, 
while other faces form walls of what are effectively 
rotating chambers. With regard to faces adjacent 
to stationary walls, several investigators (for 
example, (5) - (7)) have examined the heat transfer 
coefficients and7or the drag characteristics. The 
variables studied included the radial inflow or out- 
flow of coolant and the influence of a shroud. It 
was decided to base the heat transfer expressions to 
be used in the present work on experimentally derived 
correlations. Unfortunately in none of the experi- 
mental work did the conditions attain those in the 
engine, particularly with regard to the rotational 
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I-leynoIds Number - the highest value in experiments 
being 4x 106 as compared with typically 12 x 106 in 
the engine. At the highest Reynolds Number of the 
experimental tests, with typical gap distances between 
the rotating and stationary discs and with typical 
shroud clearance and typical outflow of coolant the 
drag coefficient and heat transfer coefficient were 
found to be about 30 per cent higher than those for a 
free rotating disc. The free rotating disc correla- 
tion can be extended to Reynolds Numbers of 12 X 106. 
Assuming in the typical engine situation with an 
adjacent stationary face, a shroud and a coolant mass 
flo":, that the coefficients are still 30 per cent 
hioher than for a free disc, then the correlation for 
local Nusselt Number is (8): 

Nur _ 0.0253 (Rer)0.8 (1) 

This correlation is not greatly sensitive to shroud 
clearance or coolant mass flow changes - doubling the 
coolant mass flow increases the Nusselt Number b% 
10 per cent, while doubling the shroud clearance 
lowers it by 5 per cent. It is suggested that for 
the present work Eq. (1) gives an adequate general 
correlation. 

Considering now the rotating faces which form 
the walls of rotating chambers, the heat transfer 
mechanism is effectively natural convection in a 
high gravity field, the value of the gravitational 
acceleration being a function of both the rotational 
speed and the local radius. For this situation the 
following equation is suggested: 

Nur 2 0.12 (Gr . Pr)0.33 (2) 

The above correlations have previously been used 
(8) to predict the temperature distributions in a 
turbine disc both during transients and in steady- 
running conditions. The steady-running temperature 

distributions were satisfactorily compared with 
results from thermal paint observations, predicted 
temperatures generally being within 15 deg. K of 
the observed values. 

The present work is aimed at producing simple 
models to describe the movements of blade tips, 
casings etc. It would be preferable if the rather 
complicated shape of a compressor or turbine disc 
could be simplified. It is proposed that a deep 
disc rotor arrangement can be represented by three 
components -a thick hub, a thin diaphragm and an 
outer section or rim (Fig. 2). Comparisons between 
this grossly simplified model and the rigorous 
finite element transient (9) conduction analysis are 
given later in this paper. 

With regard to the resoonse of turbine blades. 
for simplicity, uncooled blades will be considered 
initially. A suitable correlation for heat transfer 
between the gas stream and turbine blade surfaces 
has been given bý Halls (10): 

Nub = 0.235 (Reb"0.64 (3) 

For compressor blades, one approach has been to 
adopt a weighted average between laminar and turbu- 
lent boundary layers developing on flat plates (11). 
The results of this method have been found to be 
within five per cent of the results obtained by 
applying Halls' turbine correlation to the com- 
pressor blades. Therefore for convenience 
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in the present work, which is intended to produce a 
model applicable to both compressor and turbine tip 
movements, Halls' correlation is used for all blades. 

2.1.2 Model for Casing Movement. The casing struc- 
tures can be complex, with inner and outer surfaces 
subjected to gases or air at differing temperatures 
and pressures, moving with differing velocities. In 
addition there may be spaces within the casing 
through which certain air or gas flows pass. At the 
present stage of development of the method, the 
effects of these cavities have been ignored, and the 
casings treated as solid walls. 

In order to estimate the heat transfer coeffi- 
cient at the internal surface of the casing, the 

approach used has been to regard this as a cylinder 
in which a smaller cylindrical shape is rotating. The 
heat transfer coefficient in this case is found from 
(12): 

Nuic = 0.015(1 + 2.3 (Do ý Di)/L) (Do/Di]0.45 

x (Reic]0.8[Pr)G. 33 

In this case Reic is given by: 

Reic = (Vam2 + Vt2/2) (Do - Di)/v 

In applying Eq. (4) to the present work, the linear 
dimension, L, used was the axial length of the blade 
pair, it being assumed that the end-wall boundary 
layer is effectively restarted at each blade pair. 

For the outer surface of the casing, the expres- 
sion used was that for a developing turbulent 
boundar> laver on a flat plate. 



2.2 Mechanical Effects 
The mechanical effects cause growth due to the 

change in the "pull" of the blades and of the disc 
sections. Pressure difference changes across a 
section may also cause growth, as may the effect of 
accelerating, or decelerating, the disc. 

2.2.1 Disc. For simplicity in developing the model, it was assumed that the disc could be represented by 
the same three rings as in the thermal model. The 
predicted growths have been compared with those given by a finite element analysis. It was found that a 
multiolying factor of 1.3 had to be applied to the 
oredictions of the three-ring model to bring them 
into agreement. (In the use of this three-ring 
model under the varying thermal and mechanical condi- tions, continuity of radial dimension at the inter- 
face was maintained. ) 

Disc distortion in the angular direction during 
a transient was calculated, but the resulting radial 
movement was negligible. 

2.2.2 Blades. The blades are assumed to be rods of 
uniform cross-sectional area with or without an 
added shroud. The procedure was compared with calcu- lations of elongation using the finite element 
method and the results were in good agreement. 

2.2.3 Casing. With regard to the casing, the only 
relevant mechanical loading considered is the 
pressure change during the transient and its effect 
is found to be very small, about one per cent of the 
total movement of the rotor due to mechanical effects. 

2.3 Clearance Movements 
Once all these effects on the dimensions of the 

rotor stage or component are calculated, they are 
added to obtain the resulting change in the clearance. 

All material, gas and air properties are calcu- 
lated as functions of the temperature of the metal or 
fluid. In the prediction procedure it is of course 
possible to change the material in any section very 
easily. 

The methods described in the preceding sections 
have been applied to the 12 stages of the H. P. Com- 
pressor of a Two-spool Bypass Engine. The Engine is 
illustrated in Fig. 1. The rotor system uses deep 
discs and these are surrounded by air drawn from the 
fifth and sixth stages. After circulating round these 
discs this air discharges to the bypass duct. The 
outer sections of the rotor discs, adjacent to the 
blade platforms, are effectively in contact with the 
air passing through the compressor. The predicted 
blade tip clearance movements for Stages 1,6 and 
11 during and following an acceleration from idle speed 
at sea level, static, are illustrated in Fig. 3. Look- 
ing at the clearance paths at the beginning of the 
transient, there is a sharp decrease in tip clearance 
due to mechanical effects, and the fast thermal growth 
of the blades. The thermal response of the casing 
is slower than that of the blades. Much of this 
takes place after the speed transient is completed, 
producing an increase in tip clearance. The disc 
has the slowest response and the final slow decrease 
in clearance is due to the slow expansion of the 
disc, which takes five minutes or more. 
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It is interesting to notice that for Stage 1 the 
clearance of the end of the thermal transient is 
smaller than that at the end of the speed transient, 
for Stage 6 they are similar, while for Stage 11 the 
opposite to Stage 1 is the case. This is due to the 
effect of the air inside the shaft, this, as stated 
above, being drawn from between the fifth and sixth 
stages of the Compressor. Therefore the air inside 
the shaft is hotter than the core air for Stage 1, 
the two air streams are at similar temperatures for 
Stage 6 and the core air is hotter than the shaft 
cooling air at Stage 11. The cooling air dominates 
the expansion of the disc, whereas the core air 
dominates the expansion of the blades and the casing. 
This explains the different end-points of the clear- 
ance paths as compared to the clearance at the end. of 
the speed transient. 

To indicate the relative rates of thermal 
response of the various components, the time constants 
for the major components of Stage 5 are shown in 
Tables 1 and 2 at three instants during the accelera- 
tion and three instants during a deceleration respec- 
tively. The heat transfer coefficient is the only 
parameter affecting this constant, since, for a given 
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configuration, the geometry is fixed and the material 
property changes due to variations in temperature are 
small. It is seen that the changes in the time 
constants of the disc hub and the diaphragm follow a 
similar pattern. A small difference in the pattern 
of these two sections arises because in this arrange- 
ment the diaphragm consists of two surfaces perpendi- 
cular to the axis of rotation, while the hub has an 
additional surface parallel to the axis of rotation, 
the latter affecting the average magnitude of the heat 
transfer coefficient for this section. A different 
pattern can be observed in the time constants for the 
disc outer section and the blades. Here the two sec- 
tions are subjected to the same fluid flow. Also it 
was found that although different correlations were 
used to evaluate the heat transfer coefficients, 
these were of similar magnitudes. This explains the 
similar behaviour of these two sections. The casing 
on the other hand is influenced by two fluid flows and 
so exhibits a pattern peculiar to itself. 

Table 1. 

Stage 5, Two-spool Bypass 
Engine-H. P. Compressor. 

Time constants during an acceleration 
at sea level, static. 

Time in transient 2s 6s 10s 

Disc hub 108s 66s 37s 
Disc diaphragm 38s 17.8s 9.6s 
Disc outer section 12.7s . 9. Os 5.5s 
Blade 2.3s 1.6s 1. Os 
Casing 10.4s 7.6s 4.8s 

Table 2. 

Stage 5, Two-spool Bypass 
Engine-H. P. Compressor. 

Time constants during a deceleration 
at sea level, static. 

Time in transient 3s 6s 10s 

Disc hub 60s 55s 62s 
Disc diaphragm 21s 20s 23s 
Disc outer section 13.1s 15.0s 26. Os 
Blade 2. Os 2.3s 3.5s 
Casing 6.1s 4.9s 12.5s 

3. SIMPLIFIED METHOD TO BE INCLUDED IN TRANSIENT 
PROGRAM 

It would be excessively cumbersome to include 
each individual blade row of each compressor into the 
transient program for the engine. The use of single 
"equivalent" stages instead of complete components 
would be highly desirable. A single equivalent 
stage can give satisfactory heat transfer rates (3). 
A single equivalent stage has therefore been 
developed for the H. P. Compressor described in the 
previous section, with the aim of making simple pre- 
dictions of tip clearance changes and associated 
efficiency changes. The single equivalent stage uses 
averaged dimensions of the 12 stages and averaged 
material properties of specific heat, thermal expan- 

sinn coefficient, Young's modulus and density. A 
further simplification of the modelling of the disc 
is described below. 

3.1. Thermal Growth 

The subdivision of the equivalent disc as 
described in Section 2 is retained for the calcula- 
tion of thermal effects. As in the previous more 
complex modal. the various rotor sections are assumed 
individually to have infinite thermal conductivity, 
material properties are assumed to be constant 
throughout the relevant temperature range, although 
air and gas properties are still calculated as a 
function of temperature. The process ensuring con- 
tinuity of the radial dimension of the disc section 
interfaces however is eliminated. Instead an average 
disc temperature is found by using Eq. (5). 

7 
ev = EVi Ti / IVi (5) 

The thermal expansion of the "characteristic" disc is 
thus obtained. It will be shown later that this 
approximation provides adequate accuracy. 

With regard to the thermal growths of the blades 
and the casing, the method of calculation is the same 
as described in the previous section. 

3.2 Centrifugal Growth 

3.2.1 Disc. The centrifugal growth is simplified 
for this model by calculating the expansion of a disc 
of the same inner and outer radii and of a uniform 
thickness equal to the minimum diaphragm thickness. 
To check the validity of this simplification, growths 
were compared with those obtained from finite element 
analysis. It was found that the introduction of the 
same factor of 1.3 as in section 2.2.1 gave satis- 
factory agreement. The resulting expression for 
centrifugal growth of the disc is given in Eq. (6), 

where the first term in brackets represents the pull 
of the blades on the disc. 

ARd = 1.3ROW' 
r 

LMh(R 
___ l1 

R02-RI 

+ Pd(Ri(3+a)+Ro(1-a)) 
1 

; c: 

where the characteristic length, 1, is the 
diaphragm thickness. 

In Section 2.2 pressure effects were found to be 

very small, so they are ignored in this simplified 
analysis. 

3.2.2 Blades. The centrifugal growth of the blares 
is calculated as described in Section 2.2.2. Hence 
Eq. (7) is obtained from integral calculus. 

tHb = (R3 13 + Rh/6 - RbtRh/2)cbw2/Eb (7 
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3.3 Efficiency Loss 

The component being considered is simplified to 
a single-stage equivalent compressor or turbine W. 
The tip clearance at that condition is estimated as 
indicated above, and the efficiency reduction relative 
to zero tip clearance is found from the relation (13): 

0.5 
sn = cosdm 

C1+ 
1O(ccoss )] 18 

As an illustration, the efficiency changes in 
the H. P. Compressor of the Two-spool Bypass Engine, 
relative to zero tip clearance, have been calculated 
curing a sea level acceleration transient using the 
simplified procedure described above. The results, 
labelled "simplified" are shown in Fig. 4. For 
comparison, the predictions of the single equivalent 
stage model using the more precisely calculated disc 
expansion, as described in Paragraph 2.2.1, are shown 
alongside, marked "one stage". The efficiency changes 
that are predicted by treating all twelve stages 
individually are also given, labelled "engine". It 
can be seen that the results of the two simplified 
methods are in close agreement with the results from 
the stage by stage analysis, discrepancies for the 
"simplified" model never exceeding 0.3 per cent of 
efficiency. The "simplified" procedure has therefore 
been adopted as satisfactory for use in the engine 
transient program. 
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The next step in the analysis is the calculation 
of the efficiency loss compared to the stabilised 
value of clearance at that particular speed and inlet 
r., )nditions. Stabilised clearances at the desired 
conditions are evaluated using the same methods and 
hence stabilised values of effiency loss due to 
clearance openings are obtained. A difference in 
efficiency is found by subtracting the stabilised 
efficiency loss from the transient efficiency loss, 
and the efficiency of the component obtained from 
the characteristics may then be modified accordingly. 
This difference is shown in Fig. 5. It is seen that 
in this compressor, the changes in efficiency are 
very small. 

0.0010 

o. 000S 

oq 0.0000 

-0.0005 

-0.0010 

-0.0015 

-0.0020 

4. APPLICATION TO THE TWO-SPOOL BYPASS ENGINE 

4,1 H. P. Compressor 

The transient program of reference (3) has been 

extended to include the models described. By means 

of these the clearance of the "simplified" equivalent 
single-stage of the H. P. Compressor is calculated at 
each time step both in the transient and for steady 
running at that speed and compressor conditions. The 
clearances during the transient predicted by this 
simplified model are shown in Fig. 6. The predictions 
of the single-stage equivalent model using the more 
precise expansion. (Paragraph 2.2.1) are also shown 
on this Figure (labelled "one stage"), confirming 
that the "simplified" model (which the engine tran- 
sient program uses) and the "one stage" model are in 
good agreement. 
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The modified efficiency is then used for calcu- 
lating the next incremental acceleration in the 
transient. As indicated on Fig. 5, the changes in 
efficiency of the compressor of this engine are very 
small, and on average give improved efficiencies. 
Their effects on the acceleration are slight, reduc- 
ing acceleration times by less than 1 per cent. 
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4.2 H. P. Turbine 

The models for the blade/disc arrangement can 
accommodate both shrouded and unshrouded blades - 
in the former case the centrifugal expansions are 
greater due to the weight of the shroud. Also, the 
thermal model for the blades can incorporate the 
cooling arrangement, using the simple relation: 

Tmf 279-e (T9 - Tý) 

where Tmf is the final metal temperature if that 
transient condition were maintained (this is the 
temperature which can be regarded as driving the 
transfer) and c is the cooling "effectiveness" (a 
value of 0.6 being typical for a blade cooled by 
inner passageways). 

(9) 

that a smaller reduction, say 50 per cent, should be 
applied to the efficiency changes for shrouded blades. 
The resulting efficiency values during the transient 
are only slightly different from the corresponding 
steady-running values, the difference being in the 
direction of improved efficiency. Inclusion in the 
transient program produced very small reductions in 
acceleration times - less than 1 per cent. None the 
less, in view of the assumptions that have been made 
in the study of the turbine, further work should be 
carried out to improve the analysis. 

In view of the small effects resulting from 
inclusion of transient tip clearance changes in the 

heat H. P. Compressor and H. P. Turbine, it was considered 
unnecessary to make similar analyses in the L. P. 
Compressor and L. P. Turbine, which are subjected to 
less rigorous temperature changes. 

Predicted tip clearances in the H. P. Turbine 
during a sea level acceleration are shown in Fig. 7. 
The predictions for two alternative blading arrange- 
ments are presented. In the first, the blades are 
unshrouded and uncooled (labelled "simple") while in 
the second they are both shrouded and cooled 
(labelled "S & C"). Both arrangements start with 
the same cold clearance. It can be seen that the 
additional expansion produced by the weight of the 
shroud is approximately balanced by the reduction in 
thermal expansion that results from cooling the 
blades. 
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In the real Engine the blades and nozzle guide 
vanes are shrouded and the early rows are cooled. 
For this scheme, the tip clearance movements have 
been determined for each row. These movements were 
transferred into efficiency changes using the corre- 
lation of Eq. (8), with the suggested modification 
(14) of reducing the efficiency changes by 80 per 
cent for shrouded nozzle guide vanes. It is estimated 

4.3 Procedure for Estimation of Seal Clearance 
Movements 

The methods and model used for tip clearance 
can be adapted for making estimates of seal clearance 
movements during transients. In the Two-spool Bypass 
Engine two important seals are the H. P. Compressor 
12th Stage Outer Seal and the H. P. Cooling Air Seal 
on the H. P. 1 Turbine Disc. 

4.3.1 H. P. Compressor 12th Stage Outer Seal. The 
movements of this Seal have been studied previously by 
Lim (15) using finite difference methods. The predic- 
tionss of Lim and of the present methods are compared 
on Fig. 8(a). The agreement is sufficiently close to 
allow the present model to be used for seal clearance 
predictions during transients. It is seen that during 
most of the acceleration speed transient, seal clear- 
ances exceed their maximum speed stabilised values 
by more than 30 per cent. 

4.3.2 H. P. Coolinq Air Seal on H. P. 1 Turbine Disc. 
The movements of this Seal have been studied 
previously by finite difference methods (B). The 
results of reference (B) are compared to the present 
methods in Fig. 8(b). It is seen that the seal 
clearances during the acceleration speed transient 
exceed the maximum speed stabilised clearance by 
about 100 per cent. 

4.3.3 Effects of Seal Clearance Movements in 
Transients. In the early programs for predicting the 

acceleration rates of gas turbines it would probably 
be assumed that cooling and bleed air flows remained 
a constant fraction of the core air flow during the 
transient. However it has been illustrated that seal 
clearances during the speed transient can be very 
much higher than the maximum speed or the design 
clearances. Consequently these cooling and bleed 
flows, expressed as fractions, will exceed the design 
fractions. 

Allowances for the clearance movements of the 
H. P. Compressor 12th Stage Outer Seal and of the H. P. 
Cooling Air Seal on the H. P. 1 Turbine Disc have been 
included in the engine transient program, and the 
results for a sea level acceleration are illustrated 
in Fig. 9. For the acceleration, the fuel flow, as 
a non-dimensional group, was scheduled as a function 

of the H. P. Compressor pressure ratio. It is seen 
that the additional loss of air through these seals 
during the transient causes a significant increase - 
about 6 per cent - in the acceleration times. 
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4.4 Decelerations 

In decelerations the "heat soak" period is much 
longer because the reduced rotational speed at the 
end of the transient results in much lower values of 
the heat transfer coefficients. All the components 
were studied in both accelerations and decelerations, 
and no rubs were encountered. 

4.5 Control of Tip Clearances durino Transients 

When considering, for example, the transient 
response of the components (disc, blade, casing) of 
the H. P. Compressor, it is realised that the responses 
of the discs would have been different, hence the 
transient tip clearances would have been different, 
if the air in which the discs rotate had been drawn 
from, say, a later stage of the H. P. Compressor than 
at present. This realisation offers the designer 
another method of controlling tip clearance changes. 
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4.6 Comoutina Times 

The increase in-computing times is not large for 
the inclusion of the model described in a typical 
engine transient program. For example, computing 
times were about 15 per cent longer when the model 
was used to calculate and apply clearance paths in 
three different components during an engine transient. 

5. CONCLUSIONS 

A simple model has been developed for calculating 
clearances of seals and blade tips, and for determin- 
ing their effects on engine response during a tran- 
sient. It also enables the study of the effects of 
changing materials in the engine and of altering the 
pattern of cooling. The procedure has been used to 
show that changing the cooling of compressor discs, 
for example, alters the tip clearance response. 

Seal clearances have a larger effect than com- 
pressor blade tip clearances on the transient per- 
formance of the Two-spool Bypass Engine considered. 

Further work is being carried out to assess more 
accurately the turbine tip clearances and their 
effects during a transient. 
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The increase in computing time is not large, 7. 
amounting to about 15 per cent when the model was 
used to calculate and apply clearance paths in three 
components during the transient. 
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Gas turbines are well suited to providing heat in 

addition to power. They may also be effectively used 
with a steam-raising circuit in the exhaust to provide 
additional power. with very competitive overall 
efficiencies. 

Gas Turbines in Power Generation 
Gas turbines provide one method of supplying mech- 
anical power from a thermal source. Simple open-cycle 
gas turbines have many advantages as a means of pro- 
viding power. They are light, of low capital cost, require 
no water and can be brought quickly onto load. Present 
plants need reasonably high-quality fuels (gaseous or 
liquid), but future plants will be able to use coal. 

Principle of Cycle 
All current gas turbines operate on an approximation 
to the constant-pressure, or Brayton, cycle (Fig. 1). The 
working gas is compressed from point I to point 2, has 
heat added to it at constant pressure (to point 3) and is 
then expanded to the initial pressure (to point 4). This 
expansion invariably takes place in a turbine (or 
turbines), hence the name gas turbine. In the ideal 
simple cycle the compression and expansion are revers- 
ible and adiabatic, hence isentropic. Finally the working 
gas is "cooled" at constant pressure to the initial tem- 
perature. If the original gas is to be reused, this cooling 
is carried out in a heat exchanger and the cycle is 
referred to as a closed cycle. However, many gas tur- 
bines use air drawn from the atmosphere as the working 
gas, so the final constant pressure "cooling" occurs in 
the atmosphere; this is the open cycle. 

2. Early Development 
Initially two types of gas turbine were studied. The 
first operated on the constant-pressure cycle, described 
above, while the second employed an explosive com- 
bustion process for the heat addition, in which pressure 
rose. Turbines of these two types had their first runs in 
1905 and 1906, respectively. The efficiencies were 
<0.05, significantly less than those of other con- 
temporary heat engines. Theoretically the explosion 
turbine offered higher efficiency than the constant- 
pressure cycle turbine, but practical difficulties with 
nonreturn valves prevented this benefit from being real- 
ized. Continuous development of the constant pressure 
cycle turbine soon brought its performance ahead of 
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Gas Turbines in Power Generation 

that of the explosion turbine. All gas turbines built since 
the mid-1930s have operated on the constant-pressure 
cycle. The first major gas turbine power plant, a closed 
cycle unit of 2.0 MW(e) capacity, was commissioned in 
Switzerland in 1939. 

3. Performance of Cycles 
The efficiency of the practical approximation to the 
simple cycle, without exhaust heat exchange, described 
in Sect. 1, is a function of the compressor and turbine 
efficiencies, of the compression pressure ratio and of 
the temperature at the inlet to the turbine. A typical 
relationship is shown in Fig. 2. In this example the 
working gas is air, the compressor and turbine have 
equal isentropic efficiencies of 0.8 or 0.9 (current prac- 
tical range) and pressure losses cause the turbine expan- 
sion ratio to be 0.94 of the compressor pressure ratio. 

Cycle efficiencies are greatly improved by increases 
in compressor/turbine component efficiencies, and are 
also improved, although less markedly, if cycle pressure 
ratio and turbine inlet temperature are raised in con- 
junction. Specific work output is considerably increased 
by raising the turbine inlet temperature. Current gas 
turbines can attain overall cycle efficiencies of 0.34- 
0.35. 

Reduced fuel consumption, or better utilization of 
the energy released by the fuel, can be achieved in a 
variety of ways. One method, called regeneration, uses 
the comparatively hot gases exhausting from the turbine 
to heat the air after leaving the compressor and before 
entering the combustion chamber. This is of value only 
with comparatively low-pressure-ratio cycles, that is, 
those with a ratio of, say, less than 12 or 15 to 1 

(depending on the turbine inlet temperature being 
used). 

A second method uses the exhaust from the turbine 
for steam raising and subsequent power production. 
This is called a combined cycle. Thermal efficiencies for 
the combined plant in the range 0.46-0.48 are 
attainable. 

In many applications a heat load has to be satisfied 
in addition to a mechanical load. The gas turbine is well 
suited for this, as the exhaust gases from the turbine 
can be used to supply the heat load. This is sometimes 
called combined heat and power (CUP). The name 
cogeneration may also be used, though it has been 
applied to the combined cycle as well. 

4. Industrial Gas Turbines 
This name is given to all gas turbines which are not used 
for aircraft propulsion. Applications of industrial gas 
turbines include driving electrical generators, driving 
compressors and pumps and ship propulsion. 

Current industrial gas turbines emanate from one of 
two different design philosophies. In the first the engine 
is designed solely for the above type of industrial use. 
Thus it must meet the requirement of long periods 
between major overhauls, say 100 000 h. The industrial 
gas turbines of the second type are derived from aircraft 
engine designs, which are lighter and have com- 
paratively short times between overhauls. To adapt to 
the industrial application, the aircraft engine designs are 
modified by using heavier bearings and by "derating"- 
operating at lower turbine inlet temperatures. Also, the 
combustion system may be altered to utilize cheaper 
fuels. 

4.1 Shaft Arrangements 
05 

04 

03 

02 

Of 

05 10 15 20 25 
Compressor pressure ratio 

Figure 2 
Cycle thermal efficiency as a function of other 
factors: -. n=0.9. T, = 1400 K. ---, ri = 0.8, 
T, = 1400K...., r7 =0.8. T, = 1200K (ri is 
compressor and turbine efficiency. T, is turbine inlet 
temperature) 

The simplest shaft arrangement is illustrated in Fig. 3, 
where there is a single shaft on which are mounted the 
compressor and the turbine, and the load to be driven 
is coupled directly, or via gearing, to this shaft. 

A widely used alternative has two turbines, the first 
to drive the compressor and the second, on a separate 
shaft, to drive the load (Fig. 4). This scheme is called a 
two-shaft gas turbine or a free power turbine. Units of 
this type are particularly suited to applications which 
require high torque outputs on startup or at low 

Heat exchanger 
J or combustion chamber 
30 

Compressor Turbine Load 

Figure 3 
Single-shaft arrangement 
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Heat exchanger 
or combustion chamber 

7-7 
Gas Power Load 

Compressor generator turbine 
turbine 

Figure 4 
Two-shaft or free power turbine arrangement 

rotational speeds relative to design speed. The name 
"gas generator" may be given to the section of the 
engine which comprises the compressor, the combustion 
chamber and the turbine which drives the compressor. 

In some aero-derived gas generators, the com- 
pressions and expansions are split, the high-pressure 
compressor being driven by the high-pressure turbine 
and the low-pressure compressor by the low-pressure 
turbine. The shafts are coupled aerodynamically but not 
mechanically, and the scheme is referred to as a "two- 
spool" arrangement. It was adopted for high-pressure- 
ratio aircraft engines to achieve acceptable running and 
acceleration over a wide speed range without encoun- 
tering surge. 

4.2 Turbines 
In the smallest gas turbines, for example for automotive 
and fire-pump applications, a radial in-flow turbine is 
used. The behavior is that of the centrifugal compressor 
in reverse. 

For medium and large power units an axial flow 
turbine is used. The pressure ratio per stage is much 
higher than for an axial flow compressor-a single-stage 
turbine is able to drive a six- or seven-stage axial flow 
compressor handling the same mass flow. 

4.3 Compressors 
For large gas flows, axial flow compressors are used. 
These comprise a series of stages, each consisting of a 
moving and a stationary row of blades. The gas enters 
each row, whether moving or stationary, with a high 
relative velocity and is slowed down in the widening, or 
diffusing, passage between the blades. This deceleration 
gives an increase in pressure. If sufficient stages (say 
fifteen) are used, pressure ratios of 12 or more may be 
achieved. 

Centrifugal compressors may be used for the smaller 
engines, which need lower gas flows. Angular momen- 
tum is given to the gas as it flows outwards through the 
passages of the impeller. Some pressure rise occurs 
across the impeller itself and the remainder is achieved 
in decelerating the high-velocity gas after it leaves the 
impeller tip. Pressure ratios across typical single-stage 
centrifugal compressors are in the range 4-8. 

Axial flow compressors, which are designed for high 
gas flow rates. have higher efficiencies than centrifugal 

compressors. but this advantage disappears when 
designing to compress smaller flow rates. 

4.4 Closed-Cycle Gas Turbines 
The heat to operate these cycles is provided external to 
the working gas. and transferred to the gas in a heat 
exchanger. Any convenient gas. including air. may be 
used as the working gas. A gas such as helium has the 
advantage over air of requiring smaller turbomachinery; 
this saving in capital cost more than counterbalances 
the cost of the helium if large plants. say >50 MW(e), 
are considered. 

Helium closed-cycle gas turbines are proposed for 
obtaining power from advanced gas-cooled nuclear 
reactors. No intermediate fluid would be needed. 

5. Fuels and Combustion Chambers 
A wide range of fuels may be used as heat sources, for 
example, natural gas, blast-furnace gas, distillate oils, 
residual oils, peat and also nuclear and solar energy. 

If the heat results from a combustion reaction giving 
reasonably clean product gases, such as when using 
natural gas or distillate/residual oil fuels, atmospheric 
air may be used as the working gas and the fuel is burned 
in this air after its compression (i. e., the open cycle). If 
the products of combustion are dirty or corrosive, as 
in conventional burning of coal or blast-furnace gas, 
combustion has to be external to the working gas, which 
may follow either a closed or an open circuit. Schemes 
are now being studied in which coal is burned in the 
working gas (air) in a fluidized bed. 

In the open-cycle gas turbine with internal combus- 
tion, the fuel is burned in the working air after it has 
been compressed. In present designs this is carried out 
in one or more combustion chambers. The combustion 
zone is surrounded by a flame tube or liner. Only a 
fraction of the total air is admitted to the primary 
combustion zone, this being done by an arrangement of 
jets, possibly with swirl, which setup recirculating flows. 
The fuel (gas or liquid) is injected into this zone and, 
once ignited from an external source, the flame is sta- 
bilized by the recirculation. The flame and combustion 
products are subsequently mixed with the remainder of 
the air to give a gas flow which is at a temperature 
acceptable to the turbine materials. 

6. Materials of Construction 
Considerable progress has been made in developing 
suitable materials for the various parts of the gas 
turbine. In axial flow compressors, steel or nickel alloys 
are widely used for blades, although some aero-derived 
engines use titanium or aluminum in early stages, these 
having the advantage of lightness. The material for 
shafts and disks is usually steel, although aero-derived 
engines may use titanium for the front stages and nickel 
alloys for the hotter rear stages. 
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As explained in Sect. 3, high gas temperatures at the 
inlet to the turbine are needed for high-specific-output, 
high-efficiency plants. This goal is achieved by using 
special alloys for the nozzle vanes and blades of the 
turbine and by cooling these vanes and blades, usually 
with high-pressure air drawn from the compressor deli- 
very. For blades, nickel-based alloys are widely used, 
as they possess good creep strength. Either nickel-based 
or cobalt-based alloys are used for nozzle vanes. The 
life of blades and vanes can be greatly extended by 
diffusing into the surface a powder which may include 
aluminum, platinum or chromium. Such coatings impart 
excellent high-temperature corrosion resistance to the 
blades. Turbine disks can be made from a wide range of 
steels or, for the highest-temperature locations, nickel- 
based superalloys. 

7. Control 
Controls on industrial gas turbines are introduced so 
that the required output is provided, at the correct 
speed, without causing damage to the gas turbine. These 
controls operate on the fuel flow and possibly on certain 
variable-geometry schemes in the engine. The controls 
are activated by sensors on the shaft speeds and on the 
temperature of the gases leaving the turbine. The latter 
sensor is needed to prevent excessive temperatures from 
occurring in the turbine, and the former to maintain 
the correct speeds of the output shaft and of the gas 
generator shaft (for free power turbine arrangements). 
The most common variable-geometry scheme, used in 
free power turbine engines, operates on the throat area 
of the nozzle guide vanes of the power turbine. This 
area is controlled by the temperature sensors in the 
exhaust gas leaving the turbine. The fuel flow to the 
combustion chamber is controlled by the power 
demand, or for constant-output-speed applications, by 
the power turbine speed. At part-load, the throat area 
of the power turbine's nozzles is reduced to maintain 
the turbine gas temperature and so maintain efficiency. 
See also: Fossil-Fuel Energy; Electric Generators, Rotat- 
ing; Power System Operation 
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ABSTRACT 

The paper describes a general program which has 
been developed for the prediction of the transient 
performance of gas turbines. The program is based on 
the method of continuity of mass flow. It has been 
applied successfully to a wide range of aero gas 
turbines, ranging from single to three-spool and from 
simple jet to bypass types with or without mixed 
exhausts. The results for three of these engine types 
are illustrated. Computing times are reasonable, 
increasing with the complexity of the engine. 

A parallel paper describes the inclusion of 
thermal effects in the prediction program. 

NOMENCLATURE 

a exponent(variable) 
A flow area 
C1, C2, C3 constants 
Cp specific heat at constant pressure 
f function 
f(e) rate of convergence function 

(Equation 12) 
Y fuel flow rate 

air/gas mass flow rate 
Mach Number 

N rotational speed 
p impulse function 
P static pressure 
P� stagnation pressure 
t time 
T static temperature 
T. stagnation temperature 
v velocity 
x a variable 

ratio of specific heats 
density 
angular velocity 

Subscripts 

I inlet 
2 outlet 
bp bypass 
cg core gas 
NPC high pressure compressor 
j j'th section or shaft 
t at time t 

1 INTRODUCTION 

When the representation of a system is desired, a 
model is devised, and the behavior of this model is 
compared to that of the system. If the agreement is 
sufficiently close, the model is said to represent the 
system. 

la the particular case of a gas turbine, the model 
is physical or mathematical. A physical model requires 
experimental work on a scaled version of the engine or 
its components. A mathematical model invariably 
involves computer programming, because of the lengthy 
calculations involved, particularly for the more 
complex engines. 

The simplest modelling of the engines is by 
assuming a linear system to represent them. This is a 
good assumption for small changes from a given 
operating point and is the type of model used for 
engine control, and when studying the influence of 
disturbances at important points of the performance 
range. Thus a 'Small Change Matrix' of an engine for a 
given operating point or points can be obtained. 
Towever these models are not useful for large scale 
transients. 

Another possible approach is the fundamental one, 
working from first principles. In this type of model, 
many engine parameters, in particular the pressure and 
temperature changes in each component, have to be 
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calculated from the engine's geometry. This approach 
suffers from the disadvantage of lengthy calculations 
and frequently the predictions are not of satisfactory 
accuracy. 

A more convenient approach is to divide the above 
procedure into two steps. The first step is to predict 
the performance of the components, working from the 
engine's geometry. Once this has been accomplished the 
predicted characteristics are used for the calculation 
of the complete engine's steady state and transient 
performance. As the development proceeds and 
experimentally observed performance of the components 
becomes available, only the component performance maps 
need to be modified for continuing investigations. It 
is this type of approach that has been used in the 
present work, which is aimed at producing a general gas 
turbine prediction program. 

A word of caution must be expressed at this point 
on the use of steady-running characteristics. However 
it is generally accepted (Refs. 1,2)1 that the 
characteristics of the components at a particular 
instant during a transient will differ from the 
characteristics observed in the steady state at the 
same non-dimensional speed. These changes in component 
performance, due to tip clearance changes, seal 
clearance changes and heat transfer effects have been 
incorporated in the program. However the inclusion of 
tip and seal clearance changes and thermal effects is 
not discussed in this paper, but is described in a 
parallel paper by the present authors (3)" 

2 THE EFTfiOD 

The method which has been developed uses the 
component characteristics as a basis for carrying out 
the performance analysis. There are two alternative 
procedures for carrying out the performance 
calculation, these being the method of 'intercomponent 
volumes' and the method of 'continuity of mass flow'. 
In the former, initial mass flows are guessed for each 
component and a pressure distribution through the 
engine is assumed. In general these mass flows will 
not be consistent and mass will either accumulate or 
diminish in the various intercomponent spaces during 
the subsequent short time increment. The calculation 
at each step is 'once-through' and requires no 
iterations. However very short time intervals must be 
used. By comparison, the method of 'continuity of mass 
flow' has to achieve consistency of mass flows at each 
section. Iterations are required, and the number of 
such iteration loops depends on the geometric 
complexity of the engine. Generally the method of 
'continuity of mass flow' requires less computing time 
than the method of 'intercomponent volumes', but care 
is required in order to achieve efficient convergence 
of the computation. The predictions of the two 
procedures are in agreement, after the first few time 
intervals(4). The program described here uses the 
'continuity of mass flow' method. 

Several workers (5) - (11) have previously 
described procedures similar in principle to that 
adopted here (12). The brief outline which follows is 
given for completeness of this paper. 

The object of the calculation procedure is to 
determine the acceleration that the engine will 
experience under various circumstances. The 
acceleration is a function of various parameters: 

Underlined numbers in brackets designate references 
at end of paper. 

dt = f`Nj' 
i, P01, T01) (1) 

The acceleration will also be a function of several 
other variables, such as component pressure ratios, 
temperature ratios, efficiencies, etc. As these 
parameters also depend on the rotational speed and the 
fuel flow, they are omitted from the above expression. 
The acceleration having been evaluated, the rotational 
speed for the next time interval is found by Euler's 
simple assumption that the acceleration remains 
constant for a particular time increment. Thus: 

Wt+dt Wt + ýdNAt (2) 

The flight speed and the altitude will define 
exactly the inlet conditions of the engine. Other 
parameters will be chosen arbitrarily to identify a 
point in the characteristics of the first component. 
The outlet parameters of the first component will 
define the inlet parameters of the next component. 
Using these procedures, the fluid variables at inlet to 
and outlet from each component can be calculated. 
Knowledge of these variables enables the calculation of 
a required nozzle area to discharge the flow (the 
program has been extended to incorporate reheat 
systems, if required. ) In general, this required 
nozzle area will differ from the actual nozzle area 
provided. A variable, X, to be modified is then 
selected, and the relationship 

X=f (Ä) (3) 

is then used. In Eq. (3), A is the geometric area 
available to discharge the flow, and dA the error in 
the area produced by chosing the given state parameters 
for the current iteration. If the turbine is unchoked, 
the variable to be modified is the compressor pressure 
ratio. If the turbine is choked, the variable to be 
modified is the pressure ratio of the choked turbine - 
a previous iteratic^_ sequence will have adjusted the 
compressor pressure ratio to meet the capacity of the 
choked turbine. This variable, X, is then adjusted to 
bring the required nozzle area into agreement with the 
geometric nozzle area. Since the system is not linear, 
and the desired function f(dX/X) changes along the 
different running conditions of the engine, an 
iterative procedure is devised to obtain the equality 
between the required and the geometric nozzle areas. 
The desired function is assumed to be of the form: 

f(ÄA) = (1 + 
ÄA)a i4) 

where the exponent a is a variable which is 
continuously modified as will be outlined later. 

For straight jets and for bypass engines with 
separate exhausts. the variable X, to be modified is 
chosen depending on engine configuration, the shape of 
the curves in the compressor characteristics and the 
state of the turbines. If a turbine is choked, the 
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compressor pressure ratio is modified until the 
required value of the turbine capacity is obtained. 
Once this has been achieved, the variable to be 
adjusted to satisfy mass continuity at the final nozzle 
is the pressure ratio of the choked turbine nearest to 
this nozzle. The fluid velocity at this turbine is the 
sonic velocity, and pressure signals cannot be 
transmitted upstream of this point. Once the chosen 
parameter is modified, the process is repeated until 
the desired equality between required and geometric 
final nozzle areas is achieved. With the principle of 
mass continuity satisfied along the engine, the next 
step is to calculate the torque imbalance of the 
shaft(s). This torque imbalance then determines the 
instantaneous acceleration, which as previously stated 
is assumed to be constant for the given time step. The 
process is then repeated until a limiting time is 
reached. 

For bypass engines with mixed exhausts there is an 
additional requirement. The principle of momentum 
conservation 

PAv dv +A dP =0 
(5) 

must be satisfied by the fraction of core gas and the 
fraction of bypass air to be mixed. For this purpose 
an infinitely thin control volume is set up in which 
all the mixing is assumed to occur. At entry to this 
control volume, the static pressures of the cold and 
the hot streams are equal. To obtain this equality in 
static pressure, an iteration loop, similar to the one 
devised for the continuity principle has been 
introduced. The mixing process is assumed to occur 
without any momentum dissipation. If required, losses 
can be represented by means of a small pressure loss 
occurring at the final nozzle. Integrating Eq. (5) 
gives Eq. (6), in which momentum conservation is 
expressed as the impulse function being constant: 

YPA (1 + rM2) = C, (6) 
Integrating the equation of continuity of mass flow, 
substituting the static temperatures and pressure by 
stagnation temperatures and pressures, and expressing 
the velocity as a function"of the Mach Number and the 
sonic velocity, Eq. (7) is obtained: 

y+ 1 

fi R To % (1 +4 (l_ 1)M2) 2- 1) (7) 
poýýö1 M 

P. earranging Eq. (6), which describes momentum 
conservation, and substituting to obtain the stagnation 
pressure, gives: 

p 
rp1A1 (1 +1 M2 2)$Y-1 

(8) 
02 _ A2 1+ M22 

The solution to these two Equations (7 and 8) will 
yield the mixed flow Mach !: umber, and the stagnation 
pressure of this flow. The stagnation temperature of 
the mixed flow has been evaluated by means of Eq (9) 
which is a form of expressing energy conservation. 

T_ (m c To)C + (fi C To)b 
(9p p) 02 Cp 

c9 + On Cp bp 

The two equations obtained from mass continuity and 
momentum conservation are solved by an iteratior 
process. Analytical solution is not possible. 

A comment should be made on the choice of time 
interval used jr. this procedure. If the time interval 
is too large, the assumption of constant acceleration 
is not valid, and this will lead to unrealistic 
modelling, and could lead to instabilities in the 
calculations. If too small it will lead to computation 
times which will be longer than necessary. 

2.1 Iteration ? equirements of Various Configurations 

The convergence process follows the nested loop 
approach. Before proceeding to a component, all tests 
on the previous components have to be satisfied. If 
not satisfied, the inlet parameters of the nearest 
upstream 'free component' are modified until a 
satisfactory operating point is obtained for the 
component in question. The term 'free component' 
describes a component at which the thermodynamic 
variables for the operation of the components 
downstream are generated. Three types of components 
can be 'free' components: - the first compressor, the 
first compressor of the core section in a bypass or 
turbofan engine with mixed exhausts, or a choked 
turbine. 

A choice is available on the set of inlet 
variables for the first compressor. This is necessary 
because many fans and L. P. Compressors exist whose 
characteristics are very flat, even double valued. In 
this case it is desirable to start the iteration 
process by using the mass flow, rather than the 
pressure ratio as the initial input. For single-valued 
characteristics which are not very flat, the choice of 
inlet variable is irrelevant. The downstream 
compressors have pressure characteristics which are 
very steep, nearly vertical in some cases. For these 
compressors. the inlet parameter is the non-dimensional 
mass flow which is defined from the outlet parameters 
of the previous compressor. It is only when a 'free 
component' is encountered that an arbitrary pressure 
ratio is chosen as the input variable. 

When a bypass engine with an exhaust mixer is 
simulated, the procedure is less sensitive to 
instabilities of the convergence process. To obtain 
the correct engine mass flow the iterations are not 
started from the first compressor, but from the first 
core compressor, thus reducing the number of components 
within the iteration loops. However, because of the 
additional, iterations imposed by the requirements of 
static pressure balance at the mixer inlet plane, the 
convergence process takes longer to be achieved. 

Simple jet engines, and bypass engines with 
separate exhausts have exactly the same convergence 
procedure. bor the analysis of these engines, the 
inlet parameters of any compressor are defined by the 

`outlet parameters of the previous compressor. The mass 
flow through the cold nozzle of an engine with separate 
exhausts is calculated from the pressure ratio across 
this nozzle, the fluid density and the flow area. The 
flow exhausted is subtracted from the total flow to 
obtain the flow through the core components. In a 
simple jet engine, the flows are basically constant, 
only bleeds being removed from the engine flow. 

A block diagram of the above described iterative 
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characteristics for unchoked turbine conditions, and of 
(dA/A)/(dPo/Pc ) for choked turbine conditions. It is 
realised that such a facility would be important in the 

COMPRESSORS more complex engines, where the convergence procedure 
is critical. In these engines a small change in the 
initial set of chosen parameters will produce a large 
change in the calculated variables at the hot end of 
the engine. 

TO NEXT NA procedure for continuously adjusting the index 
(symbol a) has been developed. Initially, 'a' is 

COMPRESSOR 
arbitrarily set to a low figure (to avoid instability) 
and the new parameter for the next iteration is 

I 
CAM8U5TI0N CHAne6t modified as a function of the error the previous input 

had produced. 

TULOOP 

ON 
4. 

RBINES 

9. I 
xt+dt ' Xt(1 Aa )a (10) 

1? 4? Fr... FS The error emerging at the end of the new iteration 
is compared with the previous error and the index 'a' 

TO NEXT " 
2? IUKULNt y is revised as follows: 

bi ~ N Y 3? 
# 

!q CZ 03 

MIXER °" 1i at+dt - at(1 
- f(e) 

g 
0 
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Y 

where 
U. NOZZLE 

y NOZZLE d A)t 
N 

4? 
N 

" 
f(e) = (dA A 

(t2, 
t dt 1? 1? - 

COMPRESSOR 
YY The effect of using a range of values for C2and C3 has 

CONTINUE been examined. It was found that near optimum 
convergence conditions were generally obtained if C2was 

FIG. 1 given the value 0.7 and O3 a value between 0.4 and 0.6. 

BLOCK DIAGRAM OF THE MASS FLOW EVALUATION PROCEDURE 
1? IS COMPONENT TEST SATISFIED? 
2? IS THIS THE LAST COMPONENT OF THIS KIND? 
3? DOES THE ENGINE ANALYSED HAVE A MIXER DUCT? 
4? IS ANY TURBINE CHOKED? 2.3 Additional Features, Fuel Schedules 
YaYES, N NO 

procedure is illustrated in Fig. I. This procedure is 
general and can be applied to engines having any number 
of spools, and to simple jet engines and engines having 
any bypass arrangement. The engines may incorporate 
reheat. All bleed flow calculations, cold exhausts and 
individual tests have been omitted from the diagram for 
reasons of clarity. The remainder of the procedure, 
torque calculations and transient effects are not 
illustrated because they are straightforward. 

The program can incorporate compressor air bleed 
systems with the bleed value scheduled to operate on, 
for example , the non-dimensional speed of the 
compressor. The bleed flows can be returned to any 
part of the engine, to the bypass duct, or discharged 
overboard. Air flows for cooling are similarly 
treated. 

As previously mentioned, the analysis can include 
the use of reheat systems. It is of course noted that 
normally reheat is employed when the engine is at 
maximum speed. 

Any form of fuel scheduling can be adopted for 
control of accelerations and decelerations. One common 
method relates the non-dimensional fuel flow to the 
pressure ratio across the final compressor: 

2.2 Convergence Algorithm 

The previous sections describe the procedure 
employed to satisfy the requirement of continuity of 
flow in any engine configuration. When this procedure 
was first applied to a single-spool turbojet engine, 
convergence was achieved in five or six iterations. 
With the adaptation of the program to more complex 
configurations, the total number of iterations 
increased greatly due to more involved algebraic loops 
and more nested loops. The iterating technique had to 
be improved to economise in computing time. One method 
of improving the convergence is for the index in Ea. 
(4) which modifies the parameter X to be a variable. 
This exponent should be a variable, because indirectly 
it is a function of the slope of the compressor 

(F)c f(POZ) 
(t3) 

N P01 HPC P01 HPC 
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3 APPLICATION OF THE METHOD 

The prediction method has, " to date, been applied 
successfully to eleven different configurations - most 
real but some hypothetical. The configurations are: - 
single-spool simple jet engine, single-spool turbofan 
with mixed exhausts, single-spool turbofan with 
separate exhausts, two-spool jet engine, two-spool 
bypass engine with separate exhausts, two-spool bypass 
engine with mixed exhausts, two-spool turbofan (L. P. 
compression system being a fan followed by an I. P. 
Compressor for core air, all on L. P. shaft) with 
separate exhausts, two-spool turbofan with mixed 
exhausts, three-spool jet engine, three-spool turbofan 
with separate exhausts, three-spool turbofan with mixed 
exhausts. Three of these types have been selected to 
demonstrate the use of the prediction method. 

3.1 Two-Spool Bypass Engine with Separate Exhausts 

As illustration, Figs. 
_ 

2 and 3 show the results 
obtained when the method was used to predict the 
transient performance of a two-spool bypass engine with 
separate exhausts, when at sea level, static 
conditions. The fuel schedule employed is of the type 
specified by Eq. (13). The transient trajectories in 
the L. P. Compressor (Fig. 2) are seen to lie very 
close to the steady-running line. In the H. P. 
Compressor (Fig. 3), the trajectories move 
significantly from the steady-running line, beyond the 
surge line during the acceleration.. However the danger 

of surge may be less than indicated due to the 
favourable influences of beat transfer on the 
compressor characteristics and on the trajectory 
(1,2,3,12). 

The steady-running lines shown in these figures 
were obtained by holding the fuel flow constant until 
the engine stabilised, then increasing the fuel by a 
given amount until it stabilised again. The process is 
repeated as required. 

3.2 Two-Spool Bypass Engine with Mied Exhausts 

An engine with mixed exhausts using the same 
compressors and turbines as the bypass engine with 
separate exhausts, illustrated in the previous section, 
has been analysed. The fuel flow is controlled with a 
schedule which is similar to that employed in the 
previous engine. 

In transients, again at sea level, the 
trajectories in the H. P. Compressor (Fig. 5) are very 
similar to those of the engine with separate exhausts. 
In the L. P. Compressor (Fig. 4) the transient 
trajectories move considerably further away from the 
steady-running line than had been the case for the 
engine with separate exhausts. The L. P. compressor 
trajectory is moved in the direction of surge in the 
acceleration, but there still is an adequate surge 
margin. 

The degree of mixing in the jet pipe between the 
mixer and the final nozzle may not be complete. The 
program can be used with any specified degree of 
mixing. As an illustration of the adaptability of the 
program, it has been used to compare the steady-state 
performance of mixed exhaust engines with two degrees 
of mixing - zero and complete. The results are shown 
on Fig. 6. It can be seen that at the higher thrust 
range, the engine with complete mixing shows an 
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advantage in better specific fuel consumption. Fig. 7 
shows the predicted variation of several variables 
during the acceleration. These are essentially similar 
to those of the two-spool bypass engine with separate 
exhausts. Therefore only the results of this engine 
are illustrated. 

3.3 Three-Spool Turbofan wit} Xixed Exhausts 

A hypothetical set of characteristics was used for 
predictions of a three-spool turbofan with mixed 
exhausts. The matching obtained was not good, but the 
characteristics have provided an adequate test for the 
transient predictions program. A fuel schedule of a 
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similar type to the one employed for the two-spool 
engines has been used to control the fuel flow. 

The predicted trajectories in the fan virtually 
coincide with the steady-running line, and so are not 
illustrated. In the I. P. Compressor (Fig. 8) the 
trajectories are displaced away from steady-running at 
the lower speed range, but over most of the remaining 
speed range they are close to steady-running. In the 
H. P. Compressor (Fig. 9) the trajectory moves towards 
surge in the acceleration and away from surge in the 
deceleration. The apparent amounts of surge margin 
available are not realistic, due to the pocr matching 
of the components. 
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4 COYFUTING EFFICIENCY 

It is interesting to note how the computing time 
is affected by the number of components (usually two 
per spool, except where compressions on a shaft are 
split) and by the introduction of mixed exhausts for a 
bypass engine of separate jets. Computing times, as 
required by an ICL 2976 Computer, are given in Fig. 10 
for the range of engines considered. It can be seen 
that the computing time increases almost 
proportionately with the number of components 
constituting the engine. Also, engines with mixed 
exhausts require longer computing times than equivalent 
engines with separate exhausts, due to the additional 
convergence required in the mixing duct. In no case is 
the computing time requirement excessive. 
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5 CONCWSIONS 

A general digital computer program has been 
developed for the prediction of the transient 
performance of gas turbines. The program has been 
applied successfully to a wide range of aero jet 
engines, ranging from single-spool to three-spool, and 
from simple jet to bypass types with or without mixed 
exhausts. Computing times are reasonable, increasing 
approximately proportionately with the complexity of 
the engine, as indicated by numbers of components 
(compressors plus turbines). 
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The program does incorporate thermal effects, but 
that part of the program is discussed in another 
parallel paper. The results quoted in the present 
paper have not included thermal effects. 
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ABSTRACT 

This paper describes how allowance for the thermal 
effects of non-adiabatic flow, altered boundary layer 
development, changes in tip clearances and changes in 
seal clearances have been incorporated into a general 
gas turbine transient program. This program has been 
applied to a two-spool bypass engine. Revised 
predictions of surge margins in three common transients 
have been obtained. When the engine undergoes a 'cold' 
acceleration, the thermal effects on the trajectory and 
on the surge line give a much increased proportion of 
unused surge margin in the H. P. Compressor, as compared 
to adiabatic predictions. In a '7, ot' -ic eleration this 
improvement is considerably reduced. 

Subscripts 

85-GT-208 

1,2,3 inlet to, outlet from L. P. Compressor, 
outlet from H. P. Compressor 

ad adiabatic 
b blade aerofoil 
cl with new clearance 
ht with heat transfer 
H High Pressure 
in mean 
w wall 

1. INTRODUCTION 

NOMENCLATURE 

Cp specific heat at constant pressure 
C1,... Cg constants f fuel flow rate 
F ratio of heat transfer to fluid 

to work transfer from fluid 
g staggered gap between blades 
m air flow rate 
11 rotational speed 
P stagnation pressure 
Q heat flux to air 
R surge pressure ratio 
T stagnation temperature (absolute) 
6 tip clearance 
v kinematic viscosity 

This paper describes a study of the alterations, 
due to thermal effects, of compressor characteristics 
and of working lines in transients of gas turbines. 
Revised surge margins can then be examined and compared 
with estimates ignoring thermal effects. At this stage 
the study has been restricted to engines using 
axial-flow compressors, but an extension to the study 
of centrifugal compressor types is envisaged. 

The 'thermal' effects which are considered to be 
relevant in transients are: 

(a) '$on adiabatic flows in compressors and 
turbines. In compressors this causes density changes 

due to heat transfer, additional to those 
resulting from the compression proces3. 

(b) Changes in boundary layer development on blade 
aerofoils in compressors. 

(c) Changes in boundary layer development on 
end-walls in compressors. 

(d) Tip clearance changes, controlled by disc, 
casing and blade responses. 

(e) Seal clearance changes, controlled by disc, 
casing and ring responses. 

Presented at the Gas Turbine Conference and Exhibit 
Houston, Texas - March 18-21,1985 



Effects (a) to (d) above, when applied to compressors, 
cay alter the characteristics representing the 
corgressor. as described in section 2 of this paper. 
All five effects influence the Ferforrance of the 
ccDFoner. ts, and hence of the engine as a whole. These 
chanfee lead to revised transient trajectories in the 
compressors, this teir. g described in section 3. The 
procedures are then deronstrated on a two-spool bypass 
engine with Fixed exhausts. 

2. T El AL EFFECTS Cr AXIAL CClFFES. CF CFAF. ACTEFI: TIC: 

It is krcwn that tIerQel effects alter the 
characteristics of axial-flow coarreesors (t)1 and 
attempts have been Cade (2). (_) to ouentify the 
changes. In the present paper. the procedure adopted 
to quantify these chanees follows the method used in 
reference (2), were it is described in mere detail. 

2.1 Pitch-line Predicticr. ? 'etlod 

The calculaticn is carried out stage by stage. 
First the liritine pressure rise is deterwired fror 
Koch's correlation (1). Pn initial end-wall blockage 
factor is guessed. Assurir( that Sowell and Porhen's 
ccrrelstion (5) can be apr. lied to the core flow through 
the bledire in the central annulus, a pressure rise 
across the stage can be predicted. This is corpared 
with the lisitirg, or stalling pressure rise value. 
Frcr Smith's data (6), displacerent thicknesses at the 
tut end at the casing can then be found, giving a 
revised er. d-wall blockage factor. The stove 
calculation is then repeated until ccnvergence on the 
actual end-well blockage is obtained. This procedure 
is then. carried out through the sutsequent stetes of 
the ccspressor in successicn. 

There are several coefficients, such es to allow 
for agplyinL a low-speed correletion to a high-speed 
ccryreseor, which are ad. 4ueted so that the Fredictcd 
ccrrresaor characteristics, in steady-rur. ning, line up 
with the observed performance of the corpressor. The 
therntl transient effects of density chenee due to heat 
transfer, modified aevelcpcert of boundary layers or 
t: rde aerofoils and end-wells, and tip cleererce 
chhar. t; es can then to irtreduced in the above retbod for 
prediction of characteristics. The scans of 
ir. trcducticn are discussed telob.. 

2.2 Ier. sity C}erres Fesu1ting Fres Fest Transfer 

luring br ecceleretior. of an initially 'cold' 
erEir. e, tkere will to beet trar. sfer from the air to the 
tides, rletfcres ar. d cesirgs. Ir. is tr. o-dirersiorel 
ee ter, this will role the air rcre derse, pivir( it a 
lower axial cerroner. t of velocity at a rerticuler stage 
of the ccepresscr, corraree with eteaay-rurrirf at tt: Ft 
steed, inlet terjerrture er. d ress flow. This alters 
tt. E icedine cr. tl. et Ferticular state and thus cler. Ies 
tt, e staCe Fressure rise. Ccrseoter. tly tie overall 
Frecsuut rise is altered. 

IcnE study is required of vlich of the }: eat flovs 

will affect the pitch-line density. The temperature 
distributions shown by Smith (6) for steady-running of 
a 12-stage compressor indicate that the energy 
dissipated into heat due to losses at the end-yells 
tends to retain trapped within the end-wall boundary 
layer. Therefore it appears that heat transfers to, or 
from, platforms and casings will have little influence 
on the temperature, hence density, of the air flow at 
the pitch-line (the end-well teat transfers will alter 
the end-well boundary layer thickness, as discussed 
later). £cwever heat trsnsfers to, cr from the blade 
aerofoils will immediately influence pitch-line 
density. Thus the procedure adopted in the present 
work is to assume that only the beat transfers to, or 
from, the aerofcils of the blades alter the density as 
compared to adiabatic running. 

khen these effects are incorporated into the 
pitch. -line prediction rethod it is found (2) that for a 
given inlet ncn-dirensionel speed a new Fressure ratio 
to non-dimensional mass flow characteristic is 
obtained. One methcd of quantifying this change is to 
retain the adiabatic characteristic and use a modified 
'effective' speed. It is also rosaible for the surge 
pressure ratio at a particular non-dimensional mass 
flow to be changed. In the working region where the 
front stages of the compressor are the coat heavily 
loaded, and therefore nearest to initiating surge, heat 
transfers to the bledes, as when accelerating a 'cold' 
compressor, increase the effective speed and raise the 
surge pressure ratio (at a given Lass flow). It has 
been suggested (7), (e) that for these small changes the 
binomial representation can to used and expressions are 
obtained such as £q. (1) for changes in 'effective' 
speed: 

C 
fi CQ 

(1 
p 

Tm 

and £q. (2) for charges in surge Fressure ratio at a 
, riven cess flcw: 

2 

Rht -1 
i2) =1 Rad -1 

+C F 

The heat transfer coefficients used for the blades 
are based on established correlations, and for other 
areas from correlations for develo; ing boundary layers 
on flat plates, as discussed jr. Fefererces (2), (7), (9) 
and (1C). The blade, with its aerofoil and platform 
cor. binaticr., can to treated as two corpor. ents, 
cor. Frisin¬ firstly the aerofeil era secondly a finred 
platforr, the effectiveness of the finring depending or 
the irster_tanecus aerofeil temperature. Thus the blade 
aerofeil terperature , ". b, can be calculated curir. E the 
trcr. sient, etc usire these procedures the heat flow 
rote to the air (or ees), d is calculated Bra hence the 
Faraseter F, whict is the ratio of the heat flux to the 
air (or Cas) to the Fcwer transfer fror the air (or 
gas) in that corpor. Ert. The values of the coefficients 
Cl end Clare deterrired for each individual conpressor 
usirf the sethcd outlined atove. 

: tese erlirica: l exrresciors are used later jr the 
engine transient rrcgrec. 

t, l'rcerlined ruclers ir tracktte irdicate references at erd of Feger 
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2.; Ioundary Ie er Ievtlorrert or Flade Aerofoils 

It bas beer shour, (1) that the seperetior fror. t 
corvex surface jr. ar, acverse pressure Crediert car 
occur earlier if the surface ie hotter than the floti. irr 
Eir. This effect her- beer ircorrcreted jr e corlresroz 
characteristice Trediction Frograr, end the resulting 
rovererts in effective Breed and in tvrfe pressure 
ratio car be re; reaented by 

it nd 

aN 
_C 

Tb - Tair (? ) 

N Tair 3 

Rad ffl 1=1+ C4F (4) 

2.4 Fcurd ry layer Tevelorrer: t on Fnd-Y 11e 

The effect of teat transfer on the thickress of 
the boundary layers or the end-ua1ls is somewhat 
uncertain. The sir. Fle spproximatior that bps been used 
in this proerar hee been to assure the effect of heat 
transfer is siriler to the effect on the thickness of 
turbulent bcurdery layers on flat plates: 

6ht/a =(vw/v. )0.2 " (5) 

Cr. the basis of this sssurption, spell rovererts 
in effective creed and surre Fressure ratio are 
indicated. The chanees can be quantified ty 
expressions of the type: 

eN = CS 
Tw Tair 

(6) 
-FN Tair 

and 

RR 
hlC (7) 

ad d 

2.5 Eurration of Effects of }eet Trensfer 

The effects of heat trsnafer on the effective 
speed, as indicated by Eqs. (1), (; ) and (6) car be 
approximately summed together into: 

eN 
Tb - Tair p 

C7 Tair + c8 
fi CT 

(E. ) 

pm 

The effects on surge pressure ratio, at a giver 
mass flow, Fqs. (2), (4) and (7) car be surred into: 

Rht -1 
1+CF 

Red -79 i9) 

Pe ar. 13lsetr&tior, t?. c em3yrie ): ts teen &IIIIEc 
to the cerrreeserr of r i'o-FFool i;; Fers Freir. c, ievin4 
irirci erhFuvtr. T2e rite)-lime iredictior. Trofrer (7; 
FEE used to Freeict t)c" effective c-errctcrietlce ici_ t. 
curter of ir. eter. te jr. r r'rr¬ of titrsicrts. .1 ere w"e t 
very rceaorrtle eerairtcrcy of the valuer ottrirec icr 
the coefficients C7 , C8 . tr. c C9.21e retr valute 
adopted for the I. P. Corrreacor ve re -C-C-0, -C. C;, and 
C. 3f.. ; 1. E ccrreerondirf valuer jr. the F. F. Ccr1rcarci 
were -0.1, -0.1, are C. 3¬. 

2. E Sir C1eerarce Cherfes 

Tt, e effect of tip cleerrnce or the predicted 
ctarecterieties car tc deterrined. usirp tl-E 
correlation Tresented ty Moch (L) between the 1ir. itirr 
treasure rise of e rtvEe and the ton-dirernioral tip 
c]terer, ct. Ttie rett. od has teen applied tc the I. P. 
Corpressor of the tytass erfir. c referred tc etovE, erd 
it is found in tie relevant rares Ott tt: e ck: Erce it. 
effective speed is re; reser. ted ty 

N= 
-0.3 

9 (tC) 

and the darre in surfe pressure ratio by 

to 
Rcl £(6) 

ref, 

The study was not extended to the L. P. CorFreasor 
as it had teen found (E) ti. et the tiF clearances of 
that corrreseor in transients scarcely deviated fror 
the correspordinC steady-runnirf values. 

3. EFFECT' 01: TFRJFCTCEIEf: It. TRAI.. IF1:: 

Programs have existed for mery years for 
predicting the trarsient response of tea turbines to 
changea in fuel 

. 
flow.. She progress "uhich have beer 

published have alroa't invariably used 'equilitriur 
characteristics for corjonents, and only it e fe% of 
the programs is sore allowance made for heat trcrsfer 
effects. 

The present woe is sired at rectifying thcse 
oeisaiors by making the allowances for chances in 
corpressor characteristics, for tip clearance cheneee 
and for seal clearance changes in addition to tic 
effect of beet transfer causing non-adiabatic flott. 
TLe procedure for predietiorg the changes it corpresscr 
characteristics has been described in the previous 
section. To predict tip and seal clearance changes and 
associated efficiency alterations use is made of tit 
rcdels described ir. Peference (10). The treetnent for 
non-adiabatic flow has also been deacrited rreviouely 
(_7). 

These procedures have been incerperated ir. the 
prograr for the prediction of the transient perforrarcc 
of a tvo-spool bypass engine, having rixed exhausts. 
This progrer was then applied to the cr. gine which is 
beine used in the present work end the predicted 
effects or speed and thrust reponses were obtained 
(10). 

subsequently a general transiert prograrr, 
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LTT11cL. b1E to all ELpit¬ cerfifuratiera }yes teer 
devElored (6), (ii). This prorrer as already steted 
irecrTcratEs all tt. c rccela for ti; clebrarces, seal 
clesrerces, and the 'direct' beet transfer effects of 
ror. -ediatstic flow and tcurcary layer rodifieaticr. 

Thcee Frccedures enable the sirulatior of any 
trai-rier. t situation. T}. ree sarple trsrsierts are 
ceecrib¬d in the next secticr, intended to to an 
illustration cf the methods develcred. 
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'4 

sccel¬retion. ? re Fredictione of steed and ttrust 
reeronse, and cf erfine Fressure ratic are illustrated 
it Tie. 1. it tte first set of calculatiors it is 

assured that the flex it the cocrorents is adiabatic 
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4. AFFLICATICL : äFA1.: IFrTS CF A TV'C - FPCCL FYPA: S 
fl-GIM' 

The Frocedures descritec. stove for FredictinE 
transient trajectories end cter. Ces jr. cor; ressor 
characteristics have been ayplied to the two-erool 
tyrass entire with s: ixed exhausts which has alreedy 
teer. used as er. illustration in : ecticts 2.5 and 42-6- 
A rarfe of transients Yes been siculated, and three of 
tk-ese are illustrated here. The fuel flow durir¬ the 
trbnsients was controlled by a fuel schedule in r. k: ich 
the rcr. -dirensioral fuel flow [f/(k. HP2). ' was exrressed 
as a function of the pressure retie across the E. P. 
Cciq ressor (F3/F2). This tyle of scheduling was used 
for Loth accelerations and decelerations. The fuel 
flow schedules were er; loyed between a raxirum and e 
einimur fuel flow, determined by exgerirentel work. 

The firnt transient illustrated is a sea level 
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Fig. 2. PREDICTED TRAJECTORIES AND SURGE LINES 
IN L. P. COMPRESSOR - SEA LEVEL 
ACCELERATION. 

and there are no therral effects. These predictions 
are marked 'adiabatic'. In the second set of 
predictions, all the therrel effects are acccunted for, 
including the variaticn of tip and seal cpenirgs, and 
it is assured that Frior to the acceleration the engine 
had statilised et the idling speed. This set of 
fredicticts is labelled 'cold'. For the final set of 
celculations, the ergine had first been held until 
stabilised at the raxicur speed, then decelerated 
rapidly to the idlir. E speed, ar. d then, six seconds 
after starting the deceleration, the er. ¬ire is 
reeccelerated. The Fredicticre for this acceleration 
transient, which is soretires referred to as a 'Bodie', 

are labelled 'hct'. 
Considering first the influence of the therral 

effects or the predicted acceleration of the initially 
'cold' engine, it is seer_ that the acceleration is 
slower by 0.5 sec, or 15 For cent, than the adiabatic 
simulation. Also it is observed that when the speed 
transient is corpleted, the thrust is still about 5 per 
cart below the etahilised value, although the fuel flex 
is at it a final value. The effects which appear to 
have the greatest influence on the dynamic response of 
the engine are the non-design clearances occurring in 
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the two air seals (10). 
Turning now to the tahavior cf the corpressers, 

the Fradicted treiectories and surge lines for the two 
cases of adiabatic acceleration and 'cold' acceleratior 
are shown in Fies. 2 and 3, fcr the L. F. and F. P. 
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Fig. 3. PREDICTED TRAJECTORIES AND SURGE ONES 
IN H. P. COMPRESSOR -SEA LEVEL 
ACCELERATION. 

Cor; ressors respectively. In both cosyressors, the 
inclusion of heat transfer effects (is the 'cold' case) 
lowers tie predicted trajectories, prircipelly due to 
heat absorptions alterinf the corpressor 
characteristics, and to losses of F. P. coolir. ' air 
throufh the seals. urge lines are predicted to rise 
when theraal effects ere included, the beneficial 
effects cf west atsorrtior ir. " tie compressor 
outveiE ir. the detrirertel effect of tie iiEher tip 
cletrence in the transient (ir. E. F. Ccc. rressor only, 
the L. P. Coa"Fressor tip clearances rerair close to 
steady-rurnirf values). Thus the inclusior of therrel 
effects in the prediction of surre cr. rfins jr the 
acceleratior cf an initially 'cold' enfine indicates 
thet the rarrins are considerably greater thar wculd 
have been predicted by an adiabatic procedure. loth 
the surge line and the transient traiectcry are roved 
fevouretly. For this er. Leire, it is only in the P. F. 
Coapressor that trajectories come near to tie surfe 
line. Vitt the fuel schedule used for this 
dcrorstration, adisistic prediction indicates that 
about E: percent of the sur¬e rsrfir jr. the F. P. 
Conpresccr is used - ttesed or the distance tetween the 
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surfe line and the steady-running line. If the enLine 
is simulated with all the theraal effects included in 
the model, the Puree margin actually used is lees tlhar. 
50 percent of the steady-state surge m rtin.. 

A similar study has been wade of a deceleration, 

again at sea level,. static conditions. The predicted 
thrust, speed and pressure ratio responses are riven ir. 
Fie. 4. It is noticed that when heat transfer effects 
are included, tte predicted responses, particularly jr. 
the latter pert of the deceleretior., are sifriflcar. tly 

eloper than those predicted ignoring therrrel effects. 
This is Frirarily due to the relatively shall air flows 
thrcuft. tie engine towards the end of tie deceleration. 
The predicted trajectories and surge lints in the 

corpresser are shown in. Figs. 5 Fro E. Inclusicr cf 
thermal effects raker only L. snail difference to the 
trajectories, raising then slightly closer to tee 

steady-rurnirf lines. The surfe lines, eher ttcratl 

effects arc incorporated deteriorate, particularly jr 
tk. e latter Tart of the trorsier. t. Ir the I. F. 
Ccnpresscr the trajectcry at the End of' the 
deceleration epproech. es, tut dots r, ot tcuct tie rurge 
lire. The detcriorrticr of tk. c svrec limes eno the 

reisir. E of the tranniEr. t trticctcries eher tterrel 

effects are included, occur for the sere reasons which. 

caused the eovivalcnt chertes durir. E the acceleration, 
discussed jr. the previous pcrbrrap}., t1. cufl. jr tl. ir 

case the directiorsof all t1. c ekangts are rcversec. 
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The observation that surfe lires at the end cf a 
ceceleratior are predicted to have deteriorated 
sufeects that there is sore der cr of encourterirp 
surfe when atterpting to accelerate a 'hot' engine. 
This indeed has frequently teen found to be the case in 
practice. The fora of this transient test is the 
'Ecdie' transient, described earlier in this section. 
it this transient the engine is first statilisE. d at 
seximuc speed, then rapidly decelerated, followed 
quickly by an acceleration. The th twat, speed and 
rreecure ratio reepcnees in such a 'hot' acceleration 
have already been shown in fig. 1, where the 
jredictiors including therval effects show 
cifnificartly faster acceleraticre than fcr a 'ccld' 

engine, and indeed than fcr an adiabatic engine. The 
corresporc'ing tra. jectcries and surfe lines in the 
corpressors are shorn in Fies. 7 rrid E where they are 
eccpared with the equivalent Fredicticns for the 
acceleration of the 'cold' ergire. In the F. P. 
Ccurressor the surge careine in the 'lot' acceleration 
are lower then in the 'cold' acceleraticn. Atout Er, 

percer. t cl' the steady-running ccrein is used in the 
'tot' case, while as Freviouely stated, less than 5C 

per cent is used in tte'cold'case. The situaticn in. 
the I. P. Ccrpressor is lern critical, trough here 

afr. ir. the effective surge narfin is less in the 'hot' 

acceleration then in the 'cold' acceleretior. 
It ciftt to argued that, since the 'hct' 

acceleration is siinificartly wore rapid thr: r the 
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Fig. 6. PREDICTED TRAJECTORIES AND SURGE LINES 
IN H. P COMPRESSOR -SEA LEVEL 
DECELERATION. 

'cold' one (Fig. t) when the sere fuel schedule is 
teirg used for both ecceleratiors, then it might be 
wcrth using a less rapid schedule for 'hot' 
accelerations, such trat the two resionse rates "culd 
be siriler. This could Bane the surre tendency in the 
coiprescors. The prediction Frofrers used it the 
present work xculd to suitable for exhibiting such a 
revised ecceleretire fuel schedule. 

5. CC! CUSICN 

fodels for the teat trensfer effects of 
non-ediabi, tic flow, altered tourdery layer develorrent, 
tip clearerce c}: enfes and seal clearance ctanees Lave 
been incorroreted in r fereral fas turtine transient 
Frofrer. The eodellirg includes the influence of trese 
efftcts or t? e cteracterietics of ccrponerts. 

The Fredicticr Frofrar tea teen applied. as as 
illustration. to a two-spool bypass Er-fine witL nixed 
exhausts. The irclusior of tterrcl effects in a 
typical 'cold' acceleration indicates corsideratle 
increases of the predicted rartin tEtweer the trarsiert 
trc. lectory and the surre lire in the I. P. Compressor. 
ºhict is tee critical one. Is a 'tot' acceleretios 
tYis rarrin is rtdviced. 
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ABSTRACT 

The paper describes the liaison that has 
developed between Rolls-Royce Limited (Scottish 
Factories) and the Department of Mechanical 
Engineering of the University of Glasgow and indicates 
the benefits that have been obtained by both sides. 

Of benefit to the University have been 
stimulating contacts with industry, from which have 
come topics for meaningful investigations, both in 
projects by undergraduates and in research by 
postgraduates and staff. Students at the University 
have also benefited by being able to visit Rolls- 
Royce's Scottish Factories, and have Rolls-Royce 
staff give lectures to the Engineering Society. 

One advantage to Rolls-Royce is that students at 
Glasgow University have had frequent contacts with the 
Company and are aware of its aims and achievements. 
Also, there has been technical benefit to the Company 
from the general research and from several specific 
studies carried out on a consultancy basis. 

1. INTRODUCTION 

This paper describes a liaison that has been 
built up over a period of more than 16 years between 
Rolls-Royce Limited (Scottish Factories) and the 
Mechanical Engineering Department of the University of 
Clasgov. 

The first author, after spending several years as 
a lecturer at the University of Glasgow, joined the 
Scottish Group of Rolls-Royce Limited as a performance 
engineer in 1961. Some 15 months later be accepted an 
invitation to return to the University of Glasgow's 
Department of Mechanical Engineering, and he has 
continued in that Department to the present. There he 
assumed, for a period, responsibility for lectures on 
gas turbines in the Final Year Thermodynamics Course, 
and also introduced projects in that field for Final 
Year Students. The ground was thus prepared for the 
more active liaison between Rolls-Royce and Glasgow 

University which vas shortly to begin. 

In 1968 a meeting was held between represent- 
atives of Rolls-Royce and of the Mechanical Engineer- 
ing Department of Glasgow University. At that meeting 
Alun D. Jones, at that time Chief Performance Engineer 
of the Scottish Group of the Company1 indicated areas 
where performance difficulties were being experienced, 
and suggested that long-term fundamental research in 
these areas would be beneficial to the industry. The 
research work which followed, on what can be described 
as thermal effects in gas turbine transients, is 
described in Paragraph 2.1 below. Arising from these 
studies. another long-term research study - of the 
effects of transversely injected flows in turbines 
(Paragraph 2.2) - has been undertaken. 

The link between the personnel at Rolls-Royce and 
at Glasgow University strengthened progressively as 
the investigations 'referred to above were carried out. 
This understanding has led Rolls-Royce to ask the 
University to undertake a number of specific projects. 
Here the emphasis was on obtaining answers to the 
particular problems in a short time-scale, to meet the 
needs of the industrial company. Three of these 
projects are mentioned in Paragraphs 2.3.2.4 and 2.5. 

2. CALENDAR OF PROJECTS CARRIED OUT AT UNIVERSITY 

In this section five programs are described which 
have been, or are being carried out at the University 
of Glasgow. The first two are longer term research 
programs while the other three are short term studies 
carried out at the request of the Company. 

In the two research type programs, for the most 
part deadlines have not been placed by the industrial 
collaborator. This arrangement is probably the more 
desirable when fresh approaches are being made to a 
problem which is not yet understood. A University 
environment is very suitable for this type of 
investigation. 

Presented at the Gas Turbine Conference and Exhibit 
Houston, Texas - March 18.21,1985 
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IN GAS TURBINE TRANSIENTS. 

2.1 Investieation of Thermal Effects in Gas 
Turbine Transients 

This study initiated from the discussions between 
Alun D. Jones of Rolls-Royce and staff at the 
University of Glasgow held in 1968, when Mr. Jones 
indicated that one of the areas where difficulties 
were being experienced in aero-gas turbines was in 
their behaviour during and following transients. One 
particular difficulty was a problem sometimes 
encountered when attempting to re-accelerate a "hot " 
engine - the " Bodie " transient. Mr. Jones invited 
comment on these problems. In response, the first 
author of this paper suggested the following program: - 

(a) An experimental and theoretical study of 
the performance of a simple single-spool 
engine immediately following a rapid 
acceleration to maximum speed. 

(b) An experimental and theoretical study of 
the behaviour of the boundary layers on 
a hot compressor blade. 

It was proposed that Project (a) be undertaken by 
the first author, possibly working with a Final Year 
Undergraduate Student, while Project (b) would be more 
suitable for a Research Student. Rolls-Royce agreed 
with this program and, until 1971, provided funds to 
support the Research Student, A. D. Grant, who worked 
on Project (b). The proposed studies were carried out 
and the results from Project (a) were reported in 
reference (1)1 and from Project (b) in references (1) 
and (i). The time-scale under which these, and other 
thermal effects have been investigated is illustrated 
in Fig. 1. 

Underlined numbers in brackets designate references 
at end of paper. 
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The agreement (1) found between prediction ai 
experiment in the performance of the single-spool 
engine immediately following a rapid acceleration - 
the " thermal soak " transient - encouraged the 
continuation of these studies. A similar theoretical 
investigation was next made on a two-spool bypass 
engine (4). 

A new line of investigation was then started by 
the first author: - 

(c) A prediction of the alterations in the 
characteristics of compressors during 
transients due to (i) density changes 
resulting from heat transfers and (ii) 
alterations in boundary layer development 
as indicated by Project (b) above. 

In the initial study, only the density change effect 
(i) was considered. This indicated significant 
reductions in surge margins when attempting to 
reaccelerate a hot engine (5_). Later studies 
improved the technique for predicting the 
characteristics, and included the aerofoil boundary 
layer effects (1) and, most recently, the end-wall 
boundary layer development (D, (Jj). The results of 
these later studies added support to the initial 
forecasts of lowering the surge line when the engine 
is hot, and raising the surge line when it is cold. 

It had been realised from an early stage that the 
engine behaviour in transients is influenced by blade 
tip clearances and seal clearances. Thus a further 
investigation was commenced: - 

(d) The prediction of seal and blade tip 
clearances during transients. 
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The first investigation, using finite difference 
methods, was made on a seal controlling the flow of 
high pressure cooling air over the front face of the 
first turbine disc of a two-spool engine (8). The 
method was then applied to a modified design (S), and 
a paper was subsequently published (10) describing 
some of this work. 

About eight years after starting these 
investigations of thermal effects, it was decided to 
incorporate the results into an engine transient 
program, to determine the influence of these effects 
on the predicted acceleration and deceleration rates - 
Project (e). The subject of the first study (fl) was 
the single-spool engine. Later studies have extended 
this to the two-spool bypass engine (12). These 
investigations incorporated the direct thermal 
effects of heat absorption and also compressor 
characteristics alteration. Models have since been 
developed by a Research Student - P. Pilidis, to 
describe tip clearance and seal clearance responses. 
These models- have been included in the engine 
transient program (j), (Jj). In the most recent work 

,. "(Jj) all effects, including changes ' in 
compressor chiracteristics; hive been incörporated in 
the engine transient program... This work has provided 
an explanation, for'example, for observed acceleration 
rates being much -lower than-. -those.. predicted using 
steady-running component characteristics and ignoring 
thermal effects. ,;. "' 

2.2 Investigation of Transversely Infected Flows in 
Turbines 

The hotter turbine discs in aero-gas turbines are 
usually cooled by air drawn from the compressor 
delivery. The . agnitude of the cooling air flow is 
controlled by the clearance in a seal. The 
investigations described above in Paragraph 2.1 have 
indicated that, during transients, the openings of 
these seals can be considerably greater than the 
design openings. The cooling air which passes through 
these seals then moves radially outwards over the 
turbine disc and flows transversely into the main gas 
stream passing through the gap between the turbine 
blade platforms and the inner platforms of the 
adjacent nozzle guide vaners. It was not known what 
effect this transversely injected flow might have on 
the main flow in the turbine. Alus D. Jones of 
Rolls-Royce suggested that this topic might be 

YEAR , 81 , 82 , 83 
INVESTIWION 
DEVELOPMENT OF 
THEORY 

CELL CALIBRATION 

Fig. 3. TIMETABLE OF STUDIES OF THRUST 
CORRECTION. 

investigated at the University. A research program, 
supervised by the first author, was therefore started. 
Two research students have carried out the bulk of 
this work (references Q L) to (fl). Grants from the 
Science Research Council have provided technician 
support, and allowed the purchase of essential 
equipment. The timetable of this research programme 
is illustrated in Fig. 2. This program is not 
regarded as complete. 

2.3 Thrust Corrections in Test Cells 

This investigation was requested by Rolls-Royce 
to provide answers to specific problems relating to 
the conditions under which a particular engine type 
was being tested in a particular Test Cell. The 
time-scale on which answers were required was much 
shorter than for the research programs described 
earlier. This study has developed in a succession of 
stages, each one having -to be completed reasonably 
swiftly... The timetable. is illustrated in Fig; 3. 

2.4 Model for analysis of verformance of Turbine of 

..,,. jurbo-crop Engine 

This was the ahortest"of the projects carried out 
at the University and required only a few days work. 
It involved a collaboration on determining the 
procedure for analysing the 

'test 
'performance of a 

turbo-prop engine. A first scheme was presented by 
Rolls-Royce. This was studied and"co®ented on by the 
University, and an agreed . procedure was then 
established. 

2.5 Model for Transient Performance of a Two-Svool. 
Turbofan Engine 

As a result of the expertise which the University 
had built up. Rolls-Royce asked the University to 
carry out a" research project on the transient 
modelling of a two-spool turbofan engine. This 
investigation is drawing on the results of the studies 
which have been described in Paragraph 2.1 above. 
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3. BENEFITS TO UNIVERSITY 

There have been numerous benefits to the 
University from this link with industry. 

3.1 Influence on Courses 

The interaction between the University staff and 
the staff at Rolls-Royce has meant that the subject 
matter taught in the Undergraduate Courses has been 
more appropriate to the current and expected future 
needs of industry in that field. An example has been 
the optional course " Gas Dynamics and Thermodynamic 
Machines", offered to 4th Year students of Mechanical 
Engineering (and also available to Aeronautical 
Engineering students). Information deriving from the 
collaboration with Rolls-Royce has also been used in 
classes in earlier years of the Undergraduate Course. 

The knowledge gained in this Industry/University 
link has in addition been used in a less technical 
course - entitled"" Technology and Society" - which is 
offered to Arts, Social Science and Divinity Students. 
Lectures on the subject of "New Product Development" 
were illustrated with reference to the development of 
jet engines. 

It is widely recognised that students obtain a 
better and more lasting understanding of a lecture if 
the lecturer can illustrate the subject with examples 
occurring in industry. Lecturers at Glasgow 
University have been able to provide such 
illustrations in various areas of gas turbine 
technology and manufacture thanks to the 
Industry/University link which has been established. 

3.2 Lectures at Glaaeov University by Rolls-Royce 
Staff 

Over a long period of time, students and staff at 
Glasgow University have invited staff of Rolls-Royce 
to give lectures on the work of the Company. The link 
which has developed in recent years between the 
University and the Company has made such invitations 
easier. The second author has recently given one such 
lecture to the Engineering Society of Glasgow 
University. 

3.3 Topics for Undergraduate Projects 

For the last twenty years, Project work has 
formed an integral part of the Final Year Course for 
Honours Mechanical Engineering Students (and more 
recently for Ordinary Students) at Glasgow University. 
Performance in the Project provides 20 per cent of the 
assessment for the B. Sc. Degree Honours award. The 
Projects usually involve some research or development 
as this provides the student with opportunity for 
using initiative, and serves as an introduction to the 
open-ended problems which the young engineer will 
shortly be meeting. 

It is desirable for these projects to be related 
to situations occurring in industry. In this context 
the link between the University and Rolls-Royce has 
been very valuable. Many topics for investigation 
have been offered and these have been popular with 
students. Topics have ranged from the performance of 
labyrinth seals to transient temperature distributions 
in air-cooled turbine blades. To date, twenty-eight 
projects relating to gas turbines have been 

undertaken. A vital requirement for the success of 
these projects has been the ease of obtaining 
information and data. 
3.4 Topics for Postgraduate Research 

The research programs described in Section 2 
above have provided subjects for investigation by four 
Postgraduate Research Students. One of the Research 
students was sponsored for part of his period by 
Rolls-Royce. Two of the students were supported by 
Science Research Council (U. K. ) Grants. while the 
fourth student was sponsored by a Glasgow University 
Scholarship. The students engaged in these projects 
have been stimulated and encouraged by the contacts 
with industry and by the relationship between their 
own work and the industrial application. 

3.5 Visits to Ro11s-Royce Scottish Factories 

The ties which have been built up between the 
University and Rolls-Royce Limited have made it 
possible to arrange numerous visits by parties of 
students to the local Rolls-Royce Factories. The 
visits have been tailored to the needs of the 
particular groups of students. For example the 
students from the Technology and Society Class were 
more interested in seeing the modern manufacturing 
facility than in seeing the factory where used engines 
are stripped, overhauled, repaired and reassembled. 
By contrast, students from the Engineering Faculty 
preferred to see the overhaul and development work and 
the Test Bed Facility. 

These visits have always proved well worthwhile 
and have been much appreciated by the students. The 
University staff are very conscious of the improved 
understanding of the subject which the students gain. 

4. BENEFITS TO INDUSTRY 

The liaison with Glasgow University has provided 
the Rolls-Royce Scottish Factories with both short and 
long term benefits. The term "short " embraces 
specific work packages subcontracted to the University 
within defined time-scales. The " long " term 
definition, on the other hand, refers firstly to the 
research effort, where the time-scale is less 
demanding, and secondly to the indirect influence on 
University teaching and hence on the recruitment 
potential of future Graduates. 

Up to the present day, three short term 
packages have been undertaken, as described in 
Paragraphs 2.3 to 2.5, The technical content of the 
work was such that the packages could have been 
carried out within the Company, had the manpower 
resource been available. Subcontract offered a ready 
solution and, on the basis of the service supplied on 
the "long" term research, Paragraphs 2.1 and 2.2, 
Glasgow University was a natural choice. Two features 
emerged from the execution of the work. The first was 
that the University, as an academic institution, 
proved itself capable of working to defined industrial 
time-scales. The second was the input of a fresh 
approach uncluttered by past experience. All 
individuals and companies draw on past events or 
solutions in approaching a problem. In the extreme, 
a company can become confined by that very experience. 
An outsider does not suffer such confinement, 
particularly when, coming from a University, he has 
access to a wider range of disciplines through his 
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colleagues. Thus Rolls-Royce found that the 
techniques employed by the University in the "short" 
term packages were not necessarily " the way we would 
have done it ': This created the stimulus to both 
parties of challenge and debate. 

A simple example of the foregoing arose in the 
course of the Test Cell Correction outlined in 
Paragraph 2.3. All jet engines produce a lower 
measured thrust when tested within an enclosed 
structure, or test cell, than when in, say, an open 
field. This arises due to the airflow induced around 
the engine carcase by the gas jet from the engine 
flowing through the exhaust detuner. The difference 
between measured and true thrust is thus a function of 
the engine characteristics and the test cell geometry. 
All test cells must therefore be calibrated to 
establish the magnitude of the thrust correction. In 
1981/82 one of the Company's established test cells 
was modified to accommodate an afterburning military 
engine. The engine had been in production for many 
years and thus had been tested in basically similar 
cells. The calibration test, however, revealed a 
thrust correction quite unlike past experience on this 
engine or, for that matter, any other Rolls-Royce 
afterburning engine. Not unnaturally the first 
reaction was of disbelief and the tests were repeated 
only to show the same effect. Due to the need to have 
the cell in production, the Company was faced with the 
requirement of entering into a fairly complex series 
of induced airflow measurements in order to establish 
the reason for the unusual correction. Lack of an 
immediately available resource led the Company to 
request the assistance of Glasgow University. The 
latter examined the test results, studied the plans of 
the test cell and then postulated a rational 
thermodynamic explanation based on the fluid mechanics 
of the nozzle gas flow and the induced, or entrained 
air. The theory required a relatively small amount of 
confirmatory measurements and so, in effect, was a 
very cost effective solution. 

The long term research effort, started by the 
University in 1968. has made a significant 
contribution towards what is still a subject in its 
infancy, namely the prediction of transient engine 
performance. The benefits of that work are reflected 
in the Company's awareness of those design features 
which influence transient behaviour. Thus one is able 
to anticipate potential problems in the design of a 
new engine and make allowance whilst still on the 
drawing board. This has led to the current 
collaborative effort between the company and the 
University. Paragraph 2.5, on the predicted transient 
behaviour of a type of turbofan engine where little 
design experience exists within the Company. 

Traditionally the Rolls-Royce Scottish Factories 
have drawn the bulk of their graduate recruitment from 
the local Universities of Glasgow and Strathclyde. 
It can be argued, therefore, that it is in the 
Company's long term interest to influence university 
teaching by promoting interaction on real problems as 
they arise in an industrial environment. All too 
often the universities are criticised for being 
pre-occupied with the development of academic skills 
rather than training young people to be able to solve 
the practical problems of manufacturing industry. 
There are many ways in which industry and the 
universities are approaching this problem. They range 
from the formal Teaching Company Scheme, sponsored in 
the U. R. by the Department of Industry and the Science 

and Engineering Research Council, to the somewhat 
informal liaison described in this paper. The latter 
blends a spectrum of fundamental research, specific 
problem solving and student society discussion into a 
productive relationship. 

S. CONCLUSIONS 

The liaison between the University of Glasgow and 
the Rolls-Royce Scottish Factories has been of benefit 
to both parties. The University has gained in terms 
of industrial participation, research funding and 
student exposure to a non-academic environment. The 
Company, in turn, has benefited by way of access to a 
specialist sub-contractor capable of working to 
industrial time-scales. A common advantage to both 
the University and the Company is the impact of the 
cross-fertilisation process on the nature and 
relevance of University teaching. 
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An experimental investigation of the performance of 
equiangular annular diffusers with swirled flow 
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An experimental study of the influence of geometrical parameters and swirl on the performance of equiangular diffusers is presented. 
Three diffusers were tested over a range of inlet swirls up to 450, the swirls being of free vortex distribution. 
The data presented indicate similar flow patterns for different cant angles, and show that the centrifugal forces due to swirl stabilize the 

flow on the outer wall, while increasing the tendency towards separation at the inner wall. Diffuser performance improves as the inlet 
swirl increases up to 30°, the improvement being influenced by area ratio and cant angle. A further increase of swirl causes a 
deterioration of performance. 

NOTATION 

A cross-sectional area 
AR area ratio, AZ/Ai 
B, blockage, 1- Cx/Cx, max 

C total velocity 
C, area-averaged pressure recovery coefficient 

__ 
(t/AR)1A2 P2 dA2 - JA, P1 dAI 

Cý JAI IPC2 UAt 
L non-dimensional axial diffuser length = x2/Arl 
m mass flowrate 
P static pressure 
r radius 
Re Reynolds number 

Re = 
2Cx Ar 

T inlet hub-tip ratio T= ri, i/r0, 
x axial length 
a diffuser cant angle 
y angular momentum ratio 

JAI CB2 r dA2 
7 AR 1A1 CB1 r dAl 

Ar annulus height 
A area-averaged total pressure loss coefficient 

J #C Zz dA2 A= 1 -Cp-(I/AR)fA, JC2 dA! 

Subscripts 

1,2 diffuser inlet and exit 
i, o inner and outer walls 
m meridional direction 
max maximum 
0 tangential direction 

Superscript 

- average value 
The MS was received on 2 August 1984 and was accepted for publication on 20 
February 1985. 

I INTRODUCTION 

Annular diffusers are often used in turbo-machines to 
increase the static pressure and reduce the velocity of 
the discharge flow. Although annular diffusers have 
relatively simple geometry, if they are not carefully 
designed the flow pattern within them frequently shows 
large energy losses and stall. The flow pattern is further 
complicated if the flow entering the diffusers is swirled, 
which is commonly the case for flow leaving turbo- 
machine rotors. 

In view of adverse pressure gradient and the complex- 
ity of the flow pattern in annular diffusers with swirled 
flow, a complete theoretical analysis and hence predic- 
tion is rarely possible. Therefore experimental methods 
have been of great importance in achieving some under- 
standing of the flow behaviour, and also in assessing 
available theoretical predictions [for example (1)]. 

The influences of geometrical parameters and swirl 
on annular diffuser performance have attracted the 
interest of several research workers [for example 
Srinath (2), Shaalan and Shabaka (3) and Dovzhik and 
Kartavenko (4)]. However, the effects of these par- 
ameters in equiangular diffusers, of diverging core with 
equal inner and outer wall angles, have been examined 
by relatively fewer researchers [for example Coladi- 
pietro, Schneider and Sridhar (5) and Markowski, 
Lohmann and Brookman (6)]. Of these, only Coladi- 
pietro (5) has examined equiangular diffusers under flow 
conditions appropriate to the exit from axial fans. In his 
studies the average swirl angles at the diffuser inlet were 
limited to 20°. The aforementioned investigations indi- 
cated that equiangular diffusers are more efficient than 
diffusers of other geometries when the flow at diffuser 
inlet is swirled. 

The present paper extends the studies of flow behav- 
iour in equiangular diffusers. The data presented are 
obtained from an experimental investigation of the 
influences of geometrical parameters and swirl on 
annular diffuser performance (7). A comparison between 
the measured performance and that predicted by the 
authors (1) is also given. 
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The diffusers in question are equiangular, having cant Wer, =7.88 
angles of 7° 16° and 20' and area ratios of 1.65,2.16 xipr, = 1.0 

Wer, = 5.0 
WAr, 2.16 

and 2.16 respectively. Each of the three diffusers was 
cl tested over a range of inlet swirling flows having 

nominal average swirl angles of 0", 15°, 30' and 45°, the 
swirls being of free vortex pattern. äI4-7; 

jl 

. .... 

a 
E= 

7ýI 
2 TIIE EXPERIMENTAL APPARATUS AND 

INSTRUMENTS 

The experimental rig is shown schematically in Fig. 1. 
The air was blown through the test diffuser by a two- 
stage contra-rotating axial fan, each stage being driven 
by a 4.92 kW motor. The annular duct upstream of the 
diffuser supported the swirl blade rings and allowed 
measurements of the flow at the diffuser inlet. A hub-tip 
ratio of 0.5 was chosen for the annular duct as being 
typical of axial flow fans. 

Three swirl blade rings were designed to produce a 
predetermined free vortex pattern similar to that at the 
exit from an axial fan. Eighteen swirl blades in each ring 
had angles to the axial direction, at the mean height of 
15°, 30° and 45° and they gave mass average swirl 
angles at the diffuser inlet plane of 12°, 24° and 36° 
respectively. The tests with zero swirl were carried out 
without blades. In this paper these swirl arrangements 
are identified by the nominal blade angles, namely 0°, 
15°, 30° and 45°. 

The three equiangular diverging core diffusers tested, 
and their geometrical parameters and inlet Reynolds 
numbers based on the average inlet velocity, are shown 
in Table 1. The outer wall of the diffusers was made of 
perspex or transparent styrene, thus allowing flow 
visualization. 

Stagnation and static pressures and flow direction 
were measured using a three-hole cobra probe. The flow 
was traversed at different sections in a direction perpen- 
dicular to the diffuser walls (Fig. 2). All pressures were 
measured by means of a micro-manometer and the flow 
angles were measured using a protractor with vernier. 

Table I Geometry of tested diffusers and inlet Rey- 
nolds numbers 

Diffuser Geometry of the diffusers 

number T at L AR Re, x IO"s 

1 0.5 7 7.88 1.65 2.85 
2 0.5 16 6.10 2.16 3.60 
3 0.5 20 4.80 2.16 3.60 

ýI 
L=7.88 

Fig. 2 Geometry of diffuser I 

It was confirmed that flow was symmetric about the 
axis by observing the wall static pressure for each plane 
at four tappings equally spaced around both the inner 

and outer walls. The maximum variation between 
maximum and minimum values of the static pressure 
was within 4.9 per cent of the local average dynamic 
head. This symmetry of the flow pattern was also con- 
firmed by means of integration of the meridional veloc- 
ity profiles. The uncertainty in the diffuser performance 
is estimated in accordance with Kline and McClintock 
(8). The uncertainty of the pressure recovery coefficient 
was within 5 per cent. However, the uncertainty of the 
total pressure loss coefficient was higher, being 18 and 
29 per cent with zero and high swirling flow respec- 
tively. 

Turbulence measurements at the diffuser inlet were 
obtained using a hot wire anemometer which indicated 
a longitudinal turbulence intensity of 2 per cent at the 
mean annulus height for all swirl angles. Flow visual- 
ization was carried out by observing the movement of 
wool tufts. 

3 RESULTS AND DISCUSSION 

3.1 Flow traverses 
The meridional velocity profiles at different planes 
along diffuser I are shown in Fig. 3. 

The meridional velocity profile at the diffuser inlet for 
non-swirled flow indicates a large boundary layer thick- 
ness on the outer wall when compared with the inner 
wall. This may be attributed to the apparatus configu- 
ration with the longer outer wall leading to the diffuser 
inlet. Another feature noted in the inlet profiles is that 
the meridional velocities are displaced slightly towards 

2334567 

II11I 
483 

IIt II 
2665 916 305 293 458 

1. Inlet pipe 5. Swirl blade rings 
2. Two-stage axial fan 6. Inlet diffuser duct 
3. Honeycomb 7. Annular diffuser 
4. Gauze screens 

Fig. I General arrangement of the test rig (dimensions in mm) 
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Fig. 3 Meridional velocity profiles at stations 1,3,5 and 7 

the outer wall as the blade swirl angle is increased. This 
may be the result of the swirl ring configuration, in 
which the blade chord is longer at the hub. Associated 
with this displacement of the inlet profiles, there is a 
slight decrease in inlet blockage, from 0.04 to 0.035. 
This small variation in inlet blockage is considered to 
have little effect on the performance of the diffusers. 

Considering the meridional velocity profiles within 
the diffuser passage and at exit, it is seen that for inlet 
swirl angles up to and including 30' the profiles are 
displaced towards the inner wall. This is partly due to 
the higher adverse pressure gradient along the outer 
wall, which causes rapid growth of the boundary layer. 
Another contributory factor is the different turbulence 
structure in the inner and outer wall layers (9). For 45° 
swirl, the meridional velocity profiles together with flow 
visualization indicate a more stable flow along the outer 
wall and a large-scale separation from the inner wall. 
This is in agreement with the findings of Dovzhik and 
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Nub 

Fraction of annulus width 

Fig. 4 Swirl velocity profiles at stations I, 3,5, and 7 
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Kartavenko (4), who attributed this behaviour to the 
effect of centrifugal force (dmCe/r). The effect of the cen- 
trifugal force is manifest in two ways: pressing the flow 
against the outer wall of the diffuser, promoting flow 
stabilization and delaying separation, and intensifying 
the tendency to flow separation from the inner wall. 

The swirl velocity profiles corresponding to the 
meridional velocity profiles of Fig. 3 are given in Fig. 4. 
A free vortex pattern is predominant throughout the 
diffuser for swirl angles of 15° and 30°. For a swirl angle 
of 45°, the free vortex pattern is not maintained; this is 
due to the aforementioned large-scale separation. The 
conservation of angular momentum causes the average 
swirl velocity to decrease due to the increase in radius 
in the direction of flow. 

With diffusers 2 and 3, the flow patterns were similar 
to those observed in diffuser 1. This indicates that the 
flow behaviour is practically unaffected by the limited 
changes in cant angle and area ratio used in the present 
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tests. The performance of the diffusers is, however, sen- 
sitive to these parameters as well as the swirl angle, as 
discussed in the following section. 

3.2 Diffuser performance and comparison with 
predicted values 

Diffuser performance, quantified in terms of area- 
averaged pressure recovery and total pressure loss coef- 
ficients and blockage, is presented in Figs 5 and 6. The 
pressure recovery coefficients for diffuser I are lower 
than those of diffusers 2 and 3 for all inlet swirl angles. 
This is primarily due to the smaller area ratio of diffuser 
1. Diffusers 2 and 3 have the same area ratio, yet it is 
noted that diffuser 2 has the higher pressure recovery 
coefficients for all inlet swirl angles. This is attributed to 
the higher cant angle of diffuser 3 which results in a 
higher adverse pressure gradient, consequently creating 
a more rapid growth of the boundary layers. This also 
explains the lower total pressure loss coefficients of dif- 
fuser 2 compared with diffuser 1. Summarizing these 
effects, pressure recovery is strongly influenced by area 
ratio and to a lesser extent by cant angle, higher area 
ratios and lower cant angles giving increased pressure 
recovery coefficients. 

The pressure recovery coefficients are increased as 
inlet swirl increases up to 30°. This effect is more pro- 
nounced for diffuser 1. Increasing the inlet swirl from 0 
to 30°, the pressure recovery coefficients of diffusers 1,2 
and 3 are increased by 12.5,3.5 and 8.6 per cent respec- 
tively. The higher percentage of pressure recovery 
increase for diffuser 1 is in agreement with the work of 
Coladipietro, Schneider and Sridhar (5) who showed 
that the effect of swirl is more pronounced for diffusers 
having a lower area ratio. 
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degrees of inlet swirl 

The more pronounced improvement in the pressure 
recovery coefficient of diffuser 3 compared with diffuser 
2 with increased swirl is attributed to the higher diffuser 
cant angle (both geometries have the same area ratio). 
The measurements showed that the angular momentum 
ratio y is basically equal, at a value of about 0.94, for all 
diffusers, particularly for swirl angles up to 30°. For 45° 
swirl large areas of separated flow on the inner wall 
occur with their consequent effect on the overall per- 
formance parameters. 

Figure 6 shows that the blockage increases with the 
increase of diffuser length for all swirl angles. At diffuser 
exit the blockage for 15° and 30° swirl angles is slightly 
lower than that of 0° swirl, which is in agreement with 
the increased pressure recovery coefficients for these 
swirl angles. The blockage for 45° swirl, however, is 
significantly higher when compared with lower swirl 
angles, which matches the flow separation and the lower 
pressure recovery achiz", ed for this swirl angle. 

The predicted pressure recovery coefficients (1), which 
are also presented in Fig. 5, are in good agreement with 
the measured values. Agreement is less satisfactory for 
the total pressure loss coefficients. This is attributed to 
the distorted velocity distributions at the diffuser exit, 
which caused higher uncertainty values already quoted 
in Section 2. 

4 CONCLUSIONS 

1. The velocity profiles in equiangular annular diffusers 
are practically unaffected by limited changes of cant 
angles (up to 200) and area ratio (up to 3.0). 

2. The effect of centrifugal force on the flow behaviour 
is manifest in two ways: pressing the flow against the 
outer wall of the diffuser, promoting flow stabiliza- 
tion and delaying separation, and intensifying the 
tendency to flow separation from the inner wall. 

3. The influence of swirl on pressure recovery and the 
total pressure loss coefficients is very much depen- 
dent on diffuser area ratio and cant angle. For all 
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tested diffuser geometries, the pressure recovery coef- 
ficient improves as the inlet swirl increases up to 30° 
and deteriorates thereafter due to flow separation on 
the inner wall of the diffuser. 

4. Measured diffuser performance is in good agreement 
with that theoretically predicted by the authors (1). 
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ABSTRACT 

Most current fuel schedules for accelerating or 
decelerating gas turbines use a limiting 
non-dimensional fuel flow expressed as a function of 
some engine parameter such as compressor pressure 
ratio. Usually the same schedule is used for, for 
example, accelerating 'cold' and 'hot' engines. This 
results in differing acceleration rates and differing 
usage of surge margins. The paper describes two 
methods of compensating the fuel schedules to account 
for the engine's immediately preceding temperature 
history. One method uses the temperature response of 
the aerofoil of blades in the H. P. Compressor. The 
second method, which appears to be an improvement, uses 
a 'delayed' H. P. Shaft speed signal. 

In a recent paper (1)" the present authors have 
predicted that the use of the same fuel schedule for 
accelerating a 'hot' and a 'cold' engine, for example, 
causes different rates of engine response and different 
usage of surge margins. In one example it was 
predicted that when accelerating the 'cold' engine, 
just under 50 percent of the surge margin was used, 
whereas when accelerating the 'hot' engine about 65 
percent of the surge margin was used, but the 
acceleration time was reduced by about 20 percent, 
compared to the 'cold' case. The present paper 
describes a study that has been made of methods of 
compensating the fuel schedule in order to make some 
allowance for the previous 'thermal history' of the 
engine, and thereby obtain more consistent acceleration 
rates and more consistent usage of surge margins. 

I INTRODUCTION 

The procedure usually employed for accelerating 
(or decelerating) a gas turbine is to use a fuel flow 
controller which restricts the maximum (or minimum) 
fuel flow at that instant. These restrictions are 
necessary to ensure that the engine operates safely and 
is not endangered by surge in a compressor or 
excessively high gas temperatures at the turbine inlet. 
The relation which defines the maximum (or minimum) 
fuel flow is referred to as the fuel schedule, and in 
this schedule a non-dimensional fuel flow is expressed 
as a function of some engine parameters, such as 
pressure ratio. 

Hitherto it has been the practice to use the same 
fuel schedule for 'handling' the engine without regard 
to it's immediately preceding history, for example 
whether the engine is 'cold' or is 'hot'. The 
description 'cold' used here indicates an engine which 
has been stabilised at the idling speed before the 
acceleration. The description 'hot' refers to an 
engine which was held at maximum speed for several 
minutes, thus allowing thermal stabilisation to take 
place before the transient, which consists of a 
deceleration immediately followed by an acceleration. 

2A NON-DIMENSIONAL FUEL SCHEDULE 

The engine which has been used as an illustration 
in the present investigation is a two-spool bypass 
engine with mixed exhausts. A fuel schedule which has 
been used for this type of engine relates a 
non-dimensional fuel flow group to the pressure ratio 
across the H. P. Compressor. 

The form of non-dimensional fuel flow group is the 
fuel flow rate divided by the product of the H. P. 
Shaft speed and the absolute pressure at inlet to the 
H. P. Compressor. Typical schedules for accelerating 
and decelerating the engine are shown in Fig. I. 

3 PREDICTED 'ADIABATIC' TRANSIENT PERFORMANCE 

If thermal effects are neglected, and the 
processes in the engine during the transient are 
assumed to be 'adiabatic', the conventional transient 
programs can be used to predict the response of the 

' Underlined numbers in brackets indicate references at 
the end of the paper. 
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engine in transients in which the fuel flow is limited 
by the fuel schedule described above and illustrated in 
Fig. 1. The transients that have been used as tests 
in the present work are an acceleration from ground 
idle speed and the acceleration section of a 'Sodie' 
transient (a deceleration of a 'hot' engine followed by 

a reacceleration). These two accelerations were 
selected because, firstly, in this engine compressor 
surge is approached only in an acceleration and, 
secondly, these two accelerations represent opposite 
extremes of initial conditions. For the acceleration 
from ground idle speed, the predicted speed and thrust 

responses are shown in Fig. 2(a) and the trajectories 
:n the L. P. and H.?. Compressors are shown in Figs. 
2(b) and 2(c) respectively, these predictions being 
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marked 'adiabatic'. The starting speeds for this 
transient were 3080 RPM for the G. P. Shaft and 7222 
RPM for the H. P. Shaft. A maximum fuel flow limit of 
0.71 kg/s has been used as the terminating condition 
for the acceleration. 

The corresponding predicted results for the 
acceleration part of the 'Bodie' transient are shown in 
? igs. 3(a), 3(b) and 3(c). Again a maximum fuel flow 
of 0.71 kg/s has been used as the terminating 
condition. In this case the speeds at the start of the 
acceleration were 4670 and 7880 RPM for the two shafts 
respectively. In the case of the 'Bodie'. because the 
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starting speeds Ore higher, 90 percent of thrust is 
achieved in about 3 seconds as compared to the 4.2 
seconds required in the acceleration from idling speeds 
(Fig. 2). It should also be noted that at the instant 
when the acceleration of the 'Bodie' is started, which 
is 8 seconds after starting the deceleration, the two 
spools have not reached mutually stabilised speeds. 
Consequently for the first quarter of a second of the 
reacceleration the speed of the L. P. Shaft drops 
slightly. 

In both th-e accelerations, the trajectories in 
the L. P. Compressor remain very close to the steady 
running line, and do not approach surge. In the H. P. 
Compressor however the trajectories move significantly 
towards surge. The position of the accelerating fuel 
schedule line, shown in Fig. 1, dictates the proximity 
of the running line to the surge line. If the fuel 
schedule line is raised the engine will accelerate more 
rapidly and the trajectory in the H. P. Compressor 
moves closer to surge, and the opposite occurs if the 
fuel schedule line is lowered. 

In the studies being described in this paper, 
attention is focused on the conditions in the H. P. 
Compressor during these accelerations as this is the 
critical location. 
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4 THERMAL EFFECTS IN TRANSIENTS 

In the analysis described in section 3, the 
following assumptions had been made: 

(a) the flow in the compressors and turbines was 
adiabatic 

(b) characteristics of compressors and turbines during 
the transient were the same as those recorded 
under steady-running conditions 

(c) the small air flows, controlled by seal 
clearances, which are drawn from the compressor to 
cool various hot sections remain the same 
fractions of the total core air flow. 

These assumptions represent a considerable 
simplification of what happens in practice. For 
example, it has been predicted that a seal clearance 
during an acceleration may exhibit an opening which is 
double that at stabilised design conditions (2). The 
heat transfer or thermal effects which alter the 
assumptions mentioned above are discussed in more 
detail in Reference (3) to which readers are referred. 
That paper describes a prediction model which is 
intended to take account of these effects, these being: 
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(a) non-adiabatic compressions and expansions 

(b) changes in tip clearances 

(c) changes in clearances of critical seals 

(d) changes in compressor characteristics due to heat 
transfer, boundary layer and tip clearance 
effects, with particular attention being given to 
movements of the surge line and the constant speed 
lines. 

The present prediction program, with the 
above features being incorporated, was next used to 
predict the responses of the two-spool bypass engine 
for which the 'adiabatic' predictions have already been 
given in Figs. 2 and 3. Inclusion of tip clearance 
changes in the H. P. Compressor had been found (2) to 
have little effect on predicted acceleration rates or 
compressor trajectories. The same was the case for the 
L. P. Compressor and Turbine. Inclusion of H. F. 
Turbine tip clearances produced a small improvement in 
response but no noticeable changes in the compressor 
trajectories. The two seals which are regarded as 
critical are at the rear of the H. P. Compressor and on 
the first disc of the H. P. Turbine. These seals 
control cooling air flows at the rear face of the H.?. 
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Compressor and at the front disc of the H. P. Turbine. 
The predicted transient performance of the engine, 

with allowance for the above effects is illustrated in 
Fig. 2 for the acceleration from ground idling speed 
and in Fig. 3 for the 'Bodie' transient. The altered 
surge lines, moved by heat transfer and tip clearance 
effects are also shown. The corresponding predicted 
adiabatic performance can be used for comparison. For 
the acceleration from ground idle it is observed that 
while the predicted surge margin usage in the H. P. 
: ompressor based on adiabatic calculations is about 80 
percent, the usage based on calculations accounting for 
thermal effects is about 50 percent. The predicted 
thrust response is about 0.8 seconds slower when 
account is taken of thermal effects. These results are 
in line with those reported elsewhere (1), (3) although 
in the present work a slightly different fuel schedule 
is being employed. In the 'Bodie' transient (Fig. 3), 
inclusion of the thermal effects leads to a thrust 
response which is about 0.2 seconds more rapid than for 
. he adiabatic prediction, but the surge margin usage is 
about 70 percent as compared to 80 percent in the 
adiabatic prediction. The reasons for these changes 
have been discussed in References (1), (2) and f3). 

Comparing the predictions for the more realistic 
cases where the thermal effects are being taken into 
account shows that for the 'hot' engine there is more 
rapid acceleration and greater surge margin usage than 
for the acceleration of the 'cold' engine. The same 
acceleration fuel schedule (Fig. 1) has been used for 
both situations. These results suggest that some form 
of adjustment might be applied to the fuel schedules to 
allow a greater utilisation of the surge margin, and a 
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faster acceleration in the case of the 'cold' engine 
and vice versa in the case of the 'hot' engine. Two 
methods of achieving this are described and discussed 
in the next section. 

It can be noted at this point that in practice in 
similar engines there is a greater tendency to surge 
the H. P. Compressor when accelerating a 'hot' engine, 
as compared to a 'cold' engine. A correlation has been 
observed by Crawford and Burwell (4) between surge in 
'Bodie' transients and high rates of heat transfer from 
the material of the H. P. Compressor to the air flow. 

5 METHODS OF FUEL SCHEDULE COMPENSATION 

Since the departures from 'adiabatic' performance 
are, with the exception of centrifugal growth at the 
seals, due to the temperatures of the materials within 
the engine lagging behind the relevant air or gas 
temperatures, the first method of compensation of the 
fuel schedule which has been studied is based on the 
temperature of a characteristic component within the 
engine, the choice of component being discussed 
presently. The second method studied is based on a 
delayed measurement of the H. P. Shaft speed. 

MASS FLOW FUNCTION (SI) 
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where f is the fuel flow, II., is the H. P. Shaft speed, 
P21 and F3, are the pressures at the inlet and outlet 
of the H. P. Compressor and T. a and Tw are the mean 
air temperature and the characteristic blade aerofoil 
-temperature in the H. P. Compressor. The functional 
relationship shown on the right of the right hand side 
of Eq. (1) is the standard fuel schedule, illustrated 
in Fig. 1. 

A range of values from 0.5 to 3.0 has been 
examined for the index 'a'. Typical results are given 
in this paper for the case in which the value of 1.0 
was selected for the index. First, the fuel schedule 
compensating multiplier, which is the first term on the 
right hand side of Eq. (1), is plotted for a 'cold' 
acceleration on Fig. 4 and the reacceleration part of 
the 'Bodie' on Fig. 5. The resulting predicted engine 
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5.1 Compensation by Temperature of H. P. Compressor 
Blades 

The compressor in this engine most likely to surge 
in transients is seen to be the H. P. Compressor. The 
method of using a 'characteristic' stage to represent 
behaviour in a component (eg. compressor) has already 
been used (2). Since changes in compressor 
characteristics and the extent of the ton-adiabatic 
nature of the flow in the compressor are dominantly 
influenced by the temperature difference between the 
air and the blade aerofoils, it was therefore decided 
to select the temperature of the aerofoil of the 
characteristic blade and the mean temperature of the 
air in the compressor to form the factor to be used in 
compensating the fuel schedule. This form of 
compensation is described by Equation 1, 
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FIG. 4 FUEL SCHEDULE COMPENSATING FACTORS DURING 

ACCELERATION FROM GROUND IDLING- AT SEA 
LEVEL STATIC. 

responses for these transients with this compensating 
scheme are given in Figs. 6. and 7 respectively. The 
'adiabatic' predictions are also shown alongside. The 
results should also be compared with the predicted 
responses taking account of all thermal effects (Figs-2 

and 3). 
In the acceleration of the 'cold' engine (Fig. 6) 
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approximately 70 percent of the surge margin (relative 
to the revised surge line) is now used, as compared 
with about 50 percent in the case of the standard fuel 
schedule. The thrust response is advanced by about 0.5 
seconds but still lags by about 0.4 second relative to 
the 'adiabatic' prediction. This represents a definite 
improvement in that a faster thrust response has been 
achieved, accompanied by an increased, but still 
reasonable usage of surge margin. 

In the 'Bodie' transient it was decided not to 
introduce any compensation in the deceleration phase, 
since no problems are encountered during the 
deceleration. The effect of compensating the fuel 
schedule for heat transfer effects during the 
reaccaleration is illustrated in Fig. 7. It can be 
observed that the thrust response is faster, by about 
0.1 second and all the surge margin is used. These 
affects are the opposite of those intended. The 
explanation for this is that the temperature response 
of the aerofoils is too rapid, and after about one 
second of the reacceleration, the compensating 
parameter being applied to the fuel schedule is now 
noticeably incrreasing the fuel flow instead of 
ieorsssing it. This can be seen from the values of the 
fuel schedule compensating multiplier shown in Fig. 5. 
At the beginning of the reacceleration in the 'Bodie', 
the multiplier is effectively unity. The time constant 
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of the temperature response of the aerofoil of the 
characteristic blade in the H. P. Compressor at the 
start of the reacceleration is about 2.5 seconds, which 
is clearly too short. Increasing the value of the 
index 'a' in Eq. 1, does not help, it merely 
exacerbates the problem. A more reasonable solution is 
to select as a correcting parameter the temperature of 
a more massive section of the H. P. Compressor, such as 
the hub of the characteristic disc. 

However due to the practical difficulties of 
implementing such a scheme on an engine, attention has 
been focused on an alternative method of indicating the 
engine's immediately preceding 'history', a 'delayed' 
shaft speed signal. This method is described in the 
next sub-section. 

5.2 Compensation by 'Delayed' H. P. Shaft Speed 

In practice it will be comparatively easy to have 
a shaft speed signal which is delayed by a known time 
constant. Comparing this 'delayed' shaft speed with 
the actual shaft speed at that instant will give a 
parameter which can be an alternative way of 
compensating the fuel schedule. The simple method 
employed in the present work is described by Sq. 2: 

b 
: 2) I 

Y, ýP= NHD ! 
f4P2. 
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where I,, p is the signal of the H. P. Shaft speed, 
delayed by a time constant 's'. As before, a range of 
values for the index 'b' has been examined. 

Selecting a value of 8 seconds for the time 
constant 't', coupled with a value of 1.0 for index 'b' 
gave a very satisfactory prediction for the 
acceleration of the 'cold' engine. Thrust response was 
0.8 seconds faster than when employing the standard 
fuel schedule, which makes it virtually identical to 
that of the adiabatic prediction. The observed surge 
margin usage was of the order of 60 percent. However 
the response in the reacceleration of the 'hot' engine 
was unsatisfactory, giving a slightly faster thrust 
response and a greater surge margin usage than in the 
uncompensated case. The reason for this was, as in the 
case of the compensation by aerofoil temperatures, that 
the time constant was too short. 

A time constant of 60 seconds has therefore been 
adopted for obtaining the 'delayed' H. P. Shaft speed. 
The choice of 60 seconds for the time constant was 
based on an average time constant for the thermal 
response of the components of a typical compressor disc 
(2). The response of the disc represents an average 
between the response of the heat transfer rate and the 
slower final response of a seal or blade tip clearance. 
Using the time constant of 60 seconds the predicted 
results with two values of index 'b', 0.125 and 0.25, 
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are shown in Fig. 8 for the acceleration of the 'cold' 
engine and in Fig. 9 for the 'Bodie' transient. 

As is expected, the higher value of the index 'b' 
produces the greater effects. The choice of 60 seconds 
for the time constant seems satisfactory. The 
combination of this time constant with a value of 0.25 
for the index 'b' appears to achieve the intended aims 
of a reasonable improvement of the thrust response of 
approximately 0.8 seconds relative to the uncompensated 
case when accelerating the 'cold' engine, and a slowing 
down of the thrust response of about 0.3 seconds when 
reaccelerating the 'hot' engine during the 'Bodie' 
transient. The surge margin usage in the 'cold' 
acceleration rises to about 60 percent, and in the 
'hot' reacceleration it is very slightly reduced, also 
to about 60 percent. 

5.3 Implementation of Compensation Schemes 

The compensation schemes described above by Egns. 
I and 2 will be readily adaptable to digital fuel 
control systems, such as the FADEC seystem (5). 

The second alternative -compensation by 'delayed' 
H. Y. Shaft Speed- has been examined in the present 
work at sea level conditions for what can be regarded 
as the most testing transients -a 'cold' acceleration 
and a 'Bodie' acceleration- and beneficial effects have 
been observed. Similar benefits are being observed in 
predictions of behaviour at altitude. 
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6 CONCLUSIONS 

Reasons have been presented for introducing a 
modifying factor which will adjust the transient fuel 
schedule to compensate for the immediately preceding 
temperature history of the engine. When accelerating a 
'cold' engine this factor should enhance the 
acceleration rate, with greater consequent margin 
usage. The opposite should apply when reaccelerating a 
'hot' engine, the 'Bodie' transient. 

Two compensation models have been described, one 
based on the temperature of a characteristic component 
(the blades) in the H. P. Compressor, and the other on 
a 'delayed', H. P. Shaft speed signal. The first 
method induces the desired effects in a 'cold' 
acceleration. However the response of the blades 
proves too fast during a 'hot' acceleration, and the 
results are not satisfactory. The second model proves 
satisfactory during both transients if the appropriate 
parameters are chosen carefully (typically a time 
constant of 60 seconds). The latter method would also 
be easier to implement in practice. 
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ABSTRACT 

This paper describes how allowance for the thermal 
effects of non-adiabatic flow, altered boundary layer 
development, changes in tip clearances and changes in 
seal clearances have been incorporated into a general 
gas turbine transient program. These non-adiabatic 
effects have been investigated, modelling a two-spool 
bypass engine. The model has predicted events that 
occur in practice and also indicates which of the 
parameters are the most influential in the alteration 
of transient performance. 

NOMENCLATURE 

A aspect ratio of aerofoil 
c specific heat at constant pressure 
C1,... C5 constants f fuel flow rate 
f function of 
F ratio of heat transfer to fluid 

to work transfer from fluid 
g staggered gap between blades 
m air flow rate 
a index of expansion of gas 
N rotational speed 
P stagnation pressure 
PR pressure ratio 
b heat flux to air 
R surge pressure ratio 
T stagnation temperature (absolute) 
V blade tip velocity 
B blade angle 

ratio of specific heats of a gas 
6 tip clearance 

efficiency 
a non-dimensional clearance 

flow coefficient 
W blade loading (2 c AT /V2) 

Subscripts 
1,2,3 inlet to, outlet from L. P. Compressor, 

outlet from H. P. Compressor 
ad adiabatic 
b blade aerofoil 
c compressor 
ht with heat transfer 
H High Pressure 
m mean 
po polytropic 
a stage 

I INTRODUCTION 

This paper summarises a series of studies of 
thermal influences on the transient performance of gas 
turbines. 

It has long been realised that heat transfer 
effects have an important influence on the transient 
performance, but until very recently, modelling was 
carried out either assuming adiabatic conditions, or 
using expedient but unrealistic models to simulate 
these effects. 

The 'thermal' effects which are considered to be 
relevant in transients are: 

(a) Non-adiabatic flows in compressors and turbines. 
In compressors this causes density changes due to 
heat transfer, additional to those resulting from 
the compression process. 

(b) Changes in boundary layer development on blade 
aerofoils in compressors. 

(c) Changes in boundary layer development on 
end-walls in compressors. 

(d) Tip clearance changes, controlled by disc, casing 
and blade responses. 

(e) Seal clearance changes, controlled by disc, 
casing and ring responses. 

Presented at the International Gas Turbine Conference and Exhibit 
Dusseldorf, West Germany-June 8-12.1986 



Effects (a) to (d) above, when applied to 
compressors, may alter the characteristics of the 
compressor, as described in Section 2 of this paper. 
All five effects influence the performance of the 
components, and hence of the engine as a whole. These 
changes lead to revised transient trajectories in the 
compressors and to important changes in predicted 
performance. 

: Sodels have been developed to represent these 
thermal effects. These models are described in Section 
2 below. The influences of the thermal effects are 
then described in Section 3 and the modelling 
procedures are finally demonstrated in Section 4, in 
application to a Two-Spool 3ypass Engine. 

2 THERMAL EFFECTS DURING TRANSIENTS 

When a gas turbine experiences a change of state, 
the engine materials will exchange heat with the 
working fluid because of the temperature changes of the 
latter. These heat exchanges influence the performance 
of the engine in an important manner (1)*. In this 
section the models for predicting these heat exchanges 
and their effects are described. 

These effects have been studied by several 
investigators, (2), (3), (4). The description of the 
models given here is very brief and is intended simply 
to give an overall view of the investigations. 
Strengths and weaknesses of various models have been 
assessed and described fully in reference (5). 

2.1 Clearances 

Gas turbines are subjected to varying thermal and 
mechanical loading which produce small changes in both 
the radial and the axial dimension of the components. 
These changes of dimension occur during transient 
operation. They result in relative movements between 
rotating and stationary components, thus causing 
varying tip clearances and non-design mass flows. In 
the present paper only radial clearances have been 
investigated. Further work is required in the 
prediction of axial clearances, which can be important 
in some cases. 

One of the reasons why clearance changes are 
experienced during transients is the thermal growth of 
the components. During transients the components of an 
engine expand at different rates because some sections 
absorb heat faster than others. It has been found that 
a convenient subdivision of the disc is possible (4). 
Finite element analysis indicates that thermally the 
disc can be treated as three sections, each of uniform 
temperature, a thick hub section, a thin diaphragm, and 
an outer rim. The blade is also treated as a discrete 
element, and similarly the casing. 

Another factor affecting clearance openings is 
centrifugal expansion. The subdivision of a stage 
employed for the calculation of thermal growths has 
been utilised to obtain centrifugal growths. In the 

manner outlined above compressor and turbine tip 

clearances can be calculated. 
One effect of tip clearance changes is that of 

modifying component efficiency. Lakhsminarayana 

extensively investigated clearance losses and proposed 
the following model (6) to evaluate the resultant 
efficiency loss (Eq. l). 

O. 7 *a a, a 
1+10 (i) 

CoSBm 4 COS ßT 

Typical compressor and turbine clearance movements 
during an acceleration are illustrated in Fig. 1. 
Also shown are the resulting efficiency changes, 
relative to the efficiency of the component when it is 
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stabilised at that speed. The path of the efficiency 
changes of the H. P. Compressor is smooth, and the 
changes are small. Efficiency changes of the H. P. 
Turbine are irregular because of the changes of the 
turbine inlet temperature at the beginning and the end 
of the speed transient. 

Seals restrict the amount of air bled from the 
engine to a predetermined quantity. The models used to 

(B) has investigated this effect. From first 
principles the following model has been elaborated, for 
compressors: 

nht -1 (1-F) (Y-1) 
(2) 

nht npo Y 

and for turbines'. 

nht -1 (Y_1) 
= (1-F) ii (3) 

nht y 
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predict tip clearance movements can also be used to 
predict seal openings during transients. Some typical 
predictions are shown in Fig. 2. The openings are 
seen to depart significantly from the design values 
(stabilised at the maximum speed). Wittig at al (7) 
have carried out experimental investigations which 
suggest that for a set of given engine conditions, a 
nearly linear relationship exists between the mass 
flowing through the seal and the seal opening. In view 
of this evidence, the present model assumes a 
proportional relationship between the engine mass flow 
and the seal opening. 

2.2 Heat Capacity of the Components 

During transients, engine materials and the 
working fluid will exchange heat. Because of this heat 
exchange the index of compression or expansion of the 
working fluid will change. Thus the performance of the 
various engine components will be altered. Maccallum 

2.3 Changes in Compressor Characteristics 

It has been established that the characteristics of 
axial-flow compressors are altered by both of the above 
effects of tip clearance and heat capacity (1), and 
attempts have been made (2), (3) to quantify the 
changes. In the present paper, the procedure adopted 
to quantify these changes follows the method used in 
references (2) and (13), where it is described in more 
detail. 

2.3.1 Prediction of Adiabatic Characteristics 
To estimate predicted compressor characteristics a 

stage by stage calculation has been carried out. First 
the limiting pressure rise is determined from Koch's 
correlation (9). An initial end-wall blockage factor 
is guessed. Assuming that Howell and Bonham's 
correlation (10) can be applied to the core flow 
through the blading in the central annulus, a pressure 
rise across the stage can be predicted. This is 
compared with the limiting, or stalling pressure rise 
value. From Smith's data (11), displacement 
thicknesses at the hub and at the casing can then be 
found, giving a revised end-wall blockage factor. The 
above calculation is then repeated until convergence on 
the actual end-wall blockage is obtained. This 
procedure is then carried out through the subsequent 
stages of the compressor in succession. There are 
several coefficients, such as t6 allow for applying a 
low-speed correlation to a high-speed compressor, which 
are adjusted so that the predicted compressor 
characteristics, in steady-running, line up with the 
observed performance of the compressor. The thermal 
transient effects of density change due to heat 
transfer, modified development of boundary layers on 
blade aerofoils and end-walls, and tip clearance 
changes can then be introduced in the above method for 
prediction of transient characteristics. 

2.3.2 Effect of Density Changes 
When a cold engine is accelerated, heat will be 

transferred from the air to the blades and casings. In 
a two-dimensional system, this will make the air more 
dense, giving it a lower axial component of velocity at 
a particular stage of the compressor, compared with 
steady-running at that speed, inlet temperature and 
mass flow. This alters the loading on that particular 
stage and thus changes the stage pressure rise. 
Consequently the overall pressure rise is altered. 

Thought has been given to which of the heat flows 
will affect the pitch-line density. The temperature 
distributions shown by Smith(11) for steady-running of 
a 12-stage compressor indicate that the energy 



dissipated into heat due to losses at the end-walls 
tends to remain trapped within the end-wall boundary 
layer. Therefore it appears that heat transfers to, or 
from. platforms and casings will have little influence 
on the temperature, hence density, of the air flow at 
the pitch-line (the end-wall heat transfers will alter 
the end-wall boundary layer thickness, as discussed 
later). However heat transfers to, or from the blade 
aerofoils will immediately influence pitch-line 
density. The procedure adopted in the present work is 
to assume that only the heat transfers to, or from, the 
aerofoils of the blades alter the density as compared 
to adiabatic running. 

When these effects are incorporated into the 
pitch-line prediction method it is found (2) that for a 
given inlet non-dimensional speed a new pressure ratio 
to non-dimensional mass flow characteristic is 
obtained. One method of quantifying this change is to 
retain the adiabatic characteristic and use a modified 
'effective' speed. It is also possible for the surge 
pressure ratio at a particular non-dimensional mass 
flow to be changed. 

In the working region where the front stages of 
the compressor are the most heavily loaded, and 
therefore nearest to initiating surge, heat transfers 
to the blades, as when accelerating a 'cold' 
compressor, increase the effective speed and raise the 
surge pressure ratio (at a given mass flow). It has 
been suggested (5) that for these small changes in 
'effective speed and changes in the surge pressure 
ratio, simple linear relationships can be used. The 
heat transfer coefficients used for the blades are 
based on established correlations, and for other areas 
from correlations for developing boundary layers on 
flat plates, as discussed in References (2), (4) and (12). The blade, with its aerofoil and platform 
combination, can be treated as two components, 
comprising firstly the aerofoil and secondly a finned 
platform, the effectiveness of the finning depending on 
the instantaneous aerofoil temperature. Thus the blade 
aerofoil temperature can be calculated during the 
transient, and using these procedures the heat flow 
rate to the air (or gas), Q is calculated and hence the 
parameter F, which is the ratio of the heat flux to the 
air (or gas) to the power transfer from the air (or 
gas) in that component. 

2.3.3 Boundary Layer Development 
Experiments have been carried out (12) to show 

that the separation from a convex surface in an adverse 
pressure gradient can occur earlier if the surface is 
hotter than the flowing air. This is directly 
applicable to the case of aerofoil boundary layers. A 
model has been incorporated in a compressor 
characteristics prediction program (13), and the 
resulting movements in effective speed and in surge 
pressure ratio can be represented by linear models. 

The effect of heat transfer on the thickness of 
the boundary layers on the end-walls is somewhat 
uncertain. The simple approximation that has been used 
in this program has been to assume the effect of heat 
transfer is similar to the effect on the thickness of 
turbulent boundary layers on flat plates. On the basis 
of this assumption, small movements in effective speed 
and surge pressure ratio are indicated. 

2.3.4 Tip Clearance Changes 
Blade tip clearances during transients do not 

exhibit their equilibrium openings. Their effect on 
the characteristics can be determined using the 
correlation presented by Koch (9) between the limiting 
pressure rise of a stage and the non-dimensional tip 
clearance. This method has been applied to the H. P. 
Compressor of the bypass engine referred to above, and 
it is found in the relevant range that the change in 
effective speed and in surge pressure ratio can be 
approximated by a linear expression (13). 

The study was not extended to the L. P. Compressor 
as it had been found (5) that the tip clearances of 
that compressor in transients scarcely deviated from 
the corresponding steady-running values. 

2.3.5 Summation of Effects of Heat Transfer 
The effects of heat transfer on the compressor 

characteristics, as indicated above can be approximated 
by: 

AN Tb - Tair Q 0(d) 

-= Cl + C2 C3 (4) 

N Tair m c, Tm g 

The coefficients C1, C2, and C3 , represent the 
changes due to movements of the aerofoil boundary 
layer, changes in the fluid density and changes in the 
blade tip clearances respectively. They were obtained 
with the methods outlined above. A similar expression 
will indicate the movements of the surge pressure 
ratio. 

Rht 1 A) 
(5) 1+ C4F - C5 

Rad -1g 

The coefficients' C4, and Cg, represent the changes 
due to density changes of the fluid and changes in the 
tip clearances repectively. 

As an illustration, the analysis has been applied 
to a Two-Spool Bypass Engine with mixed exhausts. The 
pitch-line prediction program (2) was used to predict 
the effective characteristics for a number of instants 
in a range of transients. There was very reasonable 
consistency of the values obtained for the coefficients 
C19 C2 , C39 CO and C5. The mean values adopted for 
the L. P. Compressor were -0.07, -0.07,0.3,0.36 and 
I. W. The corresponding values in the H. P. Compressor 
were -0.1, -0.1,0.3,0.36 and 1.10. 

Typical heat transfer parameters in an 
acceleration are shown in Fig. 3 and resulting. 
movements of compressor characteristic constant speed 
lines are shown in Fig. 4. The dominant effects are 
seen to be due to boundary layer alterations and 
density changes, the effects of tip clearance being 
small. 

3 INFLUENCE OF THERMAL EFFECTS IN TRANSIENTS 

In the procedures described in the previous 
section provision has been made for important factors 
that affect the performance of an engine during a 
transient. In this section these factors are included 
in the prediction of engine performance and the results 
compared to those of an adiabatic model. For this 
purpose a general transient programme was employed (5), 
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(14)" For all the transients investigated the same fuel schedule was employed, a function of the H. P. 
Compressor pressure ratio (Eq. 6). 

3.1 Clearances 

As shown in Fig. 1, the tip clearances of both 
compressors and turbines are tighter at most points of 
the acceleration speed transient than they would be at 
the same engine conditions during the steady state. 
This is because the thermal growth of the blades and 
the centrifugal growth close the clearance very 
quickly, while the casing thermal expansion (which 
opens the clearance) becomes dominant very soon after 
the end of the speed transient, while the expansion of 
the disc is the slowest movement. The expansion of the 
casing is of a larger magnitude than that of the disc 
because the latter is cooled much more effectively. 

The changes in performance due to the modified 
efficiencies of compressors and turbines resulting from 
non-design clearances are shown in Fig. 5. Only the 
change of the efficiency of the H. P. Turbine has a 
perceptible effect on the predicted performance. 

Some seal clearances can have an important effect 
on the engine performance. Two seals have been 

4.0 

3.5 

3.0 

ppc 25 

20 

1.5 
1.01. 

` 1.6 11 20 22 U 26 28 
MASS FLOW FUNCTION 

ACCELERATION AT SEA LEVEL STATIC CONDITIONS 
-ADIABATIC ---- F=0.045 F. 0.09 
4.0 
3.5 

3.0 
PRC 25 

2.0 

1.5 
1.01 

DECELERATION AT 9150M. FLIGHT MACH NQ z 0.6 
-ADIABATIC ---- F= -0.25 

FIG 6 MOVEMENTS OF A CONSTANT SPEED LINE IN THE 
CHARACTERISTICS OF THE HIGH PRESSURE 
COMPRESSOR OF A TWO-SPOOL BYPASS ENGINE 
DURING TWO TRANSIENTS. 

investigated, these being a seal controlling the flow 
from the H. P. Compressor into the bypass duct and a 
seal controlling the flow of cooling air from the H. P. 
Compressor delivery to the first stage of the H. P. 
Turbine. During an acceleration transient these two 
seals exhibit openings which are significantly larger 
than their design values, these results having been 
shown in Pig. 2. As Pig. 6 shows, the engine is 
found to be very sensitive to non-design seal openings. 
In this case the H. P. Turbine seal has the largest 
effect on the transient because the ratio of maximum to 
stabilised seal opening is larger than that for the 
H. P. Compressor seal. This is so mainly because the 
H. P. Turbine seal has an equilibrium clearance which 
is half that of the H. P. Compressor seal. It is 
interesting to notice that the seal openings are 
influential in delaying the attainment of the final 
state of the engine. However there is no significant 
change to the thrust and the speed of the engine 
immediately after the completion of the speed 
transient. Their effect in the speed transient is 
limited to a slower dynamic response to the fuel 
schedule and a small increase in the turbine inlet 
temperature. 
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3.2 Heat Capacities 

The influence of the heat capacity of the 
components on the predicted transient performance is 
illustrated in Fig. 7. L. P. Compressor and Turbine 
influences are very small and their inclusion in the 
prediction method produces no perceptible changes to 
the dynamic behaviour of the engine. The inclusion of 
H. P. Compressor heat capacity in the prediction 
results in an improved response, while the opposite is 
true for the H. P. Turbine. When all the heat 
capacities are included, a small deterioration of the 
response is predicted. Noticeable however is the 
significant reduction of the thrust developed at the 
end of the speed transients. This effect is 
experienced while the components are absorbing heat. 
The final thrust is attained gradually as thermal 
equilibrium is achieved. 
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3.3 Changes in Characteristics 

When the engine is analysed including the changes 
in compressor characteristics, three trends are 
immediately noticed (Fig. 8). The most important 
effect is the considerable retardation of the engine 
response, specially due to the changes in the H.?. 
Compressor characteristics. The second observation to 
be made is that the thrust and the pressure ratio at 
the end of the speed transient is the same as in the 
adiabatic case. Finally the rotational speed of the 
shafts is slightly lower than that predicted in the 
adiabatic case. This is because although the speed is 
lower than in the equilibrium conditions the 'effective 
speed' is that corresponding to the final steady state 
point. The rotational speed will gradually reach its 
correct value as the engine moves to thermal 
equilibrium. 

6 



12000 
10000 
8000 

RPM 6000 
4000 
2000 

rx 
x ADIABETIC 

" HP COMP. 
x HP TURB 

TIME (5) 

50 
40 

THRUST 30 
KN 20 

10 
0, 

Q 
Q 20 
Vi 16 
w 12 W CL 8 
w z 
Z w 

,x 
ýx 

tx 

12345678 
TIME (5) 

x 

x 
fx 

D 1 2 34 5 6 7E 
TIME (S) 

F1G. 7 EFFECT OF HEAT CAPACITIES OF 
COMPONENTS ON PREDICTED ACCEL. 
OF TWO-SPOOL ENGINE -SEA LEVEL 
STATIC. 

3.4 Inclusion of all Non-Adiabatc Effects 

The inclusion of all the thermal effects result in 
a marked reduction in the predicted acceleration rate 
relative to the adiabatic simulation. In particular 
the last five percent of the thrust will take longer to 
be attained. Important movements of the surge lines 
can be observed. During an acceleration, the surge 
line moves away from the running line (Fig. 9), thus 
increasing the surge margin, while the opposite occurs 
during a deceleration. 

The effects that appear to have the most important 
effect on the transient are the non-design seal 
clearances and the changes in characteristics 
(affecting the response rate). and the heat capacities 
(affecting the thrust attainable). 

During decelerations the engine response is also 
slower when analysed as a non-adiabatic system. In 

a 
ce 

Z 

cx 

O 

ci 

w 
a 

w 

0000- 
8000 , -' 
6000- 

. 

.'- ADIABATIC 
'"" WITH CHANGES 

4000 IN HP COMP. 
CH'ICS. 

2000 
012345678 

TIME (5) 

50 , 
40 ' 
30 

L 

20 % 
, 

10 
00 

1 2 3 45 6 7 8 

20 
16 
12 
8 
4 
0, 

TIME (5) 

TIME (5) 
FIG. 8 EFFECTS OF CHANGES IN COMPRESSOR 

CHARACTERISTICS ON PREDICTED ACCEL. OF 
TWO SPOOL BY-PASS ENGINE-SEA LEVEL STATIC 

this case the heat transfer effects are more noticeable 
because engine mass flows are much smaller at the end 
of the transient so the relative effects are much more 
important. Thermal equilibrium is attained after a 
longer period of time after a deceleration than during 
an acceleration because the heat transfer coefficients 
are reduced due to the lover mass flows and rotations: 
speeds. 

Thermal effects were also investigated at altitude 
where due to the reduced mass flows in the engine the 
effect of heat transfer is more important on a relatve 
basis than at sea level. So the changes in the 
performance are more noticeable. 
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3.5 Transients of a Two-SDoo1 Bonass Engine 

In this section a Two-Spool Bypass Engine with 
mixed exhausts has been used as an example to 
illustrate two cases in which the heat transfer effects 
are very noticeable: firstly the few seconds following 
an acceleration speed transient and secondly a 'Bodie' 
transient. 

3.3.1 Events Following an Acceleration Speed Transient 
The events occurring after an acceleration speed 

transient are illustrated in Fig. 10. The speed 
transient is completed in the first four se". ands, and 
it is followed by a period of changes in performance 
due to heat transfer effects. In the analysis 
illustrated, once the maximum fuel flow is achieved, 
the fuel setting is not altered. However engine 
operators may change the fuel setting once the speed 
transient is completed. At the end of the speed 
transient it is evident that the rotational speed and 
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the thrust ha-. a not reached their desired value. In 
addition there is some turbine temperature margin 
available, due to heat absorption taking place in the 
compressors. Thus it is a natural reaction to overfuel 
the engine. As the thermal stabilisation of the engine 
proceeds a combination of events will force the 
operator to reduce the fuel flow. During the period of 
time which immediately follows the final stages of the 
speed transient, the blade tip clearances start 
increasing. This increase in blade tip clearances 
coincides with the largest seal openings during the 
transient. The deterioration in compressor efficiency 
results in higher compressor lelivery temperature. The 
larger seal opening allows a larger amount of air to 
bypass the combustion chamber which in turn results in 
a slightly smaller amount of air being supplied to the 
combustion chamber, thus increasing the turbine inlet 
temperature. This gradual temperature rise is sensed 
by the fuel control, which will reduce the fuel flow a 
few seconds after the end of the speed transient, i. e. 
near the point of take-off. 

I, 
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This phenomenon has been observed in practice. 
Using the present prediction procedure, such 
adjustments of fuel flow while the component 
efficiencies and seal clearances have deteriorated 
would cause a gradual rise in the turbine inlet 
temperature of some 50K. 
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3.5.2 Bodie Transient 
In the engine under investigation it has been 

shown that the surge line moves away from the running 
lines during an acceleration. The opposite occurs 
during a deceleration. Thus if there is a requirement 
to reaccelerate the engine immediately following a 
deceleration, the surge margin available is smaller 
than in a 'cold' acceleration. This type of transient 
is known as the 'Bodie' transient, in which much 
greater care is required when accelerating a hot engine 
rather than a cold one. The trajectories (13) in the 
performance maps are shown in Fig. 11, while the 
performance during this transient is shown in Fig. 12. 
Examination of these figures shows that the surge 
margin has been reduced by approximately fifteen 
percent. Furthermore the transient running line moves 
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nearer to the surge line in a 'hot' acceleration than 
in a 'cold' one. This results in a further reduction 
of surge margin of a similar magnitude. Thus the net 
result is a reduction in the surge margin of 
approximately one third. Since in a cold acceleration 
one third of the surge margin is utilised at the 
beginning of the transient, the total surge margin used 
will be approximately two thirds. 

The response to the accelerating fuel schedule is 
significantly faster in a 'hot' acceleration. However 
the thrust at the end of the speed transient is still 
significantly lower than that expected at the final 
fuel setting in the steady state. 

As stated previously, the same fuel schedule was 
used in all the transients shown in Fig. 12, this 
being a non-dimensional schedule based on H. P. 
Compressor parameters (Eq. 6). 

f(P. 
) 

(6) 
NH P2 P2 

It can be noticed in Fig. 12 that due to the 
changes in the performance of the compressor, the fuel 
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flow increases more or less rapidly relative to the 
adiabatic prediction. 

an investigation (15) is now being made of the 
inclusion of material temperature terms in the fuel 
schedule to allow for the history of the engine to 
improve control during the transients. 

4 CONCWSION 

A transient performance program for gas turbines 
has been developed which incorporates methods to 
account for heat transfer effects during accelerations 
and decelerations. These models have been included in 
s very simplified form, to reduce computing times to a 
minimum. 

The results obtained with these methods are 
realistic and provide an insight into the processes 
occurring in an engine during the transient phase. 
Some effects such as movement of characteristics and 
tip clearance movements tend to slow the speed of 
response of the engine. Other effects such as the heat 
capacity of the engine can alter the final thrust 
obtained at the end of the speed transient. In 
addition the position of the surge line during 
transients is not the same as in the steady state. 

An understanding into these processes is necessary 
because many limitations in the engine design are 
imposed by constraints in the transient phase. 
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Stability limits of free swirling premixed 
flames: 
Part I. Experimental correlation 
The paper describes an experimental study of the stabilization of flames in unconfined premixed swirling jets. Swirl was provided by 
'hu bless' vane-type swirlers. the vanes being set at angles ranging from 15 to 70' to the axial direction. Two sizes of swirlers were examined. 
having diameters of 23.7 and 93 mm respectively. Two fuel types were used: town gas and natural gas. The studies of the mechanism of 
flame stabilization in jets with high degrees of swirl. and hence central recirculation, indicate that the anchoring region which controls 
stabilization is in the main forward flow adjacent to the central recirculation zone. within the axial distance of 0.5 to 1.0 swirler diameters 
from the swirler exit. The experimental observations of the weak extinction limits show that for one fuel type there is a general relationship 
between the absolute velocity leaving the swirler and the effective fuel/air ratio at the anchoring region 

1. Introduction 
It is important to understand the mechanism by which 
flames can be stabilized in high-velocity premixed fuel-air 
streams. In these systems some form of recirculation is 
usually employed. One convenient method of setting up 
such a recirculation in the centre of the flow is to 
introduce swirl motion. Two types of such jets have to be 
considered: 

(a) free, unconfined, jets, 
and (b) enclosed, confined, jets. 

It has been shown' that for a furnace diameter, or main 
dimension, to burner diameter ratio greater than five, 
effects of walls on jets are minimal. 

The present paper describes an investigation of the 
mechanism of flame stabilization in the central recircul- 
ation zone (CRZ) produced by vane type swirlers, the jets 
issuing directly into the atmosphere (ie free jets). A range 
of swirler vane angles from 15 to 70° has been examined, 
the observations concentrating on the weak stability, or 
extinction, limits. Comparisons have been made of 
results using two gaseous fuels: town gas and natural gas. 

2. Test apparatus 
The test rig consisted of air and fuel supply lines merging 
into a mixing chamber followed by a mixing length 
leading to the swirler. 

Swirlers were made to the design of Mathur and 
Maccallum, 2 having flat vanes of inclinations to the axis 
of 15°, 30°, 45°, 60° and 70°. The swirlers had no central 
hub and the vanes met at a point on the axis of the 
swirler. Two sizes of swirlers were tested, having diam- 
eters for flow of 23.7 and 93 mm. Two fuel types were 
used: town gas and natural gas, typical compositions 
being given in Table 1. 

In order to elucidate the mechanism of stabilization by 
the CRZ, temperature and gas composition surveys were 
made in flames stabilized by the larger swirlers 
(93 mm dia) at conditions approaching the extinction 
limit. A range of fuel-air mixtures was covered including 
values close to the stability limit. Temperatures were 
measured using a (Pt 5% Rh)-(Pt 20% Rh) thermo- 
couple with a wire diameter of 0.25 mm and a bead 
diameter of 0.5 mm. The bare wire protruded 16 mm 
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from the ceramic stem of 2.8 mm diameter, which was 
supported by the traversing water-cooled probe at 
90 mm from the bead. ' 

Gas samples were removed using a water-cooled 
probe3 and analysed for carbon dioxide using an infra- 
red gas analyser and for combustibles using an MSA 
instrument. 

3. Results 
Two principal flame types were observed, depending on 
the flow pattern produced by the swirler. 
(a) Weak swirl - the case of the 15° vane swirler which 

produced no CRZ. The flames are-stabilized in the 
wakes of the downstream edges of the vanes, 
particularly where the vanes meet on the axis. For 
this type of flame it was possible to obtain a 
complete stability loop covering both weak and 
rich limits, Fig. 1. 

(b) Strong swirl - cases of vane angles of 30 to 60° 
inclusive. A stable CRZ is established downstream 
from the swirler, and the initial stabilizing steps 
take place in and around this zone. In this case the 
rich extinction limits occurred at extremely high 
equivalence ratios and apparently were not in- 
fluenced by the processes within the CRZ. Atten- 
tion was focused on the weak extinction limits for 
swirlers of vane angles 30° and above. For the 
smaller swirlers (23.7 mm dia), limits were ob- 
served over a tenfold range of flow velocities. With 
the larger swirlers (93 mm dia), air supply limit- 
ations restricted the range covered. 

At the vane angle of 70° the jets issuing from the gaps 
between the vanes did not merge, but remained attached 
to the mounting which carried the swirler. The resulting 
'wall jet' flames were not examined further in the present 
work. 

Extinction limits for the principal swirlers are shown in 
Fig. 1 for both fuels used, namely town gas and natural 
gas. 

Typical sets of temperature rise contours corrected for 
(continued on p 162) 

TABLE I Typical percentage compositions by volume 
of fuels 

H, CO CH4 C2N� C311N CO. N, O. 

Town gas 49 1 29 I- 11 72 
Natural gas -- 92 41-3- 
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radiation' are reproduced in Figs. 2 and 3 for the case of 
the 45° vane swirler with town gas fuel at equivalence 
ratios of 0.50 and 0.44. The corresponding blow-off limit 
occurred at an equivalence ratio of 0.40. 

Results of gas sampling tests are shown in Fig. 4, where 
the concentrations of the burned and unburned species 
are expressed as fractions of the equivalent unburned fuel 
in the supply stream. 

4. Discussion of results 
Comparing the results of the weak extinction limits for 
the 30°, 45° and 60° swirlers, where a CRZ was set up, it is 
noted that although the higher vane angles produce 
larger and longer CRZs, they give poorer weak extinction 
limits reckoned on the axial flow velocity and the supply 
mixture strength. Similar conclusions were reached by 
Lutzhoft and Fetting° and by Albright and Alexander. 5 
The explanation for this apparent deterioration of the 
stability limits is twofold: 

(a) The effective flow velocity at the point of blow-off 
is not the axial supply velocity. A practical approxi- 
mation is to take the absolute flow velocity at the 
swirler exit ie (axial velocity/cos (vane angle)). A 
similar approach has been adopted by Rawe and 
Kremer6 in a study of stability of swirling diffusion 
flames. 

(b) The effective fuel/air ratio (or equivalence ratio) at 
the critical stabilization location is not the value in 
the supply stream. It differs from the value in the 
supply stream owing to air entrainment by the 
boundary of the jet and then recirculation of some 
of this entrained air within the CRZ. 

The methods of establishing the effective fuel/air ratio 

are described in section 6, but first there is a discussion of 
the mechanism of flame stabilization. 

5. Mechanism of flame stabilization by swirl 
The temperature surveys show that, at conditions suffi- 
ciently removed from the extinction limit, the central 
recirculation initiates combustion of the main forward 
flow and peak temperatures are observed in this forward 
flow within a distance of 0.5 to I swirler diameters 
downstream from the swirler exit. This is in agreement 
with the observations of Syred eta! ' and of Claypole and 
Syrede using tangential entry swirl burners. Considering 
the gas sampling results at these conditions removed 
from the weak extinction limit, there is virtually no trace 
of unburned gas within the CRZ. except in the vicinity of 
the downstream stagnation point. 

At conditions closer to the weak limit, the region of 
maximum, temperatures moves closer to the swirler and 
there is much less combustion in the forward stream 
adjacent to the CRZ. Also there is much more unburned 
gas present within the CRZ and the appearance of the 
flame becomes less steady. The amount of unburned 
gases inside the CRZ diminishes as one moves back 
towards the swirler exit. It is of significance to note that 
even when there is appreciable unburned gas present, the 
equivalent fuel concentration at any location associated 
with unburned plus burned gases remains essentially 
unaltered. This fuel concentration, as a fraction of the 
supply value, increases as one moves in the CRZ toward 
the swirler exit. For example in the case shown in Fig. 4, 
the equivalence ratio rises to about 0.78 of that of the 
supply value when adjacent to the swirler exit. The 
reduction in equivalent fuel concentration on the axis of 
the CRZ when moving in the opposite direction end is 
due to progressively more ambient air entrainment into 
the CRZ. The main forward flow becomes more diluted 
by ambient air as it passes the CRZ. The similar 
reduction in fuel concentration, when moving in the 
direction of the main flow, within the CRZ must mean 
that the CRZ is continuously being fed across its outer 
boundary from the forward flow, throughout the length 
of the CRZ. This would suggest that the location which is 
critical to the flame stabilization is near the upstream end 
of the CRZ outer boundary. It also suggests that the 
important recirculations which feed into this location are 
from immediately downstream. This point can be refer- 
red to as the anchoring point of the flame. It is also noted 
that, in the CRZ close to the swirler exit, the observed 
temperature rise, as a fraction of the adiabatic value for 
the undiluted supply, remains roughly constant as the 
weak limit is approached. although there are indications 
of a final slight reduction very close to the limit, which is 
in keeping with the observations of Zukoski and Marble9 
in flames stabilized by bluff bodies. 

6. Air entrainment calculations 
The amount of air entrained into the stabilization zone 
was determined from the temperature traverses described 
above. These were taken at conditions near to the 
extinction limits, but before appreciable unburned gases 
were present. 

Previous work on jet entrainment1° has indicated that 
it is influenced by the jet Reynolds number if it is below 
2x 10°. At higher values the jet entrainment is indepen- 
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dent of the Reynolds number. This was taken into 
consideration when calculating air entrainment at extinc- 
tion limits from the temperature traverses. The results of 
these air entrainment calctilatinnc are riven in Fig. 5_ 
indicating a linear increase of air entrainment with swi 
This is in agreement with Chigier and Chervinsky. " T 
results also indicate higher entrainment in the case 
natural gas flames than with town gas flames. TI 
increase can be explained by the fact that jet entrainmc 
is a function of the density, as given by the relation: ' 

MM, 
= 0.32 To po 

.. 

where k, = mass entrained 
Mo = nozzle flow 

X= axial distance from swirler exit 
do = nozzle diameter 
po = nozzle flow density 
p, = ambient fluid density 

The weak extinction results, Fig. 1, show that a 
given velocity, extinction occurs at a much higher equi 
lence, and hence density, ratio in natural gas flames 
than in town gas flames. Typically, according to eqn (1), 
this would produce an entrainment in the natural gas 
flames which is 20% higher than in the town gas flames. 
This prediction is in line with the alterations in entrain- 
ment deduced from the temperature traverses and shown 
in Fig 5. 

The only discrepancy which remains in the entrain- 
ments shown in Fig. 5 is the difference in the results 
obtained for the two swirler siies. This difference has 
three possible explanations: 

(a) The Reynolds number adjustment is not accurate. 
(b) The chilling effect of the temperature probe is more 

pronounced in the flames issuing from the smaller 
swirlers. 
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(c) The radiation heat transfer is higher from the 
flames issuing from the larger swirlers. 

7. Correlation of the weak extinction limits 
The two parameters which are used here to correlate the 
extinction limits of these unenclosed flames are: 

(a) The effective equivalence ratio at the point of flame 
anchoring, this being obtained from the supply 
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value adjusted using air entrainment ratios de- 
duced from temperature traverses. 

(b) The absolute velocity of the jet leaving the swirler. 
This was taken as the average axial flow velocity 
leaving the swirler divided by the cosine of the 
swirler" vane angle. 

The results, for both fuels, are shown in Fig. 6. It is seen 
that for each fuel type a very satisfactory correlation is 
obtained. In the second part of this investigation, 12 a 
theoretical study which predicts these correlations is 
described. 

The above statements apply to unenclosed flames 
where the entrained gas is ambient air. In confined flames 
the entrained gases will be recirculated products, either 
partially or completely burned- The correlation has not 
been tested on confined flames. 
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Stability limits of free swirling premixed 
flames: 
Part II. Theoretical prediction 
The paper describes a general relation capable of predicting the weak extinction limits of unconfined swirling premixed jet flames. The 
relation is applicable to swirling jets in which the degree of swirl is sufficient to create a central recirculation. Under these conditions the 
region governing stabilization is in the high shear zone of the forward flow adjacent to the central recirculation. This region is regarded as a 
well-stirred reactor and the reaction is assumed to be quantified by a simple bimolecular kinetic equation. The activation energy, collision 
rate constant and reaction orders which are required can be taken from the literature for the simpler fuels. This produced satisfactory 
predictions for natural gas. For the more complex town gas, one constant had to be selected to give agreement with the experiment 

1. List of symbols 
a reaction order for oxygen 
d diameter, m 
E activation energy, kcal kmol 
f reaction order for fuel 
k collision rate constant, m""-1I kmol''" K'o. s s-i 
L length of shear zone, m 
M mass flow rate, kg s' 
m ratio of inerts/oxygen by volume in mixture 
MW molecular weight of air 
n overall reaction order (n =f + a) 
P pressure, atm 
R universal gas constant, kcal kmol' K 
Ro gas constant (for air), m3 atm kmol' 1 K'' 
S swirl number = 0.667 tan 0 
T temperature, K 
t thickness of shear zone, m 
U velocity, m s-1 
V volume of shear zone, mj 
X. r mole fraction of fuel 
X. mole fraction of oxygen 
0 swirler vane angle 
e oxygen utilization efficiency 
p density, kg m3 
q, fuel equivalence ratio 

= (fuel/air)/(fuel/air), Okhi. ,k 

Suffixes 
abs absolute 
ax axial 
e entrained 
of effective at shear zone 
o swirler exit 
r shear zone 
t total 

2. Introduction 
Experimental work has been reported' on the mechan- 
ism of the stabilization of free swirling premixed flames in 
jets issuing from vane swirlers. Once significant degrees 
of swirl had been reached, stabilization was achieved by 
means of the central recirculation. It was established that 
the reaction takes place essentially on the forward flow 
adjacent to the central recirculation zone (CRZ) at an 
anchoring region which is close to where the fresh jet 

'National Engineering Laboratory, and University of Glasgow. 
t Department of Mechanical Engineering, University of Glasgow. 
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emerges from the swirler. Evidence of this is given by 
temperature traverses where the maximum values were 
obtained in this region. '-5 It has been found that 
maximum velocity gradients and turbulence intensities 
occur there too. It is also observed that as the extinction 
limit is approached the flame exhibits unsteadiness, with 
momentary absences of flame in the centre of the CRZ, 
near its downstream end. 

The above observations suggest the existence of a 
reaction zone of almost perfect mixing where the flame is 
stabilized. A quantitative analysis of this zone is now 
offered, based on the well-stirred reactor model suggested 
by Longwell and Weiss6 and used successfully by various 
investigators. "' The model offered here is a simplifi- 
cation of the well-stirred plus plug-flow reactors qualita- 
tively described by Claypole and Syred` for stabilization 
by central recirculations in swirling flows. 

3. Chemical kinetics model 
The chemical kinetics for the reactions taking place can 
be reduced for the purpose of this analysis to one global 
bimolecular equation between fuel and oxygen. This is in 
effect assuming that some bimolecular step in the overall 
reaction chain takes place at a much slower rate than all 
other reaction steps. It is also assumed that the reactant 
concentrations are proportional to the concentrations of 
fuel and oxygen respectively. 

Considering first the case of natural gas, as an 
approximation for the purpose of kinetics it may be 
regarded as pure methane and the stoichiometric equa- 
tion may be written: 

(pCH4 + 2(02 + 3.76N2) -º eOCO2 + 2H20) 

+ 2(1 - ecp)O2 + 7.52N2 + (1 - c)q, CH4 . (1) 

where 4p is the equivalence ratio and e is the oxygen 
utilization efficiency. 

For town gas a simplified approximate analysis of 
(0.5H2 + 0.3CH4 + O. 1CO2 + O. 1N2) was assumed. An 
equation of stoichiometry can be written assuming that 
all the hydrogen reacts and that all the unreacted 
combustibles are in the form of methane. 9-' o 

The stoichiometric equations can be solved with the 
relevant energy equations to give the flame temperatures 
for a range of equivalence ratios qp at various values of 
the oxygen utilization efficiency c. Also mass fractions of 
both fuel and oxygen, Xr and X� in the product gases 
are calculated from the stoichiometric equations as 
functions of q' and c. The rate of reaction is given by the 
typical kinetic equation: 6.9"'0 
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L -VP 
l- k(m + 1)(MW)X ffXý exp 

r- E1 
(2) 

VP" 11heoº 
ElpRy"T"-o. s L RTJ 

The selection of the constants which appear on the right 
side of the above equation is now considered. For the 
activation energy E, a value of 40 000 kcal/kmol has been 
chosen for the natural gas, assuming that it will act as 
pure methane. " 12 A weighted average value of 
20 000 kcal/kmol has been taken for the town 
gas. 11.12"" The orders of reaction, n, f and a, have been 
taken as being 1.8,0.8 and 1.0 respectively" for both fuels. 
For the remaining constant, the collision rate constant k, 
the value of 1.29 x 1010, as used by Kretschmer and 
Odgers, 1° has been chosen for the natural gas. As shown 
later in section 5, this gives predictions which line up 
closely with experimental extinction limits. There was no 
obvious equivalent value to be found in the literature for 
the collision rate constant for the fuel mixture which 
constitutes town gas. The procedure therefore adopted in 
this work has been to choose a value which, with the 
activation energy and orders of reaction already selected, 
would place the obtained predicted extinction limits in 
general agreement with the observed limits. The value of 
the collision rate constant thus chosen for the town gas is 
3.1 x 108. 

Inserting the above quoted values of activation energy, 
collision rate constant and orders of reaction in eqn (2) 
enabled the air loading term [M/VP"] to be calculated 
for various values of equivalence ratio and oxygen 
utilization efficiency. For a fixed equivalence ratio, the 
maximum air loading was found by varying the oxygen 
utilization efficiency. This maximum loading, 
[1tif1VP"]�., was considered to correspond to the weak 
extinction limit. 

to the important conclusion that the product L, d, 
remains almost constant at about 1.6d. 2. 

Turning to the mass flow into this zone which forms 
the well-stirred reactor, it is assumed that this is the sum 
of swirler flow plus the amount of entrainment which has 
occurred by that location. 

M, =1bf, +M, 

=4d, 2p. U.. (I + M. /M. ) 

=4d, 2p0U, b, cos 0(1 + Ill, /141, ) (4) 

The entrainment ratios (Mý/llf, ) for the swirlers being 
examined have been evaluated from temperature 
measurements and are given in Fig. 5 of the earlier 
paper. ̀  While there are minor discrepancies, attributable 
to Reynolds number and density difference effects, it is 
found that the group ((I + 11%f, /M. ) cos 0) is almost 
constant at about 1.0 for all the swirlers tested. Thus eqn 
(4) can be simplified to: 

n MI =4 do PeUabs (5) 

Eqns (3) and (5) and the related results can now be 
substituted in the air loading term on the left side of eqn 
(2), thus: 

r= 
13P 

p°6' 
. (6) 

4. Application to stabilization zone 
The above analysis is applied to what can be regarded as 
the `well-stirred reaction' part of the total reaction zone. 
Conditions in this part determine the weak stability 
limits, ie flame extinction. The rest of the reaction zone is 
a plug-flow reactor serving to complete the burnout. " 

The well-stirred reactor volume used is that of the 
maximum shear zone just outside the CRZ boundary, 
where the fresh forward flow is being well mixed by the 
heat and active species transferred from the reverse flow 
of combustion products. ' As the blow-off extinction limit 
is approached, less combustion occurs in this volume, the 
remainder being completed in the reverse flow region, as 
illustrated in Fig. 4 of ref 1. The volume of the well- 
stirred reactor V is given by: 

V= nL, d, t, (3) 

where L,, d, and t, are the length, mean diameter and 
thickness respectively of this maximum shear zone. 
Comparisons of velocity and temperature measurements 
indicate that the region of maximum temperature grad- 
ient coincides with the region of maximum shear. l" `s 
These measurements therefore indicate that the thickness 
of this well-stirred reactor t, is about 12 mm and that this 
dimension is almost constant for all the swirlers tested. 
Considering now the length L, and mean diameter d, of 
the maximum shear zone, according to the work of 
Bafuwa and Maccallum, 's these vary with swirl as 
follows: L, decreases from 1. Od, to 0.5d� while d, 
increases from 1.6d0 to 3.2d0 as swirl increases. This leads 

It is significant to note that the linear dimension of the 
swirler d, has cancelled from the air loading term. For 
tests carried out at atmospheric pressure, the right side of 
eqn (6), ie the air loading term, simplifies to (13p, Ub3) 
and for extinction limits one can write 

Uab, = CM/VP1mmx 
. (7) 

13p. 

where [M/VP],,,,,, is obtained by the procedure de- 
scribed in section 3. The equivalence ratio cp, ff to be used 
in calculating this maximum loading is the effective 
equivalence ratio, after accounting for the diluting effect 
of air entrainment: 

PPeff = (P. /(l + Me/M. ) 
. 

(8) 

5. Comparison of predicted and experimental 
weak limits 
The weak extinction limits predicted by eqn (7) above are 
compared with experimental limits' in Fig. 1. The 
important test is in the case of natural gas where no 
adjusting parameters have been involved. It is seen that 
for effective fuel/air ratios in the range from 0.4 to about 
0.9 of the stoichiometric value there is very good 
agreement. Agreement would not be expected to con- 
tinue into fuel-rich streams, and so this can be regarded 
as a very satisfactory test. 

For the case of town gas, the value of the collision rate 
constant k had been chosen, as described in section 3 
above, to give a good general agreement between the 
predictions of eqn (7) and the experiment. This is of 
course however only a multiplying factor. The shape of 
the predicted limit line is controlled by the activation 
energy and the values of the order of the reaction. These 



PREMIXED FLAMES: PART II. THEORETICAL PREDICTION 

240 

200 

EXPERIMEN TAL 

SWIRLER TOWN NATURAL 
VANE DIAM. GAS GAS 

ANGLE mm. 
30° 23.7 o y 
30° 93.0   A 
45° 23.7 0 x 
45° 93.0 " + 
60° 23.7 0 T 
60° 93.0 0 1 

PREDICTED 

U) 
E 

160 

w J 

120 
z 

w J 

80 
U 
O 
J 
W 

W 

40 
0 
m 

a 
0 

o_ 

"T 

ýQy o 

ý. ý Tx 
T 

>y 
XkýP`' 

T Xi 

,. x 

T 

OL 
0.2 0.4 0.6 0.8 1.0 1.2 

0 AT FLAME ANCHORING POINT 

FIG. I Predicted and experimental weak extinction limits - open swirled flames 

have been selected from the literature, using suitable 
weighting ratios. The resulting predicted shape agrees 
well with the observed extinction limit line within the 
expected range of effective fuel/air ratios. 

This modelling of the stabilization mechanism of 
unconfined swirling flames, coupled with computational 
fluid dynamics, will aid the understanding of the pro- 
cesses involved. 

6. Conclusion 
By considering the shear flow layer adjacent to the CRZ 
as a well-stirred reactor and using a simple bimolecular 
kinetic rate equation, it has been possible to predict the 
air loading of swirl stabilized premixed jet flames at the 
weak extinction limit. The predictions are in the form of a 
direct relation between the absolute velocity of flow at 
the swirler exit section and the fuel equivalence ratio at 
the point of flame stabilization. When tested against 
experimentally obtained limiting values for two different 
fuels, it is seen that agreement is good. 
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ABSTRACT 

An initial study has been made of the result, in a non-premixed system, of introducing the fuel - 
natural gas - at the outer boundary of the air jet as it enters the furnace, instead of in the 

conventional manner on the axis of the burner. The entering air was given a range of degrees of 

swirl. Velocity, pressure, temperature and species concentration profiles were measured in the 

resulting flows. The results confirm the potential of the system for producing high intensity 

flames with wide stability ranges. On comparison with central fuel injection systems, the 

peripheral fuel injection scheme shows the advantage of not needing such high degrees of swirl to 

achieve the same mixing effects - thus burner pressure drops are lower. 

NOTATION 

cp Specific heat at constant kJ kg-1 K'1 

pressure 
D Furnace diameter m 

d Swirler diameter m 

Cd Axial momentum flux, dynamic kg m s-Z 

component -f2 nr pu 2 dr 

C Normalised axial momentum - d 2%r 2 dr flux 
jw2 pU2 sw 

H Sensible enthalpy flux - U s-1 
j 21wpuh dr 

Sensible enthalpy flux/ - 
input energy flux 

h Specific sensible gas 

t) enthalpy (c kJ kg-1 
p 

tp Local pressure drop relative N m-2 

to ambient 

r, Radius, radius of swirler r m sw 
S Swirl number of hubless - 

swirlers, based on swirler 

diameter --L tan A 
3 

S* Furnace swirl number - - 
T/(GdD) 

T Axial flux of tangential kg m2 s-2 

momentum -f 2nr2puw dr 

Normalised tangential - 
momentum flux 

f 2nr2puw dr 

jjr pU2 tan A 
sw 3 

AT Temperature rise K 

U Average axial velocity m e'1 
leaving swirler 

u, v, w Local axial, radial and m s-1 
tangential components of 

velocity 
Axial distance in units of - 

furnace diameters 

x Axial distance along furnace m 
from swirler exit 

0 Swirler vane angle to axial deg. 

direction 

p Density kg m-3 
0 Equivalence ratio - 
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1. ? NTRODCCTIO': 

Non-? remixed comoustion systans are widely used 

in industrial applications, in preference .o 

premixed systems, largely for reasons of 

safety. In these non-premixed systems, the 

mixing of the fuel and oxidant plays a key role 

in the achievement of the important combustion 

aims of wide stability limits, high combustion 

efficiency, low emission of pollutants etc. 

1.1 Shear-laver Mixing 

The most obvious method of mixing in a combus- 

tion system involving jet flows is to use the 

turbulence generated at the shear layer of the 

jet boundary. For example, in the case of a 

central fuel jet surrounded by a concentric 

annular air flow there will be high shear and 

`. __. i property gradients in the high turbulence 

zone at the interface between the jets. High 

heat release rates can be achieved by having 

the regions of high fuel concentration overlap 

these regions of high shear stress. The mixing 

can be enhanced by increasing the velocity and 

species gradients in this region, and also by 

increasing the total area of the region. One 

method of achieving this is to place a bluff 

body at the centre of the fuel jet. This 

creates wider jets and also leads towards the 

establishment of a central reverse-flow zone 

(CRZ) where burnt gases are recirculated to mix 

with and ignite the fresh fuel/air flow. 

Swirling the air flow can also be used to pro- 

duce the effects of central recirculation and 

high shear stresses, it being noted that the 

shear stresses will occur in both the tangen- 

tial and axial directions. Quarls are also 

frequently used, with or without swirl, to 

increase the jet spread rate and to help create 

a CRZ. The beneficial effects of swirl, how- 

ever, incur the high cost of the pressure drop 

across the swirler, which is proportional to 

the square of the swirl number (Mathur and 

Maccallum (1967), Beer and Chigier (1972), 

Syred and Beer (1974)). This latter must be 

high to ensure the establishment of a CRZ. 

However, measurements of turbulence in swirling 

flows (Syred and Beer (1974), Oven et al 

(1979)) show that the high shear rates fall 

. mainly in the outer boundary of the forward 

: low and that levels of turbulence in the CRZ 

ire generally low. 

The above discussion leads to the conclusion 

that, with or without swirl, mixing can be 

greatly increased through the use of a scheme 

where the fuel jet is the outer, annular flow 

and the air flow forms the central jet. The 

shear stresses in the mixing area are higher 

and the total area is increased. 

1.2 Centrifugal Mixing 

If swirl is to be used, it will be better 

utilised by fully realising the benefits of the 

centrifugal forces together with the density 

gradients occurring in a combustion system. 

Density gradients before ignition are caused by 

the difference in density of fuel and air, and 

after ignition by the reduction in density due 

to combustion. 

Swirl in a variable density flow may suppress 

or enhance turbulence. If the radial density 

gradients in a rotating flow are positive, they 

tend to cause flow stratification and suppress 

turbulence. 

On the other hand, negative density gradients 

in a rotating field will disturb the radial 

equilibrium and create instabilities, hence 

higher shear stresses and mixing rates. The 

lighter pockets of burnt gases will tend to 

move inwards and heavier pockets of reactants, 

unburned, will tend to travel outward, against 

the pressure gradient. A situation of this 

type can be achieved by injecting the fuel at 

the outer boundary of the air jet. 

An advantage of this system with outer fuel 

injection is the reduction of the pressure loss 

which would otherwise have been required to 

establish a CRZ. Only moderate degrees of 

swirl should be required. The removal of the 

central fuel injection system also reduces the 

pressure loss of the air flow across the 

burner. 

In this paper a review is given of the rather 
limited number of investigations that have been 
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2. REVIE+ 

A multi-annular swirl burner design has been 

investigated by Gupta et al (1977), the fuel 

gas and air being injected alternately through 

a succession of annular openings. In this way 

the fuel injection was matched with the regions 

of high shear in the main flow. High 

efficiencies were reported, coupled with low 

emissions and low noise levels. Disadvantages 

of the system were its likely high cost and its 

high-pressure loss. Also, the design could not 

take advantage of the centrifugal force mixing 

effect. 

Turning to the effects of rotation, a funda- 

mental laboratory scale study has been made by 

Vranos et al (1982) of a premixed' system in 

which combustion was initiated by a pilot flame 

located at the outer diameter of the chamber. 

The main flow in the centre of the chamber 

could be either unswirled or swirled. It was 

found that when the flow was swirled, this 

increased the rate of mixing and produced a 

much shorter flame, thus verifying the enhanced 

mixing effect in a swirling flow of starting 

the combustion at the outer radius of the 

chamber. 

These beneficial centrifugal force effects have 

been used by Markowski et al (1976), Shekleton 

(1981) and Ahmad et al (1985) in further 

studies and in the design of some gas turbine 

combustors. 

It is therefore seen that there is wide evi- 

dence to support the prediction that intro- 

ducing the fuel at the outer periphery of a 

swirling air flow, thus starting combustion at 

the outer boundary, leads to enhanced mixing 

rates and generally shorter flames. However, 

it was seen that there are still wide gaps in 

our knowledge of such systems. Consequently, 

an experimental programme was planned to 

provide information on aspects of this type of 

combustion system. 

3. =XPERI`! E\TAL PROCRA`L`1E 

3.: Initial Tests in a Parallel-walled 

Combustion Chamber 

In this combustion chamber (Tan and ; 4accallum 

(1983)) the inside diameter of the air supply 

pipe; 101 mm, equalled the inside diameter of 

the chamber itself. The first series of tests 

was carried out using a conventional arrange- 

ment with the fuel, natural gas, being intro- 

duced with, or without, swirl on the axis. The 

air flow passed through an annular swirler sur- 

rounding the fuel swirler, (Figure la). 

It was found that high degrees of swirl had to 
be used in order to stabilise the flame - best 

results being obtained when using an air 

swirler with vane inclination of 60° to the 

axial direction and a gas swirler with vane 
Inclination of 45°, the direction of flow 

rotation being the same in both swirlers. The 

average axial flow velocity at inlet to the 

chamber was 10 m/s. 

Temperatures were measured by Pt-S%Rh/Pt-20%Rh 

thermocouple and time-averaged velocity and 

pressures by 3-hole probe (Beltagui and 

Maccallum (1976a)). Typical results of 

temperature traverses at a distance of four 

chamber diameters downstream from the burner 

are shown in Figures 2 and 3 for overall equiv- 

alence ratios of 0.6 and 0.83 respectively. 
Results are shown for three fuel gas swirler 

angles - 30,45 and 60° - the air swirler angle 

being 60° in all cases. Mass flow averaged 

temperatures are also shown. For the 45° fuel 

swirler angle case these averaged temperatures 

have been converted to averaged completeness of 

combustion - Figure 4. It is seen that at the 

higher equivalence ratios, combustion is very 

incomplete even at this plane which is well 

downstream from the burner. 

These results provided a base against which the 

performance of an alternative fuel introduction 

system was compared. In this alternative 

system the same annular air swirler was used. 

The fuel was brought along the central pipe as 
before, but was then carried on four radial 

pipes to the outer diameter of the chamber and 
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injected into the air flow as it left the air 

Twirler (Frigure lb). Corresponding results 

with this fuel injection scheme are shown on 

Figures 2-4 - marked 'outer injection'. It is 

seen that at the higher equivalence ratios the 

outer injection arrangement provides a very 

substantial increase in completeness of combus- 

tion - from 0.37 to 0.77 at diameter of 0.83. 

In view of this substantial improvement in per- 

formance, a new peripheral injection burner was 

designed, without a central blockage, and 

installed in a furnace which provided an expan- 

sion diameter ratio of 2.5. The testing of 

this is now described. 

3.2 Peripheral Injection Burner in Furnace 

(D/d - 2.5) 

The burner-furnace arrangement which was used 

for the main experimental study reported here 

is illustrated in Figure 5. The refractory 

lined furnace is of 225 mm inside diameter and 

0.9 m long discharging to the atmosphere. Air 

is supplied on the axis at one end through an 

inlet tube of 93 mm inside diameter in which 

vane swirlers (Beltagui and Maccallum (1976a)) 

can be placed. The fuel - natural gas, 92%CH 4 

- is introduced through an annular slit of 2 mm 

width around the periphery of the air swirler. 

In order to define the combustion patterns, 

temperature and species concentrations were 

measured. As before, a Pt-5ZRh/Pt-20M ther- 

mocouple was used to measure temperature. 

Concentrations of 02 were measured by a para- 

magnetic analyser and of CO and CO 2 by infra- 

red analysers. 

The flow patterns were quantified by measure- 

ments of the time-averaged components of vel- 

ocity, u, w and v and of the static pressure. 

These parameters were measured using a 3-hole 

pitot-type probe (tip diameter 6 mm). 

The main parameters of flow velocity, swirl 

strength and equivalence ratio were varied as 

shown in Table 1. 

+. RESULTS FOR PERIPHERAL INJECTION BURNER IN 

FURNACE (D/d - 2.5) 

The flames were found to be stable for all 

degrees of swirl over a wide range of equival- 

ence ratio. As swirl in the air flow was 

increased, the combustion became more intense 

and flames were shortened. However, noise 

levels rose significantly at the higher fuel 

flow rates when the swirl vane angle was 

increased beyond 30°. 

At these higher vane angles the pressure drop 

across the swirler became quite marked, con- 

sequently 30° was regarded in this work as 

being the upper limit of vane inclination. 

For each swirler, three sets of results had 

been obtained: 

Set 1 at equivalence ratio 0.53 and inlet 

Reynolds number 9x 104 

Set 2 at equivalence ratio 0.38 and inlet 

Reynolds number 9x 104 

Set 3 at equivalence ratio 0.53 and inlet 

Reynolds number 6.3 x 104. 

Integrations of the axial velocity profiles 

have been carried out at all of the traverse 

planes to give mass fluxes. With the exception 

of the first traverse plane, these integrations 

lay within 25 per cent of the metered flux. 

This agreement is considered reasonable, in 

view of the difficulty of measuring close to 

the walls. The discrepancies at the first 

plane are attributed to the proximity of the 

burner vanes and the swirler rim. 

All the velocity component results have been 

normalised by dividing by the inlet air vel- 

ocity, U. The static pressures have been nor- 

malised by the air inlet velocity head (}pU 2) 

and the temperature rises expressed as frac- 

tions of the theoretical temperature rise. 

The results of test sets I and 3, when normal- 

ised as stated above, are virtually identical, 

confirming the similarity, already frequently_ 

reported, of flows where the Reynolds number is 

greater than the critical (2 x 104) and the 

flows are fully developed. 

302 RS714-4' 



Comparing the results of test sets 1 and 2, it 

is found that changing the equivalence ratio 

from 0.53 to 0.38 has only minor effects or. the 

velocity and pressure profiles. "owever, the 

combustion patterns are noticeably changed, 

combustion being completed in a shorter dis- 

tance at the lower equivalence ratio. 

For economy of space, only a selection of the 

results of test set I are illustrated in this 

paper. The full results are given in Beltagui 

and Maccallum (1985). 

The sample results shown are - axial and tan- 

gential velocity components, given in Figures 6 

and 7, static pressures given in Figure 8, 

temperature rises (corrected) in Figure 9, and 

concentrations of 02 and CO in Figures 10 and 

11 respectively. The concentrations of C02 

(not illustrated) followed the inverse of the 

02 concentrations. 

5. DISCUSSION OF RESULTS - PERIPHERAL 

INJECTION BURNER IN FURNACE 

5.1 Flow Patterns 

The time-averaged flow patterns, within two 

furnace diameters of the burner, fell into one 

of three classifications (Beltagui and 

Maccallum (1976a)): 

a reduced forward velocity on the axis, and 

maximum forward velocities occurring at a 

radius displaced from the axis - the double- 

humped distribution, referred to as type B, 

b small reverse velocities on the axis and a 

weak central recirculation, referred to as 

type C, or 

c pronounced central recirculation, the 

reversed mass flow exceeding 10 per cent of the 

total flow, type D. 

For the cases with combustion, taking for 

example the case with equivalence ratio 0.53 

illustrated in Figure 6, zero swirl and 15° and 
22° vane angle swirlers gave type B flows and 

the higher swirl angle of 30° gave a weak 

central recirculation - type C flow. By com- 

parison, in corresponding isothermal tests zero 

swirl and 15° vane angle gave type B flows, 22° 

vane angle type C flow and 30° vane angle type 

D flow. This weakening of the central recircu- 

lation when combustion occurs is in agreement 

with previous work on premixed flames. 

With the equivalence ratio of 0.38 (not illus- 

trated) the axial velocity profiles were gener- 

ally similar to those for equivalence ratio 

0.53, except that the peak velocities occurred 

earlier and decayed faster, due to the shorter 

distance required for combustion at the lower 

fuel flow. 

The general effects of increasing swirl are to 

accelerate the combustion process, so that peak 

axial velocities occur closer to the burner, 

and to increase the jet spread rate. 

Considering the tangential velocity components, 

w, shown in Figure 7, one sees the usual 
Rankine-type flow with solid body central 
rotation surrounded by an outer free vortex. 
As swirl is increased the peak values of w 
increase and the location of the peak values is 

moved outwards. At these peak points the ratio 

of the tangential to axial components of vel- 

ocity (w/u) is roughly proportional to tan 0. 

It is helpful to note the static pressure dis- 

tributions, typically shown in Figure 8. These 

show the depression in static pressure relative 

to ambient. The distributions are similar to 

those generally observed in enclosed swirling 

jet flows in furnaces, with greatest 

depressions at and around the centre of the jet 

and uniform pressures within the CR2, when it 

exists, and in the peripheral reverse-flow 

zones (PRZ). Increasing the swirl increases 

the centre-line depression until central 

recirculation starts. After the reaction zone, 

say beyond one furnace diameter of axial 

distance, the pressures rise towards the 

ambient level. The effect of combustion is to 

diminish the depression in the outer region, 

this being where the reaction, and hence 

density change, is taking place. Considering 

centre-line pressures, tangential velocities 

have been increased while the density to the 
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central jet flow is relatively unchanged so 

that centrifugal effects cause a greater 

depression at the axis relative to the 

periphery. This second effect dominates so 

that centre-line depressions are increased when 

combustion is taking place. This is in con- 

trast to the effects in the premixed case where 

combustion is concentrated in the centre, which 

diminishes the depression on the centre line 

and also causes less difference in pressure 

between centre line and PRZ. 

5.2 Combustion Patterns 

A good description of the combustion patterns 

is given by the combination of the temperature 

rise profiles and the gas sampling results 

(Figures 9-11). 

It can be seen that the combustion starts at 

the shear layer between the air and fuel flows. 

Hot combustion products are the main constitu- 

ents in the PRZ. The fluid flowing inside the 

'cone' based on the shear layer is essentially 

cold air, even when there is central recircu- 

lation. This demonstrates that there is no 

need to create a CRZ in this peripheral injec- 

tion scheme. 

The maximum temperature rise occurs in the 

shear zone at some distance from the burner 

exit. In the remaining length of the flow 

within the furnace, these very hot gases mix 

with the remainder cf the flow. Introducing 

swirl enhances the mixing by increasing the 

spread of the air jet, making the air meet the 

fuel at an angle and with a tangential velocity 

component. This increases the rate of mixing 

relative to the unswirled case where the air 

advances mainly with an axial component of 

velocity. Also, the subsequent stirring of 

products is more rapid and a uniform tempera- 

ture is reached more readily. At the lower 

degrees of swirl this uniformity of temperature 

is not achieved within the furnace. For 

example, the temperature rise at the axis at 

the final measuring plane (x/D - 3.72) is about 

75 per cent of the overall average when the 15° 

swirler is used and is only about 25 per cent 

when there is no swirl. The overall averaged 

normalised temperature rise at the final plane 

is less than unity due mainly to heat losses to 

the furnace walls. 

It is to be noted that there is very little 

evidence at the furnace exit of any incomplete 

combustion when swirl is present. However, 

when there is no swirl there is up to 5%CO at 

the outer radii. 

Considering the effect of equivalence ratio 

change, it is found that reducing the equival- 

ence ratio from 0.53 to 0.38 consistently gave 

earlier combustion, this being seen both from 

the temperature rise and the species sampling- 

tests. The sampling tests for CO confirmed 

virtually complete combustion by the furnace 

exit, even in the case without swirl. 

5.3 Momentum Fluxes 

It has proved valuable in modelling studies of 

swirling flows (Beltagui and Maccallum (1976b)) 

to examine the fluxes of tangential and axial 

momentum. The present results for axial 

momentum flux are given in Figure 12a and for 

tangential momentum flux in Figure 12b. In the 

former case, the value shown is the dynamic 

component of the axial momentum. Theoretic- 

cally, the axial momentum flux should include a 
term representing the component due to 

differences in static pressure from the 

reference value, but in practice (Syred and 

Beer (1974), Beltagui and Maccallum (1976b)) it' 

has been found more helpful to omit this term 

and base the flux sviely on the dynamic 

component. 

In both cases the fluxes have been normalised 
by input momentum, and in the case of the 

tangential flux the normalising group includes 

the term 'tan 0' as it has been shown (Kerr and 
Fraser (1965)) that the tangential momentum 

should be proportional to 'tan 6'. 

In all cases the axial momentum flux shows an 
increase followed by a decay to a 'fully 

developed' value near the furnace exit. When 

the equivalence ratio is 0.53 the normalised 
fully developed flux value is about 1.2, at 

equivalence ratio 0.38 it is about 0.9 and in 

isothermal flow it is about 0.25. These 
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banges are in line with the relative changes 

expected frcm the density ratios. 

he tangential momentum fluxes also show 

initial increases followed by decay to a fully 

developed value. According to conservation of 

momentum, this fully developed value should be 

unity in all cases. However, only with the 300 

swirler is this value achieved. The lower 

values in the other cases are probably due to 

the lack of overlap of the vanes at these low 

inclinations to the axial direction (Beltagui 

and Maccallum (1976a)). 

5.4 Swirl Number 

Burner swirl number has been defined by Kerr 

and Fraser (1965) and for the case of the 

hubless swirlers used in the present work this 

definition, based on burner diameter, becomes 

Sy 1/3 tan e. 

Subsequently, a more representative furnace 

swirl number has been defined (Beltagui and 

Maccallum (1976b)) as 

S* - T/(GD) 

where T and G are calculated from experimental 

velocity profiles in the fully developed region 

and D is the furnace diameter. Values of these 

swirl numbers relevant to the present tests are 

shown in Table 1. 

The results show that combustion has the effect 

of reducing swirl number S* progressively as 

the equivalence ratio is increased. This is in 

line with the observations in premixed flames, 

largely arising from the increase in the 

dynamic component of the axial momentum flux 

due to the higher axial velocities resulting 

from combustion. This lowering of the swirl 

number S* is matched by a reduction in the 

conditions which create a central recircu- 

lation. For example, the CRZ observed in iso- 

thermal flow with the 22° swirler is suppressed 

when fuel is burned. 

5.5 Degree of Combustion 

The average degree of completeness of combus- 

tion at a plane can be found from integrations 

of the axial velocity and temperature tra- 

verses. The results are shown in Figure 13 

where they have been normalised by the input 

energy. It is seen that as swirl is increased, 

this parameter increases more rapidly, indi- 

cating more intense combustion. The ideal 

maximum of this parameter - value unity - is 

reached only with the 30° swirler at the lower 

equivalence ratio (0.38). Because of the 

slower combustion in the other cases there is a 

larger volume of flame gases from which heat 

will be lost before burnout is completed. 

5.6 Comparison of Peripheral with Central Fuel 

Injection in Furnace (D/d - 2.5) 

Additional tests were carried out on similar 

air flow systems, but with central fuel injec- 

tion (Beltagui and Maccallum (1985)). The main 
differences for the system with peripheral fuel 

injection as compared to central fuel injection 

can be summarised as: 

a PRZ contains hot products as compared with 

cold flow. 

b CRZ (if present) contains air as compared 

with hot products. 

C Combustion starts at the outer surface of 

air jet rather than at centre. 

d If there is no swirl the completeness of 

combustion at the furnace exit is about the 

same in both cases. 

e With even weak swirl the peripheral injec- 

tion scheme gives much more rapid mixing and 

combustion and more uniform temperatures at 

furnace exit. For example, the completeness of 

combustion within the furnace with peripheral 

injection and using the 15° swirler is similar 

to that obtained with the 30° swirler and cen- 

tral injection. The burner pressure loss is 

thus reduced to about one quarter, as compared 

to the central injection case. 
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T_ho above features will aid combustion of fuels 

that ire nor: difficult to burn, eg low calor- 

ific value gaseous fuels. For pulverised fuels 

the rapid initial -nixing will assist the com- 

plete combustion of the volatiles, while the 

effective stirring will help burn the solids. 

5.7 Future work 

The work reported here is only an early step in 

the development of combustion systems with 

outer fuel injection. Much work has to be 

done. Some investigations which can be fore- 

seen at this stage are - changes of design to 

alleviate the high temperature being near the 

furnace walls, fuel injection at a group of 

holes around an annulus instead of through a 

slit, study of effect of ratio of fuel jet 

velocity to air jet velocity. 

6. CONCLUSIONS 

Flow and combustion patterns have been defined 

in a combustion system with peripheral injec- 

tion of fuel gas. The patterns are defined by 

time-averaged measurements of velocity com- 

ponents, static pressure, temperature and 

species concentrations. These data sets can be 

used for the validation of prediction models. 

Introducing a low degree of swirl in the air 
had the effect of reducing the flame length and 

the subsequent 'stirring' length. There were 

similar effects when the equivalence ratio was 

reduced. 

The flow and flame processes were independent 

of Reynolds number, within the range examined - 
6x 10" to 9x 10''. 

The axial fluxes of axial and tangential 

momenta showed initial rises followed by decays 

to the fully developed flow values. These 

values were functions of the input momentum and 

equivalence ratio and also, in the tangential 

momentum case, of the swirler vane angle. A 

furnace swirl number based on these fluxes and 

on the furnace diameter can be used to predict 

the flow type and also as a modelling criterion 
for isothermal tests. 

Raising the swirl shortened the length for 

combustion and lowering the equivalence ratio 

had similar effects. 

Comparing with central fuel injection systems, 

the peripheral injection systems with even weak 

swirl give much more rapid mixing and combus- 

tion, and uniform temperatures in shorter fur- 

nace lengths. Consequently, equivalent combus- 

tion performance can be achieved using signifi- 

cantly less swirl and thus much reduced fan 

power. 
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Parallel-walled combustor-burner arrange- 

ments: 
(a) Fuel injection on axis 
(b) Outer fuel injection 

Temperature distributions for a variety of 
burner arrangements - x/D - 4,0 - 0.6 

Temperature distributions for a variety of 
burner arrangements - x/D - 4,0 - 0.83 

Completeness of combustion - axis and 

outer fuel injection compared 

Peripheral fuel injection burner in 
furnace of D/d - 2.5 

Axial velocity distributions 

Tangential velocity distributions 

Static pressure distributions 

Temperature rise distributions 

Oxygen concentration distributions 

Carbon monoxide concentration 

distributions 

(a) Axial momentum fluxes 
(b) Axial flux of tangential momentum 

Axial flux of sensible enthalpy. 
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TABLE 

INPUT VARIABLES AND FLOW TYPES 

Flame Isothermal 

Run Swirler Air velocity Burner Equivalence Furnace Flow Furnace Flow 
No vane angle U swirl ratio swirl type swirl type 

degrees m/s No S No S* No S* 

1 0 15.0 0.0 0.53 0.0 B 0.0 B 
2 0 10.65 0.0 0.38 0.0 B - - 
3 15 15.0 0.089 0.53 0.027 B 0.094 B 
4 15 15.0 0.089 0.38 0.051 B - - 
5 15 10.65 0.089 0.53 0.031 B - - 
6 22 15.0 0.138 0.53 0.052 B 0.238 C 
7 22 15.0 0.138 0.38 0.098 B - - 
8 22 10.65 0.138 0.53 0.056 B - - 
9 30 15.0 0.192 0.53 0.099 C 0.386 D 
10 30 15.0 0.192 0.38 0.181 C - - 
11 30 10.65 0.192 0.53 0.082 C - - 
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Fig. 1. PARALLEL-WALLED COMBUSTER - BURNER ARRANGEMENTS 
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Characteristics of enclosed swirl flames with 
peripheral fuel injection 
The conventional mechanism for combustion in a non-premixed system is by central fuel injection. To increase the mixing rate and 
combustion intensity, a bluff body. or a swirler which creates central recirculation. is introduced but this requires a high pressure loss. An 
alternative mechanism with no central recirculation makes use of the shear layer mixing at the outer jet boundary together with mixing 
currents created by the centrifugal forces associated with a rotating flow with negative density gradients. Such a scheme having fuel 
injection in the periphery of the swirling air jet has been studied experimentally under variable input conditions of flow Reynolds number. 
swirl strength and fuel equivalence The resulting flow and combustion patterns have been well described by detailed profiles of measured 
velocity components. static pressure, temperature and species concentrations. The results confirmed the potential of this system for 
producing high intensity flames with wide stability ranges. The effect of increasing swirl, within the low range, has been found to enhance 
the mixing and combustion rates and to increase the stirring of the combustion products giving uniform profiles of properties in a shorter 
furnace length. Reductions in fuel equivalence have produced even shorter flames. The flow and combustion patterns were confirmed to be 
independent of the flow Reynolds number in the fully turbulent flow range tested. Comparisons made with a similar system, but with central 
fuel injection. showed the superiority of the peripheral injection scheme. A furnace swirl number based on experimental momentum fluxes 
correlates the effects of swirl and combustion on flow patterns. The detailed profiles of the flow and combustion parameters are valuable for 
validation of the predictions of mathematical models as they present complete data for an unconventional combustion system 

1. List of symbols 
cP specific heat at constant pressure 
d swirler diameter 
D furnace diameter 
Gd axial momentum flux, dynamic component = 

f 2nrpu2 dr 

6d normalised axial momentum flux =J 
2rcrpu2 dr 
ar, pU2 

h specific sensible gas enthalpy (cat) 
H sensible enthalpy flux =f 2nrpuh dr 
f% sensible enthalpy flux/input energy flux 
AP local pressure drop relative to ambient 
r, r,,,, radius, radius of swirler 
S swirl number of hubless swirlers, based on 

swirler diameter =} tan 0 
S' furnace swirl number = T/(GdD) 
T axial flux of tangential momentum = 

J 2nr2puw dr 
normalised tangential momentum flux = 

f 2nr2puw dr 
inr; pU2 tan 0 

AT temperature rise 
u, c, w local axial, radial and tangential components of 

velocity 
U average axial velocity leaving swirler 
x axial distance along furnace 
X axial distance in units of furnace diameters 
p density 
0 swirler vane angle to axial direction 

2. Introduction 
There are numerous requirements which must be consi- 
dered when designing a burner. These include: wide 
stability limits, wide turndown ratio, high combustion 
efficiency. high intensities of heat release, high heat 
transfer rates from the flame, low burner pressure drop, 
low emissions of pollutants and low noise. Some of these 

'National Engineering Laboratory and University of Glasgow, 
Glasgow. 
+Department of Mechanical Engineering. University of Glasgow, 
Glasgow. 
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requirements are conflicting and the design has to be 
based on compromise. In order to achieve the best 
compromise, maximum use must be made of our know- 
ledge of the key processes. 

One such key process is the mixing between the fuel 
and the oxidant. If good mixing is achieved then the 
zones of highest temperature will be reduced in size and 
less excess air is required, giving lower oxygen con- 
centrations in the flame zone. These results. lead to 
reduced NO, emissions. 

As premixed combustion systems are not generally 
favoured in industrial applications for reasons of safety, 
attention must be directed towards mixing in non- 
premixed systems. 

2.1. Shear-layer mixing 
The most obvious method of mixing in a combustion 
system involving jet flows is to use the turbulence 
generated at the shear layer of the jet boundary. For 
example, in the case of a central fuel jet surrounded by a 
concentric annular air flow there will be high shear and 
high property gradients in the high turbulence zone at 
the interface between the jets. It is therefore realised that 
high heat release rates can be achieved by having the 
regions of high fuel concentration overlap these regions 
of high shear stress. The mixing can be enhanced by 
increasing the velocity and species gradients in this 
region, and also by increasing the total area of the region. 
One method of achieving this is to place a bluff body at 
the centre of the fuel jet. This creates wider jets and also 
leads towards the establishment of a central reverse-flow 
zone (CRZ) where burned gases are recirculated to mix 
with and ignite the fresh fuel/air flow. 

Swirling the air flow can also be used to produce the 
effects of central recirculation and high shear stresses, it 
being noted that the shear stresses will occur in both the 
tangential and axial directions. Quarts are also frequently 
used, with or without swirl, to increase the jet spread rate 
and to help create a CRZ. The beneficial effects of swirl, 
however, incur the high cost of the pressure drop across 
the swirler. which is proportional to the square of the 
swirl number. t. 2.3 This latter must be high to ensure the 
establishment of a CRZ. However measurements of 
turbulence in swirling flows" show that the high shear 
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rates fall mainly in the outer boundary of the forward 
flow, and that levels of turbulence in the CRZ are 
generally low. 

The above discussion leads to the conclusion that 
mixing can be greatly increased through the use of a 
scheme where the fuel jet is the outer, annular. flow and 
the air flow forms the central jet. Such a system will have 
greater potential for fuel to air mixing. with or without 
swirl. The shear stresses in the mixing area are higher and 
the total area is increased. 

2.2. Centrifugal mixing 
If swirl is to be used, it will be better utilised by fully 
realising the benefits of the centrifugal forces together 
with the density gradients occurring in a combustion 
system. Density gradients before ignition are caused by 
the difference in density of fuel and air, and after ignition 
by the reduction in density due to combustion. 

Swirl in a variable density flow may suppress or 
enhance turbulence. If the radial gradients in a rotating 
flow are positive, they cause flow stratification and will 
suppress turbulence. In a combustion case with central 
fuel injection it may even cause laminarisation of the 
flame and an increase in the flame length. 2 

On the other hand. negative density gradients in a 
rotating field will disturb the radial equilibrium and 
create instabilities. hence higher shear stresses and 
mixing rates. The lighter pockets of burned gases will 
tend to move inwards and heavier pockets of reactants, 
unburned, will tend to travel outward, against the 
pressure gradient. A situation of this type can be achieved 
by injecting the fuel at the outer boundary of the air jet. 

An advantage of this system with outer fuel injection is 
the reduction of the pressure loss which would otherwise 
have been required to establish a CRZ. Only moderate 
degrees of swirl should be required. The removal of the 
central fuel injection system also reduces the pressure loss 
of the air flow across the burner. 

In this paper a review is given of the rather limited 
number of investigations that have been made of com- 
bustion systems that utilise some of the desirable effects 
referred to above. Then follow the results of the first part 
of a new experimental program. 

3. Review 
The advantages of jet shear mixing have been utilised in a 
combustor design by Suzuki et als"6 in which the fuel jet 
is directed into the main air stream. Combustion was 
found to be smooth, a flat flame resulted and there were 
low emissions of pollutants, low noise and high flame 
emissivity. 

A multi-annular swirl burner design has been inves- 
tigated by Gupta et al. ' the fuel gas and air being injected 
alternately through a succession of annular openings. In 
this way the fuel injection was matched with the regions 
of high shear in the main flow. High efficiencies were 
reported, coupled with low emissions and low noise 
levels. The disadvantages of the system were its likely 
high cost and its high pressure loss. Also, the design could 
not take advantage of the centrifugal force mixing effect. 

Turning to the effects of rotation, a fundamental 
laboratory-scale study has been carried out by Vranos et 
al" of a premixed system in which combustion was initiated by a pilot flame located at the outer diameter of 

the chamber. The main flow in the centre of the chamber 
could be either unswirled or swirled. It was found that 
when the flow was swirled, this increased the rate of 
mixing and produced a much shorter flame, thus verify- 
ing the enhanced mixing effect in a swirling flow of 
starting the combustion at the outer radius of the 
chamber. 

These beneficial centrifugal force effects have been 
used in the designs of some gas turbine combustors: the 
Vorbix burner' and the Civic combustion chamber. 1° 1 

Studies have also been made by Ahmad er all 2 of outer 
fuel injection in swirling flows. These tests too have 
demonstrated the superior mixing rates that can be 
achieved, as compared with systems with central fuel 
injection. 

In a test of a swirling non-premixed flow through a 
chamber with no initial expansion. Tan and Mac- 
callum" have shown that much shorter flames, and 
consequently much higher combustion efficiencies, could 
be achieved when the fuel was introduced near to the 
outer wall of the chamber, instead of at the axis. Also the 
flame was much more easily stabilised than in the central 
injection case where an air swirler vane inclination of 
higher than 45 was required. 

The introduction of the fuel at locations other than the 
axis can also be used to reduce noise. for example Gupta 
er al" used a combination of radial and axial injection of 
natural gas fuel to obtain a significant noise reduction in 
a swirl-stabilised burner. 

From the above it is seen that there is wide evidence to 
support the prediction that introducing the fuel at the 
outer periphery of a swirling air flow, thus starting 
combustion at the outer boundary, leads to enhanced 
mixing rates and generally shorter flames. However it 
was seen that there are still wide gaps in our knowledge of 
such systems. Consequently an experimental program 
was planned to provide information on aspects of this 
type of combustion system. The rig used for the initial 
tests, and the results obtained, are described in the next 
sections. 

4. Experimental program 
The aim of the experimental program was to investigate 
the flow and combustion patterns in a characteristic 
swirling flow with outer fuel injection. In addition to 
giving an insight into the behaviour of the system. the 
results would also provide a set of data to validate 
prediction models and also guide towards isothermal 
modelling of these less conventional combustion systems. 

4.1. Apparatus and instrumentation 
The experimental rig is based on a refractory-lined 
furnace. 225 mm W. and 0.9 m long discharging to the 
atmosphere. Air is supplied on the axis at one end 
through an inlet tube of 93 mm i. d. in which vane 
swirlers" can be placed. The fuel-natural gas. 92",, 
CH, -is introduced through an annular slit of 2 mm 
width around the periphery of the air swirler. 

In order to define the combustion patterns, tempera- 
ture and species concentrations were measured. A Pt-5",, 
Rh/Pt-20°ö Rh thermocouple was used to measure 
temperature. Concentrations of O, were measured by a 
paramagnetic analyser and of CO and CO: by infrared 
analysers. 
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TABLE I Input variables and flow types 
Flame Isothermal 

Run no Swirler Air selocity Burner Equivalence Furnace Flow Furnace Flow 
, ane angle L ms swirl no S ratio swirl no S' qpe swirl no S' type 
degrees 
0 15.0 0.0 0.53 0.0 B 0.0 B 

0 10.65 0.0 0.38 0.0 B - - 
--- 15 --- 15.0 0.089 0.53 0.027 B- 0.094 B 

4 15 15.0 0.089 0.38 0.051 B - - 
5 15 10.65 0.089 0.53 0.031 B - - 
6 :2 15.0 0.138 0.53 0.052 B 0.238 C 

"-- 22 15.0 0.138 0.38 0.098 B - - 
8 22 10.65 0.138 0.53 0.0`G B-- 

9 30 15.0- 0.193 0.53 - -ý 0.099 C 0.386 D 

10 30 15.0 -T- 0.192 0.38 0.181 C-- 

11 30 10.65 0.192 0.53 0.082 C- "- 

The flow patterns were quantified by measurements of 
the time-averaged components of velocity-u, w, and 
r-and of the static pressure. These parameters were 
measured using a 3-hole picot-type probe's of tip 
diameter 6 mm. Although there are some doubts regard- 
ina the use of intrusive probes for velocity measurements 
in swirl combustors. there is evidence that there is 
reasonable consistency between the results thus obtained 
and time-averaged readings obtained by laser 
anemometry. 16" 17 

4.2. Test variables 
The main parameters were varied as indicated below and 
the test conditions are given in Table I. 

(a) Air swirler cane angle-0', 15`, 22', 30', giving 
burner swirl numbers (based on burner diameter), 
S. in the range zero to 0.192. Higher swirl numbers 
were not needed, as discussed previously. 

(h) Reynolds number of air flow-9 x 104 and 
6.3 x 10° corresponding to average axial air velo- 
cities at the swirler exit of 15.0 and 10.6 m/s. 

(c) Fuel equivalence ratio-0.53 (limited by probe 
integrity) and 0.38. The corresponding heat release 
rates. based on total furnace volume, are 5.4 and 
3.8 M W'm3. 

5. Results 
The flames were found to be stable for all degrees of swirl 
over a wide range of equivalence ratio. As swirl in the air 
flow "as increased. the combustion became more intense 
and flames were shortened. However noise levels rose 
significantly at the higher fuel flow rates as the swirl vane 
angle was increased beyond 30:. At these higher vane 
angles the pressure drop across the swirler became quite 
marked. consequently 30 was regarded in this work as 
being the upper limit of vane inclination. 

For each swirler. three sets of results were obtained: 
Set 1 at equivalence ratio 0.53 and inlet Reynolds number 
9x 10'. 
Set ' at equivalence ratio 0.38 and inlet Reynolds 
number 9x 104. 
Set 3 at equivalence ratio 0.53 and inlet Reynolds 
number 6.3 x 10'. 

Integrations of the axial velocity profiles have been 

carried out at all of the traverse planes to give mass 
fluxes. With the exception of the first traverse plane, these 
integrations lay within 25°° of the metered flux. This 
agreement is considered reasonable, in view of the 
difficulty of measuring close to the walls. The discrep- 
ancies at the first plane are attributed to the proximity of 
the burner vanes and the swirler rim. 

All the velocity component results have been norma- 
lised by dividing by the inlet air velocity, U. The static 
pressures have been normalised by the air inlet velocity 
head (}pU2) and the temperature rises expressed as 
fractions of the theoretical temperature rise. 

The results of test sets I and 3, when normalised as 
stated above, are virtually identical, confirming the 
similarity, already frequently reported, of flows where the 
Reynolds number is greater than the critical (2 x 10°) 
and the flows are fully developed. 

Comparing the results of test sets I and 2, it is found 
that changing the equivalence ratio from 0.53 to 0.38 has 
only minor effects on the velocity and pressure profiles. 
However the combustion patterns are noticeably 
changed, combustion being completed in a shorter 
distance at the lower equivalence ratio. 

For economy of space, only the results of test set I are 
illustrated in this paper. The full results are given in ref 
18. 

The results of test set I are given in Figs. 1,2 and 3 for 
the three velocity components. in Fig. 4 for static 
pressure, in Fig. 5 for temperature rise, corrected for 
radiation, and in Figs. 6,7 and 8 for the concentrations of 
O,. CO: and CO respectively. 

It is noticed that there is slight asymmetry on some 
occasions in the flames at the lower degrees of swirl. 
Possible reasons for this type of observation'- II can be 
constructional asymmetries or precessing vortices. 

6. Discussion of results 
6.1. Flow patterns 
The time-averaged flow patterns, within two furnace 
diameters of the burner, fell into one of three 
classifications: 15 

(i) reduced forward velocity on the axis, and maxi- 
mum forward velocities occurring at a radius 
displaced from the axis-the double-humped dis- 
tribution. referred to as type B. 
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tail small reserse %elociues on the axis and a weak depressions are increased %%hen combustion is taking 
central recirculation. referred to as type C. place. This is in contrast to the effects in the premixed 

or case' ̀  where combustion is concentrated in the centre. 
tiiil pronounced central recirculation. the reversed %i hick diminishes the depression on the centreline and 

mass flow exceeding 10% of the total flow-type also causes less difference in pressure between the 
D. centreline and the PRZ. 

For the cases with combustion. taking for example that 
with equivalence ratio 0.53 illustrated in Fig. 1. zero swirl 
and 15 and 22 vane angle swirlers gave type B flows and 
the higher swirl angle of 30 gave a weak central 
recirculation-type C flow. By comparison, in corre- 
sponding isothermal tests (Table 1) zero swirl and 15- 
vane angle gave type B flows. 22- vane angle type C flow 
and 30- vane angle type D flow. This weakening of the 
central recirculation when combustion occurs is in agree- 
ment with previous work on premixed flames. 

With the equivalence ratio of 0.38 (not illustrated), the 
axial velocity profiles were generally similar to those for 
equivalence ratio 0.53. except that the peak velocities 
occurred earlier, and decayed faster. owing to the shorter 
distance required for combustion at the lower fuel flow. 

The general effects of increasing swirl are to accelerate 
the combustion process. so that peak axial velocities 
occur closer to the burner. and to increase the jet spread 
rate. 

Considering the tangential velocity components. w. 
shown in Fig. 2(h), (c) and W. one sees the usual Rankine 
type flow with solid body central rotation surrounded by 
an outer free vortex. As swirl is increased, the peak values 
of tc increase and the location of the peak values is moved 
outwards. At these peak points, the ratio of the tangential 
to axial components of velocity (ºriu) is roughly propor- 
tional to tan 0. 

The radial velocity profiles, shown in Fig. 3(a)-(d). are 
indicators of the rate of spread of the jet. This spread 
obviously is more rapid as swirl is increased. For a given 
swirler. as the mixture burns there is a volume expansion 
which one would expect to increase the outward radial 
velocity. On the other hand. there will be a decay due to 
jet spread. These two factors almost balance each other 
for the first furnace diameter of axial distance, thereafter 
the radial components decay rapidly. It should be 
mentioned that the radial components of velocity are the 
most difficult to measure. and there is inevitably scatter 
in the results. 

It is helpful to note the static pressure distributions 
shown in Fig. 4(a)-(d). These show the depression in 
static pressure relative to ambient. The distributions are 
similar to those generally observed in enclosed swirling 
jet flows in furnaces. with greatest depressions at and 
around the centre of the jet and uniform pressures within 
the CRZ. when it exists. and in the peripheral reverse- 
flow zones (PRZ). There are some local discontinuities 
near the annular fuel gas injection slit. Increasing the swirl 
increases the centreline depression until central recirula- 
tion starts. After the reaction zone, say beyond one 
furnace diameter of axial distance. the pressures rise 
towards the ambient level. The effect of combustion is to 
diminish the depression in the outer region. this being 
where the reaction. and hence density change, is taking 
place. As to centreline pressures. tangential velocities 
have been increased while the density in the central jet 
flow is relatively unchanged so that centrifugal effects 
cause a greater depression at the axis relative to the 
periphery. This second effect dominates so that centreline 

6.2. Combustion patterns 
A good description of the combustion patterns is given 
by the combination of the temperature rise profiles and 
the gas sampling results (Figs. 5 -8). 

lt can be seen that combustion starts at the shear layer 
between the air and fuel flows. Hot combustion products 
are the main constituents in the PRZ. The fluid flowing 
inside the 'cone' based on the shear laver is essentially 
cold air. even when there is central recirculation. This 
demonstrates that there is no need to create a CRZ in this 
peripheral injection scheme. 

The maximum temperature rise occurs in the shear 
zone at some distance from the burner exit. In the 
remaining length of the flow within the furnace. these 
very hot gases mix with the remainder of the flow. 
Introducing swirl enhances the mixing by increasing the 
spread of the air jet. making the air meet the fuel at an 
angle and with a tangential velocity component. This 
increases the rate of mixing relative to the unswirled case 
where the air advances mainly with an axial component 
of velocity. Also the subsequent stirring of products is 
more rapid and a uniform temperature is reached more 
readily. At the lower degrees of swirl. this uniformity of 
temperature is not achieved within the furnace. For 
example. the temperature rise at the axis at the final 
measuring plane (plane 7) is about 75"� of the overall 
average when the 15 swirler is used and is only about 
25"� when there is, no swirl. The overall averaged 
normalised temperature rise at the final plane is less than 
unity due mainly to heat losses to the furnace walls. 

It is to be noted that there is very little evidence at the 
furnace exit of any incomplete combustion when swirl is 
present. However when there is no swirl. there is up to P"� 
CO at the outer radii. 

As to the effect of equivalence ratio change. it is found 
that reducing the equivalence ratio from 0.53 to 0.38 
consistently gave earlier combustion. this being seen both 
from the temperature rise and the species sampling tests. 
The sampling tests for CO confirmed virtually complete 
combustion by the furnace exit. even in the case without 
swirl. 

6.3. Momentum fluxes 
It has proved valuable in modelling studies of swirling 
flows'`' to examine the fluxes of tangential and axial 
momentum. The present results for axial momentum flux 
are given in Fig. 9(a) and for tangential momentum flux 
in Fig. 9(h). For the former. the %alue shown is the 
dynamic component of the axial momentum. Theoreti- 
cally the axial momentum flux should include a term 
representing the component due to differences in static 
pressure from the reference value. but in practice`-'" it 
has been found more helpful to omit this term and base 
the flux solely on the dynamic component. 

In both examples. the fluxes hasc been normalised by 
(continued on 
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(continued from 
p h) 
input momentum, and with the tangential flux the 
normalising group includes the term 'tan (1' as it has been 
shown-'O that the tangential momentum should be pro- 
portional to 'tan d'. 

In all cases the axial momentum flux shows an increase 
followed by a decay to a 'fully developed' value near the 
furnace exit. When the equivalence ratio is 0.53. the 
normalised fully developed flux value is about 1.2. at 
equivalence ratio 0.38 it is about 0.9 and in isothermal 
flow it is about 0.25. These changes are in line with the 
relative changes expected from the density ratios. 

The tangential momentum fluxes also show initial 
increases followed by decay to a fully developed value. 
According to the law of conservation of momentum, this 
fully developed value should be unity in all cases. 
However, only with the 30` swirler is this value achieved. 
The lower values in the other cases are probably due to 
the lack of overlap of the vanes at these low inclinations 
to the axial direction. " 
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Subsequently a more representative furnace swirl num- 
ber has been defined as' ° 

S* =T (GD ) 

6.4. Swirl number 
Burner swirl number has been defined by Kerr and 
Fraser=° and for the hubless swirlers used in the present 
work this definition. based on burner diameter, becomes: 

S=} tan 0 
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where Tand G are calculated from experimental velocity 
profiles in the fully developed region and D is the furnace 
diameter. Values of these swirl numbers relevant to the 
present tests are shown in Table I. 

The results show that combustion has the effect of 
reducing swirl number S" progressively as the equiva- 
lence ratio is increased. This is in line with the observa- 
tions in premixed flames, largely arising from the 
increase in the dynamic component of the axial momen- 
tum flux due to the higher axial velocities resulting from 
combustion. This lowering of the swirl number S* is 
matched by a reduction in the conditions that create a 
central recirculation. For example, the CRZ observed in 
isothermal flow with the 22' swirler is suppressed when 
fuel is burned. 

6.5. Degree of combustion 
The average degree of completeness of combustion at a 
plane can be found from integrations of the axial velocity 
and temperature traverses. The results for the present 
work are shown in Fig. 10. where they have been 
normalised by the input energy. It is seen that as swirl is 
increased, this parameter increases more rapidly, indicat- 
ing more intense combustion. The ideal maximum of this 
parameter-value unity-is reached only with the 30° 
swirler at the lower equivalence ratio (0.38). Because of 
the slower combustion in the other cases. there is a larger 
volume of flame gases from which heat will be lost before 
burnout is completed. 

6.6. Comparison of peripheral with central fuel 
injection 
Additional tests were carried out on similar air flow 
systems. but with central fuel injection. 1' The main 
differences for the system with peripheral fuel injection as 
compared with central fuel injection can be summarised 
as: 

(i) The PRZ contains hot products as compared 
with cold flow. 

(ii) The CRZ (if present) contains air as compared 
with hot products. 
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iii ) Combustion starts at the outer surface of the air 
jet. rather than at the centre. 

ON If there is no swirl, the completeness of combus- 
tion at the furnace exit is about the same in both 
cases. 

(ý 1 With even weak swirl, the peripheral injection 
scheme gives much more rapid mixing and com- 
bustion, and more uniform temperatures at the 
furnace exit. For example. the completeness of 
combustion within the furnace with peripheral 
injection when the 15 swirler is used is similar to 
that obtained with the 30 swirler and central 
injection. The burner pressure loss is thus reduced 
to about one quarter. as compared with the 
furnace with central injection. 

The features described above will aid the combustion 
of fuels that are more difficult to burn eg low calorific 
value gaseous fuels. For pulverised fuels. the rapid initial 
mixing will assist the complete combustion of the 
volatiles, while the effective stirring will help to burn the 
solids. 

6.7. Future work 
The work reported here is only an early step in the 
development of combustion systems with outer fuel 
injection. Much work has to be done. Some investiga- 
tions that can be foreseen at this stage are: changes of 
design to alleviate the high temperature being near the 
furnace walls: fuel injection at a group of holes around an 
annulus instead of through a slit: the study of the effect of 
the ratio of fuel jet velocity to air jet velocity. 

7. Conclusions 
Flow and combustion patterns have been defined in a 
combustion system with peripheral injection of fuel gas. 
The patterns are defined by time-averaged measurements 
of velocity components. static pressure. temperature and 
species concentrations. These data sets can be used for 
the validation of prediction models. 

Introducing a low degree of swirl in the air had the 
effect of reducing the flame length and the subsequent 
'stirring' length. There were similar effects when the 
equivalence ratio was reduced. 

The flow and flame processes were independent of Reynolds number, within the range examined: 6x 10' to 
9x 10'. 

The axial fluxes of axial and tangential momenta 
showed initial rises followed by decays to the fully 
developed flow values. These values were functions of the 
input momentum and equivalence ratio and also. for the 
tangential momentum. of the swirler vane angle. A 
furnace swirl number based on these fluxes and on the 
furnace diameter can be used to predict the flow type and 
also as a modelline criterion for isothermal tests. 

In comparison with central fuel injection systems. the 
peripheral injection systems with even weak swirl give 
much more rapid mixing and combustion. and uniform 

BELTAGUI AND MACCALLUM 

temperatures in shorter furnace lengths. Consequently. 
equivalent combustion performance can be achieved 
using significantly less swirl and thus much reduced fan 
power. 
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THE EFFECT OF FUEL INJECTION MODES ON COMBUSTION 5 I; - PT 
OF SWIRLING FLOWS 

SA Beltagui, NRL Maccallum and T Ralston 

Glasgow University and The National Engineering Laboratory 

SUMMARY 

Two fuel injection modes are examined as alternatives to conventional central fuel 
injection in the axial direction. These alternatives are (a) introduction of the fuel 
around the periphery of the air jet, and (b) injection radially outwards from the 
central axis, across the entering air flow. The fuel used was natural gas. 

It is seen that peripheral injection exploits the benefits of both shear-layer mixing 
and peripheral mixing. Thus it requires less swirl and less fan power than central 
fuel injection. 

Radial fuel injection, when suitably designed, also shows good combustion 
performance without requiring high swirl. 

1. LIST OF SYMBOLS 

d burner throat diameter 

dq quart exit diameter 

D furnace diameter 

G axial momentum flux, velocity component only 

r radius 

S swirl number, based on burner 
exit radius 

2T 

-2 tan 6 for hubless swirlers 

T axial flux of tangential momentum 

x axial distance 

e vane angle to axial direction 

2. INTRODUCTION 

One of the most important factors in the control of flame performance is the 
mixing of fuel and oxidant (air). The effectiveness of this mixing controls 
combustion intensity, stability, heat release and formation of pollutantsi. 
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The fuel can be thoroughly mixed with the air prior to entering the combustion 
chamber - the "pre-mix" configuration, or the mixing can occur within the 
combustion chamber itself - the "non-premix" configuration. Also, some 
combination of these two may be adopted. 

In systems which are of the "non-premix" type, there are two physical processes 
that can be adopted to achieve mixing within the combustion chamber. These are 
respectively shear layer mixing and centrifugal mixing. Shear layer mixing is 

effectively utilised if the fuel is injected into the regions of maximum shear in the 
air stream. Centrifugal mixing effects can be utilised by swirling the flow and 
creating favourable density gradients within the flows of air, fuel and products. 

In the present work, investigations have been made of " non-premix" combustion 
in furnaces using two types of swirl generator - axial va ne and moving block - 
and also, in the former case, using two locations for fuel injection - on the axis 
and at the periphery of the air jet. Where fuel injection on the central axis was 
used, studies covered injection both in the axial and radial directions. 

3. NON-PREMIX BURNERS - FUEL INJECTION MODES 

The most common method of fuel injection is axially through the centre of the 
burner (Fig. 1(a)). Some dual fuel burners use spuds (Fig. 1(b)) located away 
from the centre to inject the gas fuel while the centre pipe carries the other fuel. 

Fuel injection at the periphery of the entering air jet (Fig. 1(c)), as an alternative 
to central fuel injection, has been studied in the present work and it will be seen 
that this of: -c, a, ca,;..:.. ;. "vantages of enhanced mixing. 

Another variation from conventional central axial fuel injection is to inject the fuel 
radially from the central axis across the entering air jet (Fig. 1(d)). Burners of 
this type have been included also in the present study and they too have some 
attractive characteristics. 

There are many possible practical configurations, which may be some form or 
combination of these alternatives. While it is obviously not possible to test all 
these configurations, it is considered that the results obtained on simple basic 
systems such as those reported here will provide a basis for predicting the 
performance of more complex configurations. 

The present work has used gas as the fuel. Aerodynamics has a predominant 
influence on the combustion of all types of fuel. The present results, in which 
the aerodynamic parameters are defined, will also be of use to the designer of 
burner-furnace systems which are to use liquid or solid fuels. 
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4. PERIPHERAL FUEL INJECTION 

Injection of the fuel around the outer periphery of the air jet makes use of the 
high shear zones around the, air jet2. Further, if the air jet has been swirled, 
centrifugal buoyancy forces are set up which differ between the air, the fuel and 
the hot flame products. These will tend to move the cold air outwards and the 
hot flame products inwards. If the fuel is less dense than air, e. g. natural gas, 
then it too will tend to move inwards. Thus for the case of natural gas, injection 
of the fuel at the outer periphery of the swirled air jet leads to effective mixing. 
For the case of heavier than air fuels, such as propane/butane gas or liquids or 
solids, fuel injection in the outer regions of the air jet will still offer the 
advantages of rapid mixing in the high shear zones and the centrifugally enhanced 
mixing of outer flame gases and incoming cold charge. 

Two burner-furnace arrangements employing peripheral, or outer fuel injection 
have been examined at Glasgow University as part of the present investigation. 
The fuel was natural gas. The first arrangement is illustrated in Fig. 2(b), the 
combustor in this case being parallel-walled i. e. there was no expansion of the 
main flow area at exit from the burner, the constant combustor inside diameter 
being 0.1m. Comparative tests were carried out in the same combustor but with a 
central fuel injection burner (Fig. 2(a)). The second burner-furnace configuration 
used a peripheral injection burner as shown in Fig. 1(c), firing into a 
refractory-lined furnace of inside diameter 0.23m. The burner air jet outer 
diameter is 0.093m so the furnace to burner diameter ratio was 2.5. The annular 
slit through which the fuel was introduced- was 2rna,: _. Jc, around the p: riphery of 
the air jet. Again, comparative tests were made with a burner using central fuel 
injection. In all cases, vane swirlers3 were used to give a range of degrees of 
swirl to the entering air jet. 

The tests included time - averaged velocity (3-dimensional), pressure and 
temperature traverses carried out at a range of planes in the furnace. Illustrations 
of the results are given in Figs. 3,4 and 5. 

The degrees of completeness of combustion achieved within the parallel-walled 
combustor are given in Fig. 3. In this case, at low equivalence ratios - less than 
0.5 of stoichiometric - outer fuel injection offers no advantage over central fuel 
injection in so far as completeness of combustion is concerned. However at 
equivalence ratios greater than 0.6 the outer fuel injection arrangement gives very 
significant enhancements to the completeness of combustion. 

Typical relative temperature contour results from the tests in the furnace, with 
diameter expansion ratio (D/d) of 2.5, are shown in Fig. 4 (central fuel injection) 
and Fig. 5 (peripheral fuel injection). Results are given for two of the degrees of 
air inlet swirl used - vane inclinations of 150 and 30° to the axial direction 
(Swirl Nos., S, of 0.18 and 0.385 respectively). The detailed tests were carried 
out only at one overall equivalence ratio - 0.53 - however observation of 
operation at the lower equivalence ratio of 0.382 did not indicate the deterioration 
in completeness of combustion seen in the parallel-walled combustor at low 
equivalence ratios (Fig. 3). In this expansion case, comparison of the fuel 
injection methods with the same degrees of air inlet swirl shows that peripheral 
injection leads to the general combustion of the fuel taking place much earlier. In 
the former cases there are much steeper temperature gradients close to the fuel 
injection location. Also, the more general combustion starts earlier in the former 
cases - for example, with the 15° vane swirler and central injection it gets under 
way only after about 1.5 furnace diameters, whereas with peripheral injection it is 
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already well advanced at an axial distance of 1.0 x furnace diameter. Another 
benefit of peripheral fuel injection is that the temperature profiles following the 
completion of combustion are much more uniform. Increasing the degree of swirl 
given to the inlet air also helps to make these temperature profiles more uniform. 
It is seen that the change achieved in this direction by using the 300 van e swirler 
as compared with the 150 vane swirler is more marked in the peripheral injection 
system than in the system using cen tral fuel injection. 

It is important to note that when using gaseous fuel, successful combustion can be 

achieved without the necessity of establishing a central reverse-flow zone (CRZ) - 
the 300 vane angle swirler in the inlet air does create a CRZ, whereas the 15° 

vane swirler does not, yet combustion is stable in the latter case, and 
comparatively rapid when using peripheral injection. 

5. RADIAL FUEL INJECTION 

In applications where peripheral fuel injection is not practical or suitable, 
equivalent benefits may be achieved by injecting fuel radially outwards from the 
central axis of the burner and across the entering air flow. Comparisons between 
axial fuel injection and injection at a range of inclinations to the axis, leading to 
the radial, have been given by Leuckel and Fricker4+5. When properly designed, 
the radial fuel jets will interact with the main air flow producing or at least 
promoting the creation of a CRZ through aerodynamic blockage. This means that 
stability can be achieved with low, or even no swirl. 

To study this system, tests have been carried out on a furnace, and its isothermal 
model, these facilities being situated at the National Engineering Laboratory (NEL). 
The aerodynamic effects of the fuel jets, particularly within the quarl and the 
near-chamber zone, were carefully examined in the isothermal model, emphasis 
being placed on the establishment of the CRZ. Measurements within the flame in 
the furnace confirmed these isothermal model results, and gave data on combustion 
parameters such as temperature and species concentration. Further details of these 
tests are now given. 

5.1 The NEL Furnace 

The NEL furnace is a watercooled upfired cylindrical furnace, Fig. 6, of lm 
internal diameter and 3m high. The furnace is fired by natural gas through a 
moving block burner (IFRF), with 25° half angle quarl of (dq/d) ratio 1.8 Fig. 
1(a). The fuel injector used is a central pipe with radial holes. Two injectors 
were investigated, both of 35 mm diameter and having 5 mm bore fuel nozzles. 
The number of these fuel jets was either 16, Injector I, or 8, Injector II. The 
injection plane coincides with the quarl throat. The isothermal model of the 
furnace system where the aerodynamic measurements were carried out constituted 
the full scale burner and quarl discharging into a chamber scaled according to the 
Thring-Newby criterion. 

The velocity profiles within the quarl and chamber were measured using a 5-hole 
probe of 3mm tip diameter. Cases considered included main flow with no injector 
flow and main flow with either Injector I or Injector II operative. In each case 
five swirl settings were tested, Swirl Number, defined in List of Symbols, ranging 
from 0.0 to 4.0. 
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5.2 Isothermal Model - Experimental Results 

In this work air was used in place of natural gas as the fluid which was injected. 
The flow rate of the injected air was matched to the main air flow to maintain 
the same ratio of "injected" fluid momentum to main air flow momentum as if 
firing on natural gas in the furnace. 

A main aim was to measure axial components of velocity within the quarl and in 
the near-burner area. This would give definition of the existence, or otherwise, 
of a possible CRZ in this location. It was found that both degree of swirl and 
manner of fuel gas injection affected the creation of the CRZ. For example, the 
use of Injector I- with 16 jets - led to the establishment of a CRZ starting in 
the quarl, even with no swirl in the inlet air flow. However in the corresponding 
non-swirl case with Injector II there was no CRZ. As typical of the results, 
profiles of the axial component of velocity within the quarl are given in Fig. 7 for 
this case of Injector I with zero inlet swirl. This shows a distinct CRZ within the 
quarl, the diameter of the CRZ extending near the exit to about 0.6 of the local 
quarl diameter. The reason for the ability of Injector I to create a CRZ, whereas 
Injector II does not is thought to be that Injector I has 16 jets and therefore 
closer inter-jet spacing whereas Injector II has only 8 jets. It should be noted 
that in these tests Injector II will give the jets double the outward radial velocity, 
and momentum, than in the case of Injector I, the ratios of radial velocity of the 
"fuel" to the axial component of velocity of the air flow being about 4 with 
Injector II and 1 with Injector I. It is possible that the velocity ratio of 4 is 
excessive and causes the "fuel" to penetrate to the outer wall of the annulus with 
insufficient interaction and mixing with the air flow. It is concluded that the 
geometry of the fuel jet system is more important in controlling mixing than fuel 
jet momentum. 

A representation of the CRZ boundary observations is given in Fig. 8(a) for 
Injector I and Fig. 8(b) for Injector II, the boundaries being illustrated for a range 
of inlet swirls. It is seen that when swirl is introduced at the Swirl Number, S, 
level of 0.45, use of Injector I still gives a slightly more pronounced CRZ. 
However at the highest swirl levels (S = 2.25) the CRZ's within the quarl look to 
be very similar but in the furnace itself the use of Injector II gives the stronger 
CRZ. It is to be noted that in both, cases at this high swirl the CRZ in the 
furnace extends downstream to beyond the furnace exit. 

To summarise, the results of the aerodynamic measurements indicate that at low 
swirl, the aerodynamic effect of the fuel jets is predominant, whereas at high swirl, 
centrifugal effects take over. The main feature observed is that the creation of a 
CRZ depends on the interaction of the fuel jets with the main air flow. This 
interaction is a function of the velocity ratio, fuel jet spacing and jet direction 
relative to the air jet. 

More detailed presentation of the results from these tests, including velocity and 
pressure profiles, is given by Beltagui et al 6,7. 

5.3 Furnace Results 

The observations include temperature, concentration and velocity profiles for 
conditions using Injector I. Four swirl settings were selected, Swirl Number, S, 
ranging from 0.0 to 2.25. A fixed firing rate of 400 kW was used, with 5% 
excess air (equivalence ratio 0.95). 

The aerodynamic measurements within the flame indicate the existance of the CRZ 
at all the swirl settings tested. The CRZ boundaries are illustrated in Fig. 9. 
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While the maximum diameter of this zone is almost the same for all cases, the 
length increases from 0.15 m to 0.26 m as Swirl Number, S. is raised from zero 
to 2.25. It is to be noted that at the highest swirl setting (S = 2.25) the CRZ 
has a finite length of approximately 0.26 furnace diameters in this flame case, 
whereas in the isothermal condition the CRZ extended to beyond the furnace exit 
(Fig. 8(a)). This closing of the CRZ is a commonly observed effect of the 
introduction of combustion. It is interesting, in comparing the results obtained in 
the furnace (Fig. 9) and those obtained in its isothermal model (Fig. 8(a) and (b)) 
to consider if the dimensions of the CRZ are functions of the furnace diameter, 
D, or alternatively of the burner diameter, taken in this case as the quarl exit 
diameter. It had been found in cases of strong swirl - vane angles of 450 and 
600 - with pre-mixed flows, that the CRZ dimensions of maximum diameter and 
length were proportional to the furnace diameter8. In these cases the CRZ 
cross-section represented a large fraction of the furnace cross-section, its 
maximum diameter being about 65% of the furnace diameter. However in the 
present work swirl levels are lower and the maximum diameter of the CRZ is 
small compared to the furnace diameter - 14% in the combustion case and 28% 
in the isothermal model. It would appear in this case of lower swirl and less 
confined flow that the CRZ dimensions are controlled by the burner size and flow 
conditions. 

A typical relative temperature distribution is shown in Fig. 10, this representing the 
results with zero swirl and using Injector I. 

When swirl is then introduced, combustion is completed earlier in the furnace and 
the temperature gradients in the -nc:.: - burr.;,: ccne become much steeper. More 
complete results describing these effects will be published shortly. 

6. CONCLUSIONS 

For non-premix furnace combustion systems it can be advantageous to introduce 
the fuel in a way other than the conventional one of axially at the centre of the 
air inlet jet. Two alternatives have been examined - injection around the 
periphery of the air jet and injection radially outwards from the central axis across 
the entering air jet. 

Peripheral fuel injection, particularly when coupled with swirl, exploits the benefits 
of both shear-layer and centrifugal mixing. Thus less swirl is required, and less 
fan power, to produce the same degree of mixing and combustion rate as in a 
central injection system. 

When radial fuel injection is used, the fuel jets interact better with the air flow 
than axial fuel jets. The geometry of the Injector is significant. For example an 
Injector having sixteen fuel jets, with velocity ratio of 2 relative to the air velocity 
is preferable to one having eight jets at velocity ratio of 4. The former 
arrangement, by producing aerodynamic blockage, causes a central recirculation zone 
to be established, even without giving swirl to the air flow. Again, this will lead 
to a reduction in the fan power required. 

6 



7. ACKNOWLEDGEMENT 

Part of this work was carried out under the research programme of the Heat 
Transfer and Fluid Flow Service (HTFS) and was supported by the Department of 
Trade and Industry. This Paper is Crown Copyright. 

8. REFERENCES 

1. Gupta, A. K., Lilley, D. G. and Syred, N. Swirl Flows. Abbacus Press, 1984. 

2. Beltagui, S. A. and Maccallum, N. R. L. Characteristics of enclosed swirl flames 
with peripheral fuel injection. J. Inst Energy, 1988 (March), 61,3-16. 

3. Mathur, M. L. and Maccallum, N. R. L. Swirling air jets issuing from vane 
swirlers: Part I Free Jets. J. Inst Fuel (now Energy), 1967 (June), 40, 
214-224. 

4. Leuckel, W. and Fricker, N. The characteristics of swirl-stabilized natural 
gas flames, Part 1: Different flame types and their relation to flo w and 
mixing patterns. J. Inst Fuel (now Energy), 1976 (June), 49,103-112. 

5. Fricker, N. and Leuckel, W. The characteristics of swirl-stabilized natural 
gas flames, Part 3:. The effect of swirl and burner mouth geometry on flame 
stability. J. Inst Fuel (now Energy), 1976 (June), 49,152-158. 

6. Beltagui, S. A., Fuggle, R. N. and Ralston, T. Aerodynamics and mixing 
within the quarl of a variable-swirl burner. 1st European Conference on 
Industrial Furnaces and Boilers, 1988 (March), Lisbon, Portugal. 

7. Beltagui, S. A., Fuggle, R. N. and Ralston, T. An isothermal study of the 
aerodynamics of the flow issuing from a variable-swirl burner. Ist World 
Conference on Experimental Heat Transfer, Fluid Mechanics and 
Thermodynamics, 1988 (Sept. ), Dubrovnik, Yugoslavia. 

8. Beltagui, S. A., a nd Maccallum, N. R. L. Aerodynamics of vane-swirled flames 
in furnaces. J. Inst Fuel (now Energy), 1976 (Dec), 49,183-193. 

7 



OIL 
BURNER 

(a) Central fuel injection 

(c) Peripheral fuel injection 

(d) Radial Fuel Injection 

Fig. 1 BURNER ARRANGEMENTS (FURNACES NOT SHOWN) 

LERS 

AIR 

GAS -º 

(a) FUEL INJECTION ON AXIS 

KIT 

ASR 

GAS 

ER 

AIRýý 

GAS -ý- 

\ *GAS INJECTOR HOLES (L 

(b) OUTER FUEL INJECTION 

Fig. 2 PARALLEL-WALLED COMBUSTOR-BURNER ARRANGEMENTS 

AIR -4m. 

(b) Annular fuel injection 

GAS MANN %JUJ 



Fig. 3 

1.0 
z 
0 

0.9 

X0.8 
O U 

0.7 
U. 
O 

0.6 
IM w z 0.5 

w 0.4 

U 

AIR 
SW. 

GAS 
SW 

SYM 
BOI 

FUEL 
INJ 
ON 60' 45' X 

AXIS 
OUILM 60' 

X/ 

b 

d 

OUTER FUEL 
INJECTION 

INJECTION 
ON AXIS 

"4 0.5 0'6 0.7 0.8 0.9 
EQUIVALENCE RATIO 0 

1.0 

COMPLETENESS of COMBUSTION: - AXIS and OUTER FUEL 
INJECTION COMPARED 

9 



roC 
r1 N 

Or 

i 

O 

10, / 

0 

01 

IM 
o 
CD 

ti 
z 

ovF..; 
in 

o 

o oZ 

m b--4 
W II S 

M 

o ~ 
Z 

N0 
LU 

O 
O 

N 

O 

O 
0 

0 

0 

0 
0 

'IT 
u7 C) "- -- (') to 
OOOOOp 

0 
04 

U 

GG 

w 

0 

0 

Z) 
0 H Z 0 U 

Z) 

W 
a 

w H 

et 
ýo 
w 

IOO, cOo N C7 ft N 

O 

"t 

1 

N M_ 

rot, 

IfI 

1'f 

O 
r 

1 

O 

iso 
' 
II 

I 

O 
" Uýr 

W 
ti 

0 ov z 
u. W 
r) 

o 

O=N 
C�) 

0 
11 

W 

O0 
In Z 

u 
ci 

0w 

N 3, 
0 

0 1-1 
-- a 

o uý 

oH 

VV0 
(2i 

_4; 

m- 
/0 

LO LO 

C; oo000^ 

'w" 

10 i 

! 'I ' 
G 

(0 

n 



r 

V) o- 
z 

°V 
to 
C' 

o 
co 

c'' w 
=N 

II 
=) 10 

00 

Z 
N0 0 

O 
O 
N 

O 
LI, 

O 
O 

ýe 

0 

0 

0 
0 

w u 

0 
C) 

O 

O 
F- z 
0 U 

AG 

AC 

co 

a; o 

iiIi0 U, -- "- (`, U) 
000000 

iii 
A 

C) 
0 Cf) 

z o 

ti 
uz 

o° Iä 
ri 

oW 
.-a 

o I" 
CD N 

MWN 
= II 

4o 

U: z 
N0 

U 

O 

Fý 

N 
A3 

o 
oý 

0 

0 
z 
0 V 

ý\ 1iß to M r- .- (r) to 
oaaaaC 

vi 
11 



^ý ýI 
Stack 

O 
0 

O 
O 

O 
0 

O 
O 

Cn 
0 
0 

N 
0 
0 

Cn 
0 
0 

(7' 
0 
0 

(Dimensions in mm) 

isition 

Orts 

IS 

section 
nID 

1 

01 

Fig. 6 THE GEOMETRY OF THE QUARL AND CHAMBER - N. E. L. FURNACE 
i 
II 

12 1 



a) 
E 

O 
cn 

4) 

U 
O 

P-, 

Co 

. -r 
O 

X 

O 
O 

CD CC) 

0 co 

C 
v 

0 N 

0 

9°O 
" 

z 
0 Z 

a3 

O I-4 

ÖW 

Va 

,. aa a 
.. Q 
ýI 

n 

bO 

w 

13 

C co moI 
co 

NN 
co 

(WW) UQTlTsod joTpoa 



E 
E 

Co 

0 

N 
11 

N alp 

1 
0. l 

I öý 
1I 

NI 

1 Ln 
i ý' 1 

I 

6 
11 

N 

1n 

r 

ö 
�I 

cn 

E 
E 
0 
0 

O 
F 
U 

ti Z 

H .., 3 

.ý 

0 

ti z 

R 

. -. eý v 

w z 0 N 

3 
S 
w 
1Ü 

WQ 

ýw 

ý. j 

Wo UW 

w O 
H 

. fl 
ai 

00 
bO 

14 



E 
0 
1 
n 

0 

Ln 
ö 

ö 

N 

m 
"N 

L 11 
N 

1I 

66 

111 
V )V) 

F1 

E 
E 
0 
0 

0 

LL) ti 
z 

5 

ýn 
0 

W 
z 0 N 

0 9 
w 

pG W 

zä 
ww U 
W '"a 
xW Hz 
w 0- 
c`ý 

Aw Z 

Öýw 
m 

C' 

aC 
w 

15 



C 
0 
Cr) 

0 
N 

0 0 
N 

0 in 

A 

0 0 

0 
10 

0 

o 0 

' 0 ý 
ö 
ý o 

N 

F¢QL 

E- 

F 

Ii 

cJ' 
'ß 
Q 

w U 
Q 

w 

Wo 

z 
öz 

o, 
z- oa 

0 Ü 

Hz 

äQ 

H 

0 

bO 
Ltý 

I 

I 

16 

Ch 

ooö 



HTFS RS 127 
Publication 42 

NEL/HTFS 123 

NOx GENERATION AND CONTROL IN CONFINED SWIRLING FLAMES - 
REVIEW AND PARAMETRIC STUDY 

SA Beltagui ", AMA Kenbarl and NRL Maccallua' 
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2. National Engineering Laboratory, East Kilbride, Glasgow 

ABSTRACT 

A programme of work on the control of combustion-generated NOx has started at the National 
Engineering Laboratory (NEL) in collaboration with Glasgow University. The main emphasis is 

to control the NOx generation through the aerodynamic design of the burner and its fuel 
injection mode. The work will involve both experimental measurements in the NEL furnace and 
theoretical modelling, in conjunction with the HTFS flow and combustion programs. 

This paper reports on the literature survey, on NOx generation and control, carried out at the 

start of the work. The survey focuses on studies of the effect of burner parameters on the 
NOx generation in furnaces and gas turbine systems. Alternative prediction models are 
reviewed and the recommended model is presented. 

The proposed model is applied to a well-stirred reactor to illustrate the relative importance 

of the main contributors to the NOx generation. namely, flame temperature, oxygen 
concentration and residence time. 

NOTATION 0 Fuel/air equivalence 

ratio, dimensionless - 
k Kinetic rate constant cm'/mole s C Completeness of cos- 
t Residence time $ bustion, dimensionless - 
T Flame temperature K 

x Number of carbon atoms in 1. INTRODUCTION 
hydrocarbon - 

y Number of hydrogen atoms 1.1 NOx and the Environment 

in hydrocarbon - 
C] Concentration mole/cm' s Combustion generated pollution is now 

" 1989 Hrrs 
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recognised as a threat to the environment. 
The most obvious air pollutant is smoke. 
being visible to the naked eye. Other 

pollutants of importance are carbon mon- 

oxide. sulphur oxides (SOx) and nitrogen 

oxides (NOx). Recently. attention has been 

focused on NOx. 

NOx 1s a collective name for nitrogen 

oxides; N, O, NO and NO,. 

Combustion produces NO and to a lesser 

extent NOV. At atmospheric temperature NO 

is converted to NO2 and some NCO. Station- 

ary sources are responsible for about half 

the total man-produced NOx. 

Locally. NOx is toxic and is known to act 
through photochemical reactions as a pre- 

cursor to the formation of smog and other 

pollutants. On a wider scale it causes 
damage to plant life and soil throug its 

contribution to acid rain. It has a global 

effect. as N=0 is involved in depletion of 
the earth's ozone layer (OECD Reports 
(1979,1984)). 

Emission standards progressively call for 

tighter control on emission levels. Early 

regulations specify percentage reductions 

of the current emission levels. these 

reductions being achievable by the app'i- 

cation of the most up-to-date technology. 
However. recent regulations. for new sources 

prescribe specified levels of emissions In 

order to maintain a reasonable, healthy 

atmosphere (OECD Reports (1979,1983)). 

1.2 Sources and Control of Combustion 

Generated NOx 

The main origin of combustion-generated NOx 

is nitrogen contained in the two comb. -l1on 

elements, ie air and fuel. The removui 0 

nitrogen from air before combustion is 

impossible and from fuel is impractical. 

The nitrogen fixation is a result of the 

combustion environment, thus, NOx formation 

can be limited through careful combustion 

control. 

It has been recognized that there are three 

important formation mechanisms - thermal, 

prompt and fuel NOx - and each has its own 

characteristics. The understanding of the 

NOx source and formation mechanism will 

determine the appropriate technique to be 

selected for NOx reduction. 

Various general reviews of combustion- 

generated pollution have been published 

recently eg Sawyer (1981), Levy (1982). 

Clarke and Williams (1985). Lawn (1987) and 
Williams (1989). 

The present paper begins with a very brief 

review of NOx formation mechanisms. 
Methods of reduction are described. 

followed by a more detailed review of those 

methods which relate to the present work. 

where control is examined in the context of 

gaseous combustion systems. 

The last part of the paper presents a para- 

metric study of the then"al NO formation 

through the application of the kinetic 

model to a well-stirred reactor system. 

2. FORMATION OF NOx 

The fundamental understanding of the chemi- 

cal and physical processes leading to the 

formation of NOx 1s critical to the tech- 

niques for the minimisation of its 

emissions. 

Three categories of NOx formed in the 
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combustion process have been identified 

according to the source of the nitrogen and 

the chemical kinetics of the NOx formation, 

as shown in Figure 1. 

2.1 Thermal NOx 

The 'thermal NOx' refers to that formed 

from the free N, in the air as it passes 

through the high temperature post-flame 

zone. The formation mechanism being that 

proposed by Zeldovich, (reactions 1,2) and 

further extended to include reaction 3 

(Bowman (1975)). 

-. 

0+Nit - NO+N (1) 

N+0=ß-NO+0 (2) 

N+OH-NO+H. (3) 

The last reaction contribution is mainly at 

rich and near stoichiometric mixtures. In 

most cases the 0 atom concentration is . 
assumed to be that in equilibrium with 0.. 

The main feature of the above reactions is 

their relatively high activation energy, 

thus, they are much slower than the main 

combustion reactions and can be decoupled 

from these, as will be detailed in 

Section 6. 

An approximate formula for the overall 

prediction of thermal NO takes the form 

d[NO] -lox 
dt 

k, (T)eQ exp(-E/RT) 

i.: 
[Os]eq [Na]eQ mole/cm' s. (4) 

Measurements by Newhall and Shahed (1971) 

on H= flames and by Engleman et al (1973) 

on H=, CO and propane flames have shown 

that the rates of formation in the post- 

flame high temperature zone follow this 

reaction rate law. Later measurements as 

reviewed by Sawyer (1981) and shown in 

Figure 2 confirm these results. 

Thermal NOx is the main mechanism for NOx 

generation when burning N-free fuels such 

as natural gas. However, its contribution 
is not significant when combustion zone 

temperatures are less than 1500 K. 

The rate of thermal NOx formation depends 

upon the following three parameters: 

a Flame temperature - which is the 

main factor since NO temperature relation 
is exponential, 

b Oxygen concentration in the post- 
flame zone, and 

c Residence time of gas in high tem- 

perature region. 

The relative importance of these parameters 
in contributing to thermal NOx formation is 

illustrated in Section 6. 

The control of these three parameters is 

the basis of the techniques for thermal NOx 

reduction. 

However, it must be emphasised that the 

local spacial and temporal variations in 

these parameters are as important as the 

mean values, e9 locally fuel-rich or fuel- 

lean pockets could lead to different NOx 

production rates from those derived by mean 

values as discussed by Appleton and Heywood 

(1973). 

2.2 Prompt NOx 

Early workers realised that the thermal 

mechanism failed to predict the observed 
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high formation rate of NOx in the early 

part of some flames especially hydrocarbon 

rich flames (Fenimore (1971). Engleman et 

al (1973)). This led Fenimore (1971) to 

consider other reactions where the 

hydrocarbon fragments attack bimolecular 

nitrogen, producing atomic nitrogen, 

cyanides and amines, which subsequently 

oxidize to nitric oxide. 

CH + Ni ' HCN +N (5) 

C+N='-CN+N. (6) 

The term 'Prompt NO" was used to describe 

NO formed early in combustion. through such 

mechanism. It was found to be of minor 
importance relative to thermal NO for cases 

of lean mixtures and of H, or CO flames. 

The rate of prompt NO formation is not tem- 

perature sensitive and cannot be separated 
from the HC kinetics. Sarofim and Pohl 

(1973) confirmed this and tried to relate 
the prompt NOx formation to a partial equi- 
librium mechanism with overshoot of 0 atoms 
in the flame. Takagi et al (1976) measured 
HC and HCN in flames and related these to 

prompt NOx. 

Measurements of prompt NOx were also made 
by Semerjian and Vranos (1976) in rich 
flames. They found that prompt NOx 

formation was unaffected by the temperature 

fluctuations in the flame. In another 

study it was found that increasing the 

pressure increased the formation of prompt 
NOx (Heberling (1976)). A detailed review 

of prompt NOx formation is given by 

Hayhurst and Vince (1980). 

The contribution from prompt NOx is about 
5 per cent of the total NOx in the case of 

gaseous fuels but is higher in cases of 

liquid and solid fuels, eg Williams 

(1989). 

Reduction of prompt NOx formation could be 

achieved through the reduction of residence 

time in the flame reaction zone and by use 

of lean mixtures. 

2.3 Fuel NOx 

The name 'fuel NOx' refers to NOx from the 

nitrogen-containing compounds in the fuel. 

The chemical reaction mechanisms are more 

complex than thermal NOx and their tempera- 

ture dependence is very weak. 

Several prediction mechanisms for fuel NOx 

are proposed, e9 Fenimore (1972), De Soete 

(1975), Takagi (1976), Roslyakov (1986) and 

Eberius et al (1989). 

The general hypothesis is that the fuel 

nitrogen molecules pyrolise or react to 

form an intermediate nitrogen containing 

species. designated I (HCN or NHi i-0.1, 

2,3). This intermediate can then react 

with an oxygen containing molecule. R. to 

form NO, or with NO or possibly another I 

to form N. 

Fuel nitrogen I (7) 

I+R NO (8) 

I+ (NO or I) -º N, (9) 

The rate of conversion of fuel nitrogen to 

NO decreases with increased fuel nitrogen 

content and is independent of the type of 
fuel, Sawyer (1981). 

This rate is also dependent on the fuel 

equivalence ratio. Tang et al (1981) 

report that maximum conversion rates occur 

for lean mixtures, with equivalence ratios 
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0.6 to 1.0. The measured conversion rates 
diminished for rich mixtures. Hence, 

control of fuel NOx is sometimes based on 
the reduction of oxygen in the primary 

combustion zone - called 'air staging'. 

Fuel NOx is the major contributor in the 

case of solid fuels, which usually contain 
N-compounds. At the other extreme, natural 

gas is relatively free of nitrogen 

compounds thus thermal and prompt NOx are 

the main mechanisms of formation. Liquid 

fuels usually fall between these bounds 

according to their nitrogen content and 

combustion conditions. 

3. ABATEMENT 

In principle, there are three general 

approaches to reducing NOx emissions: 

a Through the prevention of formation 

by combustion control. NOx is the most 

amenable of pollutants to prevention 

through modification of the combustion 

process, especially thermal and prompt 

NOx. 

b Through the promotion of destruction 

after formation by reducing reactions in a 

reburning zone. 

c If more reduction is needed, then 

treatment of the combustion products has to 

be implemented as a last resort. In this 

case, chemicals are injected in the 

combustion gases and reactions may occur 

under catalytic conditions. 

The first two methods have proved 

sufficient in most applications. 

The energy and running costs of 

implementing the above three techniques 

increase in the order they are listed 

above. 

Some of these techniques may reduce 

efficiency, eg lower preheat, water 
injection. In power applications this Is 

important but it could be of no effect in 

process applications if the process 
temperature is already low and thus not 

compromised (Pfeiffer and Altmark (1987)). 

The cost of the implementation of these 

measures is due to 

a The reduction in efficiency or 
loading of the plant, (Thomson and Crow 

(1976)), 

b The initial cost of the extra 
equipment. and 

c The cost of the materials, eg 

chemicals and energy used in the process by 

fans, injectors etc. 

Some cost analysis Is given in the 
Proceedings of the EPRI Joint Symposium on 
Stationary Combustion NOx Control (1982), 

and in OECD Report (1983). 

Other factors should be considered when 

selecting the technique for NOx control 

such as the effect upon the process and on 
the formation and control of other 

pollutants. eg CO, SOx, HC etc. 

The possibility of controlling both SOx and 
NOx simultaneously is under investigation, 
for example, the reduction of both by use 

of ozone (Lozovskii et al (1988) and Anon 
(1989)). 
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3.1 Control of Combustion 

The control of combustion to prevent the 

formation of NOx represents the most prom- 
ising and cost effective of all methods of 
NOx control. The extensive world-wide 

research on NOx formation covering differ- 

ent areas of applications has resulted in 

many practical means for NOx control. 
Table 1 lists the NOx control investi- 

gations reviewed. These are classified, 

according to the technique used and the 

proposed application. The principles of 

operation of these techniques are as 
follows. 

a Lowering the peak combustion tes- 

perature: 

A reduction of combustion peak temperature 

is very effective when dealing with thermal 
NOx but not effective for fuel NOx. 
Techniques leading to this aim include 

i Off-stoichiometric combustion, 
through staged combustion, 

ii Very lean combustion, flame tube 

premixed burner, fibre burner, cyclone 
combustors, 

111 Reduced preheat. 

lv Increased heat transfer in the 

burner zone, 

v Flue gas recirculation, especially 
if the Cases are cooled before recircu- 
lation, and 

vi Water injection into the primary 

combustion zone of a burner, as used in 

industrial turbines and boilers, utilizes 
the latent heat of evaporation of water 

droplets to reduce temperature. This 

method is most effective if water is 

injected exactly where needed, ie in the 

peak temperature zone. 

b Improved burner mixing thus elimin- 

ating temperature variations between lean 

and rich local mixtures. Uniform mixing is 

possible in premixed burners but stability 

and control may suffer. Injection of fuel 

in the shear layer of the air jet produces 

very low NOx with better stability and 

efficiency. eg Andrews et al (1988). 

c Reduction of excess oxygen: Low 

excess air combustion since 0= concen- 
tration is reduced and efficiency is 
increased. as in the case of staged combus- 
tion, both air staging and fuel staging are 
applied. Flue gas recirculation also 
dilutes the mixture and thus reduces 0= 

concentration. 

d Reduction of residence time in the 
flame zone and the peak temperature zone. 

3.2 Destruction of NOx 

By reburning in a second combustion stage, 

preferably using a low or N-free fuel, oil 
or gas. Fuels such as CO, H. and hydro- 

carbons will react with 0. rather than NO 
if both exist but when 0= is completely 
used up they will reduce NO to N,. 

3.3 Flue Gas Treatment 

The processing of combustion products to 

remove NOx is used as a final measure with 
or without the above described methods. 

In the thermal 'ce-NOx' process reducing 

compounds, eg ammonia, urea, ozone etc are 
injected into the flue gases under 
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catalytic or noncatalytic conditions. 
Ammonia and other amines reduce NO in the 

primary combustion products in the presence 

of oxygen within a specified temperature 

range, (980-1370 K) and with certain NH3/NO 

equivalence, eg Muzio et al (1976) claim 
78 per cent reduction at an optimum 
temperature of 1240 K with NH3/NO - 1/1. 

Table I summarises a number of publications 
dealing with various control methods and 
their applications. 

4. NOx IN CONFINED SWIRLING FLAMES 

The review presented in the above sections 
dealt with general aspects of NOx formation 

and control. This section deals with those 

aspects relevant to burner flow and mixing. 

particular emphasis being placed on swirl 

stabilized gaseous flames. 

4.1 Effect of Flow Pattern 

Aerodynamics plays a major role in the 

reactions in the flame since it dictates 

the role and conditions under which active 
species are brought together before the 
kinetics starts to operate. The effects of 
flow will influence 

a NOx concentration. This was found 

to depend on the local conditions early in 

the combustion process, in the developing 

jet in the near burner zone. 

b Mixing effectiveness. This can lead 

to the suppression of NOx production due to 

the uniformity of the mixture, otherwise 
fuel-rich and fuel-lean pockets will exist 
causing higher local NOx production. 

c Length scale. NOx formation was 
found to have a length scale dependence 

(Peters and Donnerhack (1981)). Those 

workers, studying diffusion flames, 

correlated this effect with Reynolds number 

and Froude number. NOx formation has also 
been related to flame stretch in a flat 

laminar flame (Hahn and Wendt (1981)). 

d Residence time. The residence time 

of the combustion products in the various 

zones can only be controlled through the 

flow parameters. 

e The total NOx production. This is 

related to the integrated producton by the 

flow and not by the local concentrations in 

the various zones. Thus, in order to 

establish the total mass of pollutants in 

the combustor, it is essential to consider 
the pollutant mass flow profiles as 
illustrated by Sadakata and Beer (1976) and 
Claypole and Syred (1981)). 

4.2 Effect of Swirl 

The application of swirl to the combustion 

air can have a major influence on NOx 

production which is dependent upon the 
local temperature and mixing rates in the 

near burner zone. In general, increased 

swirl will produce the following effects. 

a Increased entrainment of cooled 

combustion products and thereby less 

thermal NOx, due to lower temperature and 
0, concentration. 

b Increased local oxygen availability 

and thereby more thermal and fuel NOx. 

c Increased combustion intensity and 
thus higher temperature and more thermal 

NOx. 

The= effects have been reported by various 
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investigators. Some of these studies are 
briefly sumoarised below. 

i Owen et al (1976) studied the effect 

of swirl, fuel/air velocity ratio and pres- 

sure on the formation of pollutions from a 

combustor. They indicated the effect of 
these parameters on NOx formation and they 

also illustrated how small fluctuations in 

these flow parameters can cause large-scale 

fluctuations in the resulting NOx. 

ii Oven et al (1978) discussed the 
influence of swirl on combustion and NOx 

formation in the light of flame quenching 
due to the rapid dilution and cooling of 
the reacting inner jet flow by mixing with 
the outer flow. 

III The influence of the level of swirl 

on the aerodynamics and NOx emissions was 

also studied by Claypole and Syred (1981). 

The effect of higher central flow recircu- 
lation is to reduce NOx emission. This 

reduction is a result of better mixing 

prior to combustion and the reduced flame 

peak temperature. The better mixing also 
tends to eliminate local imbalances of 
reactants. These imbalances produce local 
fuel-rich regions leading to more prompt 
NOx. The recirculation zone, despite 

elevated temperature did not appear to play 
a major role in the formation of NOx. 

The last two investigations reported some 
NO reacting to produce NO= in the combustor 

although the measured levels may have been 

enhanced by probe reactions. 

iv Similar effects of the flow pattern 

were also reported by Sadakata and Beer 

(1976) where NOx formation in a swirling 
flame was measured. They reported some NOx 

destruction in the central recirculating 
flow. 

4.3 Effects of Fuel Injection Modes 

a The effect of the mode of fuel 

injection on NOx formation has been studied 
by Ahmad NT et al (1985). Andrews et al 
(1988) and Al-Shaikhly and Andrews (1989) 

in gas turbine combustor configurations. 
The main findings support the theory of 
improved mixing when fuel is injected in 

the shear layer of the air flow - wall 
injection and radial injection being 

superior to central injection. These 

systems, when used with swirl flow, also 

utilise the centrifugal force in improving 

the mixing. The high mixing rates led to 

near premixed conditions producing minimum 
NOx, together with improved efficiency and 
turn down. 

b Gupta et al (1975) studied the 

effect of fuel injection mode and burner 

geometry on NOx formation from natural gas 

swirling flames. Their results indicate 

that higher recirculation of burnt gases 
led to less NOx due to the lower tempera- 
ture of the combustion zone. It was also 
shown that tangential fuel entry produced 
less NOx than axial/radial injection. 

c Markowski et al (1976) have reported 
50 per cent reduction of NOx by using a 
'premix-prevail' swirl burner in a gas 
turbine system. The inherent instability 

of swirling flows was exploited to enhance 
the premixing process and to stir the 

reacting species thus approaching a lean 

premixed process. 

d On the other hand, by effectively 

producing slow mixing low NOx could be 
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achieved, as this acts as a system staged. 

This was implemented in the burner of 

Suzuki et al (1982) where fuel was injected 

at an angle to the axis of the air stream. 

A soft flame was formed and the temperature 

of the flame became more uniform with lower 

maximum temperature and oxygen 

concentration. 

Abassi and Fleming (1988) used the same 

principle in tests in a glass furnace. 

even without swirl (Beltagul et al 

(1988)). 

It is thus proposed to carry out a series 

of measurements of the local NOx formation 

in flames of the above types. The pro- 

gramme will cover three different modes of 

natural gas injection: 

a Central/axial fuel injection, 

b Central/radial fuel injection, and 

e Stratified combustion produces lower 

NOx where two combustion regions are dis- 

tinguishable. one in the primary air, the 

other associated with the secondary air. 

Meyer and Mauss (1973) illustrated this 

effect on a spray combustion system where 

the fuel was injected into a primary 

swirling air stream. surrounded by a non- 

swirling secondary stream. Low levels of 

NOx (50 p. p. m. ) were obtained at an optimum 

swirl number of 0.93 even when using a fuel 

with 0.01 per cent nitrogen. It was also 

shown that flue gas recirculation could be 

used to reduce NOx even further. 

5. THE PROPOSED PROGRAMME 

c Peripheral/axial fuel injection. 

For each mode, the effect of the swirl- 
burner aerodynamics on NOx formation will 

be studied. Comparisons should provide the 

information needed to optimise both the 

fuel injection mode and swirl to achieve 

the best suppression of NOx formation. 

HTFS also requires data from the proposed 

measurements to develop and validate 

computer models for prediction of NOx form- 

ation. This will be carried out by incor- 

porating the thermal NOx model in a tested 

flow and combustion program. 

The literature reviewed above reveals that 

use of a system employing both centrifugal 

and shear-layer mixing significantly 
inhibits NOx formation. Earlier work at 

Glasgow University by Beltagui and 

Maccallum (1988) has shown that such an 

aerodynamic configuration can be achieved 

through the peripheral injection of fuel in 

a swirl burner. Radial fuel injection, as 

currently employed in the NEL furnace 

programme of aerodynamic and heat-transfer 

measurements, can also produce good shear- 

layer mixing. This latter method has the 

merit of stabilising the flame through 

promotion of a central recirculation zone 

6. THERMAL NOx MODELLING 

In the application being presently con- 

sidered. the NOx formation is mainly 

attributed to the thermal mechanism. 
Therefore, in this section the appropriate 

reaction rate equations are presented. 
Calculations are made for NOx production 
for a well-stirred reactor system. The 

results illustrate the relative effects of 

the main parameters, namely, flame tempera- 

ture, oxygen concentration and residence 
time. 
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6.1 Model Inputs 

The thermal NOx modelling equations (1). 

(2). and (3), as mentioned in Section 2, 

are well established and understood. 

However, their application even using a 

simplified overall equation (4), requires 

two sets of information. 

The first set includes the rate constants 

of the reaction equations. Predictions are 

particularly sensitive to the value of the 

rate constant for the reaction (1). The 

uncertainty in determining these rate 

constants is large and recent measurements 
have demonstrated the need for more accu- 

rate determination of these constants. The 

most recently accepted value for kl as 

measured by Monat et al (1978) is about 2.2 

times the values used for the previous 
decade (Bowman (1975)). 

The second set covers the local values of 
the flow conditions, the most critical 
being temperature and concentration of the 

main species. The determination of these 

values requires the solution of the momen- 
tum, heat- and mass-transfer equations, 
together with the chemical reaction 

equations for the main species (Caretto 

(1976)). 

The flow pattern also has to be determined. 

The early modellers, see Table 2, applied 

simplifying assumptions for the flow, eg 

well-stirred reactor. Recently, however, 

more advanced programs for solving the flow 

equations have become available, such as 
TUFC (Sykes and Wilkes (1983)), PCOC 

(Stopford (1989)), PHOENICS (Rosten and 
Spalding (1987)), FLUENT (Visser et al 
(1987)) and FLOW3D (Burns et al (1988)). 

Because of the high sensitivity of thermal 

NOx to temperature, it is essential that 

the predictions of temperature from the 

flow model are carefully validated. 

On the other hand, chemical species concen- 

tration calculations can be performed at 

different levels of complexity, starting 

with a very fast kinetics model (mixed-is- 

burned) then one or two equation models 

and. most recently, a full set of detailed 

kinetics, as described by Maas and Warnatz 

(1989). 

While the closure of these two sets of 

equations, ie flow and chemistry. is 

possible, it may prove prohibitively 

expensive for cases of industrial interest. 

so some compromises may have to be made. 

A two-step approach has been adopted by 

Pericleous et al (1988) to model the forma- 

tion of NOx in a combustion system with 

swirling flow and fuel injected either 
tangentially or axially. The first step 
involves the main exothermal reaction of 

methane in air which 1s considered to be 

mixing controlled and the second involves 

the solution of the Zeldovich reaction 

scheme for the generation of NOx. The 

results demonstrate the potential of these 

models to predict quantitatively the 

effects of burner geometry on the flame 

structure and, consequently, on NOx 

emission. The same approach has been 

adopted by Kudryavtsev (1988) for jet flow 

in order to model the combustion of gaseous 
fuel in a steam boiler furnace. Modelling 

studies of the effect of peripheral fuel 

injection on NOx formation were also 

reported by Sabo et al (1988), indicating 

NOx levels of about 50 per cent of those 

from equivalent central injection systems. 
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6.2 The Proposed Model 

6.2.1 Combustion calculations 

As indicated above. gas conditions required 

for the calculation of thermal NOx include 

temperature and species concentrations. 
The values of these quantities were 

calculated for methane combustion in a 

well-stirred reactor assuming a global 

one-step reaction given by the 

stoichiometry equation 

"CxHY + 
(x 

+ 41(08 + 3.76N2) 

C0xCO, +CZH, 0 + (1 - Z)OCxHy + 

+ (1 - CO)Ix +4 0= + 3.76Ix +ä Na (10) 

where 0 is the equivalence ratio and C is 

the degree of combustion. 

Equilibrium conditions were assumed using a 
dissociation factor as given by Fairweather 

(1985) to calculate the adiabatic flame 

temperature. 

The actual flame temperature was then 

calculated after making allowance for 

radiative heat transfer, with radiation 

parameters approximating to the NEL furnace 

conditions. Results are compared with 

adiabatic temperatures in Figure 3a. This 

was carried out to compare NOx formation 

under adiabatic and heat-transfer 

conditions. 

6.2.2 NOx model 

The formulation of the model described here 

was based on the following assumptions: 

thermal and strongly dependent on 

temperature. 

b NO formation rate is much slower 
than the hydrocarbon reaction rate and that 

most of NO is formed after the hydrocarbon 

reactions reach equilibrium. 

C The calculation of NO (nitric oxide) 
is sufficient for determining NOx. NO= 

(nitrogen dioxide) may also form in the 

furnace. However, the total NOx (NO + NO1) 

is not affected by the amount of NOS formed 
(Toof (1986)). 

Thermal NO was calculated via the extended 
Zeldovich mechanism reactions 1,2 and 3. 

Additional reactions involving NO formation 

from N=0 are sometimes considered but 

usually account for less than 1 per cent of 
the NOx formed thus they are not included 

here. 

The general NO formation production 

equation will have the form 

d[NO] 
. 2k1I0][N: ] dt 

11- [NO]'/K[0=][N=] 

1+k,, [NO]/(k, [01] + k3(OH]) 
(11) 

where K 

At this stage for lean mixtures the contri- 
bution of reaction 3 can be neglected. 
Assuming steady-state concentrations of N 

and H atoms, the rate of NO formation could 
be approximated by 

d[NO] 
. 2k1[0]eq[N2]eq (12) 

where 

a NO formation when firing lean and 

near-stoichiometric gaseous fuels is mainly 
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k, - 1.82 x 10'" 

exp [-38 370/T] cm'/mole. s 

(Monat et al (1978). 

Assuming 0/02 equilibrium, then (0) concen-- 

tration is given by 

t": 
(0]eq "(Ko/(RT)s'2)[0=]eq (13) 

where 

1": I'S 

K, - 3.6 x 103 exp(-31 090/T) (atm) 

Substituting these rate constants in 

equation (12), the final NO production- 

rate equation becomes 

d[NO] 
. 1.44 x 101'T-11' exp(-69 460/T) 

dt 

[0=]t " [N, ] (mole/cm's). (14) 

6.2.3 Model results 

Using the above simplified analysis, values 

of NO formed under various input conditions 

of equivalence ratio and degree of combus- 

tion are calculated. These simple model 

predictions are used to illustrate the 

relative contribution of input conditions 

to thermal NO production. In all cases the 

fuel is methane and the inlet air and fuel 

temperatures are 300 K. 

Figure 3b shows the effect of heat transfer 

on NO formation at constant degree of com- 

bustion C of 0.95. Flame temperature 

values in all the subsequent figures are 

those in which heat transfer is 

considered. 

Both Figures 3b and 4 illustrate the strong 

dependence of thermal NO on flame tempera- 

ture. 

To examine the effect of the degree of com- 

bustion on NO formation, the results are 

shown in Figure 5 for C values of 0.80, 

0.85 and 0.95. It is obvious that at a 

given value of the equivalence ratio, the 

increase in the degree of combustion 

results in a hig; ier flame temperature and 

hence higher NO formation. 

Figure 6 shows that NO formation is not as 

sensitive to 0= concentration as it is to 

flame temperature. Despite the decay of 0= 

concentration with the increase of equiv- 

alence ratio. NO continues to increase 

exponentially with the flame temperature. 

Finally. the effect of residence time on NO 

formation is illustrated in Figure 7. It 

is clear that reduction in residence time 

of gas in the high temperature region 

reduces NO formation. 

7. SUMMARY AND CONCLUSIONS 

Nitrogen oxides are generated in combustion 

systems either by fixation of atmospheric 

nitrogen, through thermal and prompt mech- 

anisms or by conversion from N-containing 

compounds in fuel. Nitrogen oxides are 

products of the combustion environment and 
their control should start with the modifi- 

cation of the combustion to prevent their 

formation. The next level of control 
involves the destruction of formed NOx in a 

reburning or second stage zone. If neither 

method achieves adequate reduction, treat- 

ment of combustion products through cat- 

alytic reduction or other methods has to be 

undertaken. Alternative techniques based 

on the above principles are reviewed with 
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particular emphasis on those based on com- 
bustion control for prevention of NOx 

formation. 

In most gaseous combustion systems the 

major contributor to the overall NOx 

emission is thermal NOx. Methods of 
thermal NOx control are principally based 

on the reduction of one or more of the 

following flame parameters; temperature, 

excess oxygen concentration and residence 
time in the post-flame zone. The present 

review illustrates that the aim of NOx 

reduction can be achieved through the 

careful control of the aerodynamics and 

mixing in the near-burner zone. 

An experimental program has been proposed 

which will focus on the effects of swirl 

and fuel injection modes on NOx formation 

in natural gas flames in a cylindrical 
furnace. 
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TABLE 1 

REVIEW OF NOx EMISSION CONTROL METHODS 

Investigators Techniques Applications 

EPRI 1982 NOx Symp. Review of all techniques and applications Utility, process. 
OECD NOx Control for Review of techniques Utility, process. 
Stationary Sources, 

1983 

Breen et al, 1971 General review Utility 
Sawyer, 1981 General review Utility 

Lefebvre, 1975 General review Gas turbine 
Foster, 1974 General review Furnaces 

Ahmad, N. T. et al, 1985 Burner controlled mixing, Gas turbine 
Andrews et al, 1988 shear layer fuel injection, Process 
Al-Shaikly et al, 1989 both axial and radial 

Markoski et al, 1976 Premix-prevap swirl burner Gas turbine 
Gupta et al, 1975 Fuel injection control Process 

burner geometry and swirl 
Suzuki et al, 1982 Controlled slow mixing, low temperature, Steel 

internal FGR processing 
Pfeiffer and Altmark. Low temperature premixed radiant tube Process, gas turbine. 
1987 burner small boiler 
Mirzaie and Syred, 1989 Cyclone low temp. very lean combustion Process, low CV fuels 
Schefer and Sawyer, 1976 Lean combustion opposed jet system Gas turbine 
Meier and Volleron, 1976 High swirl with FGR Domestic boilers 

Barnes et al, 1988 Radiant burner Domestic heating 

Hadvig et al, 1988 Fibre burner Boiler 
Ritz et al, 1989 Reburn with NH3 mixed with fuel Boilers 
Mulholland and Hall, 1987 Reburn with gas or oil fuel Packaged boiler 
Hunter et al, 1978 Combustion modification, review Various processes 
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TABLEI (contd) 

Investigators Techniques Applications 

Siddiqui et al, 1976 Review of techniques Fired heaters 

Nutcher, 1984 Review of air and fuel staging and FGR Fired heaters 

Destefano, 1985 NH3 injection - Glass furnace 

Abassi et al. 1988 Low excess air and slow mixing Glass furnace 

Tsirul'nikov et al. 1986 Low excess air, FGR and steam injection Utility 

Meyer and Mauss, 1973 Stratified combustion, swirl and FGR Fundamental 

Abdalla et al, 1989 Stratified. well-stirred reactor Fundamental 

Oven et al, 1979 Stratified swirl burner Fundamental 

Waibel and Nickeson, 1986 Fuel and air staging with FGR Process refinery 

Yamagushi et al. 1975 Air staging Boiler 

Kotler and Imankulav, Air staging, swirl Utility 

1986 

Hirai et al, 1987 Air staging, swirl Boiler, process 
Sadakata et al, 1981 Air staging, preheat Model 

Knill, 1987 Review of fuel staging, pf. Utility 

Smart and Weber. 1988 Internal air staging and precombustor Utility 

Flament and Bury, 1989 Fuel staging, central and peripheral Boilers 

injection 

Brown et al, 1973 FGR Boiler 

Sigal et al, 1986 FGR Utility 

Godridge, 1986 FGR Utility 

Lukoshyavichyvs et al Water spraying Utility 

1986 

Novoselov et al, 1986. Reduction of NOx and SOx by ozone Utility 

Lozovskil, 1988 and 
Simachev et al, 1988 

Skorik et al, 1986 Ammonia injection Utility 
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TABLE2 

REVIEW OF NOx MODELLING WORK 

INVESTIGATORS 
N0: 

Mechanism 
Hydrocarbon 

I 

Kinetics 
Flow 

Modeling Remarks 

e)Fletcher and Heywood. 1971. 
b)Fletcher, 1973 

a) Thermal 
b) Thermal 

a) Equilibrium 
b) 2-step reaction 

a) 1. D. U 
b) 2. D. U 

a) Fluctuations 
b) Premixed 

Appleton and Heywood. 1973. Thermal & Fuel l. D. M Fluctuations 

Fletcher, 1973 Thermal Equilibrium W. S. R Fluctuations 

Engleman at al, 1973 Thermal Semi-detailed W. S. R premixed 

Shaw, 1973 Thermal & Prompt Equilibrium W. S. R 

Kretschmer and Odgers. 1973 Thermal 1-step reaction W. S. R 

Tuttle at a1,1976 Thermal Emperical W. S. R 

Rubins and Marchionna, 1976. Thermal Equilibrium Multiple W. S. R 

Mizutani and Katsuki, 1976 Thermal 1-step reaction 2. D. U 

Mellor and Washam. 1979, 
Mellor, 1980. Thermal W. S. R 

Lewis 1981 Thermal Equilibrium W. S. R 

Sadakata et 0,1981 Thermal Equilibrium S. D. M Air staging 

Peters and Donnerhack. 1981 Thermal Equilibrium 2. D. M Boundary layer 

Touchton. 1984. Thermal Equilibrium Multiple W. S. R steam injection 

Ahmed T et at. 1965 Thermal 1-step reaction 2. D. M 

Toot, 1986 Thermalprompt 
and fuel 

Equilibrium 

Sabo et al . 1988 Thermal & Fuel Equilibrium/1-step 3. D. H Cenral/peripheral 
injection 

Pericleous et a1.1988 Thermal 1-step + turbulence 3. D. M Central/peripheral 
injection 

Kudryavtsev & Volkoy. 1988 Thermal 1-step + turbulence 2. D. M Boundary layer 

I D. M - One Dimensional Model. 
Z. D. L - Two 
JD. M- Three 
W.. S. R - Well stirred Reactor. 
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SYNOPSIS Given the need for aircraft gas turbines to be able to accelerate and decelerate rapidly, the Paper explains 
the importance of computational procedures which can predict the transient behaviour. The early procedures were 
inadequate in predicting 'real engine' behaviour. The paper describes 'thermal effects' which are now incorporated in the 
prediction method. These developments are demonstrated on a typical two-spool turbofan, and the earlier 'real engine' 
anomalies can now be predicted with good accuracy. Developments of fuel control systems are discussed briefly. 

NOTATION 

C3 , C3 , C3 0 C4 coefficients defined in Eqns. 7,8 
Cp specific heat of air/gas at constant 

pressure 
f ratio of heat transfer to air/gas to work 

transfer from air/gas in element of 
compressor or turbine 

f fuel flow rate 
g blade staggered spacing 
h blade length 
m polytropic index of non-adiabatic path 
m air/gas mass now rate 
n polytropic index of adiabatic path 
N shaft rotational speed 
14 'N dot' - rate of change of shaft 

rotational speed 
P pressure 
R compressor pressure ratio at surge 
T temperature 
U blade tip speed 
V air/gas velocity 

air/gas angle 
isentropic index 

S tip clearance 
non-dimensional clearance (S/h) 
small-stage efficiency 

p air/gas density 
cp flow coefficient (Vax/U) 
yr blade loading coefficient 

2CDAt 
p U= 

Subscripts 

ad adiabatic 
ax axial 
b blade 
ht with heat transfer 
H H. P. 
m mean, mean temperature of air 
pc polytropic in compressor 
pt polytropic in turbine 
24 inlet to I. P. compressor 
26 inlet to H. P. compressor 

3 exit from H. P. compressor 

1. INTRODUCTION 

Gas turbines are extensively used for the propulsion of 
aircraft. It is essential that these engines can be 
accelerated from idling speed to maximum speed, and vice 
versa, in as short times as possible. The two situations 
which must be avoided during these transient movements 
are (I) encountering surge in a compressor and (ii) 
allowing gases at excessive temperature to enter the 
turbine. It is the first of these situations that is the more 
difficult to avoid. Surge occurs when a compressor is 
forced to operate at too high a pressure ratio for that 
value of non-dimensional rotational speed. Thus the 
possibility of encountering surge can be eased by matching 
of the components of the engine (compressor, turbine and 
final nozzle for a single-spool engine) so that the 
steady-running line lies well below the surge line. On the 
other hand, the engine, when at its design condition, must 
operate at a high pressure ratio in order to achieve good 
cycle efficiency and hence good fuel economy. It is thus 
essential, when designing an engine, that the transient 
behaviour, such as compressor pressure ratio excursions, is 
well understood. Ideally, an accurate transient prediction 
procedure should be used. 

The purpose of this Paper is to summarise the 
development of transient prediction procedures, indicating 
the shortcomings of early procedures and explaining how 
these shortcomings have been overcome. Finally, this Paper 
indicates how the use of these improved transient 
prediction methods can suggest new engine control 
strategies. 

2. PREDICTION OF TRANSIENT PERFORMANCE - 
ADIABATIC PROCEDURE 

The two methods most commonly used to predict the 
transient behaviour of gas turbines are the 'Continuity of 
Mass Flow' method and the 'Inter-Component Volume' 
method. 

2.1 'Continui of Mass Flow' (CMF' Method 

In this method it is assumed that at any given instant the 
mass flow out of the engine matches with the mass flow 
into it, allowances having been made for bleeds and fuel 
flow. The calculation starts with a guessed pressure ratio, 
or mass flow, at the first compressor or fan. This then 
leads to a set of conditions at entry to the next 
component. The calculation, with further guesses where 
necessary, proceeds through the engine. The mass flow at 
the turbine(s) and nozzle must be consistent with the 
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non-dimensional characteristics of these components. Tests 
at these locations will cause iterations in which the initial 
guesses of pressure ratio(s) or mass flow(s) are revised 
until continuity of mass flow is achieved. Energy balances 
are now carried out on the shaft(s) of the engine and 
instantaneous acceleration rate(s) determined. The procedure 
of Newton is then adopted in which it is assumed that 
this acceleration will continue throughout the next time 
interval. This gives new shaft speed(s) which form the 
starting point for the calculation procedure at the next 
instant. 

The number of iterative loops (frequently nested) 
which are required depends on the complexity of the 
engine. For example, for a single-spool engine operating in 
a range where the turbine is not choked, only one iterative 
loop is required. By contrast, five iterative loops may be 
required for a two-spool turbofan with mixed exhausts. 
Further description of the CMF method is given in Ref. 
(1), where it is referred to as the 'Iterative' method. 

Difficulties have been experienced (2) in achieving 
convergence of this procedure when simulating the more 
complex configurations. However the method has the 
advantage of requiring significantly less computing time 
that the alternative, the 'Inter-Component Volume' method. 
Also, the initial guesses need not be accurate because no 
results emerge until the iterations have converged on the 
true pressure ratios etc. The weakness of the procedure 
obviously is that no allowance is made for the 
accumulation of air, or gas, mass during the transient 
within the components and ducts of the engine. 

2.2 Inter-Component Volume' (ICV) Method 
In this method, allowance is made for the accumulation of 
mass within the components and ducts. The procedure 
requires an initial estimate of the pressure distribution 
along the engine at the conditions corresponding to the 
start of the transient. Inter-component volumes are 
identified which include an appropriate proportion of the 
preceding component and an appropriate proportion of the 
next component. The initially provided pressure distribution 
will give mass flows into, and out of, these 
inter-component volumes. In general, these mass flows will 
not match, thus air/gas mass will accumulate, or diminish, 
and the pressure in that volume will rise or fall during 
the subsequent time interval. This new pressure distribution 
forms the starting point for the calculation at the next 
time instant. Further description of this procedure is given 
in Ref. (1). The calculation is essentially a straight-through 
procedure with no iterations. In practice some iteration 
may be required in order to achieve the correct working 
point on the characteristics of the first turbine. Because of 
the small values of the inter-component volumes compared 
to the large magnitudes of the air/gas mass flow rates, 
very short time intervals have to be used otherwise 
instabilities occur. Thus computing times are significantly 
longer than for the CMF method described previously. 
Also, poor initial values for the pressure distribution in the 
engine will lead to erroneous results for the first number 
of time intervals. This can be overcome by having a 
'stabilisation' period prior to the transient. 

2.3 Fuel Control 

In the Introduction it was indicated that, during transients, 
excursions of a compressor pressure ratio into surge must 
be avoided. This limitation is achieved by a fuel control 
system. 

For many engines, the engine behaves as though it 
were 'non-dimensional' over much of its working range. 
Therefore some fuel control systems have been developed 
in which the fuel flow, in non-dimensional form, is made 
a function of some engine non-dimensional parameter. One 

system that has been applied, for example, to some 
two-spool turbofan engines is of the form: - 

fP 
.... 

(1) fn [PIG] 
... NH Ps6 

Typical acceleration and deceleration schedules of this type 
are illustrated in Figure 1. 

In practice, when the power lever angle is moved 
rapidly to accelerate, or decelerate, an engine, the fuel 
now does not change instantaneously from the 
steady-running value to the value defined by the 
acceleration, or deceleration schedule. Instead there is a 
gradual change which may extend over a period of about 
0.5 second. This has been simulated, in the prediction 
work described in the Paper, by 'ramping' the fuel flow 
from the steady-running to the transient schedule value 
over a finite time span. A time span of 0.5 second has 
been used in the present work. 

2.4 Comparison of Predictions of CMF and ICV Methods 

The first published comparison of the predictions of these 
two methods was by Fawke and Saravanamuttoo (1). They 
found little difference in the predictions, when applied to a 
single-spool engine, except in the first fractions of a 
second, in reponse to a step change in fuel flow, the ICV 
method predicting a more gradual movement of the 
compressor pressure ratio. 

In a recent study (3), in this case of a two-spool 
turbofan engine with mixed exhausts, the first of the 
present authors found that the predictions by the two 
methods of speed change and thrust response were in fair 
agreement, the responses predicted by the ICV method 
being about 4 per cent slower. For the transient 
trajectories in the compressors, the two predictions in the 
fan and Intermediate Pressure (I. P. ) Compressor were very 
similar. However in the High Pressure (H. P. ) Compressor, 
the trajectory predicted by the ICV method during the first 
one or so seconds of a rapid transient moves less from 
the steady-running line than does that predicted by the 
CMF method. 

The predictions given by the ICV method are of 
course the more accurate because this procedure includes 
an effect - mass accumulation - ignored in the CMF 
method. However, as mentioned earlier, the latter method 
requires significantly less computing time, which may be 
important when real-time simulation is required. 

2.5 General Comments on Predictions 
The comments given below are based on the predictions 
of the ICV method, which is taken as the reference 
prediction method. As discussed above, the predictions 
from the CMF method are in general agreement with those 
from the ICV method, with the exception of magnitude of 
trajectory displacement in the H. P. compressor only, as 
described. 

Considering first a single-spool engine, it is predicted 
for an acceleration that the transient 'trajectory' in the 
compressor will run at pressure ratios higher than the 
steady-running values. Simple study of the sequence of 
events will confirm that this movement of the trajectory is 
to be expected - the higher fuel flow will raise the 
temperature of the gases at inlet to the turbine, but the 
non-dimensional flow capacity of the turbine will still be 
roughly the same so the pressure at inlet to the turbine 
has to rise, hence the compressor pressure ratio has to 
rise. In a deceleration the transient trajectory in the 
compressor drops below the steady-running line. 

For multi-spool engines, the trajectory in the H. P. 
compressor follows the same behaviour as that in the 
compressor of the single-spool engine described above. The 
directions of the trajectory movements in the Low Pressure 
(L. P. ) and I. P. compressors of multi-spool engines depend 
on a number of factors such as the relative inertias of the 
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shafts, whether any of the compressors have variable 
geometry such as Inlet Guide Vanes, and finally the 
engine configuration- turbojet, bypass with mixed exhaust, 
or bypass with separate exhaust nozzles. The predicted 
acceleration thrust response of a typical two-spool turbofan 
with mixed exhaust is shown in Figure 2, the prediction 
in this case being marked 'Adiabatic'. The engine was 
using the control system having the acceleration schedule 
illustrated in Figure 1 with the ramped fuel increase over 
0.5 second at the start of the transient. The predicted 
trajectories in the I. P. and H. P. compressors are shown in 
Figures 3 and 4 respectively, again marked 'Adiabatic'. 

2.6 
In practice there are some significant discrepancies between 
the predictions given by the above methods and the 
performance of actual engines. Three of these cases are 
cited here. 

Firstly, it has been observed (4,5) that the time 
taken for an engine to complete a speed transient can be 
20 to 30 per cent longer than that predicted by the 
methods described in Paragraphs 2.1 and 2.2. 

Secondly, when the speed transient has been 
completed in an acceleration, the thrust developed may still 
be significantly below that which is developed when the 
conditions in the engine are fully stabilised. For example, 
it has been observed for a typical single-spool engine (6) 
that the thrust at the conclusion of the speed transient was 
1.5 to 2 per cent below the stabilised value. 

Thirdly, it has frequently been observed that, when 
engines are re-accelerated immediately following a rapid 
deceleration - the 'Bodie' transient, surge in a compressor 
is more likely to occur than when accelerating a 'cold' 
engine at equivalent conditions. Some quantitative data on 
this occurrence has recently been obtained by Crawford 
and Burwell (7). 

It is obvious that the simple prediction procedures 
described in Paragraphs 2.1 and 2.2 are not capable of 
explaining these real engine results. 

Studies of 'thermal effects' (4 to 6 and 8 to 19) 
have been made, resulting in quantitative relationships 
which can be included in the above general engine 
transient programs. The introduction of these allowances 
for 'thermal effects' goes much of the way towards 
explaining the above mentioned real engine results. These 
'thermal effects', and their modelling, are described in the 
next Section. 

3. THERMAL EFFECTS 

The 'thermal effects' which are considered to be relevant 
are: 
(i) Heat absorption in fans, compressors and turbines. 
(ii) Heat absorption in combustion chambers. 
(iii) Changes in characteristics of compressors due to heat 

transfer (excluding tip clearance effects). 
(iv Changes in efficiencies of compressors and turbines 

due to tip clearances not being stabilised values. 
(v) Air flows through seals differing from design 

proportions due to seal clearances during the transient 
differing from design stabilised values. 

(vi) Delay in the response of the combustion process. 

3.1 Heat Absorption in Fans. Compressors and Turbines 

In adiabatic flow in a fan or compressor, elemental 
changes in temperature and pressure are related by the 
small-stage or polytropic efficiency, type: 

CP dT =-L vdP . (2) 
P 

3 

This leads to the relation between the index of 
compression, n, and the isentropic index, yy. 

n-1 
_1 

"y-1 ý3ý 
n TpC Y 

If the flow is not adiabatic, due to heat transfer between 
the air and the compressor materials during the transient, 
the above equations are modified to: 

Cp dT = (1 - OL vdT . (4) 
T1pc 

and m-I=I-fI (5) 
m tlpC Y 

where f is the ratio of the heat transfer to the air in an 
element to the work transfer from the air in that element. 
Symbol m represents the index of this non-adiabatic, 
polytropic compression. It is assumed that the ratio, f, is 
constant along the compressor. 

The equivalent final relation for non-adiabatic 
polytropic expansion In a turbine is: 

mm_ (1 - f)llpt YY1 
. (6) 

The ratio, f, can be quite significant and can rise, 
numerically, to 0.2 in a compressor and 0.35 in a turbine 
in the sea level transients of a two-spool engine described 
later in this paper. 

3.2 Heat Absorption in Combustion Chamber 
In a transient there will be heat tranfers between the 
materials which form the combustion chamber flame tube 
and casing and the air/gas which is passing through the 
chamber. In the early stages of a transient these can 
represent significant fractions of the changes in fuel flow. 
A procedure for quantifying this effect is given in Ref. 
(19). 

3.3 Changes in Characteristics of Compressors 

During a transient there are several effects taking place in 
a compressor which will alter the overall characteristics. 

Firstly, the heat transfer will change the density at 
subsequent stages, thus altering the ratio of axial velocity 
to blade speed in these later stages. This therefore changes 
the matching between stages and changes the overall 
pressure rise that will be achieved at the particular 
non-dimensional inlet mass flow (9,11,14). 

A second effect is that the boundary layers of the 
flows over the aerofoils may be altered. For example, heat 
transfer from the suction surface of a blade to the air, as 
occurs during a deceleration, will cause a more rapid 
thickening of the boundary layer, and may lead to earlier 
separation (10). 

A third effect is that heat transfer at the end-walls 
i. e. at the casings and hubs, will alter the development of 
the end-wall boundary layers, and thus the pressure rise 
capability of the stages. 

The impact of the above effects on the overall 
characteristics of a compressor have been investigated (14). 
A typical change in an H. P. compressor characteristic at 
an instant in an acceleration of an initially 'cold' engine 
is shown in Figure 5. It is seen that the constant speed 
characteristic is moved to what is effectively a higher 
value, and also the surge pressure ratio - at a mass flow 
- is raised. These effects can be quantified (12,17) by 
the following relationship for change in effective speed: 

A_C Tb - Tair 
+CQ7 N Tair thCpTm 

() 
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and for the revised surge pressure ratio, the relationship: 
Rh` -1=I+c, f-c, °ýs) 

. (8) Rad -Ig 

For the H. P. compressor of the typical two-spool turbofan 
the coefficients C, , C2. C, and C, have been predicted 
(17) to have the values - 0.1, - 0.1,0.36 amd 1.1 
respectively. 

3.4 Tit? Clearance Changes and Effect on Efficiency 

Tip clearance changes in general depend on both radial 
and axial growths (or contractions) during the transient. At 
this stage only radial growths have been modelled (16). A 
brief summary is now given of how that model was 
developed. More complete details are given in the original 
Paper and Ref. (15). 

Tip clearance movements depend on the growths of 
discs, blades and casing. Considering first the disc, this 
was considered to be represented by the following -a 
massive hub, a comparatively thin diaphragm and then an 
outer rim to which the blade is attached. The hub and 
diaphragm temperatures are controlled primarily by air 
drawn from an appropriate stage in a compressor. The 
'rim' temperature follows the influences of both the 
internal air and the external gas flow. Appropriate heat 
transfer correlations are used for all surfaces. Disc tip 
expansions were then calculated, assuming that the 
interfaces were not allowed to move apart. This disc tip 
expansion was then compared with the predictions of a 
finite element analysis of the complete disc, considered as 
a unity. It was found that the movements predicted by the 
simplified model had to be scaled up by a factor of 1.3 
to align them with the predictions of the finite element 
analysis. Centrifugal growth has also been allowed for. The 
expansions of the blades are more easily calculated, the 
procedure being able to cater for cooled blades. Lastly 
casing expansions were found, the casing temperature 
responding to the temperature of the internal gas flow and 
to the temperature of external flows such as air in the 
by-pass duct. 

To illustrate results that are obtained from this 
procedure, as incorporated in an engine transient program, 
predicted movements for the components of a characteristic 
stage in the H. P. compressor of a two-spool turbofan are 
given in Figure 6, the transient in this case being a rapid 
acceleration at sea level of an initially 'cold' engine. It is 
seen that during the speed transient, which lasts about 10 
seconds, there is only slight thermal growth of the disc 
itself - about 10 per cent of the total thermal growth 
between the starting speeds and the stabilised conditions at 
the final fuel flow. The averaged time constant of the disc 
response is about 15 seconds at the end of the speed 
transient. The characteristic blade on the other hand shows 
comparatively rapid thermal response, with a final time 
constant of about 1.0 second. The casing shows a response 
intermediate between these extremes, with a final time 
constant of about 5 seconds. The combination of these 
thermal growths, plus disc centrifugal growth, gives the tip 
clearance movement, which reduces in the speed transient 
primarily due to centrifugal growth. During the speed 
transient the tip clearances are tighter than stabilised values 
by up to 0.1 mm. 

The prediction shows that tip clearances during the 
transient will, in general, differ from the stabilised values 
that applied when the set of efficiency values for the 
component in question was determined. Consequently 
adjustments to efficiencies are required. The relationship of Lakshminarayana (20) is used to establish the efficiency losses due to the clearances in both the datum and 
transient cases. The change in efficiency which arises during the transient is then obtained by difference. For 
reference, Lakshminarayana's relationship is: - 

en 0.7XW 1+ 10 I 
(PXA , 

. (9) 
cos Wcos m 

For the case illustrated in Figure 6, the tightening of the 
tip clearance of 0.1 mm is estimated to be worth an 
improvement in compressor efficiency of about 0.6 per 
cent. 

3.5 Seal Clearance Chances 

The methods and model used for tip clearance radial 
movements can be adapted to predict radial movements at 
seals. In the present Paper a two-spool turbofan engine is 
used as the basis for illustrations. For this engine, the 
seals which are regarded as being most important are an 
outer seal at the final stage of the H. P. compressor and a 
seal on the H. P. 1 Turbine Disc. The models for these 
seals have been included in the final program which is 
used to predict the transient performance of the engine. 

3.6 Combustion Delay 

It has been suggested that there may be delay between an 
alteration in fuel flow and the subsequent change in the 
effective rate at which heat is released in the combustion 
chambers. However it has been found by Saravanamuttoo 
(21) that the delay is significant only in engines using 
vapourising burners. The two-spool turbofan used as 
illustration in the present work has pressure jet burners, so 
in this case no delays of this type are expected. 

4. PREDICTIONS OF TRANSIENT PERFORMANCE 
WHEN ACCOUNTING FOR THERMAL EFFECTS 

The transient programs (CMF and ICV) described in 
Section 2 have been extended to include the models of 
the various thermal effects indicated in Section 3. The 
resulting predictions for two transients are illustrated here, 
these transients being firstly, an acceleration of a 'cold' 
engine and secondly, a deceleration from maximum speed 
immediately followed by a re-acceleration (the 'Bodie' 
transient), both transients being at sea level, with flight 
Mach Number 0.2. The engine used for the illustration is 
the two-spool turbofan with mixed exhausts, already 
referred to. Only the predictions from the ICV method are 
shown. 

4.1 Predictions for Acceleration of 'Cold' Engine 

The predicted thrust response is given in Figure 2, marked 
'With Thermal Effects'. It is seen that the predicted time 
for the completion of the major portion of the thrust 
increase is now some 2 to 2.5 seconds longer than has 
been predicted using the simple 'adiabatic' procedures 
(Section 2). The major contributions to this delay, 
indicated by the procedure adopted, are - heat absorption 
in the combustion chamber metal, higher tip clearances in 
the H. P. turbine and increased clearance in the seal on the 
cooling air at the H. P. 1 Turbine Disc. Heat absorptions in 
the H. P. compressor and in the H. P. and L. P. turbines 
also contribute, although to lesser extents. 

It is also to be noted that at the completion of the 
speed transient and when the fuel flow is at its final 
value - say at 14 seconds after the start of the transient - 
the thrust developed is some 2.3 per cent below its final 
value. This is primarily due to heat absorptions in the 
compressors and turbines. 

Considering now the trajectories predicted in the fan 
and compressors, the predicted transient operating points in 
the fan tie very close to the steady-running states and so 
little further comment is required for that component. 
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In the I. P. compressor the predicted trajectory during 
the acceleration (Figure 3) lies below the steady-running 
line. This is primarily due to the relatively low inertia of 
the H. P. shaft, compared to the L. P. shaft and to the 
variable inlet guide vanes on the H. P. compressor which, 
in their turning range, allow a considerable increase in 
non-dimensional mass flow for a relatively small increase 
in non-dimensional speed. The predicted trajectory in the 
I. P. compressor is hardly affected by the inclusion of the 
thermal effects. 

In the H. P. compressor the predicted trajectory in the 
acceleration (Figure 4) rises above the steady-running line 

- as discussed in Paragraph 2.4 However the inclusion of 
the 'thermal effects' in the prediction procedure gives a 
much reduced departure from steady-running, now about 60 
per cent in the critical region, of that predicted by the 
adiabatic procedure. The most significant factors causing 
this reduction in excursion are the heat absorption in the 
H. P. compressor, and resulting change in characteristics, 
plus heat absorption in the combustion chambers. The 
revised surge line, as altered by the heat transfer effects 
(Equation 8), is also indicated. 

4.2 

The procedures have also been used to predict the 
performance during a typical transient of this type, again 
using the two-spool turbofan, with fuel schedule as in 
Figure 1, as illustration. After the thrust drop in the 
deceleration, the thrust increase in the re-acceleration was 
found to be more rapid than that for a 'cold' engine 
accelerating from the same speeds, and indeed more rapid 
than predicted by the adiabatic procedure. The more rapid 
response is due to the summation of virtually all the 
effects - the heat already stored in the components, and 
clearances being closer to design condition values. 

With regard to the trajectories in the compressors, 
that in the I. P. compressor (Figure 7) moves upwards from 
the steady-running line, and towards surge during the 
deceleration - this being the inverse of the situation in the 
acceleration, discussed previously. When the re-acceleration 
takes place the trajectory moves downwards to follow very 
closely the trajectory that had been predicted for the 
acceleration of the 'cold' engine. In both the deceleration 
and re-acceleration, allowing for heat transfer has little 
effect on the trajectory, as compared with the 'adiabiatic' 
trajectory. The only noticeable effect, apart from the 
lowering of the LP shaft speed at the turning point, is a 
slight easing of the trajectory at the start of the 
deceleration, mainly due to heat being released from the 
combustion chamber material. 

In the H. P. compressor (Figure 8), during the 
deceleration the trajectory drops below the steady-running 
line. However heat transfer effects, particularly the heat 
transfer and change of characteristics in the H. P. 
compressor, tend to move the path back towards, and over 
the steady-running line. When the re-acceleration then takes 
place the trajectory moves significantly above the predicted 
accelerating trajectory for the 'cold' engine. Also the surge 
line is lowered for the first part of the re-acceleration. 
Surge in this re-acceleration of the 'hot' engine is forecast 
for this particular example, whereas the acceleration of the 
'cold' engine is predicted to be well clear of surge 
(Figure 4). 

5 DEVELOPMENTS TO FUEL CONTROL SYSTEM 

It is seen from the above that the control system 
described in Paragraph 2.3 does not allow consistent 
utilisation of surge margin. One means that has been 
proposed of rectifying this is to compensate the controller, 
introducing a multiplying factor to the fuel fow - this 
factor being determined by the engine's preceding history. 
For example, the factor could be a function of a 
component's temperature e. g. a disc's temperature, or a 
function of a 'delayed' shaft speed (22). 

Another method of achieving consistent surge margin 
utilisation, is to use a controller which ensures that the 
engine accelerates, or decelerates, at predetermined rates - 
the N dot (or N) controller - the acceleration being some 
function of shaft speed. Achieving a consistent acceleration 
rate ensures a more consistent trajectory in the 
compressor(s), provided of course that the compressor(s) 
and turbine(s) are not deteriorating. 

6. CONCLUSIONS 

The predictions from the common transient computational 
procedures - Continuity of Mass Flow (CMF) and 
Intercomponent Volume (ICV) - have been compared for a 
two-spool turbofan engine. There is a general similarity in 
the predictions, but some differences did appear - the 
CMF method predicts a thrust response which is about 4 
per cent more rapid and also a more severe trajectory 
excursion in the H. P. compressor during those portions of 
transients where rapid changes are occurring. The 
predictions of the ICV method are the more valid, as 
air/gas packing is now accounted for. 

The use of these procedures, and assuming adiabatic 
flow, however fails to predict some important features of 
'real engine' performance - slower than predicted speed 
and thrust response (discrepancy typically 25 per cent), 
low thrust when speed transient has been completed and 
tendency to surge when re-accelerating a 'hot' engine. 
When models for thermal effects are included in the 
prediction procedure, it is demonstrated that these apparent 
anomalies in 'real engine' behaviour can now be accurately 
predicted. The thermal models which have been introduced 
are described. 
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Improving Dynamic Response of a Single-Spool Gas 
Turbine Engine Using a Nonlinear Contoller 

0. F. 01, N. R. L. MACCALLUM and P. J. GAWTHROP 

Department of Mechanical Engineering 
University of Glasgow 

Glasgow G12 800 
U. K. 

Abstract: This paper describes the design of a closed-loop nonlinear con 
troller to improve the dynamic response of a single-spool gas turbine engine 
'The nonlinear controller is obtained by scheduling the gains of multivari- 
able compensators as a function of engine non-dimensional shaft speed 'l'he 

compensators, whose outputs are fuel flow and nozzle area, are designed us- 
ing optimal control theory based on a set of linear models generated from 

a nonlinear engine simulation. Investigations are also made into develop- 
ing simple algorithms to obtain an analytical expression for the compressor 
given its characteristic. The detailed process of developing a nonlinear sin - 
ulation model for the engine is also described. The open-loop fuel controller 
is studied using the digital simulation. 

NOMENCLATURE 
a, b� r, = parameters for the polynomials 
Ab = compressor bleed valve area 
A, = final nozzle area. 
co = specific heat. 
F = engine thrust. 
J = shaft inertia. 
mf = fuel flow. 
Ma = engine flight Mach number. 
N = engine shaft speed. 
P = pre---,: re. 
s = Laplace transform. 
7' = temperature. 
uo = flight speed 
us = exit speed. 
V = intercomponent, volume size. 
W = power 

y = isentropic index 
71 = isentropic efficiency 

SUBSCRIPT 
(I = total 1jooa property 

1.2,3,1,5 = engine station number 
amb = ambient conditions. 
cris = nozzle critical condition. 
r= compressor 

n= nozzle 
t= turbine. 
is = isentropic 

ss = steady-state cal u. 

1 INTRODUCTION 
The control designers of modern aircraft Kru Iurbine engi t "s use- a can t 

of sensors and actual. ers in Irantiie nt and sIr'a iyslate op. 'r rtt"n, ("Ix"Iral 
designs have relied on hydrome"c}tantcal fuel cool roll. t e., a tipr. "d gove"rm, r 
for gross transient response with nton" sophisticated control aruon u.. rd 
in steady-state regulation and trine The use of a mult. teart ill ' c. nf rn, I 

system in gam turbine engines allows an integrated control ; atom tee tne-t 
steady-state and transient performance rv"(atrentents. It tins is possibly 
to apply optimal control theory to the design of a closed loop nouline"ar 
control systern intended for operation ovor the entire pow, r rang, "Iln" 

advantages of this control system are 1) 11 df and Hall ( 1976), 

" Enhanced performance from cr . '-enuple"el - titroI, 

" NIaximuut use of euginr variable ge'utne"try 

"A systematic design procedure that can he applied eilicientl) 

2 MODELING APPROACH 
The method of modeling that allows greater insight Into th, cIynanur 1- 
havior of a gas turhinr engine is hawed upon the rharacte"rot cs fr ea(h 

of the engine con., )onents. A Ras turbine engine comprises it number ., f 

components such as compressors and turbines, and the" bc"li; tvfor -f ea"li 
of these is well understood '1 he interaction, between th, co ilp , m' its ar. " 
fixed by the physical layout of the e"ngtur 'thus, for it gilt . 'ngili. if 

all component characteristics and the engine layout an known, Own th. " 
gas turbine engine is prrctsrl}' de linrcl and its (Iviia nc lo'}i t or can h, 

expressed mathematically f"awke" and ti; erxýannntutt , (1971 ) 

2.1 MODELING TILE COMPRESSOR 
1'he performance of the cornprescor in a gas turbine eng lie is very mil-r 
tart, (specially during transients In thr past, Ihr steadv-state rh, rr: rrl, "r 
ist es have Lern used to trn, J, I this r inpuni"nl tut cornput, 'r III1111.111 11 
therefor, tnw, lv, s calrulattng Ili, macs Ih, w ,rI, rrssur, ruh, - 1, ý sit i�uo 
lute rpolat. tom techniques_ It is , Irsirallr I , I, "vrlup algontluns t, ý et l. l' au 
Anal yt ical exprr. stun tu hr ubt; unrd given 0w ruutp ress"r ch, rre trust is 
Unlortunetcly, rrlativrly little work has been done in this regard. In Ihrs 

section, two simple algorithms are proposed Ihr first is specific Iu the 

riesent application, acid the other is useful lo r theoretical modeling. 

Presented at the International Gas Turbine and Aeroengine Conpress and Exposition 
Cologne, Germany June 1 . 4,1992 



2.1.1 USING THE POLYNOMIAL CURVE FITI1NG 

The direct approach is to fit a polynomial to the given characteristic. 
Examining the shape of a typical compressor characteristic, it is clear that 
a second order polynomial will be adequate to describe this set of curves. 
Suppose the pressure ratio can be related to the non-dimensional mass 
flow as: 

_=aIz2+a, r+a3 (1) 

and the coefficients a,. i=1.2.3 are further assumed to be a second order 
polynomial of non-dimensional speed: 

a, = bijy2 + bs, v + bat (2) 

Substituting eqn. 2 into eqn. 1, a general nonlinear polynomial, relating 
pressure ratio to non-dimensional mass flow and shaft speed, can expressed 
as: 

"= c1z2 Ya+cyz2y+c3ry2+c4z2+cay'+c6zy+c7r+cey+e9 (3) 

where z stands for non-dimensional mass flow, y for non-dimensional shaft 
speed, and z for pressure ratio. The coefficients c; in the equation 3 are ob- 
tained from a, and b,. By using the nonlinear least-squares fitting method, 
the coefficients c, can be determined. The fitting result is shown in Fig. 1. 

I 

fo 
{ 
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46f 10 12 t. 

N. W-nal mrs Oar 

Figure 1: CHARACTERISTIC FITTING USING THE POLYNOMINAL 

2.1.2 USING AN ODD GENERIC POLYNOMIAL 
An odd-polynomial compressor characteristic is defined by the function Harris and Spang (1991); 

L113 
aýrl _1-2,3 rsn3+1 (4) 

where z and n are the scaled non-dimensional mass flow and speed re- spectively. All such functions have the same value at r=1. as shown in Fig. 2 
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This unique feature of the equation 4 aids in obtaining the compressor 
characteristic by dynamic scaling. At each non-dimensional speed, the 

values of pressure ratio and non-dimensional mass flow are scaled from 

the reference surge values. The reference scaling value (the surge point) 
changes as the compressor speed is varied. 

The resultant map is shown in Fig 3. There is no significant physical 
meaning for the region. where at a speed, the non-dimensional mass flow 

is less than the surge line value. 
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Figure 3: THE CHARACTERISTIC GENERATED USING ODD- 
POLYNOMIAL 

2.2 THERMODYNAMIC MODEL OF THE ENGINE 

Using the above approach to modeling the compressor (Fig.! ), a nonlinear 
simulation model could be developed for the engine (Fig. 4). 

The modeling procedure using the intercomponent volume method 
Eveker and Nett (1991) is described in this section. 

Component A is the inlet. In this component, it is assumed that flow 
is adiabatic. Using an isentropic efficiency to account for the pressure loss, 
the conditions at the inlet to the compressor can be calculated using the 
following equations: 

Tm = T. m6(1 +7I Mali) (5) 

T01,, = Tam-' + Qi, (Toi - Tam6) (6) 

Toi., 
r-i/ti Pot = Pem6() (' ) 

Tem6 

Component B is the compressor. It is modeled empirically using the 
fitted polynomial. which gives the non-dimensional mass flow across the 
compressor: 

ri4VTO' 
=Fe(J , pos, Poi, Toi) (8) 

Poi 
The total temperature rise is found by using the isentropic efficiency factor 

q, in the following manner: 

To? =Tol(1+ 
1(( Po1)'-1/'-1)) 

(9) 
*k Poi 

2 

Figure 4: SINGLE-SPOOL ENGINE 



Component C is a volume representing the volume of the compressor 
Alus combustor. Here it is assumed that the flow is adiabatic and the flow 
Properties are spatially uniform. The discretized continuity equation 
combined with the isentropic relation results in: 

Pos=- 
02(me-rni-me+m; 

) (10) 
at 

Component D is the compressor bleed valve. In this engine, a bleed 
Ive at compressor exit has been introduced. It is modeled with an em- 

irical orifice relation which gives: 

2Pemý 
ºýº6 _- A+ 

RT. mº(Po2 
- P,,,, º) (11) 

Component E is the combustor. In the combustor, the total pressure 
is assumed to be a fixed percentage of its inlet pressure P02, which 

ivee 
Pos = ke.., Po2 (12) 

he total tempo räLÜ e`riseis given by the steady-state energy equation in 
be combustor: ._. 

T03 = T02 + ?f hfQf (13) (me +mf- mº)CD 

Component F is the turbine. It is modeled empirically with the steady- 
ate turbine performance map, which gives the nondimensional mass flow 

roes the turbine, thus: 

The 
P03 

T( 
Pa) 

(14) 

he total temperature drop is found by using the isentropic efficiency 
fäctor YpT in the following manner: 

T04 = To3(1 - 9e(( O4 )'-cl'7 - 1)) (15) 
Pos 

Component G is the volume of the turbine plus nozzle. As in the case 
the volume C, the exit total pressure P04 is modeled using the dynamic 
uation as; 

d 
dtP04 =y 04(me-m) (16) 

Component H is the propulsion nozzle. Here it is assumed that the 
is adiabatic. By using an isentropie efficiency factor to account for 

aº loci, the algebraic continuity equation can be put into the form: 

rie^ Vr4 us AP Ps T04 
(17) 

P4 04 R Po4 Ts 

here 
U5 

4= 

V2c, 
%(l - (po4)7 1/, ) (18) 

d 
T. 

=1 -nß(1 - (PS )ý-tý7) (19) 7a P04 
he precedin; equations hold only if the nozzle is not choked. If the nozzle 
choked, i. e. Pos/Po4 < P,.,, /Po4, then: 

in�V us A. Pr. rr T04 
(20) P04 TO R Po4 7e1rr 

here 
P=ýr 

=(1- 
1 (-1))'h-t (21) P04 qn i +I 

d 
Ti,.., 2 

(22) T04 7+1 

US lyR 
(23) 

04 
_7+1 

ng the momentum equation applied to the entire engine and ignoring 
unsteady terms which are negligible compared to the momentum flux 

an estimate of thrust of the engine is calculated: 

F= moos - »kuo + Ap(Ps - Pam6) (21) 

Component I is the compressor/turbine spool. This dynamic equation 
comes from a power balance on the spool which gives: 

JNd± N= IV, - IV, (25) 

where 11'. = m, ep(T02 - Toi) and M= ºn1e (To3 - To4)" The governing 
equation is therefore 

JNd N=moca(Tos-Ta)-ºmcev(Toz-Toi) (26) 

An information flow diagram for the model described above is given in 
Fig. 5, which shows where the parameters and inputs enter into the model 
structure. 
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Figure 5: INFORMATION FLOW DIAGRAM FOR SINGLE-SPOOL 
ENGINE 

3 OPEN-LOOP FUEL CONTROLLER 
When using the open-loop fuel controller, it has been a common practice 
to meter fuel flow to the engine as a function of compressor pressure ratio. 
In this method, the fuel at a fixed compressor pressure ratio will change 
with the engine inlet condition. As a result, acceleration rate will vary as 

.a function of the inlet condition. 
This could be avoided by scheduling fuel non-dimensionally during 

transients. Therefore, the open-loop fuel group usually incorporates in- 
let pressure and temperature, the nondimensional fuel flow group becomes 
m1/(Pt ). 

Using such a group will involve the measurement of inlet temperature 
which is generally slow in response compared with the measurements of 
speed and pressure. A alternative non-dimensional parameter could be 
obtained by dividing the group above by non-dimensional speed N/, 
which gives 

-f /N_ (27) 
Pty PIN 

In the common open-loop controller, using the fuel group of this form, 
only shaft speed and inlet pressure need to be measured, and is made a 
function of the compressor pressure ratio. 

4 GENERATING LINEAR MODELS 
Before linearising the nonlinear model, it is necessary to normalize the 
nonlinear engine model. The nonlinear model includes the physical units 
of the performance variables and scaling of their physical units is necessary 
to make their interactions easier to compare and understand. For this 
single-spool engine, the physical maximum limits of the variables, shown 
in table 1, were used as scaling values. 
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Variable Scaling value Physical unit 
N 8193.80 rpm 
A 1005.70 KN/m2 
T3 1250.80 K 
P4 315.780 KN/m2 
F 59243.0 N 

in1 1.40000 kg/a 
A 0.32000 m2 

Table 1: Scaling values for the single-spool turbojet engine 

4.1 LINEARISING THE NONLINEAR MODEL 

Suppose a gas turbine engine can be represented by the following nonlinear 
differential and algebraic equations. 

i= F(z, u) 
v= G(z, u) (28) 

In deriving linear models, we assume that functions F and G are continuous 
and differentiable. If the system described by equation 29 is in a steady 
state condition, i. e., constant input u� producing constant state a� and 
constant output y,,, then the combination (u,,, r,,, y�) satisfies: 

0= F(s,,, u,. ) 

Y,. = C(z. nu., 
) (29) 

The point (u,,, m.,, y,. ) is termed an equilibrium operating point of the 
ges turbine engine. Perturbating the control input with 6u results in state 
and output perturbation 6z and 6y, respectively and control input, state 
and output become u=u,. + 6u, x= ¢� + br and y= y� + 6y, and the 
equation 29 follows: 

i� + bi a F(z., + 6:, u� + 6u) 

y�+6y = G(s�+br, u�+6u) (30) 

Because of the continuity requirements imposed on the functions of F and 
G, equation 31 can be expanded in a Taylor series about the point (u.., 
z.. ). Ignoring the higher order items and noting i.. =0y.. = G(z.., u,. ), 
we obtain; 

bi = Abz + Bbu 
by = Cbz + Dbu (31) 

The constant matrices A, B, C, D have the dimensions of nxn, nxm, rxn, 
rxm respectively and are given by; 

A 
8Ft 

B_ 
8Fi 

C_ 
8Ct 

D= 
8Ci 

i=1,2, ..., n. r. zj ui ri uj 
(32) 

This equation approximates the dynamic behavior of the nonlinear gas 
turbine engine in a small region about the operating point (u = u,,, x= 

Rema k1: Linear models of a gas turbine engine can be generated 
in many ways, e. g. numerically from the nonlinear simulation, or directly 
from engine test data. A common method is to utilize a nonlinear hybrid 
or digital engine simulation. This procedure is computationally efficient; 
but often, linearised behavior is dependent on the perturbation size. 

Remark 2: Linear models generated numerically do not contain the 
most convenient parameterization of dynamics and sometime contain far 
too complex a description to be practically utilized for control design. It is 
likely that a design model including engine, actuator and sensor dynamics 
could be a high order system. In this case, model reduction will be the 
first important step to establish an effectively simple model which includes 
only elements important to the desired control function. 

4.2 COMPARING LINEAR, NONLINEAR MODEL 
After nine linear models have been obtained, it is necessary to compare 
their performance with those of the nonlinear model. Time-domain simu- 
lation has been conducted in which linear and nonlinear model are subject 
to a series of the equal step change in fuel flow. The results for operating 
point 1 are shown in Fig. 18. It is shown that linear models have approxi- 
mately the same dynamics as the nonlinear model at most of the operating 
points. 

5 NONLINEAR CONTROLLER DESIGN 
The nonlinear control synthesis procedure derived here is based on lin- 

earising the engine nonlinear model at a set of closely-spaced steady-state 
operating points and applying the linear optimization method to the linear 

models. The nonlinear control problem is thereby reduced to a series of 
linear control problems. This permits the use of established analytical and 
numerical methods associated with linear optimal control theory. At each 
operating point, an optimal linear feedback controller is generated by min- 
imizing a quadratic performance criterion. Weighting factors within each 
performance criterion enable the control designer to satisfy performance 
specifications by trading off system response against control actuation rate. 
Nonlinear feedback control is then constructed by combining the series of 
linear controllers into a single nonlinear controller whose feedback gains 
vary with states. 

5.1 CHOICE OF CONTROLS AND OUTPUTS 

The nonlinear model for this engine has four states. In order to improve 
the dynamic response. the final nozzle area is used as control input as 
well ac fuel now. 

5.2 LINEAR QUADRATIC REGULATOR(LQG) 
Given a linearised model corresponding to a engine operating point, the 
standard linear optimal design technique can be used to determine full 
state feedback gains by minimizing a quadratic performance index Bryson 
and Ho (1969); 

J=2f 
ý(bzTQ6r 

+ 6uT R6u)dt (33) 
0 

and solving the corresponding Riccati equation; 

ATP+PA+PBR'1BTP-Q=0 (34) 

The state feedback gains are; 

Zu = -R-1 BT P6s (35) 

To satisfy the steady state performance, the control actuation rates are 
introduced by augmenting the linearised model with m integrators 

. 
Fig-6 

depicts the resultant structure. It should be noted that 6 has been omitted 
in the Figures. 

The augmented system equation becomes; 

6i = Abz + Bbu 

bit = bw 

by = Cbr + D6u (36) 

Note that the order of the overall system i. e. the system whose input 
is 6uß and output is by. is n+m. The original control variable 6u, which 
is now the output of integrators, becomes a state vector. The vector 6uß 
is the new mx1 control vector, and 6i = [bxbu]T is the new (n+m)xl 
state variables. The overall perturbational system is then given by; 

6i = eibi+Bbw 
by = Cbs (37) 

The matrices A. B and C are (!, +m)x(n+m), (n+m)xm. and px(n+m) 
and can be partitioned into; 
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A=[A 0] B={ 
] 

C=(C D] (38) 

Applying f. QG to the augmented model and minimizing the quadratic 
pcrformancc index leads to the state feedback gains; 

bw = -Kbz =[ Klo K12 II 
bu J (39) 

The resultant control structure is shown in Fig`. 7. The gain matrix M 
has been added to the closed-loop system to permit the consideration of 
command inputs br and an equation defining M will be derived later. This 

standard linear optimal control structure may not guarantee the output 
by tracking the commanded input br despite the addition of m integrators 
to the linearised system equation. This is because the control commands 
there are not generated by the integral of the error between the desired 

and the actual output Athans, et al (1986). 

Figure 7: LQG DESIGN FOR THE AUGMENTED LINEARISED 
MODEL 

5.3 OPTIMAL INTEGRAL CONTROL 
An integral control structure drives a dynamic system to its proper state 
using control commands derived by integrating the errors between the 
desired and actual output Szuch et al (1977), Rosenblad (1990). Conse- 

quently, an optimal integral controller is an improvement over standard 
linear optimal control because it ensures zero steady-state errors even in 
the presence of plant parameter variations. Given an optimal feedback 

gain K, it is possible to derive an equivalent optimal integral control struc- 
ture to eliminate steady-state error. The desired structure is shown in 
Fig. 8. 

a6z(s) = Abz(s) + Dbu(s) (42) 
6z(a) = Eby(a) = EC6z(a) + EDbu(s) (43) 

s6u(s) = H6r(s) - (HEC + LA)6z(s) - (HED + LB)6u(s) (44) 

From the Fig. 8; 

sbU = Mbr(s) - 1i116u(s) - K126x(a) (45) 

For any command 6r, it is desired that the control modes in Fig. 7 and 8 

yield identical state and control variable time responses. This equivalence 
is accomplished by equating the 6z, 6u and 6r coefficients on the right 
hand sides of the above two equations, leading to; 

Kli=HED+LB K =HEC+LA, M=11 (46) 

Liven the system matrices A, B, C, D and the optimal feedback gain matrix 
K, the above equation provides an explicit means for uniquely determining 

the integral control gain matrix II, L. If the system matrices A, B, C, D are 
perfectly known and H, L and M are determined from the above equations, 
then the responses of these systems in Fig. 7 and 8 to arbitrary command 
input will be identical. Unlike the standard control mode in Fig. 7, however, 
the integral controller assures terns steady-state output errors even when 
unknown parameter variations occur in the system equations. 

6 NONLINEAR CONTROL SYNTHESIS 
The optimal linear control synthesis method described in the preceding 
section is carried out at all the steady-state operating points, and as the 
result, a series of optimal incremental feedback controls 6u can be obtained. 
The gain matrix 11 and L are computed using the resultant state feedback 
gain K (Hackney, Miller and Small (1978)). 

The weighting matrices Q and R in the present study are selected as: 

lo o000 
0 10 000 1 

Q= 00100 R=[01J (47) 
10 0 010 

00001 

for all the linear optimal compensator designs. Selection of weighting 
matrices Q and R in this way, along with the continuity requirement im- 
posed upon F and C assure that the optimal feedback gains 11 and L vary 
smoothly from one operating point to another. 

Since a operating point is defined by the state r, H and L become 
functions of z , 

i. e., 11 = 11(z) and L= L(s). These matrices may be 

converted to continuous functions of z using any of several interpolation 

schemes. With 11 and L continuous functions of state, it is possible to 
develop a relationship defining a nonlinear optimal control u(t). 

From the Fig. 8, the optimal incremental control is defined by: 

dU(s) = L(x)dz(s) +e If(z)(r(s) - z(s)) (48) 

Figure 8: OPTIMAL INTEGRAL CONTROL STRUCTURE 
Because there are m independent control variables, the steady-state 

values of m outputs can be specified independently if p: > m. Hence br is an 
m vector. With no loss of generality, the p components of the output vector 
by can be ordered such that the steady-state values of first m components 
are is desired to be specified. If a partitioned matrix E is defined as 
E= [I 0] and 6z = Eby, then 6z is mxI measured output vector, and 
thus required to track the command 6r. The desired integral matrix H and 
L are yet to be determined. Note that the original feedback gain matrix K 
has mx(n+m) known elements. while the integral control gain matrices H, 
L have a combined total m2 + mit unknown elements, the integral control 
gains will be established by deriving an explicit relationship between the 
mx(n+m) H, L unknowns and mx(n+m) K knowns. It is clear from Fig. 8 
that the following equations hold: 

6u(s) . 
! 

11(6r(s) - 6: (s)) - L6r(s) (40) 

sbu(s) - H(6r(s) - 6: (s)) - sLbs(s) (41) 

The optimal control u(t) can now be obtained from the path integral: 

u(i) = u(0) + 
(t) f modu (49) f. U(0) 

U(O) + 
. (0 

L(z)dz + H(z)(dr(r) - dz(r))dr s(t) 1040-80) 

By definition, the gain matrix II(x) is a function of x alone, i. e, it is in- 

dependent of r and z, hence I1(x) can be removed from the first integration, 

resulting in: 

x(t) t r(r)-. (t) 

u(t) = u(0) + L(x)dx +r H(x) 
r (dr(r) - dz(r))dr (50) J(O) 

Jo Jr(o)-s(o) 

r: (t) j 
u(t) = u(0) +J L(z)dz +J H(z)(r(r) - z(r))dr (51) 

r(o) oe 
The above equations make use of the fact that r(O) = z(O) for a system 

controlled by the integral mode and initially in a steady state condition, 
In the computer implementation, each entry in the H and L is scheduled 

as a function of speed; for example, 11(1,1) is; 
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H(1,1) = hCzp(-at " N) + f3ezp(-a, " N) (52) 

and the scheduling result is shown in Fig. 9 

I 

u 

or 0.7628 

äf os as 0.7 as 09 
Na" m x. W speed % 

Figure 9: VARIATION OF 11(1,1) W171i NON-DIMENSIONAL SPEED 

7 SIMULATION RESULTS 
In this section, we present the simulation results based on the open-loop 
fuel controller and the multivariable nonlinear controller. 

Simulations shown in Fig. 10 through 12 show that the pressures and 
shaft speed responses are much faster than that of the open-loop fuel 

controller. This is due to the fact that nozzle area has been opened at the 
start of the transient, while allowing more fuel flow to be injected to achieve 
fast response. The variations of fuel flow and final nozzle area are shown 
in Fig. 13 and 14. It can be seen that for the open-loop fuel controller, 
the final nozzle area is fixed while in the nonlinear controller, this area is 

modulated with fuel flow. The gain of thrust response is shown in Fig. 15 
where 95% of rated thrust response is achieved in about 5 second while for 
the open-loop fuel controller, this time is about 7 second. In the Fig. 16, the 
turbine inlet temperature response is shown to be improved significantly. 
There is no overshoot of the nominal design value and the initial jump 
in this temperature contributes greatly to the fast response in the shaft 
speed and engine thrust. Fig. 17 indicates that the transient trajectory 
with nonlinear controller make more use of low speed surge margin than 
the open-loop fuel controller, increasing the overfueling capacity of the 
engine. In the high speed range, this trajectory lay well below that of 
the open-loop fuel controller, therefore avoiding the turbine temperature 
overshoot. 
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8 CONCLUSIONS 
In this paper, the work into modeling and control of a single-spool gas 
turbine engine has been described. The algorithms proposed for approxi- 
mating a compressor enable an analytical expression to be obtained, there- 
fore the simulation time step can be increased. Simulations have shown 
that a multivariable nonlinear controller could greatly improve the en- 
gine dynamic response. The results of this application demonstrate that 
the design tool is valid and the design method provides a systematic way 
for synthesizing a multivariable nonlinear controller. The selection of the 
weighting matrices is specific to the present study. Using non-dimensional 
speed as a scheduling variable is based on our understanding that this slow- 
changing variable will guarantee the stability of the nonlinear controller. 
These will need further study. Since the nonlinear controller is obtained 
based on the linear design method, it can not directly provide optimal 
performance for large perturbation transients of a nonlinear system. 
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The study focused on a burner "spstem where the fuel was 
injected around the outer periphery of thy swirled air jet. This 
type of burner has advantages in achieving better mixing and 
rapid combustion. 

Measurements of the velocity/ componenents and static 
pressure were made in the furnace, of cgnfinement. ratio D/d 
2.5, under both. combusting and isothermal. conditions. In the 
combusting case. temperatures and species concentrations were 
also measured. 

The 6ef bct of äxial flow acceleration, caused by 
combustion on. the observed flow patterns, was a weakening1or 
-even cancellation' of the central reverse flow zone. For a given 
swirler, " combustion Jed " to a significant . increase ihf the 
measured axial momfttum flux (dynamic component), a small 
ilfcrease in the tangential momentum flux and thus a reduction 
In the fumisce swirl. number, S`; based on these momentum 
fluxes. This furnace swirl number. S', was successful in 
correlating these changes in flow pattern. 

If 40 . 
1. INTRODUCTION 

In swirling flames the aerodynamics of the near burner region 
play a major role in controlling 'the mixing and combustion 
patterns. The stuäy of this flow in furnaces is. very complex 
and expensive, 

The now patterns can be determined either from physical 
model tests or analytical models e. g. - based on computational 
Sold dynamics (CFD). Cyb model predictions of furnace 
flow and heat transfe still need validation. The validation 
process is *speeded if done in steps starting with isothermal 
non-reacting flow. Physical models, designed to specific 'scaling 
criteria, ace often used to obtain data which can be correlated 
to the actual system. The formulation of the scaling criteria is 
based on experimental data from model and prototype systems. 

Measurements taken from these physical models can also 
be used to assess the validity. of the CFD solutions. Presently 
a combination of scaled physical models and CFD models is 
believed to be the optimum design procedure [1.2]. The 
success of such modelling, accelerates the process of furnace 
system design to meet different operating and environmental 
requirements. 

Considering the physical models, comparisons of 
isothermal and combusting swirling flows have been reported 
for free expanding flows [e. g. 3-51. However, few published' 
studies cover confined flows. One of these studies describes 
the case of premixed flames in furnaces having D/d values of 
5 and 2.5 [6,7]. The case of a highly confined flow, D/d = 
1.13. non-premixed and with a central-fuel gun is reported in 
tefecence [8]. Previous investigations of non-premixed flames 
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have covered the conventional systems when: the fuel is 
injected ttavugh' a central fuel-gun. The subject of the present 
paper is the extension of these comparisons to a system 
having a peripheral fuel-injection burner. 

Combtistion systems -frequently use swirl to aid mixing 
an4 possibly, recirculation to ensure flame stability. Several 
forms of non-dimensional Swirl Numbers have been used to 
establish appropriate physical models. The paper includes an 
assessment of the alternative definitions of swirl number 
(7-111, and -a tiethod of relating the combusting flow swirl 
number to the isothermal flow value. 

2 PERIPHERAL, FUEL-Ui CTION BURNER STUDIES 

In most practical combustion systems the mixing of the fuel 
and air is achiCved in the early pa4 of the combustion 
system. Non-premix bums vary in the method of injecting 
the fuel into the' air stream to achieve efficient and stable 
combustion. Many conventional burner flows consist of two 
concentric jets. the inner for fuel and the outer for air. 
Mixing and consequently combustion take place at the shear 
layer between the two jets. Swirling the air is often applied to 
enhance the mixing and help stabilise the flame by 
recirculating some hot combustion products at the centre of the 
flow. To create this central reverse flow, however, requires 
high degrees -of swirl. The supply air pressure needed to 
promote' high swirl represents expensive fan power requirement. 

At Glasgow University a burner with a peripheral 
fuel-injection scheme is under study. Fig. 1. 

SWIRLER TRAVERSE PLANES 
j (NOT ALL SHOWNI 

ASR--+ FURNACE 
I __ 

0.06 0-27 066 1-11 x /D 

Fig. 1- Furnace With Peripheral Fuel Injection Burner 
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The fuel is injected axially through an annular slot running 
around the periphery of the air swirler. With this burner, 
combustion takes place at the outer boundary of the air jet, 
thus creating favourable radial density gradients which, with 
swirl, enhance mixing, as compared with the central fuel 
injection case where combustion starts around the central axis. 
This system also utilises the larger shear-layer area at the 
boundary of the air jet. In this system flame stability can be 
achieved without the need for a central recirculating flow. 
Thus only low to moderate swirl is required. An experimental 
study has been carried out of the aerodynamics of this system 
under both isothermal and reacting conditions. Details of the 
combustion case were discussed in a previous paper [12]. 
The data measured on this system are being used to assess 
physical modelling principles and also to validate CFD 
procedures [13]. 

The aim of the present contribution is to quantify the 
effect of combustion in modifying the isothermal flow field. 
The effects of swirl and fuel/air ratio on the flow patterns are 
studied with the aim of formulating similarity criteria for 
modelling this system. The experimental results are presented 
in the form of radial profiles of the time-averaged velocity 
components and static pressure. Integrated momentum fluxes, 
and resulting similarity criteria, are then given. 

3. FJPER MENTAL PROGRAMME 

3.1 Apparatus 

The experimental rig is based on a refractory lined furnace of 
225 mm inside diameter and 0.9 m long. The air is 
introduced through a vane swirl burner of 93 mm inside 
diameter, Fig. 1. The fuel, natural gas, is injected through an 
annular slit of 2 mm width around the periphery of the air 
swirler. 
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The flow patterns were quantified through the measured fields 
of the three time-averaged velocity components and the static 
pressure. 

For the isothermal flow these were measured using a 
5-hole pitot type probe of tip diameter 3 mm, in conjunction 
with a specialised data acquisition system [11]. The mixing 
pattern was determined through the measurement of the 
concentration of CO3 used as tracer in the air simulating the 
fuel flow. 

For the combusting flow a water cooled 3-hole probe of 
tip diameter 6 mm was used for the velocity measurements. 
The combustion pattern was defined by the measured fields of 
temperature and concentrations (CO,, CO, Oz). Local 
temperatures were measured by Pt/5%Rh-Pr/20%Rh bare-wire 
thermocouples. Radiation corrections were neglected as they 
were always less than 50 deg C. Gas samples were drawn 
through a special water cooled probe and analysed for CO and 
CO3 using infra-red analysers and for Os using a 
paramagnetic analyser. 

The above parameters were measured at 12 mm radial 
increments across each of seven traverse planes, these being 
located at distances of: 0.06; 0.27; 0.66; 1.11; 1.77; 2.63 and 
3.72 furnace diameters from the burner exit. 

Although the probes used for the measurements are 
intrusive, considerable evidence exists from work on similar 
systems [3,14] that probe results for velocity are in 
agreement with those measured by LDA. Where discrepancies 
occur, these are in regions of low axial velocity and relatively 
high radial velocity. 

Reported velocity values were found repeatable within 
±0.5 m/s. Mass integration of the measured axial velocity 
distribution at any section compared well with the metered 
flow values, within 25%. This is considered reasonable in 
view of the difficulty in measuring near the walls. The error 
maximum in mass corresponds, for example, to an error of 
less than 0.7 m/s in the axial velocity at the section nearest 
to the wall. 

There is therefore reasonable confidence in the axial and 
tangential velocity components measurements, but less 
confidence in the radial component values. 

3.3 Input Variables 

The main input parameters varied were: 
1. Air swirler vane angle, 0 :- 0°, 15°, 22°, 30° 

corresponding to Burner swirl numbers S (= 1/3tanO): 
0.0,0.089,0.138,0.192. 

2. Inlet air velocity : 40.6 and 15.0 m/s corresponding to 
Reynolds Numbers 6.3 x 104 and 9.0 x 104 based on 
swirler conditions. 

3. Fuel equivalence ratio, q :-0.53 and 0.38 at the higher 
air flow rate (corresponding to heat release rates 3.8 and 
5.3 MW/mI of furnace volume) and 0.53 at the lower 
air flow rates. 

Thus for each swirler a total of three sets of measurements 
were performed in the combustion case and two sets for the 
isothermal case, as summarised in Table 1. 

Table 1: Input variables, Scald numbers and CRZ sizes 

Combustion Isothermal 

Swrider 
van* Air velocity Bumer Fumwe CRZ Fumsce CRZ 
angle 0 U0 We Swul No. Swirl No. Size Said No. Size 

0 15.0 0.0 0.53 0.0 0.0 

0 10.6 0.0 0.38 0.0 

15 15.0 0.089 0.53 0327 0.094 

15 15.0 0.089 038 0.051 

15 10.8 0389 0.53 0.031 

22 15.0 0.138 0.53 0352 - 0298 $maq 

22 15.0 0.138 0.38 0A98 - 

22 10.6 0.138 Obi 0.056 - 

30 15.0 0.192 Obi 0.099 anal 0386 large 

30 15.0 0.192 0.38 0.181 smal 

30 10.6 0.192 0.53 0382 small - 

4. FLOW PA RNS 
Comparisons of the flow pattern results at the two inlet air 
velocities (10.6 and 15.0 m/s), show almost complete similarity 
between the two cases, thus confirming the independence of 
the flow from Reynolds Number, within the range of these 
tests. Consequently, only the results at the higher velocity are 
illustrated in the figures. Also. for brevity, the tangential and 
radial components of time-averaged velocity and static pressure 
are shown for only one swirler, 30°, and, further, in the 
combusting case only the data from the higher equivalence 
ratio (0.53) are presented. 



4.1 Axial Velocity Profiles 

Axial velocity profiles are of principal importance since they 
illustrate the jet boundary, degree of expansion and regions of 
high velocity gradient. They also define the boundaries of the 
forward and reversed flow zones. 

The velocity profile observed at the first traverse plane 
(X/D = 0.06 which is equivalent to X/d = 0.15) indicates 
effectively the axial velocity distribution leaving the swirler. It 
is seen that the profiles at this plane indicate a velocity 
redistribution towards the outer radii. Figs. 24. This effect 
increases with swirl. These data are of value for specifying 
input conditions for CFD prediction procedures [13]. 

The measured axial velocity profiles for isothermal flow 
and combusting flow are shown in Figs. 2-4 for swirlers 
having vane angles 0°, 22° and 30°. The axial velocity 
profiles show the forward flow to be mainly in the outer part 
of the jet with peak velocities increasing with swirl. The 
boundaries of forward and reverse flow in the isothermal and 
combusting cases are compared in Fig. 5. The sizes of the 
central reverse-flow zone (CRZ) and the locations of the jet 
outer boundary are indicated. 

The following are the main observations made on 
comparing the combusting with the isothermal flows: 
1. The forward flow velocities increase due to the expansion 

caused by combustion. The increase is a function of the 
location of the flame front and heat release, being nearer 
to the burner for the lower equivalence ratio. 
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2. The CRZ is very much reduced by combustion. 
Isothermal flow shows a CRZ for swirler vane angles 22° 
and 30°. For combusting flow there is no CRZ for the 
22° vane angle and a small zone for the 30° swirler. 
This is a consequence of the expansion mentioned above. 
These observations agree with previously reported work 
[3-8], for central injection and premixed cases. 

3. For the unswirled and low swirl cases (0°, 15°), 
combustion has little effect on the position of jet wall 
impingement. In the higher swirl cases (22°, 300) the 
outer jet spread with combustion is less rapid than in the 
isothermal conditions. This is probably due to the 
combination of the reduction of the CRZ and the creation 
of the highest temperatures, and hence lowest densities, in 
the outer recirculation zones. 
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4.2 Tangential Velocity Profiles 

As illustration, the results are shown for the 30° swirler, Fig. 
6, both isothermal and combustion cases being presented. The 
profiles, approximate to Rankine-vortex flow. The peak values 
of the tangential velocity appear in the vicinity of the axial 
velocity maxima. Within the CRZ, the tangential velocity 
profiles approximate to solid body rotation. Both isothermal 
and combusting flows leave the swirler with the same 
tangential velocity. In the isothermal case the tangential 
velocities diminish as the flow expands along the wall. In the 
combusting case, the high initial tangential velocities extend 
across the outer recirculation zone. These velocities remain 
high along the combustion region of the furnace. 

4.3 Radial Velocity Profiles 

Sample profiles of both isothermal and combusting flows are 
shown in Fig. 7 for the 30° swirler only. The sign convention 
is that in the upper half of the diagram, positive values 
correspond to inward radial velocity components. In the lower 
half of the diagram, the convention is reversed. Thus for a 
perfectly symmetric jet, the distribution should be diagonally 
symmetric. The trends of the radial velocity profiles are 
consistent with the jet expansion behaviour suggested by the 
axial velocity distributions. The distributions in both isothermal 

Fig. 7- Radial valoetty distrlbutLona. ]0° van. avlrlar ... i. o: harul 

combustlor 

and combusting cases show that, close to the swirler, the 
radial components are of the same order as the axial velocity 
components. Combustion tends to increase the magnitude of 
radial velocities, mainly due to the increased buoyancy forces 
caused by radial density gradients [12]. 

4.4 Static Pressure Profiles 

The static pressure profiles are mostly sub-atmospheric with a 
minimum at the centreline and rising to near, or above, 
atmospheric close to the walls. Within the CRZ, the static 
pressures are almost uniform. These features are illustrated in 
Fig. 8. for isothermal and combusting flows with the 30° 
swirler. These pressures recover towards the ambient value as 
the flow proceeds to the furnace exit. The radial pressure 
gradients are much higher in the combustion case for all 
swirlers due to the density gradients caused by combustion. 

P 

S MOMENTUM FLUXES 

The experimental profiles of axial and tangential velocity have 
been integrated to give axial fluxes of axial and tangential 
momentum respectively. 

5.1 Axial Momentum Flux 

It is accepted practice (1,2.7-12) that it is the dynamic 
component, Gd, of the axial momentum flux which has 
greatest bearing on flow development in a confined furnace. 
Therefore, the present work has been focused on this dynamic 
component, Gd, of the axial momentum flux. Examples of the 
resulting flux values Gd, normalised by the theoretical axial 
momentum flux at the swirler exit, are shown in Fig. 9. 

In the isothermal case they decay along the furnace from 
the initial value at exit from burner to about 0.22 of the 
initial value, at the downstream end of the furnace. This 
compares with the value of 0.19 predicted by a simple 
one-dimensional analysis (Appendix 1). For the combusting 
flow, at equivalence ratio 053, near the burner there is a rise 
to a normalised value of about 1.8, at a position related to 
the flame front, followed by decay to about 1.2 at the furnace 
exit. At the lower equivalence ratio (p = 0.38) the normalised 
flux value at furnace exit is about 0.9. 
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The simple one-dimensional analysis predicts that the values at 
exit should be about 0.9 and 0.7 respectively for these 
equivalence ratios. The reason for the experimental flux values 
exceeding the one-dimensional theory values is that the actual 
velocity profiles in the furnace are non-uniform. This being 
more marked close to the burner, particularly in the higher 
swirl cases. 

It is worth noting that the observed ratios of axial 
momentum flux at furnace exit in the burning, as compared to 
the isothermal cases, are about 5.5 ((p ¢ 0.53) and 4.1 ((p = 
0.38). These values agree closely with the one-dimensional 
analysis predictions of 4.7 and 3.8. 

5.2 Tangential Momentum Flux 

Examples of the tangential momentum fluxes, as obtained by 
integration of the measured velocity profiles, are shown in Fig. 
10. The fluxes have been normalised (T) by the theoretical 
tangential momentum of the flow leaving the burner, assuming 
that the axial velocity at that plane is uniform and that all the 
air flow leaves at the angle the burner swirler vanes make to 
the axial direction. It is noted that the measured values of t 

at the first traverse plane (X/d = 0.15) are in all cases greater 
than unity. This is principally due to the non-uniformity in the 
air flow distribution leaving the swirler, previously commented 
on in Section 4.1. The axial velocity distributions taken at the 
first traverse plane, Figs. 2-4, show that the axial velocities 
are higher at the outer radii of the swirler. The tangential 
components of velocity, Fig. 6, when compared with the axial 
velocity components, confirm that the flow is deflected to the 
swirler vane angle. Thus, due to the redistribution of the flow, 
the tangential momentum flux will be higher than that 
predicted by the uniform velocity model. This flow 
redistribution becomes more pronounced as swirl is increased. 

For the isothermal cases the normalised fluxes have early 
values of about 1.3 and then decay to about 0.9 as the flow 
approaches the furnace exit. In the burning cases the 
normalised fluxes start with values of about 1.7 and then 
decay to about 1.3, this value not being significantly altered 
by equivalence ratio. The observed ratio of axial flux of 
tangential momentum at furnace exit in the burning case as 
compared to isothermal (coefficient F, ) is about 1.4. This 
ratio is discussed, and used, in Section 6.1. 
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Comment should be made on the apparent increases in 
tangential momentum fluxes observed between the first and 
second or third traverse planes. It is suggested that these 
apparent increases are due in part to the integrations having 
ignored turbulent shear stresses. Also then: is the possibility of 
experimental inaccuracy in the data, giving rise to magnified 
errors in the integrated flux values. The correlations which are 
given in the subsequent Section are however based on the 
fluxes approaching the furnace exit where the above difficulties 
are not significant. 

6. SWIRL NUMBER 

For modelling swirl flames a scaling parameter is needed as a 
measure of the swirl intensity given to the flow. There have 
been a number of definitions for this parameter. The two most 
commonly recognised are: - 
a) Burner swirl number, defined as - 

Se T/(Gd. d) ...... (1) 

where T is the axial flux of tangential momentum at 
the swirler exit, 

Gd is the flux of axial momentum, dynamic 
component. at the swirler exit, and 

d is the swirler diameter. 

This parameter gives a good indication of the degree of swirl 
imparted to the flow within the swirler. it is successful in 
correlating the flow close to the swirler in isothermal free 
flows. However, it does not account for the effects created by 
expansion into a furnace confinement, suddenly or via a quarl. 
Nor are the effects of the flow expansion caused by 
combustion accounted for. 

The effect of area expansion, for isothermal flows, was 
introduced by using a swirl number based on the quarl exit 
diameter [9], or the furnace diameter (7,10,11]. 

b) Furnace swirl number, defined as - 
S* = T/(Gd. D) . (2) 

where T and Gd are the integrated fluxes of tangential 
and axial momenta measured at the furnace exit respectively 



and D is the furnace diameter. This definition was proposed 
by Beltagui and Maccallum [7] where it was applied 
successfully to characterise the general flow patterns in two 
furnaces for isothermal and premixed combustion conditions. 

This number proved to be a better index of the flow 
pattern in furnaces [e. g. 10]. It takes account of the furnace 
to burner ratio as well as the effect of combustion. However 
its evaluation requires more experimental measurement. The 
value of the integrated S` for the combustion flow is lower 
than for the isothermal flow. It is also a function of the 
equivalence ratio, or temperature rise due to combustion, being 
lower for the higher equivalence ratio. A value of S=0.1 
was found to define the onset of a CRZ in the flow, for both 
isothermal and combusting flows, in two furnace confinements 
ratios (D/d). 

The values of S+ calculated from the experimental data 
for the present work are given in Table I and Fig. 11. The 
values and flow patterns confirm the validity of the swirl 
number S` in characterising the flow patterns of swirling 
flows, both isothermal and combusting, the initial value for the 
establishment of a CRZ again being 0.1. 
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6.1 Swirl Number Prediction 

It would be useful to predict the value of S' for the 
combusting flow from data measurements in isothermal models. A simple correlation to relate the combusting flow furnace 
swirl number to the isothermal flow value has been proposed (7), see Appendix II, as follows: 
Sc,,. y/Si. = {F3 

, 
F, }/{F, +F, (d/D) 3 ((R'pb )-1.0)} ..... (3) 

where; 
F1 is the ratio of the actual pressure drop across the flame 

front to the predicted value, based on simple 
one-dimensional analysis, 

F2 is the ratio of the isothermal dynamic axial momentum at furnace exit to the furnace inlet value, F, is the ratio of the combustion tangential momentum flux 
at furnace exit to the corresponding isothermal value. 

Applying the simple one-dimensional analysis (Appendix I) to 
the present configuration it was predicted that the coefficient F, should have the value of 0.19. The value obtained from 
the experimental results, Fig. 9, is 0.22. It is to be expected 
that the experimental value will be somewhat higher than that 

predicted by the one-dimensional analysis, due to the 
non-uniformity of the flow distribution at the swirler exit. 

The value of coefficient F, has to be deduced from 
experimental data. For the present system it was found to 
have the value 1.4 (Section 5.2). It is noteworthy that the 
value of this coefficient in this novel non-premixed system is 
the same as that previously obtained for premixed combustion 
[7]. 

The value of coefficient F, has to be obtained also from 
the experimental data. It is found that the values of 1.6 and 
1.0 provide the best fits with the results observed at the 
equivalence ratios of 0.53 and 0.38 respectively. These values 
for F, are significantly lower than the value of 2.1 obtained 
for the premixed town gas case [7]. This had been anticipated 
in that paper. 

The above work has illustrated how the coefficients F,, 
Fl, F, were obtained and Eq. 3 applied in the present case. 
To apply Eq. 3 to a different configuration, the value of F, 
can be obtained from isothermal model tests. The values of 
F, and F, can be evaluated from a limited number of scaled 
model tests. Additionally, an estimate of F, is given by the 
analysis in Appendix I. This can be made more general if the 
velocity distribution leaving the swirler is known. 

7. CONCLUSIONS 

Study of the results obtained in the isothermal and combusting 
tests (on a peripheral fuel injection system), for the range of 
inlet air velocities (10.6 and 15.0 m/s) and swirler vane angles 
((Y° to 30°), leads to these conclusions: 
1. The flow patterns are independent of Reynolds Number 

within the range tested. 
2. The modification of the flow pattern resulting from 

combustion has been quantified. The modification is due 
to the flow acceleration associated with the combustion 
heat release. In the present system the heat release takes 
place at the shear-layer on the boundary of the air jet, as 
compared to the centre in the case of central fuel- 
injection systems. 

3. The radial gradients of both radial velocity and static 
pressure increase with combustion. 

4. The integrated axial momentum flux (dynamic component) 
in the isothermal case shows the lowering predicted by 
the simple one-dimensional analysis. In the combusting 
case there is a sharp rise in the vicinity of the flame 
front, followed by gradual decay to a value similar to 
that predicted by the simple analysis. 

5. The integrated tangential momentum flux in the isothermal 
case shows a decay along the furnace. With combustion 
this flux rises near the flame front and then decays, but 
remains above the isothermal value. 

6. The furnace swirl number, S*, calculated from the 
developed momentum fluxes at the furnace exit, is 
reduced by combustion. This swirl number is successful 
in correlating the change in flow patterns, a value of 0.1 
for S` being the critical value for onset of a CRZ 

7. A means is presented of predicting the combusting 
furnace swirl number, and hence flow pattern, from 
isothermal and limited small-scale model tests. 

8. The data, covering both isothermal and reacting flows, is 
valuable in assessing the capability and reliability of 
mathematical models (CFD) in simulating swirling flows. 



NOMENCLATURE 

d swirler diameter 
D furnace diameter 

F, . F2 'F3 factors defined in Sec. 6.1 and Appendix II 
M mass flow rate 
Gd axial momentum flux, 

dynamic component =J 2nrpu2dr 

Gd normalised axial momentum flux, 
j 2trpusdr / parjwU2 

S burner swirl number, based on swirler 
diameter = 1/3tanO 

S` furnace swirl number = T/(Gd. D), Eq. 2 
T axial flux of tangential momentum = 

J 2xr2puwdr 

T normalised axial flux of tangential momentum 

=J 2rrspuwdr / s/, arjwU; tanO 

u, v. w local axial, radial and tangential components 
of velocity 

U19W, average axial and tangential velocity 
components at swirler exit 

Ux, Wx average axial and tangential velocity 
components at furnace exit 

X axial distance along furnace 
% axial distance in units of furnace diameters 
0 swirler vane angle to axial direction 

p density 

I fuel equivalence ratio 
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APPENDIX I 

One-dimensional Momentum Analysis 

The analysis presented here is meant to clarify and give 
simple predictions for the changes in the axial and tangential 
momenta between the inlet and exit of the furnace. 
It is assumed that the axial flow velocity is uniform across 
the flow area. 
Mass flow rate into furnace M; 

M= 7c/, d' puU, 
The same mass flow rate at furnace exit; 

M- '/" D' PbUx 
Axial momentum flux, dynamic component, at swirler exit, 
furnace inlet; 

0do = 79/' d' PuU: 
Axial momentum flux, dynamic component, at furnace exit; 

0dx = x/. D' PbUi 
Thus, the normalised axial momentum flux, furnace exit; 

0dx = (d /D)' (Pu/pb) 

For the isothermal flow; 

Gdx, isoth = (d /D)$ = F, 

For the present system, the burner equivalent diameter is d= 
0.097 m and the furnace diameter, D=0.225 m, thus; 

Ödx, isoth = 0.19 

For the combusting flows, furnace assumed to be adiabatic; 

ip = 0.53 , 
Pu/pb = 4.7 , then Odxcomb = 0.87 

ip = 0.38 , Pu/pb = 3.8 , then Odx,, comb = 0.71 

The ratio of combusting to isothermal axial momenta is given 
by, 

0dx, comb / 0dx, isoth = Pu/Pb 

and therefore has the values 4.7 and 3.8 for p=0.53 and 
0.38 respectively. 



Considering the tangential momenta, axial flux at swirler exit; 
T" = 7c/, 

a 
d'puU, W0 

Axial flux of the tangential momentum at furnace exit; 
Tx = R/� D'pbUxwx 

Thus the normalised tangential momentum flux at furnace exit; 
T= Udx (D/d) ((Wx/Ux) / (we/U#)) 

The tangential momentum flux is conserved, in the ideal 
frictionless case. Consequently there is a reduction of the 
tangential velocity component; 

wx/W, = d/p 

The simplified model used in the above analysis is however 
limited. In the situations observed experimentally in this work, 
there was a redistribution of the flow leaving the swirler from 
the simple uniform axial velocity assumed in the model 
(Section 4.1). The redistribution gave higher axial velocities at 
the outer radii of the swirler. Thus the fluxes of tangential 
momentum were higher than those predicted by the simple 
model. 

APPENDIX II 

Furnace Swirl Number Prediction 

The furnace swirl number is defined as; S` = T/(Gd. D). 
The axial momentum flux is increased due to combustion by 
an amount equal to the pressure drop across the flame front. 
For one-dimensional flow, this pressure drop is given by; 

, &p = PuU' (d/D)4 ((Pu/Pb) - 1.0) 
For the actual flame the pressure drop will be F, times the 
above . p. 
The ratio of the isothermal axial momentum flux at furnace 
exit to its value at inlet is taken as F,. Appendix I. 
Thus the ratio of the normalised axial momentum flux in the 
combusting flow to that in the isothermal flow is given by, 

Gdx, comb / Gdx, isoth = F2+F, (d/D)2 ((Pu/Pb)-1.0) 

For the normalised axial fluxes of tangential momentum at 
furnace exit, the ratio for the combusting flow to that for the 
isothermal flow is taken as F,. 
Thus, for the furnace swirl number, the ratio of the 
combusting flow value to the isothermal flow value is given 
by; 

s, /s th= {F,. F, }/{F 
3+F, (d/D) 3 ((At/p b }1.0)} 

. (3) 
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ABSTRACT 
This paper presents results from an extensive programme of studies aimed at improved 
combustion performance with reduced pollutant emissions. In these studies characteristics 
of swirling flames in a natural-gas fired furnace are investigated through detailed 
measurements of the aerodynamics, combustion, heat transfer and pollutants emissions. 
This paper presents comparisons of combustion performance, heat transfer and pollutant 
formation when using three different fuel injection schemes with a variable swirl burner in 
a semi -industrial scale furnace system. The data gained provide the information needed to 
optimise the fuel injection mode, swirl and mixture ratio to achieve the best' combustion 
performance with minimum pollutant formation. 
In addition to providing more insight into the processes involved results of these studies are 
also being used for the validation of furnace prediction models. These models can then be 
used for the appropriate optimisation of the design. 

1. INTRODUCTION 
Furnace system design and operation requires careful characterisation and optimisation of 
complex flow and combustion parameters in order to satisfy various requirements, some of 
which may be conflicting. Although Computational Fluid Dynamic (CFD) techniques are 
being progressively used in furnace design, there is still a great need for experimental 
testing. A combined approach using validated models to predict detailed information to 
supplement experimental testing of new designs is recommended. This is being implemented 
in the NEL furnace facility where measurements are performed to test new designs and 
validate CFD predictions. 

In a collaborative research programme between Glasgow University and NEL, extensive 
studies aimed at improved combustion performance with reduced pollutant emissions are 
being carried out. In this programme characteristics of swirling flames in a semi-industrial 
size gas fired furnace are investigated through detailed measurements of flow, combustion, 
heat transfer and pollutants. 

The extensive data sets gained are being used in developing and testing theoretical models 
of furnace flow, combustion and heat transfer produced by Heat Transfer and Fluid Flow 
Service, HTFS such as PCOC [1] and ZONE [2]. The data is also used for assessing general 
CFD codes such as PHOENICS [3] and FLOW3D [4]. These models can then be used for 
the appropriate optimisation of the design. 

This paper presents comparisons of combustion performance and pollutant formation when 
using three different fuel injection schemes with a variable swirl burner. The data gained 
provide the information needed to optimise both the fuel injection mode and swirl to 



achieve the best combustion performance with minimum pollutant formation. 

2. FUEL INJECTION MODES 
In industrial burners, mixing between air and fuel occurs within the combustion chamber 
by shear layer mixing. Swirling the air flow can increase shear mixing and enhance it with 
centrifugal mixing. The utilisation of the full benefits of these two mixing mechanisms 
depends mainly on the fuel injection mode and swirl. The effects of fuel injection mode on 
swirling flames were investigated by many workers as reviewed in [5-8]. 

Shear layer mixing is effectively utilised if the fuel is injected into the regions of maximum 
shear in the air stream. Centrifugal mixing effects can be utilised by creating favourable 
density gradients within the flow. The most common method of fuel injection is axially at 
the centre of the air flow. This method does not utilise the full potential of the shear 
layer mixing. 

Shear layer mixing is enhanced if the fuel is injected radially from the centre axis across 
the entering air jet. With proper design the fuel jets can be used to produce the central 
reverse-flow zone (CRZ) required for flame stability instead of using high swirl as 
illustrated by tests on the NEL furnace [1]. 

An alternative to the central axial fuel injection, is to inject the fuel at the periphery of the 
entering air jet [5]. This system utilises both shear layer and centrifugal mixing resulting 
in efficient mixing and hence high combustion intensity. 

The peripheral fuel injection system was investigated in an adiabatic furnace [5]. Stable 
flames were obtained even without a CRZ. The peripheral injection produced higher 
intensity flames with wider stability ranges relative to the central axial fuel injection. 

In order to provide reliable comparisons, the present work was carried out on the NEL test 
facility which represents a semi-industrial scale furnace system. Detailed data were gained 
for the three fuel injection methods with variable swirl and fuel/air ratios [1,2,6,7,8]. 

3. EXPERIMENTAL FACILITY AND TEST CONDITIONS 
The NEL furnace is a model of a cylindrical upshot fired heater. The apparatus consists of 
a water cooled chamber of 1 in diameter, by 3 in high, which is segregated into six cooling 
sections. The rig is extensively instrumented for detailed traverses of the flow field. The 
burner uses a moving block swirl-generator [9], followed by a quart as shown in Fig. 1. 

3.1 Fuel Injection Systems 
Figure 1 illustrates the burner and the three fuel injection systems. 
a- Central axial fuel injection. 
b- Central radial fuel injection. Fuel is injected by a 35 mm diameter concentric gas gun, 
radially through 16 nozzles of 5 mm bore. 
c- Peripheral axial fuel injection. Two alternative arrangements for fuel entry were used, 
either an annular continuous slit around the periphery of the air inlet, or a set of 60 holes, 
having the same total flow area as the continuous slit. Both arrangements produced flames 
of virtually identical geometry and appearance. Thus the detailed measurements were 
taken for the continuous slot arrangement only. For brevity, the above three injection modes 
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will be referred to as axial, radial and peripheral. 

3.2 Air Entry Schemes 
It was found that a stable flame could only be achieved if enough swirl (S > 0.8) was 
applied to the air flow to produce a CRZ near the burner. Otherwise, a CRZ was 
aerodynamically created by introducing a fraction of the combustion air radially outward 
through a central gun. Thus when 10 % of the combustion air was supplied through the 
central gun, a stable flame was achieved even without swirl 

3.3 Swirl Range 
Measurements of the flow and combustion patterns were carried out for four swirl settings, 
swirl numbers S values: 0.0,0.45,0.9 and 2.25. 

3.4 Firing Rate and Mixtute Ratio 
All detailed in-furnace measurements were carried out at 400 kW and 5% excess air. Stack 
measurements, covered a wide range of input fuel-equivalence ratio, namely 0.70 to 1.35. 
Some additional heat transfer tests were performed at 300 kW and at 20 % excess air ratio. 

4. MEASUREMENTS 

Detailed results of the measurements to be used here for the radial fuel injection were 
reported in [1,2,11]. The peripheral fuel injection results were reported in [7,8]. The axial 
fuel injection measurements in [6,8]. 

4.1 In-fu mace Measurements 

Detailed mapping of the flow field was made through radial traverses at 13 axial planes 
along the furnace. A calibrated spherical head five-hole pitot probe of 8 mm tip diameter 
[8,10] was used for velocity measurements. The gas temperature was measured using a 
suction pyrometer [10]. For concentration measurements, a special water cooled stainless 
steel sampling probe [12] was used. For NOx and HC analysis, the gas sample passes 
through a heated sample line to the NOx chemiluminescent and hydrocarbon flame 
ionization detector analysers respectively. For CO, CO2 and 02 analysis, the sample was 
cooled and dried before passing to Infra-red absorption analysers for CO and C02, and a 
paramagnetic analyser for 02. 

Heat flux distributions along the furnace were measured. Total heat flux was measured 
using both calorimetry and heat-flux probe [2,10]. A radiometer probe was used to measure 
the radiant heat flux. Measurements also include the furnace inside wall temperature.. 

4.2 Stack Measurements 
These include concentrations of CO, C029 02 , HC and NOx and flue gas temperature. 

5. FLAME BEHAVIOUR 
The flames studied were all stabilised through recirculation of some combustion products. 

The axial fuel injection resulted in a stable flame only for swirl above S=0.9. This flame 
was characterised with non-uniformity and yellow colour. Compared with other fuel 



injection modes, this flame was the longest. 

The radial fuel injection achieved a stable flame without and with swirl. The flame intensity 
increased with swirl over the range tested, S=0.0 to 2.25. 

The peripheral fuel injection basic scheme achieved stable flames only with swirl above 
S=0.80. The flame with S=0.90 show some non-uniformity in shape. The alternative 
scheme, where 10% of the combustion air was introduced radially through the central gun 
to create a CRZ, achieved a stable flame even without swirl. 

6. FLOW PATTERNS 
The flow patterns are defined by the radial distributions of the measured three time-averaged 
velocity components and static pressure. 

6.1 Axial Velocity Profiles 
A sample of the velocity profiles is given in Fig. 2. The measured flow patterns have 
essentially the same shape, type D, as classified by Beltagui and Maccallum [12]. In this 
flow pattern, the flow near the burner consists of a CRZ surrounded by an annular jet 
containing the main forward flow. Outside the forward flow a weak external reverse-flow 
zone (ERZ) extended to the walls. Velocities in the ERZ are very low due to the low 
confinement. 

For the forward flow, the value of peak velocity increases with swirl. The high velocity 
gradients at the boundaries increase even further with swirl. These gradients enhance the 
shear forces at the jet boundaries, leading to higher mixing rates. These features result 
in short intense flames. 

Along the furnace, both the rate of decay of maximum velocity and the recovery of the 
centreline axial velocity increase with swirl. 

6.2 Flow Boundaries 
Figure 3 defines the boundaries of the flow extracted from the velocity profiles, and defines 
the flow zones. Both the jet radial expansion and the size of the CRZ increase with swirl. 
The flow structure inside the furnace can be divided into four distinct zones: Near burner 
forward-flow zone (main reaction zone), CRZ, fully developed-flow zone and ERZ. 

6.3 Tangential Velocity Pn files 
The tangential velocity values indicate the local swirl strength which contributes to mixing 
and combustion. The high swirl jets show a Rankine-vortex flow with solid body central 
rotation surrounded by an outer free vortex. The rate of decay of the tangential velocity 
increases with swirl. 

6.4 Radial Velocity Profiles 
The radial velocity values indicate the direction and magnitude of the jet spread. Both the 
magnitude of the radial velocity and its rate of decay along the furnace increase with swirl. 
The measured features are consistent with the jet expansion behaviour suggested by the 
axial velocity distributions. 



7. COMBUSTION PATTERNS 
The relative combustion patterns over the range of fuel injection and swirl studied, are 
demonstrated by the in"furnace measurements of temperature and species concentrations 
(CO, C02, O2 and NOx). These measurements give useful data to quantify the main features 
of the flame performance which include; mixing, combustion intensity, flame symmetry, 
heat release and pollutant formation. 

Samples of the results are given in Figs 4,5 showing CO and temperature contours, for 
radial injection for the swirl settings of S=0.0 and 2.25. The results illustrate the strong 
influence of fuel injection mode and swirl on combustion. Since the most important 
information is required near the burner, Figs. 6,7 show radial profiles for two planes at 
distance, X, from the burner exit of 45 and 200 mm. 

Generally, the flames are of the short intense type associated with high mixing rates and 
central reverse flow. All profiles illustrate good flame symmetry except for the case of axial 
fuel injection, where a degree of asymmetry is noted nearer the burner and at the lower 
swirls. This asymmetry is due to slow combustion and thus low jet expansion. 

The following notes discuss the mixing and combustion for each of the three fuel injection 
modes dealing with the four zones of the flow field. 

7.1 Main Reaction Zone: 
The measurements show that the main reaction zone length decreases with swirl. 
Combustion starts within the quarl, as shown by CO, CO2 and 02 values at X =45 mm 
where the minimum value of CO2 is between 2.5% and 4.0%. The steepest axial and radial 
gradients, of both concentrations and temperature, occur at the plane nearest to the burner. 
These gradients increase as swirl is increased. 

Further downstream, these gradients decay more rapidly at the higher swirl, resulting in 
near-uniform temperature profiles for S=2.25 at a plane 1.0 m downstream of the burner. 
By comparison, with low swirl, radial temperature gradients are evident even at furnace exit. 
Thus, increased swirl not only increased combustion intensity, but also enhanced the stirring 
of the post-flame gases. 

Of the three fuel injection modes, the axial injection system produces the longest reaction 
zone with the lowest peak temperature value. 

For the peripheral fuel injection, combustion starts earlier, the temperature of the 
combustion products then decreases due to both heat transfer and entrainment and 
subsequent rapid mixing with the cooler externally recirculated gases just downstream of 
the burner exit. Thus although combustion is more intense the peak reaction zone 
temperature for the peripheral fuel injection is lower than for the radial injection. 

The flame length, defined by the distance from the quarl exit up to the point where the CO 
concentration is less than 0.5 %, is reduced by swirl. For example with the radial fuel 
injection it is reduced from about 1.5 in for S=0.0 to 0.5 m for S=2.25. 

At the high swirl, S=2.25, all fuel injection modes exhibit nearly the same flame diameter. 



However, in the peripheral fuel injection the lower swirl, S=0.9, exhibits a flame envelope 
which is wider than with the radial fuel injection mode. 

7.2. Central Reverse-flow Zone, CRZ 
Small concentrations of HC and CO exist along the CRZ, for the lower swirl flames where 
the CRZ receives mixtures with reactions still in progress. As swirl is increased these 
concentrations diminish to zero. 

Within the CRZ, temperature profiles become more uniform as swirl is increased, due to 
enhanced radial stirring of the gases. The centreline temperature is close to the maximum 
temperature measured at the particular traverse plane. 

7.3. Fully Developed Flow Zone 
Downstream of the reaction zone, CO and HC decay to zero, and CO2 and 02 attain their 
uniform values of complete combustion. 

7.4 External Reverse-flow Zone, ERZ 
This zone contains mainly products of complete combustion from the above region. 
However very low concentrations of CO and HC are entrained from the outer boundary of 
the forward flow where reactions are still in progress. 

The highest ERZ temperature is observed with the axial fuel injection where the flame is 
longest. Heat transfer to the furnace walls reduces the temperature of the gases in this zone 
as they travel towards the burner end. 

S. HEAT TRANSFER 

8.1. Heat Flux Distributions 
Axial distributions of heat fluxes for representative tests are given in Fig 8, which shows 
both calorimetry and probe measured total heat flux in addition to the radiant probe 
measured heat flux component. High swirl is associated with short intense flames with high 
heat transfer near the burner. Low swirl results in longer flames with more uniform heat 
transfer along the furnace. The peak total heat flux increases in value and moves towards 
the burner as swirl is increased. 

Although both convection and radiation contributions are affected by swirl, the 
measurements show that the convection is affected in a more pronounced manner, both in 
magnitude and position. The jet spread increases with swirl, reducing the length of the ERZ 
bringing the jet impinging point nearer to the burner thus enhancing the convective heat 
transfer contribution. 

8.2. Overall Heat Transfer 
This is measured by the furnace heat-transfer efficiency, defined as the ratio of the heat 
absorbed by the cooling water to the total energy input at the burner. Values of this 
efficiency for the three fuel injection modes at 400 kW and 5% excess air are plotted in Fig 
9. Furnace efficiency was also measured for higher excess air, up to 35% and for lower 
firing rate of 300 kW. The results lead to the following conclusions: 



1- The highest heat-transfer efficiency is produced by the peripheral fuel injection 
followed by the radial injection 
2- For the same input energy and excess air the efficiency increases with swirl. 
3- For the same excess air lower input energy produces a higher efficiency. 
4- For the same input energy and swirl higher excess air reduces efficiency. 

The conclusions indicate that the radiant component of the heat transfer is the dominate 
part. Higher efficiency at reduced loading, results from the effective maintenance of the 
radiant contribution mitigating the reduction in convection associated with reduced loading. 

9. FORMATION OF POLLUTANTS 
The pollutant formation was determined by the stack emissions of CO, HC and NOx 
measured over the range of equivalence ratio, 4,0.70 to 1.35 for the three fuel injection 
modes. 

The measured CO and HC concentrations show that for both the peripheral and radial fuel 
injection modes an excess air of 5% is sufficient to guarantee complete combustion. The 
corresponding value of excess air for the axial fuel injection is 10 %. 

Before dealing with the NOx emissions from the stack, the in-furnace detailed NOx surveys 
are discussed. 

9.1 NOx Concentrations 
NOx concentration measurements are represented in Fig. 10 by full contours for radial fuel 
injection system with S=0.0 and 2.25. Comparative profiles of NOx concentration profiles 
at two near burner levels are given in Fig 11. The results are discussed in relation with the 
temperature and species concentration fields dealing with the four flow field zones defined 
in Section 7. 

9.1.1. Main Reaction Zone: 
All fuel injection modes show steep gradients of NOx concentrations in both radial and 
axial directions. The rate of NOx reactions follows closely that of the main 
combustion reaction. Comparison of the NOx profiles at X= 45 mm, Fig. 11, with the 
corresponding temperature profiles, Fig. 7, shows a high degree of similarity. The maximum 
NOx concentrations increase towards the boundary of the CRZ where the maximum mixing 
and combustion intensity occur. 
In general, the peak NOx concentrations occur with the highest swirl. However, for both 
axial and peripheral fuel injection systems, increasing swirl from 0.90 to 2.25, resulted in 
a decrease in NOx formation even though the temperature level has increased. It is 
suggested that this decrease in NOx at the higher swirl is due to the increased mixing rate 
leading to reduced concentration fluctuations and to shorter residence time. 

9.1.2 Central Reverse-flow Zone, CRZ 
The concentrations of NOx here depend on the length of the CRZ relative to that of the 
reaction zone. This will also decide whether any further reactions will take place 
within the CRZ. 

Figure 11 shows that at both planes, for the lower swirl, the radial fuel injection mode 



produces the minimum value of NOx compared with other injection modes. These low 
concentrations indicate that this zone receives mixtures which are still reacting, as 
confirmed by the high CO concentrations shown in Fig 6. At the higher swirl with the 
radial fuel injection, increased NOx concentrations within the CRZ were observed. This 
increase indicates that gases with higher temperature and thus higher NOx concentrations 
enter the CRZ, where further NOx reactions take place, resulting in the highest NOx 
concentrations compared with the other fuel injection modes. 

The profiles of NOx within the CRZ, Fig. 11, and the corresponding temperature profiles, 
Fig. 7, show that the increase in NOx concentration within this region is mainly due to the 
entrainment from the forward flow and not due to reactions within this zone. For example 
at the 45 mm plane, higher NOx concentrations are measured for the lower swirl, 
although the temperature is lower. Further downstream at the 160 mm plane the 
temperature levels at both swirl settings are about the same, yet higher levels of NOx 
are observed at the lower swirl. 

9.1.3. Fully Developed Flow Zone 
Constant NOx concentrations were measured throughout this region and these equal the 
value measured at the stack, Fig. 12. 

9.1.4. External Reverse-flow Zone, ERZ 
This zone contains mainly combustion products from the fully developed zone with some 
flow entrained from the outer boundary of the reaction zone. Figure 11 shows that NOx 
concentration within this zone increases with axial distance from the burner until it 
reaches the fully developed value. 

The above discussion of NOx measurements show that the NOx formation rates are affected 
by the flame temperature, residence time of hot gases in the reaction zone and the 
concentration fluctuations. These conclusions are confirms that in these flames NOx is 
formed by the Zeldovich mechanism, although there may be some prompt NOx. 

9.2. Overall NOa Emissions 
Stack measured NOx concentrations, given in mg/m' corrected to 3% excess 02, are 
presented in Fig. 12. For the range of 4 covered by the data, the lowest NOx 
concentrations are observed with the axial fuel injection. This is due to the lower 
combustion intensity and thus the lower flame temperature in the reaction zone. 

For the lean mixtures tested (4 < 1), , the peripheral fuel injection mode produced 
significant decrease in NOx formation with increased excess air, while the radial and axial 
fuel injection modes gave an increase in NOx formation. The differences observed here are 
mainly dependent on the peak flame temperature. The peripheral fuel injection mode, is 
the only mode where increased excess air leads to a decrease in the peak temperature. 
This is due to the higher rates of mixing before and after combustion in this mode. In the 
other injection modes the increase in local 02 concentration becomes the controlling factor. 

At fuel-rich conditions (4 > 1), all fuel injection modes exhibit a sharp decrease in NOx 
formation with increased 4. This decrease is the result of both lower peak temperature and 
lower O2 concentrations. 



The above analysis confirms that the peripheral fuel injection is the only method which 
offers both air and fuel-staging as means of suppressing NOx formation. In applications 
where lean combustion can be used, only peripheral fuel injection offers the possibility 
of reducing NOx formation compared with the other fuel injection modes. 

CONCLUSIONS 

1- Flame stability: All flames were stabilised by the central reverse flow. A minimum swirl 
of S=0.8 is required to create this CRZ. For peripheral fuel injection mode, a stable flame 
was achieved by feeding a fraction of the air flow radially through the centre to create a 
CRZ. For the radial fuel injection, the fuel jets created a CRZ, thus it was possible to 
achieve stable flame even without swirl. 

2- Flame behaviour: The central axial fuel injection produced a long flame with a yellow 
appearance and non-uniformities. The radial and peripheral fuel injection modes resulted 
in intense, shorter blue flames. 

3- Flow patterns: These patterns show the flow boundaries defining the jet expansion in the 
radial and axial directions. It also define the central and outer reverse-flow zones. 

4- Combustion patterns: These display the following features: 
a- Good flame symmetry except for the central axial fuel injection. 
b- The peripheral fuel injection achieves the highest rates of mixing and combustion 

followed by the radial fuel injection. 
c- With the peripheral fuel injection combustion occurs at the outer boundary of the 

swirled air flow, while in the other modes it is mainly on the boundary of the CRZ. 
d- Swirl increases the mixing and thus combustion intensity. 

5- The peripheral fuel injection has the maximum heat transfer efficiency followed by the 
radial fuel injection. Swirl enhances the total heat transfer and produces higher peak flux 
at locations nearer the burner. Increased excess air reduces heat-transfer efficiency whereas 
lower firing rate leads to higher efficiency. 

6- Measurements of NOx confirmed its formation by the thermal mechanism with 
dependence on flame temperature, concentration fluctuations and residence time, 

7- Complete combustion can be guaranteed with excess air of 5% for both the peripheral 
and radial fuel injection modes. The higher value of 10% was needed for the axial fuel 
injection. 

8- For the 5% excess air firing, the lowest overall NOx formation was observed with the 
central axial fuel injection. This was the result of the lower temperature levels caused by 
the slower combustion in this system. 

9- At fuel-rich conditions, increasing the fuel-air ratio resulted in sharp decrease in NOx 
formation for all fuel injection modes. 

10- At fuel-lean conditions, the peripheral fuel injection gave a reduction in NOx formation, 



with increased excess air, while the other two fuel injection modes produced some increase 
in NOx formation. 
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Figure 1- Furnace and burner system. 
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Figure 2- Axial velocity distributions, radial fuel injection, S=2.25 
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ABSTRACT 

An assessment is made of the ability of a CFD code to model the flow, combustion and heat transfer of swirling 
flames in furnaces. Predictions were made for the HTFS furnace facility at NEL using a swirl burner with peripheral 
fuel injection scheme. This configuration is a novel test case of the generality of the codes. The predictions were 
made using the PHOENICS code, with turbulence and combustion represented by k-c and 'eddy break-up' models 
respectively. Radiation heat transfer was modelled by the flux method. Reasonable agreement between prediction 
and measurement was achieved for S=0.90, but less agreement for S=2.25 swirl. 

NOTATION 

a, b Eddy break-up constants - 
C Constant in kinetic energy 

of turbulence - 
h Convective heat transfer 

coefficient W/m2K 
k Kinetic energy of 

turbulence m2/s= 
I Characteristic dimension m 
M Mass fraction kg/kg 

q Wall heat flux W/m2 
R Rate of chemical reaction kg/m's 
S Burner Swirl number - 
s Stoichiometric air-fuel ratio kg/kg, 
T Temperature K 
t time s 
U Time-mean axial velocity m/s 
V Time-mean radial velocity m/s 
W Time-mean swirl velocity m/s 

Greek 

x Absorptivity - 

C Rate of dissipation of kinetic 

energy of turbulence m2 /s3 

c Emissivity - 
p Density kg/m' 

a Stefan-Boltzman constant W/m'K' 

Subscript 

f Fuel 

g gas 
0 Oxidant 

p product 
w wall 

1. INTRODUCTION 

Computational fluid dynamic (CFD) codes are being 

progressively used to help furnace designers. 
Furnace system design requires careful 
characterisation and optimisation of complex flow 

and combustion phenomena. The use of CFD is 

reducing the exciusive reliance on empirical methods 



and measurements on scaled test units, by supplying 
detailed information of a proposed new design or 
modification. The mixed approach of physical model 
testing and CFD simulation reduces the time and cost 
of development. 

Recently, numerical models capable of predicting the 
flow patterns and heat transfer characteristics have 
been developed and widely used for such furnaces. In 

addition to being required to handle turbulence, heat 

transfer and chemical reaction, these models must also 
be able to deal with complex geometries. Many 
detailed reviews of research in this field are given in 
literature, as reviewed by Kenbar et al (1991-a). 

An assessment is made of the ability of a CFD code 
to model the aerodynamics, combustion and heat 

transfer of swirling flames in furnaces in a 
collaborative project between Glasgow University and 
HTFS (NEL). 

These prediction procedures have been applied 
progressively to the case of swirling flows in furnaces. 
The simplest case- isothermal flow expanding into a 
furnace- were predicted by Beltagui et at (1991). 
Combusting flows where the fuel was injected in the 
centre of the swirled air jet have also been predicted 
by Beltagui et at (1991). 

Recent advances in burner design to meet operational 
and environmental requirements have resulted in 
burners with other modes of fuel injection. An 

example is a burner with fuel injected at the periphery 
of the swirled air flow, studied in an experimental 
furnace system by Beltagui and Maccallum (1988). In 
that burner the mixing and combustion patterns are 
significantly different from those of the central fuel 
injection case due to the utilisation of the combined 
effects of shear-layer and centrifugal mixing. 
Therefore predicting the aerodynamic and combustion 
patterns of such a combustion system represents a new 
test for the generality of the modelling procedures. 
These predictions were carried out by Kenbar et al 
(1991-a) for the flow in a cylindrical adiabatic furnace 

using the PHOENICS Code. The flow dealt with has 
low to medium swirl and the results were encouraging 
for the low swirl flows, but less good for the medium 
swirl. 

The peripheral fuel injection has recently been 

implemented in the NEL furnace system, and the 

measured flow and combustion patterns were 

reported by Kenbar et al (1991-b). The purpose of 

the present study is therefore to investigate the 

ability of the CFD procedure to deal with this 

peripheral fuel injection in the NEL furnace system. 

The present application geometry includes a high 

swirl burner with a quarl, discharging in a water 

cooled furnace chamber. 

The governing equations are solved by the finite 

difference procedure embodied in the PHOENICS 

Code (Ludwig et al (1989)). Turbulence is modeled 
by the standard k-e model (Bradshaw et al (1981), 
Gupta and Lilley (1985)) and combustion by the 
'eddy break-up' model (Spalding (1970) and 
Magnussen and Hjertager (1976)). Radiation heat 

transfer is modelled by the flux method (Gupta and 
Lilley (1985)). 

The predicted aerodynamic and combustion patterns 

are compared with the measured patterns. An 

assessment is made of the degree of agreement with 
the measurements and suggestions are made for 

further improvements to the models of flow, 

combustion and heat transfer. 

2. EXPERIMENTAL DATA 

This data is part of an HTFS extended research 

effort to study the combustion characteristics of 

swirling flames using the NEL furnace system. In 

addition to providing more insight into the processes 
involved, the results of these studies were also used 
for the validation of the HTFS mathematical 
modelling programs, such as PCOC, Beltagui et al. 
(1991). 

2.1 NEL Furnace System 

The furnace is a model of an upshot fired heater. 

The apparatus is a cylindrical combustion chamber 

of Im diameter and 3m height. The water-cooled 

chamber wall has six separate sections. The furnace 
is fired by natural gas through a variable swirl 
burner with a quart. More details of the furnace and 



measuring equipment were given by Beltagui et al 
(1988-a and 1989) and Kenbar et al (1991-b). 

The fuel was injected axially at the outer periphery of 
the air stream as shown in Fig. 1, through an annular 
slit of 2.5 mm width around the air inlet. It was found 
that a stable flame can only be achieved if a central 
recirculating-flow zone (CRZ) exists near the burner. 
This can be created either by swirling the air flow or 
by injecting a fraction of the air flow radially from a 
central gun across the air flow. The results presented 
here are for the case of swirling flow. 

2.2 Measurements Conditions 

The detailed in-furnace experimental measurements 
were taken under fixed firing conditions of 400 KW 

and 5% excess air. Two settings of air swirl were 
surveyed, with swirl number, S values 0.9 and 2.25. 

The results present complete mapping of the flow and 
combustion patterns within the furnace. The 

experimental measurements for the aerodynamic 
patterns include the three time-averaged velocity 
components and static pressure. Those for the 
combustion patterns covered temperature and species 
concentrations- HC, CO2, CO, 02 and NOx. 

2.3 Measurements 

Radial traverses were carried out at 13 planes along 
the furnace, at axial positions from the quarl exit that 

were closely spaced near the burner. At each plane 13 
to 26 measurement points were covered according to 
the gradients of the variable being measured. The gas 
temperature was measured using suction pyrometer 
with shielded S-type thermocouple. A calibrated 
spherical head five-hole pitot probe of 8 mm tip 
diameter, was used for the measurements of the three 
time-averaged velocity components and static 
pressure, Chedaille and Braud (1972). 

A special water cooled stainless steel sampling probe 
(Kenbar and et al (1991-c)) was used to draw samples 
for concentration measurements. Chemiluminescent 

and flame ionisation analyzers were used for NOx and 
HC analysis respectively. Infra-red analyzers were 

used for CO, CO2 and a paramagnetic analyzer for Us. 

3. PREDICTION PROCEDURE 

The predictions have been made by solving the 
finite-difference formulations of the governing 
equations for the conservation of mass and three 

components of momentum. Turbulence is modelled 
by solving two differential equations for the 
turbulence kinetic energy and its dissipation rate 
(standard k-c model). The combustion modelling 
was performed by solving differential equations for 
fuel mass fraction and mixture fraction, together 

with the energy equation. The radiation heat transfer 
from the flame gases was modelled by the flux 

method. 

3.1 Combustion Model 

In turbulent reacting flows, the modelling of the rate 
of reaction, and consequently the heat release rate, 
is essential to the evaluation of the local gas 
temperature and density, the latter being a major 
factor in the momentum and mass conservation 
equations. 

In the present non-premixed system, the flame is 

considered as diffusion controlled. As was discussed 
before, Beltagui et al (1991), the combustion rate in 

this forced draught system is modelled using the 
'eddy break-up' model of Spalding (1970) and 
Magnussen and Hjertager (1976). This model 
assumes that the reactants are homogeneously mixed 
in the fine-scale dissipative eddies of the turbulence. 
The chemical reaction i' represented by a one-step 
reaction between the fuel and oxidant. The present 
formulation includes the effect of the hot product 
concentration, which has proved significant. The rate 
of the reaction is dependant on the concentration of 
the limiting reactant as given by: 

(1) R=ap Min [ Mr, Mfs , b"MJ(l+s)] 

where Mr , M. and MD are the mean mass fractions 

of fuel, oxidant and product respectively, s is the 

stoichiometric ratio and a and b are 'eddy break-up' 

constants. The values of a and b were taken to be 
2.0 and 0.5 respectively, Beltagui et al (1991). 

1 he iocai gas temperature was calculated from the 



enthalpy using temperature dependant specific heat 

values for each of the three species. The perfect gas 
law was used for the density calculation. 

3.2 Heat Transfer Model 

The radiation heat transfer from the flame gases was 
modelled by the Flux method. The mean absorption 
coefficient for the furnace gases was taken to be 0.355 

m. Convective heat transfer contribution was 
considered through the wall boundary condition. 

3.3 Boundary Conditions 

The calculation domain comprised the burner quarl 
and furnace. The burner geometry was represented by 

a cylindrical inlet followed by the conical quarl 
discharging into the furnace space. 

The inlet mean velocity components and static 
pressure values at the burner throat were based on 
experimental measurements carried out on a full scale 
isothermal model of the burner, Beltagui et al (1988- 
b). 

The corresponding k and s values have been 
calculated as follows: 

k=C" 0.0325 (U2+V2+ W2) (2) 
s=k/0.548 1 (3) 

where 1 is a characteristic dimension for the flow 

stream taken as swirler radius for air and annular slot 
width for fuel. The values of the constants in Eqns. 2 
and 3 have been deduced from experimental 
measurements in similar flow systems as reported by 
Nejad et al (1989). 

The flow boundary conditions at the solid walls have 
been described by the log-law. The heat transfer at the 
walls was modelled by a special formulation to take 
account of both radiation and convection components, 
according to the heat flux equation; 

9. =h (Ts - T. ) +a (e1 T; - C. T. 1) (4) 

At this stage a constant value of the convective heat- 
transter coetticient h, was applied for' each swirl 

setting, namely 23 and 30 W/m2K for 0.9 and 2.25 

swirl numbers respectively, as suggested by Beltagui 

and Ralston (1991). 

3.4 Computational Details 

The furnace geometry was represented by an 

axisymmetric non-uniform grid of 45 axial by 47 

radial nodes. Within the burner, particularly the fuel 

exit, the grid spacing in the radial direction was 

reduced to 0.44 mm. The quarl wall was represented 
by a series of 10 steps. 

The upwind numerical differencing scheme was 

used, with under-relaxation parameters for all the 

variables. At least 1000 sweeps were required to 

obtain a satisfactorily converged solution with 

normalised mass residuals of less than 0.5x10'. A 

typical calculation of 1000 sweeps required about 40 

minutes of CPU time on a Silicon Graphics IRIS 

Workstation. 

The predictions are influenced by the specified inlet 

conditions. In the present case, the inlet conditions 
for enthalpy and concentrations were known. The 

values of the time-averaged three velocity 
components were also known from experimental 
measurements. The turbulence kinetic energy and 
rate of dissipation were, however, not measured. 
Estimates of the turbulence kinetic energy were 

made based on some experimental data on similar 

systems, Nejad et al (1989). The final predictions 
were found to be influenced by the value of the 

constants in Eqns. 2 and 3. The results presented 
here are based on the value of C=1.0. 

4. RESULTS 

A representative selection of the predictions for the 
0.90 swirl case is presented in Figs 2-4, together 

with the corresponding experimental measurements. 
The selected variables are the axial and tangential 

components of the time-mean velocity. 

4.1 Flow Patterns 

inc measured flow boundaries, as üeiineu by Hic 



forward flow and both the central and external 
reverse-flow zones, for the two swirls tested, were 
essentially the same, type D, according to the 

classification of Beltagui and Maccallum (1976). In 

this pattern, the flow near the burner consists of a 
CRZ surrounded by an annular jet containing the main 
forward flow. Outside the forward flow a weak 
external reverse-flow zone (ERZ) extends to the walls. 
The very low velocities in the ERZ observed here are 
due to the low confinement, manifested by the furnace 

to quarl diameter ratio of 5. 

Downstream from the quarl exit, the jet radial 
expansion increases with swirl, thus bringing the jet 
impingement point with the furnace wall nearer to the 
burner. It is noted that both the length and maximum 
diameter of the CRZ increase with swirl. 

4.1.1 Axial velocity profiles 

Predicted and measured axial velocity profiles for 
S=0.9 case are shown in Fig 2. Peak forward 

velocities- predicted and measured- increase with 
increased swirl. The high velocity gradients at the 
boundaries of the forward flow enhance the shear 
forces at the jet boundaries. This leads to higher 

mixing and combustion rates, resulting in short intense 
flames. Predictions generally match the measurements 
but there are some differences as follows: 

Swirl increases jet expansion, but the predicted 
increase is less than that measured. 

ii The predicted decay of the peak velocities, all 
three components, and their radial gradients is 

more rapid than that measured. 

iii Although the flow reversal at the centre of the 
jet was predicted, the predicted size of the CRZ 
is less than that measured. 

4.1.2 Tangential velocity profiles 

Figure 3 illustrates the radial profiles of the tangential 

velocity component in the furnace chamber. Prediction 

and measurements both show Rankine-Vortex type 
flow with solid body rotation in the central region. 
The peak tangential velocities coincide with the zones 

of peak axial velocity. 

4.1.3 Radial velocity pmtiles 

In general the radial velocity component gives a 
measure of the jet spread. Both the magnitude of the 
radial velocity and its rate of decay along the 
furnace increase with swirl. 
The predicted radial velocity profiles in the near- 
burner zone follow the shape of the experimentally 
measured profiles but the predicted values are much 
lower than those measured. Further downstream, the 

predicted radial velocities decay much faster than 
the measured. These features are consistent with the 

corresponding predicted decay of the axial velocities 
in this region. 

4.1.4 Static pn: ssuie distributions 

There is generally good agreement between 

prediction and measurement, with sub-atmospheric 
pressure near the centreline, rising to near, or 
slightly above, atmospheric close to the walls. This 

pattern is typical of static pressure distributions 

associated with confined swirling flows, with 

greatest depressions at and around the centre of the 
jet and uniform pressure distributions within the 

reverse-flow zones. The radial gradients of the static 

pressure increase with increased swirl. 

4.2 Combustion Patterns 

These are defined by the distributions of temperature 

and species concentrations within the furnace. 
The flow field can be divided into four zones: 

A Main reaction zone (near burner forward flow). 
B Central reverse-flow zone (CRZ). 
C Fully developed flow zone. 
D External reverse-flow zone (ERZ). 

The measurements show that most of combustion 
reactions take place in the reaction zone, A, leading 

to uniform concentration distributions in the fully 

developed flow zone, C. Measurements show reverse 
flows to be mainly products of combustion. 

There is general agreement between predictions and 



measurements for all these zones except for the CRZ. 
While the measured concentrations within the CRZ 
indicate products of combustion, the predictions 
indicate almost fresh air. 

Both prediction and measurements of temperature and 
species concentration show that combustion 
commences within the quarl. 

4.2.1 Temperature distributions 

Predicted and measured profiles for S= 0.9 swirl case 
are shown in Fig 4. The developing profiles are 
generally well predicted except in the very near burner 
zone and near the centreline, where prediction shows 
the CRZ to be mainly cold air, whereas the measured 
flow in this area is mostly of combustion products. 

Predicted and measured temperature profiles near the 
burner show high temperatures within the ERZ. The 
lowest temperatures are those of the unburned central 
inlet air flow. The maximum temperature at any level 
lies on the boundary of the fresh charge where 
combustion is initiated at the shear layer between the 
air and fuel jets. Further downstream, the agreement 
between the predicted and measured profiles improves. 

The predicted effect of swirl on the temperature 
profiles is less than that measured. This indicates that 
the effect of radial mixing between the flow streams 
is not adequately predicted. 

4.2.2 Species concentration distributions 

The predicted oxidant and product concentrations are 
consistent with each other, and with the predicted 
temperature profiles. Thus the degree of agreement 
between the predicted and observed species 
concentration is similar to the agreement for the 
temperature profile. The comments made in Section 
4.2.1 about the temperature profiles therefore apply 
also to the concentration profiles. 

S. DISCUSSION OF RESULTS 

While the main features of the flow and combustion 
patterns have been reasonably predicted, as 

demonstrated by the comparison with the measured 
patterns, there are some discrepancies, particularly in 

the higher swirl case (S=2.25). 

Considering the flow pattern, the radial gradients of 
velocity components especially near the centreline 
are underpredicted. This is a feature of the standard 
k-c turbulence model and has been reported by 

other investigators, for example see Mahmud et at 
(1987), Nejad et at (1989), Jones and Pascau (1989) 

and Kobayashi and Yoda (1987). The is attributed 
to the body forces which arise from the effects of 
curvature, recirculation, swirl and buoyancy. These 
forces interact selectively with different normal and 
shear stresses making the use of the isotropic 
turbulence assumption inappropriate, Sloane et at 
(1986) and Leschziner (1989). 

The present investigation is of a special flow 

configuration where the body forces play an 
important role. In this furnace, using the peripheral 
fuel-injection scheme, combustion starts at the outer 
shear layer of the air jet. The centrifugal forces 

created in this system due to the density gradients 
are expected to increase further the effect of body 
forces on the turbulent flow (Leschziner (1989) and 
Beltagui and Maccallum (1988)). Trials to overcome 
the model deficiency through the use of a modified 
anisotropic form of the turbulent eddy viscosity 
based on the k-e model for some simpler flow 
situations have been presented by Kobayashi and 
Yoda (1987) and others. However, these models are 
not yet of a general form. 

Rigorous models solving the complete Reynolds 

stress equations should have the degree of generality 
required. However, these models were not available 
in general CFD codes. Another reason for not using 
these is the expensive computational time penalty 
involved. Recently, this situation has improved and 
predictions are being made using the Reynolds stress 
equations. 

Considering the combustion patterns, as represented 
by the temperature and species concentration fields, 

while previous predictions were in good agreement 
for the low and non-swirled flow case, less 

satisfactory agreement is obtained for the highly 



swirling flows presented here. There are three reasons 
for these deficiencies: 

i The weakness in the turbulence modelling, as 
explained above, led to lower mixing rates in the 

radial direction as indicated by the lower degree of 
uniformity in the temperature and species 
concentration profiles, compared to the measured 
profiles. The underprediction of mixing is more 
apparent in the higher swirl flow. 

ii The simplified combustion model, which is also 
governed by the turbulence properties through the 
"eddy break-up" model, is not sufficient. 

iii The flux model for radiation heat transfer is too 

simple to model the heat transfer accurately. 

6. CONCLUSIONS 

The general agreement between predicted and 
measured flow and combustion patterns is encouraging 
considering that the procedure used the standard k-c 

turbulence model, with simple combustion and 
radiation models. 

The main flow and combustion patterns of a high 

swirling flame using a peripheral fuel injection burner 

were reasonably predicted. However, the enhancement 
of mixing caused by the combined effects of swirl and 
density gradients, was not adequately predicted. This 

weakness highlights the importance of modelling the 

contribution of the body forces to the turbulence 

exchange coefficients. 

Further work is being carried out using the FLOW3D 

code to model the same flow configuration. 

ACKNOWLEDGEMENTS 

This work is part of an HTFS project which receives 
support from the U. K. Department of Trade and 
Industry. 

REFERENCES 

BELTAGUI, S. A. and MACCALLUM, N. R. L., 
(1976), "Aerodynamics of vane-swirled flames in 
furnaces", J. Inst. of Fuel, vol. 49, pp. 183-193. 

BELTAGUI, S. A. and MACCALLUM, N. R. L., 
(1988), "Characteristics of enclosed swirl flames 

with peripheral fuel injection". J. Inst. of Energy, 

March, pp. 3-16. 

BELTAGUI, S. A., FUGGLE, R. N. and 
RALSTON, T., (1988-a), "Combustion pattern 
measurements for swirling flames in the NEL 
furnace", HTFS Research Symp., RS 756, 
NEL/HTFS 113. 

BELTAGUI, S. A., FUGGLE, R. N. and 
RALSTON, T., (1988-b), "Aerodynamic and mixing 
within the quarl of a variable swirl burner 

(experimental and theoretical study)", First European 

Conference on Industrial Furnaces and Boilers 
(INFUB), Lisbon, Portugal. 

BELTAGUI, S. A., FUGGLE, R. N., KENBAR, A. 
M. A. and RALSTON, T., (1989), "Measurements 

of swirling flames aerodynamics in the NEL 
furnace", HTFS Research Symp., RS 826, 
NEL/HTFS 125. 

BELTAGUI, S. A. and RALSTON, T., (1991), 
"The prediction of convective heat-transfer from 

swirling flames", Second European Conference on 
Industrial Furnaces and Boilers (INFUB), Algarve, 
Portugal. Also HTFS RS845. 

BELTAGUI, S. A., FUGGLE, R. N., KENBAR, A. 
M. A., RALSTON, T., MARRIOTT, N. and 
STOPFORD, P. J., (1991), "Modelling a gas-fired 
furnace flow and combustion using the PCOC 

code", Eurotech Direct, I Mech E. Birmingham, 
Paper No. C413/054. 

BRADSHAW, P., CEBECI, T. and WHITELAW, 
J. H., (1981), "Engineering calculation methods for 

turbulent flow", Academic Press, London. 

CFTFTIATT. T. F., J And BRAT. TD, Y, (1977), 



"Measurements in flames", Edward Arnold 

publishers, London. 

GUPTA, A. K. and LILLEY, D. G., (1985), "Flow 
field modelling and diagnostics" ABACUS Press, 
Tunbridge Wells, Kent, England. 

JONES, W. P. and PASCAU, A., (1989), 
"Calculation of confined swirling flows with a second 
moment closure", ASME, J. of Fluids Eng., Vol. 111, 
248,255. 

KENBAR, A. M. A., BELTAGUI, S. A. and 
MACCALLUM, N. R. L. (1991-a), "Modelling the 
combustion aerodynamics for a peripheral injection 

system", HTFS Research Symposium paper, RS878, 
NEL/HTFS 144. 

KENBAR, A. M. A., BELTAGUI, S. A. and 
MACCALLUM, N. R. L. (1991-b), "Peripheral fuel 
injection burner in the NEL furnace- Flow and 
combustion patterns", HTFS Research Symp., RS 878, 
NEL/HTFS 144. 

KENBAR, A. M. A., BELTAGUI, S. A., RALSTON, 
T. and MACCALLUM, N. R. L. (1991-c), 
"Measurement and modelling of NOx formation in a 
gas fired furnace" First Int. Conference on 
Combustion Technologies for clean environment, 
Portugal. 

KOBAYASHI, T. and YODA, M., (1987), "Modified 
k-c model for turbulent swirling flow in a straight 
pipe", JSME, Internat. Journal, Vol. 30, No. 259, 
66-71. 

LESCHZINER, M. A., (1989), "Modelling turbulent 
recirculating flows by finite-volume methods - current 
status and future directions", Int. J. Heat and Fluid 
Flow, Vol. 10, No. 3,186-202. 

LUDWIG, J. C., QIN, H. Q. and SPALDING, D. B., 
(1989), "The PHOENICS Reference Manual", CHAM 
TR/200, CHAM LTD. 

MAGNUSSEN, B. F. and HJERTAGER, B. H., 
(1976), "On mathematical modelling of turbulent 

wIubustiun with special emphasis on suui founniion 

and combustion", 16th Symp. (Int). on Combustion, 

719-730. The Combustion Institute, Pittsburgh, PA. 

MAHMUD, T., TRUELOVE, J. S., WALL, T. F., 

(1987), "Flow characteristics of swirling coaxial jets 

from divergent nozzles", ASME, J. of Fluids Eng., 

vol. 109,275-282. 

NEJAD, A. S., VANKA, S. P., FAVALORO, S. C., 

SAMIMY, M. and LANGENFELD, C., (1989), 

"Application of laser velocimetry for 

characterization of confined swirling flow", ASME 

J. Eng. for Gas Turbines and Power, vol. 111, 

36-45 

SLOANE, D. G., SMITH, P. J. and SMOOT, L. D., 
(1986), "Modelling of swirl in turbulent flow 

systems", Prog. Energy Combust. Sci., Vol. 12, 
163-250. 

SPALDING, D. B., (1970), "Mixing and chemical 

reaction in steady confined turbulent flames", 13th 
Symp. (Int. ) on Combustion, 649-658. The 

Combustion Institute, Pittsburgh, PA. 

LIST OF FIGURES 

FIG 1: Peripheral fuel-injection burner system 
FIG 2: Axial velocity profiles, S=0.90 
FIG 3: Tangential velocity profiles, S=0.90 
FIG 4: Temperature profiles, S=0.90 

--º Gas 
Air -ý. 

FIG 1: Peripheral fuel-injection burner system 



(1) 
C 
N to 

Co: 

mÜ 
cn «p 
tII 
a, 

m 
m 
m 
m 
CD 
m 

E 

0 
N 

I 

X 

It 
X 

11 
X 

8 N 

X 

x 

S2 
11 

X 

II 
X 

qlltý II 
X 

rn Ö 
11 U) 

V) 
a) 

2 
0. 

0 

Cu 

G) 

0) 
LL 



U) 
C 
N cn 
EC 

,o jÜ 
-p 

cII w 

Cl. 
(D 
(D 
CD 
CD 
CD 
(1) 

y 
E 
0 CV 

11 
X 

U, n 

ý'S 
n x 

8 N 

cý 
H 
X 

O 

II 
x 

x 

I 
11 

rn 
Ö 

vi 
a, 

2 

CL 
U 
0 
a) 

(Q 

C 
N 

C 
W 

H 

Cr) 
m 

C) 
LL 



N 

c WN 

Ü 

N -p 
CU W 
a) Q 

m 
m 
m 
m 
m 
m 

Y 

of 0 T1 

N 

?C 

Lir) 

Z O) 0 X I 1 
U) 

V) 
a) 
O 

x 
a) 

a) 
CL E 

n CD x f- 

- a) 
cm ö ü. 

x 

II 
X 

1" 
II 

X 

gý8sg 

eeaeeeee 
ý1 easeeeso 

eoeaesecs 

ee oee 

aae epee 

eee eese, eeaee ®Geese ee" 
oe 

e eeoeeeoaee 
ieeeeeees 

eA 

oaoeeeeee 
eeeoeoseo 

e ao 

ee 

oee 

ýe 
aft ýe e 



Publication 58 

Yet WoQtJ Coi4F ¬NCE ON C-%PFRIMEN71AL PEAT 

-rR ArA5 E9,, FLUtSD MlEtHINNICS At4b TNERM0t 'NANjs CS -. 
HONOLULU 1993 

COMBUSTION AERODYNAMICS OF A GAS FIRED FURNACE WITH 

PERIPHERAL FUEL INJECTION 

A. M. A. Kenbar 1.2, S. A. Beltagui 1-2 and N. R. L. Maccallum 

1- The University of Glasgow, Glasgow, UK. 
2- National Engineering Laboratory (NEL), East Kilbride, Glasgow, UK. 

ABSTRACT 

The work presented in this paper is part of a 
, research programme to study the combustion 
characteristics of swirling flames in furnace systems. 
These studies are aimed at improving combustion 
performance with reduced pollutant emissions. In 
addition to providing more insight into the processes 
involved ie, aerodynamics, combustion, heat transfer 
and formation of pollutants, results of these studies are 
also needed for the validation of furnace prediction 
models. 

This paper presents measured flow and combustion 
patterns carried out on a semi-industrial scale 
natural-gas fired furnace. The burner utilises a 
non-conventional fuel-injection scheme where the fuel 
is injected around the periphery of the swirling air jet. 
The furnace is a water cooled cylindrical combustion 
chamber of Im diameter and 3m height, fired by 

natural-gas through a variable swirl burner with a 
quarl. 

The measurements of the flow and combustion 
patterns were carried out for two air swirl intensities, 
Swirl Numbers 0.9 and 2.25, through radial traverses 
at 13 axial planes along the furnace. The flow patterns 
are defined by the radial distributions of the measured 
three time-averaged velocity components and static 
pressure. Also presented are the combustion patterns in 
the form of measured contours of temperature and 
species concentrations of 02, CO2, CO, HC and NOx. 

The results demonstrate that peripheral fuel injection 
produces high rates of mixing leading to better 
combustion efficiency and heat transfer. The axial 
velocity profiles define the main shear areas and the 
forward and reverse flow zones. The temperature and 
concentration fields illustrate the progress of 
combustion reactions to completion and the formation 
of pollutants. 

The data obtained by the detailed measurements is 
being used for the validation and development of the 
mathematical models for prediction of furnace flows. 

INTRODUCTION 

Furnace system design requires careful 
characterisation and optimisation of complex flow and 
combustion phenomena. Although Computational Fluid 
Dynamic (CFD) techniques are being progressively 
used in furnace design, there is still a great need for 
experimental measurements to test new designs and 
validate CFD predictions. Thus a mixed approach of 
physical model testing and CFD simulation reduces the 
time and cost of development. 

This approach is being followed in this research 
programme to study the combustion characteristics of 
swirling flames in furnaces. This programme is aimed 
at improving combustion performarce with reduced 
pollutant emissions. 

In non-premixed industrial burners, mixing occurs 
within the combustion chamber by shear layer mixing 
between the air and fuel streams. Swirling the air flow 
can be used to increase shear mixing and enhance it 
with centrifugal mixing. The utilisation of the full 
benefits of these two physical processes in a practical 
combustion system depends mainly on the method of 
fuel injection. 

Shear layer mixing is effectively utilised if the fuel 
is injected into the regions of maximum shear in the 
air stream. Centrifugal mixing effects can be utilised 
by creating favourable density gradients within the 
flow of air, fuel and products. The most common 
method of fuel injection is axially at the centre of the 
burner air flow. This method does not utilise the full 

potential of either shear layer or centrifugal mixing. 
As an alternative to the central fuel injection, the fuel 

can be injected at the periphery of the entering air jet 
[1,2]. This system offers better shear layer and 
centrifugal mixing, thus resulting in efficient mixing 
and hence high combustion intensity. The flame 

stability was achieved through either the central or 
outer reverse flow of hot products. This system and 
similar systems have been examined by a number of 
investigators, reviewed in [1]. 

The peripheral fuel injection system was studied [1] 



in an adiabatic furnace of 0.225 m inside diameter and 
0.9 m long. This system resulted in a stable flame 
even without a central reverse-flow zone (CRZ), thus 
only low swirl settings, up to that which is formed a 
CRZ, were used. Compared to the central axial 
fuel injection, the peripheral injection produced higher 
intensity flames with wider stability ranges. This work 
gave strong evidence in support of fuel injection at the 
outer periphery of the swirled air flow. However, 
these findings are related to a small scale adiabatic 
furnace where the flame stability is easier to achieve 
when compared with large non-adiabatic furnace 
systems which exist in industry. It is necessary to test 
this scheme in a non-adiabatic industrial size furnace 
systems. Thus the present work was carried out on the 
NEL test facility which represents a semi-industrial 
scale furnace system. The main objectives of the NEL 
programme were: 

First, to acquire data to study different fuel injection 
methods in a semi-industrial scale application. This 
should provide more insight into the processes 
involved, that is, aerodynamics, combustion, heat 
transfer and formation of pollutants. This information 
is needed to optimise both the fuel injection mode 
and swirl to achieve the best combustion performance 
with minimum pollutant formation. In this paper 
detailed measurements of the flow and combustion 
patterns using the peripheral fuel injection scheme are 
presented. Comparisons with other fuel injection 
systems are given in reference [3]. 

Second, to provide an extensive data bank which 
is used in developing and testing the theoretical 
programs for furnace flow and combustion. These 
include both furnace specific codes eg PCOC [4] and 
more general CFD codes, eg PHOENICS [5]. 

EXPERIMENTAL PROGRAMME 

NEL Furnace System 

The NEL furnace models an upshot fired heater. The 
furnace is a water cooled cylindrical combustion 
chamber of 1 in diameter and 3m height. 

The furnace is fired by natural gas through a variable 
swirl burner with a quarl. The burner uses a 
moving-block swirl generator. Two air swirl settings 
were tested with Swirl Numbers S=0.9 and 2.25. 

The Swirl Number is defined as the ratio of 
tangential to axial momentum fluxes divided by the 
burner throat radius. More details of the furnace 
and measuring equipment were given in references 
(6.7]. 

Entry Flow Arrangements 
Fuel entry arrangements. The fuel was injected 

axially at the outer periphery of the swirled air stream. 
Fig. 1. Two alternative arrangements have been used. 
In arrangement A, the fuel entered through an annular 
slit of 2.5 mm width around the periphery of the 
swirled air. The velocity of the gas leaving the slit was 
12 m/s. In arrangement B, the fuel was injected } 
through 60 holes, each 4 mm diameter. These holes ̀  

were designed to maintain the same flow area as the 
continuous slit of arrangement A. 

Both arrangements, A and B, produced flames of 
virtually identical geometry and appearance. Thus 
the detailed measurements were taken for arrangement 
A only. 
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Air entry_schemes. In Scheme I all the air entered 
through the burner throat, Fig. I. It was found that 
a stable flame could only be achieved if enough swirl 
(S > 0.8) was applied to the air flow to produce a 
CRZ near the burner. However, of the two swirl 
settings investigated above this value, the one close 
to the stability limit (S=0.9) produced a flame 
characterised by some non-uniformity in shape when 
compared with the higher swirl flame (S= 2.25). 

An alternative way of achieving the CRZ is to create 
an aerodynamic blockage by introducing part of the 
combustion air radially outward through a central 
gun. The gun used, Fig. 1, has 16 holes each 5 mm 
diameter, spaced on its outer periphery. Thus in 
Scheme 2 about 10 % of the combustion air was 
supplied through the central gun. In this case a stable 
flame was achieved even without swirl. 

Measurements Conditions 

Experimental measurements were performed to 



produce complete mapping of the flow and 
combustion patterns within the furnace. These 
measurements were carried out for the air entry 
Scheme 1. 

The experimental measurements for the aerodynamic 
patterns include the three time-average velocity 
components and static pressure. Those for the 

. combustion patterns covered temperature and species 
concentrations, that is HC, CO, CO2, O, and NOx. 
These measurements were taken under fixed firing 
conditions of 400 KW and 5% excess air. 

MEASUREMENTS 

Radial traverses were carried out at 13 planes along 
the furnace, being closely spaced near the burner. 
Some extended traverses were made to check for 
flow symmetry and intrusive effects of probes. 
The probe effects were found to be minor and the flow 

symmetry very reasonable. Repeatability tests gave 
velocity values repeatable within ±0.5 m/s. Between 13 
and 26 measurement points were used in each plane 
depending on the gradient of the variable being 

measured. The absolute positioning of the probe 
relative to the furnace wall and base plate was 
achieved to within ±2 mm. 

The gas temperature was measured using a suction 
pyrometer [8], which has an overall shield diameter of 
15 mm and uses an 'S' type thermocouple. The suction 
rate corresponds to a gas velocity of 150 m! s at the 
hot junction. The measured probe efficiency [8] was 
found to be 99%, thus temperature measurements 
needed no correction. Temperature measurements were 
repeatable to within ± 10 K. 

A spherical head five-hole pitot probe of 8 mm tip 
diameter [7,8] was used for the measurements of 
the three time-averaged velocity components and 
static pressure. The probe was recalibrated in a 
special rig before the start of the measurements [7]. 

Although the probe is intrusive, it has been 

confirmed in the present furnace that the velocity 
values obtained are generally within ±1 m/s of those 
measured by LDA. Similar comparisons elsewhere 
reached the same conclusion, eg [9]. It is only in 

regions of low axial velocity and relatively high 

radial velocity that discrepancies occur between 

measurements by the two methods. There is therefore 
reasonable confidence in the axial and tangential 
velocity components measurements, but less 

confidence in the radial component values. 
Mass integration of the measured axial velocity 

distribution at any section compared well with the 
metered flow values, within 25%. 

For concentration measurements, a special water 
cooled stainless steel sampling probe [6] was used. 
For NOx and HC analysis, the gas sample passes 

through a heated sample line to the NOx 
chemiluminescent and hydrocarbon flame ionization 
detector analysers respectively. For CO, CO, and O= 
analysis, the sample was passed through a water trap, 
condenser and chemical dryers before being introduced 
to the analysers. Infra-red absorption analysers were 
used for CO and CO,. A paramagnetic analyser 
measured the concentration of 02. Each analyser 
was calibrated against known concentrations of the 
gas to be measured. The time-mean values of all 
measured variables are those averaged over a period 
of 1 minute, after sufficient time was allowed for 
purging the sampling lines and analysers. The 
concentration measurements were checked for 
repeatability and the maximum deviation was within f 
1% of the full scale for each analyser. 

FLOW PATTERN RESULTS 

These are defined by the measured profiles of the 
three time-averaged velocity components and static 
pressure. 

Axial Velocity Profiles 

These profiles are given in Fig. 2. The forward and 
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reverse flow boundaries in each plane are defined by 
these profiles. For the two swirls tested, the flow 
patterns are essentially the same, type D, according 
to the classification of Beltagui and Maccallum [10]. 
In this flow pattern, near the burner, the flow 
consists of CRZ surrounded by an annular jet 
containing the main forward flow. Outside the forward 
flow a weak external reverse-flow zone (ERZ) 
extended to the walls. The very low velocities in the 
ERZ observed here are due to the low confinement, 
the furnace to quart diameter ratio being 5.0. 

For the forward flow, the value of peak velocity 
increases with increased swirl. The high velocity 
gradients at the boundaries of the forward flow 
increase even further with increased swirl. These 
gradients enhance the shear forces at the jet 
boundaries, leading to higher mixing and 
combustion rates. These features result in the short 
intense flames associated with the high swirl flows. 

The rate of decay of maximum velocity along the 
furnace is accelerated at high swirl, this being 
associated with the jet area expansion- see next 
paragraph. The recovery of the centreline axial 
velocity is enhanced with swirl. 

Flow Boundaries 

Figure 3 defines the boundaries of the forward flow 
and both the central and outer reverse-flow zones for 
the two swirls. For the first 250 mm distance from 
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Fig. 3 Flow boundaries. 

the quarl exit, the jet radial expansion is nearly the 
same for both swirls. Further downstream, the jet 
radial expansion increases with swirl, thus bringing 
the jet impingement point with the furnace wall 
nearer to the burner. It is noted that both the 
length and maximum diameter of the CRZ increase 
with swirl. 

Tangential Velocity Profiles 

These profiles are presented in Fig. 4. The tangential 
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Fig. 4 Tangential velocity profiles. 

velocity values are an indication of the local 
_ 
swirl 

strength which contributes to mixing and combustion. 
The high swirl jet approximates to the usual 
Rankine-vortex flow with solid body central rotation 
surrounded by an outer free vortex. At planes from 
the furnace inlet to about 300 mm downstream, 

the tangential velocity values in the high swirl, are 
about twice the corresponding values of the 

. 
lower 

swirl. However, the rate of decay of the tangential 

velocity increases with swirl so that the tangential 

velocities in both swirls decay to very low values by 

about 800 mm downstream. 

Radial Velocity Profiles 

s 

i 
f 

I 

`t 
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t 

These profiles are similar for both swirl settings { 

although the magnitudes of radial velocities are higher 

at the higher swirl. The profiles for the higher swirl 
(S=2.25) only are shown in Fig. 5. In the upper half of 
the diagram, positive values correspond to outward 
radial velocity components, with the reverse 
convention in lower half. 

As mentioned in "Measurements" Section, it is 
believed that the probe measurements exaggerate 
the radial velocity values, in the regions of low 
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Fig. 5 Radial velocity profiles. 

, axial velocity and peak radial velocity. Consequently, 
excessive reliance should not be placed on the 
measured radial velocities. However the radial velocity 
values are an indicator of the direction and magnitude 
of the jet spread. Both the magnitude of the radial 
velocity and its rate of decay along the furnace 
increase with swirl. The features shown in Fig. 5 are 
consistent with the jet expansion behaviour 

suggested by the axial velocity distributions. 

Static Pressure Profiles 

Static pressure distributions indicate that all pressure 
values are below ambient pressure with maximum 
depressions near the burner. These distributions are 
similar to those generally observed in enclosed 
swirling jet flows in furnaces, with greatest depressions 

at and around the centre of the jet and flat pressure 
distributions within the reverse-flow zones. Increased 

swirl, above the value corresponding to the onset of 
the CRZ, increases the centreline depression resulting 
in a larger CRZ. The radial gradients of the static 
pressure are higher in the higher swirl case and it 
takes a longer axial distance to reach a uniform 
pressure distribution in this case. 
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COMBUSTION PATTERNS RESULTS 

The flames observed were of the short intense type 
associated with high mixing rates and central reverse 
flow. Combustion patterns are represented by the 
distributions of time-averaged temperature and species 
concentrations within the furnace. 

Temperature Distributions 

These are presented as contours in Fig. 6. 
Temperature profiles are also shown in Fig. 7, for three 
of the axial positions along the furnace. These figures 
give an indication of the effect of swirl on the rate of 
combustion as well as the symmetry of the flame. 

Generally, the profiles shown in Fig. 7, illustrate a 
good degree of symmetry, particularly for the higher 
swirl case. The slight asymmetry in the lower swirl 
case near the burner may be caused by slight variation 
in the width of the slit used for the fuel gas injection, 
see also [1). 

The temperature contours indicate that combustion 
starts within the quarl, a fact confirmed by the 
measured species concentrations. 
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Fig. 7 Radial temperature profiles. 

Fig. 6 Temperature contours. 
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The temperature contours also show that the 
maximum temperature and steepest radial temperature 
gradients occur nearer to the burner as swirl is 
increased from 0.9 to 2.25. Further downstream, these 
gradients decay much more rapidly at the higher swirl. 
Away from the furnace walls, for the higher swirl 
case, near-uniform temperature profiles are reached at 
a plane of 1m downstream of the burner. However, 
for the lower swirl, radial temperature gradients are 
evident even at furnace exit. Thus, increased swirl 
not only increased combustion intensity, but also 
enhanced the stirring of the post-flame gases. 

Within the CRZ, temperature profiles are mostly 
uniform for both swirl cases. The temperature at the 
centreline is always close to the maximum 
temperature measured at this traverse plane. Within the 
ERZ, Fig. 7 shows that for both swirl settings the 
gas temperature decreases from about 1000 C at 545 
mm to about 600 C at 45 mm, this being due to 
heat transfer to the furnace walls. 

Main Species Concentrations 

Complete surveys of concentrations of IIC, CO, 
CO2.02 and NOx were performed along the furnace. 
For brevity. only some radial profiles are presented at 
two planes close to the burner (Fig. 8-11) where local 
combustion information is required. This information 
includes the effect of swirl and the degree of mixing 
on combustion intensity and flame size. 

The concentration profiles shown in Figs. 8-I1 
exhibit the same degree of symmetry as described for 
the temperature profiles. 
On inspection of the complete profiles, the flow field 
can be divided into four zones: 

A- The main reaction zone (near burner forward flow). 
B- The central reverse-flow zone (CRZ). 
C- The fully developed flow zone. 
D- The external reverse-flow zone (ERZ). 

Most of combustion occurs in the reaction zone (A) 
leading to uniform concentration distributions in the 
fully developed flow zone (C), as detailed below: - 

A- In the reaction zone, the concentrations of HC 
and CO are higher in the case of S= 0.9. This shows 
that the degree of mixing and consequently 
completeness of combustion are lower. This is also 
confirmed by the lower measured CO2 and the higher 
02 in this region. As swirl is increased, high CO2 
peaks are observed in the annular forward jet, 
and correspondingly lower O=, CO and HC, consistent 

with increased combustion intensity. The flame 
envelope is therefore smaller in the case of 
S=2.25. From the CO contours it can be estimated that 
the flame diameter for the higher swirl is about 0.8 
that for the lower swirl, in contrast with the wider jet 
spread. 
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The minimum value of CO2 at the first measuring 
section, 45 mm from quart exit, Fig. 10(a), varies 
between 2.5% and 4.0%, confirming that combustion 
commences within the quarl. This is also confirmed by 
the maximum value of O= concentration at this 
section. 

The measurements show that the main reaction zone 
ends at about 500 mm. Beyond this distance, 

concentrations of CO and HC decay to zero, and 
concentrations of CO2 and 02 attain their uniform 
values of 11.5 % and 1% respectively, representing 
complete combustion. 

B- Within the CRZ, concentrations of HC and CO 
are nearly zero in the case of S= 2.25. However for 
S= 0.90, small concentrations exist along the CRZ. 
This indicates that the CRZ of the lower swirl flame 
receives mixtures with reactions still in progress. 

C- As mentioned in (A) above, the fully developed 
flow zone extends from about 500 mm downstream 
from the quart to the furnace exit. 

D- In the ERZ, although gases circulating in this 
region are mainly products of complete combustion, 
very low concentrations of CO and HC are observed 
for both swirls. These concentrations are entrained 
from the outer boundary of the forward flow where 
reactions are still in progress. 
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NOx Concentrations 

axial directions. The rate of NOx formation follows 
closely the rate of the main combustion reactions as 
indicated by the temperature and main species 
concentrations. Comparison of the NOx profiles at 45 
mm from quarl exit Fig. 12 with those of the 
temperature Fig. 7 shows that NOx profiles are 
similar to the temperature profiles for each swirl case. 
At the 545 mm plane from the quarl exit, NOx 
profiles become almost uniform across the furnace. 
These features indicate that NOx in this case is 
formed by the thermal mechanism. 

However it is noted that the NOx concentration 
levels are significantly higher for the lower swirl 
case. This cannot be completely explained by the 
temperature variation alone. Two other factors 
must also be considered: 
a- Longer residence time, due to the slower reaction. 
b- Higher fluctuations in the concentrations as 
observed from the flame shape. 

B. The profiles of NOx within the CRZ, Fig. 12, and 
the corresponding temperature profiles. Fig. 7, show 
that NOx concentrations within this region are mainly 
due to the entrainment from the forward flow and not 
due to reactions within this zone. For example at the 
45 mm plane, higher NOx concentrations are 
measured for the lower swirl, although the 
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Fig. 12 Radial NOx profiles. 

The results of NOx measurements for the two 
swirl settings surveyed are represented in Fig. 12 by 
some illustrative NOx profiles at near burner planes. 
These results are discussed in relation with the 
temperature and species concentration fields 
described above, using the same four flow field zones 
defined above. 

A- The reaction zone is characterised by steep 
gradients of NOx concentration in both the radial and 
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temperature is lower. Further downstream at the 160 

mm plane the temperature levels at both swirl 
settings are about the same, yet higher levels of NOx 

are observed at the lower swirl. 
C- In both swirl settings, constant NOx 

concentrations were measured throughout this region 
and these equal the value measured at the stack. The 
lower swirl, S= 0.9, produced the higher NOx value 
of 32 ppm compared to only 26 ppm at S- 2.25. 

D- The flow in the ERZ comes mainly from the 
fully developed flow with some flow entrained from 
the outer boundary of the reaction zone. Figure 12 



shows that NOx concentration within this zone 
increases with axial distance from the burner until it 
reaches the fully developed value. 

The discussion of NOx results described above 
confirms that its formation in these flames is mainly 
by the Zeldovich mechanism, although there may be 
some prompt NOx. The formation rates are affected 
by the flame temperature, residence time of hot 
gases in reaction region and the concentration 
fluctuations. The last two of these factors lead to 
higher NOx values in the lower swirl case. 

CONCLUSIONS 

1- With the use of the air entry Scheme I with the 
peripheral injection system, a minimum swirl 
(S=0.8) was required to achieve a CRZ 
stabilised flame. In Scheme 2, a CRZ was created 
by introducing some of the combustion air 
radially outward through a central gun, thus a 
stable flame was established even without swirl. 

2- The flow patterns presented for Scheme 1 with 
peripheral injection were represented by 
distributions of the three time-averaged velocity 
components and the static pressure. These 
measurements have given clear pictures of flow 
expansion in the radial and axial directions, 
also of the flow boundaries and thus the central 
and external reverse-flow zones (CRZ and ERZ). 
The effect of swirl on the size of the CRZ was 
found to be significant with this injection system 
due to the increased influence of centrifugal 
forces. 

3- An assessment of the combustion patterns has 
been obtained from the measurements of 
temperature and species concentrations. Good 
flame symmetry was obtained. Increasing swirl 
enhanced the mixing and thus combustion 
intensity. 

5- Measurements of the local NOx concentrations 
have shown that its formation is through the 
thermal mechanism, with strong dependence on 
local flame temperature and 02 availability. The 
NOx formation rate is thus dependent on the degree 
of mixing and local concentration fluctuations. In 
addition it depends on the residence time within 
the reaction zone. Consequently, at the higher 
swirl, higher mixing led to reduced NOx 
formation. 
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ABSTRACT 

This paper presents comparisons of combustion patterns and pollutant 
formation when using three different fuel injection schemes. In a 

semi-industrial size gas fired furnace, two fuel injection modes- radial 

outwards and peripheral axial, were examined as alternatives to the 

central axial mode. The radial fuel injection mode produced widest flame 

stability range. However the peripheral injection resulted in better mixing 

and combustion intensity. The results of pollutant measurements (NOx, 

CO and HC) indicate that the peripheral mode offer a wider scope for 

NOx reduction through the use of lean combustion and both air and fuel 

staging. 

The data gained provide the information needed to optimise both the 
fuel injection mode and swirl to achieve the best combustion 

performance with minimum pollutant formation. 

Theoretical predictions of the overall NOx formation under the above 
conditions are compared with stack measured values for the three fuel 
injection schemes above. The results of predictions are encouraging. 

key words: Fuel injection modes. Combustion generated NOx, NOx. 

modelling, Furnace, Swirl, Combustion patterns. 

INTRODUCTION 

The work presented in this paper is part of collaborative research 

programme between Glasgow University and NEL aimed at: 

First, to acquire a complete and reliable data set to compare three fuel 

injection modes, radial outward, peripheral axial and central axial in a 

semi-industrial scale application. These comparisons should provide the 

information needed to optimise both the fuel injection mode and swirl 

to achieve the best combustion performance with minimum pollutant 

formation. 

Second, to provide an extensive data bank which is valuable in 

developing and testing the Heat Transfer and Fluid Flow Services 

(HTFS) mathematical models of furnace flow and combustion, eg, PCOC 

(Beltagui et al (1991)) and heat transfer, eg, ZONE (Beltagui et al 
(1988)) and FIHR. The data is also needed to develop and validate NOx 

models such as the model suggested by Kenbar et al (1991). 

In industrial burners, mixing between air and fuel occurs within the 

combustion chamber by shear layer mixing. Swirling the air flow can be 

used to increase shear mixing and enhance it with centrifugal mixing. 
The utilisation of the full benefits of these two physical processes in a 

practical combustion system depends mainly on the method of fuel 

injection. 

Shear layer mixing is effectively utilised if the fuel is injected into 

the regions of maximum shear in the air stream. Centrifugal mixing 

effects can be utilised by creating favourable density gradients within the 

flow of air, fuel and products. 

The most common method of fuel injection is axially at the centre of 

the air flow. This method does not utilise the full potential of the shear 

layer mixing. 
Another variation from the above is to inject the fuel radially from 

the centre axis across the entering air jet. In this method the fuel flow 

can be used to produce the central reverse flow required for flame 

stability instead of using high swirl, as demonstrated by tests on the 

NEL furnace reported by Beltagui et al (1991). 

The effect of swirl and fuel injection method on stability and 

intensity of gas flames in furnaces has also been studied by Leuckel and 

Fricker (1976) and Fricker and Leuckel (1976). The fuel was injected at 

the axis of the burner in four arrangements- axial jet, annular axial jet, 

diverging jets and axial through multi-throttle jets. Two distinct flame 

forms were observed in these tests. First, long asymmetric flame was 

observed with central axial fuel injection where the fuel jet penetrates 

completely the central reverse-flow zone (CRZ). Second, a short intense 

blue flame with a high degree of symmetry observed with the other fuel 

injection methods. Similar conclusions were reached by Mallet and 
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Günther (1978), Gupta et at (1973) and Milosavljevic et all (1990) 
As an alternative to the central fuel injection, the fuel can be injected 

at the periphery of the entering air jet as reviewed by Beltagui and 
Maccallum (1988) This system offers the possibility of employing both 

shear layer and centrifugal mixing, thus resulting in efficient mixing and 
hence high combustion intensity. 

Thus there is strong evidence in support of fuel injection either 

radially outwards or at the outer periphery of the swirled air flow. These 

two fuel injection modes lead to enhanced mixing rates and generally 

shorter flames that can be stabilised at no swirl or a low degree of swirl 

Although the above investigations covered the three methods of fuel 
injection, complete and detailed information is not available for the same 
furnace system in order to provide reliable comparisons between their 

performances, particularly as to pollution formation. 
This information has been gained in the NEL furnace programme 

covering the three fuel injection systems tested under the conditions 
described in the next section. 

EXPERIMENTAL PROGRAMME 

The NEL furnace is a model of a cylindrical upshot process heater, 

3m high by lm diameter, fired by natural gas through a variable swirl 
burner with a quarl. The apparatus is described in detail by Beltagui et 

al (1988). The three fuel injection modes investigated were: 

a- Central axial fuel injection 

b- Central radial fuel injection 

c- Peripheral axial fuel injection 

Figure I illustrates the furnace and fuel injection systems. The 

experimental data falls into two main groups: 

In-Furnace Measurements 

These data constitute complete mapping of the aerodynamic patterns 
(three time-average velocity components and static pressure) and the 

combustion patterns (temperature and species concentrations- CO, CO, 

01 and NOx) within the furnace. Mapping of HC concentrations was 

also performed for the peripheral fuel injection system only. The data 

was obtained for a fixed firing rate of 400 KW and 5% excess air 

(4=0.95). Tests were generally carried out at four swirl numbers, S= 0.0, 

0.45,0.9 and 2.25. However only self-sustained flames were studied in 

detail. 

Slack Measwrments 

Concentrations of CO, CO,, 0, and NOx were measured in the stack 

for 400 KW and 360 KW firing rates under a range of input fuel 

equivalence ratio 0.70 to 1.35. Concentrations of HC were also measure 

under the same conditions for the peripheral fuel injection system only. 

The results of these investigations (In-furnace and stack) for the radial 

fuel injection were reported by Beltagui et all (1991) and Kenbar et at 

(1991). The peripheral fuel injection results were reported by Kenbar et 

al (1993). The central axial fuel injection measurements were reported 
by Kenbar (1991). 
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FIG I: Schematic of furnace and fuel infection systems 

FLAME BEHAVIOUR 

The flames studied were all stabilised through recirculation of some 

combustion products. Flame behaviour for the three methods of fuel 

injection can be summarised as follows: 

a- For the central axial fuel injection the flame was established only for 

the cases with swirl numbers, S=0.9 and 2.25. The flames were stable 

but characterised with non-uniformity and yellow colour. Compared 

with other fuel injection modes, this flame was the longest. 

b- For the central radial fuel injection a stable flame was achieved 

without and with swirl. The flame intensity increased with swirl over 

the range tested, S=0.0 to 2.25. 

c- For the peripheral fuel injection, two schemes were tested, Fig 1. In 

the basic scheme (Scheme 1) stable flames were achieved only with 

swirl above S=0.80. For the case with S=0.90, the flame was 

characterised with some non-uniformity in shape as compared with 

the higher swirl flame S=2.25. 

In Scheme 2a fraction of the combustion air, about 10 %/ was 

introduced through the central gun to create a CRZ. This scheme 

produced stable flames even without swirl. 
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FLOW PATTERNS for two selected planes near the burner. at X=45 mm and X=200 mm 

The complete mapping of the flow structure inside the furnace has 

been performed for the radial and peripheral fuel injection systems only. 
This has resulted in identifying four distinct flow zones within the 

furnace: near burner forward flow (main reaction zone), central reverse 

flow (CRZ), fully developed flow and external reverse-flow zones (ERZ) 

as shown in Fig 2. This division helps in the analysis of the combustion 

patterns. The main features of the flow patterns for the two fuel injection 

systems are generally similar. The main forward flow occurs in an 

annular jet with a CRZ in the centre and a large weak ERZ surrounding 

it. The CRZ size has increased with swirl. The jet width is indicated by 

the flow boundaries of the forward flow. For space limitation, flow 

patterns measurements are not presented in this paper. 

as 

from quart exit. 

Temperature Dismbutions 

Comparison of the temperature distributions are given in Figs 3 and 
4. All profiles illustrate good (lame symmetry except for the'central axial 
fuel injection. The highest degree of asymmetry is noted at the plane 

nearest to the burner and at the lower swirl, where the gas jet is 

deflected to one side. This observation is attributed to the slow 
combustion rate and thus low jet expansion. Similar observations were 

reported by other workers, eg Leuckel and Fricker (1976), 

The mixing and combustion intensity in each of the three fuel 

injection modes, will be discussed for the four zones of the flow field. 

The main reaction zone. This zone covers the forward now near the 

burner. In all three fuel injection modes, the steepest temperature 

gradients occur at the plane nearest to the burner, X-45 mm, and the 

temperature gradients increase as swirl is increased. The longest reaction 

zone with the lowest peak temperature value is associated with the 

central axial injection system. 

Although the radial fuel injection gives reaction zone temperature 

higher than the peripheral injection, this does not necessarily reflect 

higher combustion intensity. For the peripheral fuel injection with higher 

mixing rates, combustion starts earlier and at locations closer to the 

furnace walls. The temperature of the combustion products then 

decreases due to the high rate of entrainment and subsequent rapid 

mixing with the relatively cool externally recirculated gases just 

downstream of the burner exit. The heat transfer effect on the peak 

temperature is more pronounced because of the earlier combustion. This 

earlier combustion is confirmed by the measured species concentrations. 

ERZ 5.2 29 

of Fully 
develped 

CRZ 
is flow 

o forward flow 

or 

`ýýý __ 
04 

os 
02 04 04 ob to 

[, w 

(a) Peripheral fuel injection 

of 

e4 s. t is ERZ 
03s 00 

ft Fully 
CIRIZ 

ý` "f 

develped 
ot 

is flow 

s"o 
S. 0ss 

of forward flow 
of 

at 

04 

OS' 
02 06 00 00 10 

(b) Radial fuel injection 

FIG 2: Flow boundaries 

Central reverse-flow zone (CRZ). The gases entrained into the CRZ 

are those with the peak temperatures described above. All injection 

modes show an increase in this temperature as swirl increased from 

S=0.9 to 2.25. The temperature distribution within this zone becomes 

more uniform with increased swirl which enhances the radial stirring of 

the gases. 

The fully developed zone and ERZ. In all cases, the gases circulated 

in the ERZ come mainly from the fully developed flow region further 

downstream. The highest ERZ temperature is observed with the central 

axial fuel injection where the flame is longest. The temperature in all 

cases decreases during the upstream travel of the gases, due to heat 

transfer to the furnace walls. 
COMBUSTION PATTERNS 

The important information required to assess the combustion 

performance of the three fuel injection modes is obtained from the 

results of measurements near the burner zone. The information inferred 

from these results include mixing, combustion intensity, flame symmetry, 

heat release and pollutant formation. Comparisons are therefore presented 

ConcentnVions of CO. CO, ,1 nd 0, 

Comparative profiles for these species concentrations are given at 

X=45 mm and X-200 mm, in Figs 5 to 10. From these figures, the 

following comments are made: 

1- In all fuel injection modes combustion commences within the quarl, 
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see concentrations of CO2 and 0, at X=45 mm. 
2- The effect of increased swirl is to increase mixing and combustion 

intensity as seen through the reduction in both 02 and CO and the 
increase in CO2 in both planes. 

3- At both planes, the lower swirl in the peripheral fuel injection 

exhibits a flame envelope which is wider than with other fuel 

injection modes, Figs 5 and 6. At the higher swirl of S=2.25, all fuel 

injection modes exhibit nearly the same flame diameter. 

4- The lowest concentrations for O, and CO (and the highest for CO, ) 

within the flame are observed with the peripheral fuel injection mode, 

Figs 7 and 8, thus indicating the highest rates of mixing and 

combustion intensities of all three methods. 
5- Within the ERZ, the low CO and O, values and the high CO, 

indicate that the gases circulated in these regions are mostly the 

products of complete combustion. The highest values of CO2 and the 

minimum values of CO are observed with the peripheral fuel 

injection. 

NOX CONCENTRATIONS 

Comparative profiles of NOx concentrations are given in Figs 11 and 
12. Complete contours of NOx concentrations for the radial fuel injection 

are given by Kenbar et al (1991) and for the peripheral fuel injection by 

Kenbar (1991). The NOx formation will be discussed in relation with the 

temperature and main species concentrations. 
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The main reaction zon. All fuel injection modes show steep 

gradients of NOx concentrations in both radial and axial directions. The 

rate of NOx reactions follows closely that of the main combustion 

reaction. The increase in the minimum NOx value within this zone when 

moving from X-45 mm to X=200 mm indicates the newly formed NOx. 

The maximum NOx concentrations increase towards the boundary of the 
CRZ where the maximum mixing and combustion intensity occur. 

Central reverse-flow zone (CRU The concentrations of NOx here 

depend on the length of the CRZ relative to that of the reaction zone. 
This will also decide whether any further reactions will take place within 
the CRZ. 

At both planes X=45 mm and X=200 mm, for the lower swirl, the 

radial fuel injection mode, shows the minimum values of NOx compared 

with other injection modes These low concentrations indicate that this 

zone receives mixtures which are still reacting, as confirmed by the high 

CO concentrations shown in Figs 5 and 6. At the higher swirl with the 

radial fuel injection, NOx concentrations increase within the CRZ. This 

increase indicates that gases with higher temperature and thus higher 

NOx concentrations enter the CRZ, where further NOx reactions take 

place, resulting in the highest NOx concentrations compared with the 

other fuel injection modes. 
The rate of NOx formation depends on flame temperature, residence 

time and 0, concentration. The local values of these parameters are 
highly dependant upon the concentration fluctuations within the flow 
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i ne latter is mainly dictated by the method of fuel Injection and swirl. 
For both central axial and peripheral fuel injection systems, increasing 

swirl has resulted in a decrease in NOx formation even though the 

temperature level has increased. It is suggested that this decrease in NOx 

formation at the higher swirl is due to the increased mixing rate leading 

to reduced concentration fluctuations and to the shorter residence time. 

The fully developed zone and ERZ. The minimum measured NOx 

concentrations in the fully developed flow were observed with axial fuel 

injection, leading to minimum values of NOx concentrations in the ERZ, 

For the peripheral fuel injection, the low swirl produced the highest NOx 

values in the fully developed region, while the high swirl with this 

injection demonstrated NOx values less than those of the radial fuel 

injection. All NOx values in the fully developed flow zone are the same 

as the values measured in the stack as discussed below. 

OVERALL FORMATION OF POLLUTANTS 

The pollutant formation as measured by the stack emissions of CO 

and NOx concentrations will be compared over the range of equivalence 

ratio, 4,0.70 to 1.35 for the three fuel injection modes and for the swirl 

range, S=0 to 2.25. 

CO Concenimfions 

The measured CO concentrations show that for both the peripheral 

and radial fuel injection modes an excess air of 5% is sufficient to 

guarantee complete combustion. This is confirmed by the very low 

concentrations of HC (55 ppm) measured for the peripheral injection 

system in the stack. The value of excess air required to complete 

combustion for the central axial fuel injection system is 10 %. 

NOx Concentrations 

NOx concentrations, given in mg/m' corrected to 3% excess 0� are 

shown in Fig 13. For the range of 4) covered by the data, the lowest NOx 

concentrations are observed with the central axial fuel injection. This is 

due to the lower combustion intensity and thus the lower flame 

temperature in the reaction zone. 
For the lean mixtures tested, the peripheral fuel injection mode 

produced significant decrease in NOx formation with increased excess 

air, while the radial and axial fuel injection modes gave an increase in 

NOx formation. The differences observed here are mainly dependent on 

the peak flame temperature. The peripheral fuel injection mode, is the 

only mode where increased excess air leads to a decrease in the peak 

temperature. This is due to the higher rates of mixing before and after 

combustion in this mode. In the other injection modes the increase in 

local 0, concentration becomes the controlling factor. 

At fuel-rich conditions (4)>1), all fuel injection modes exhibit a sharp 

decrease in NOx formation with increased 4). This decrease is the result 

of both lower peak temperature and lower 02 concentrations. 

Figure 13 also show that increased swirl reduces NOx with the 

peripheral fuel injection mode. This is due to the reduction in 
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concentration fluctuations as described earlier. 

For the non-swirled and low swirl cases, Fig 14 compares the radial 

and peripheral fuel injection modes. The results show the same trends as 

for the higher swirls mentioned above. 

The above results show that the peripheral fuel injection is the only 

method which offers both air and fuel-staging as means of suppressing 

NOx formation. In applications where lean combustion can be used, only 

peripheral fuel injection offers the possibility of reducing NOx formation 

compared with the other two fuel injection modes. 
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MODELLING OF NOx FORMATION 

Theoretical predictions of the overall NOx formation are made using 

a well-stirred reactor model based on the Zeldovich mechanism with 

account for the species concentration fluctuations. This model has been 

fully described by Kenbar et al (1991). The model was used to predict 

the variation of stack emitted NOx with fuel/air ratio (equivalence ratio) 
for the three fuel injection modes. 

Model Results 

The model requires as input the values of mixedness of fuel/air jets 

(S, ) and the mean residence time (t) within the reaction zone. 
The experimental study of NOx formation described earlier has 

shown that these two parameters are affected more by fuel injection 

mode than by swirl. Changes in swirl intensity have resulted in a very 

small change in stack measured NOx, therefore, the model has been 

tested for a single swirl value S=0.9. 

An estimate of the average value of standard deviation (a) of 
temperature for each fuel injection mode was obtained from the 

experimental measurements. The rate of collection of temperature 

measurements was 30 Hz. The standard deviation was calculated for 200 

readings taken at each traverse position. The corresponding average 

values of S� were 0 65,0.7 and 0.8 for central axial, central radial and 

peripheral fuel injection modes respectively. 
A mean value of residence time (t) in the reaction zone was 

calculated from the zone length and the average flow velocity in this 

zone, both deduced from experimental measurements. The reaction zone 
has been assumed to end when CO concentrations decay to less than 
0.5%. 

However in the case of axial fuel injection, complete mapping of the 
flow and combustion patterns was not performed, therefore it was not 

possible to estimate the residence time accurately. An indication of the 

value of residence time has been based on the similarity of CO 

concentrations with the radial fuel injection at the measured axial level 

of X-200 mm and from the visual observation of flame length. 

Comparison of model predictior. s and experimental measurements, are 

given in Figs IS to 17 for central axial, central radial and peripheral fuel 

injection modes respectively. For all cases, the agreement between the 

model results and measurements is considered good. However, for the 

peripheral fuel injection mode, the predicted profile is slightly shifted to 

one side. This shift could be explained by two reasons. 
Firstly, the value of 4, was taken for simplicity to be the input value 

rather than the actual mean value in the reaction zone. It is expected that 

during the air/fuel jets progress to the reaction zone, the value of the 

effective equivalence ratio will differ from the burner input value due to 

the dilution with flows circulating from the CRZ and the ERZ. This 

effect seems to be significant in the case of peripheral fuel injection due 

to the fact that the mixing in this system is higher than in the other fuel 

injection modes as discussed earlier. 
Secondly, the estimate of S. was based on experimental 

measurements taken at fixed equivalence ratio (4=0.95), and used for all 
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values of equivalence ratio in the prediction. It is expected however that 

S. will vary with 4 and thus the predicted NOx profile. 

Considering the simplicity of the model presented in this stage, it 

could be said that the present model is capable of giving a good 

prediction of the maximum value of NOx for different types of fuel 

injection modes. It also give the correct trend of NOx at the fuel lean 

and fuel rich conditions observed in the measurements. These results are 
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valuable for practical engineering purposes. 
This study has also highlighted the importance of accounting for the 

concentration fluctuation of species in the NOx prediction models. 

CONCLUSIONS 

I. Flame stability: All flames were stabilised by the central reverse 

flow. For the central radial fuel injection, the fuel jets created a 

central reverse-flow zone (CRZ), thus it was possible to achieve 

stable flame without swirl. For both central axial and peripheral fuel 

injection modes, a minimum swirl (S=0.8) was required to achieve a 

CRZ stabilised flame. In Scheme 2 of the peripheral fuel injection, 

feeding a fraction of the air flow radially through the centre produced 

stable flame without swirl. 

2- Flame behaviour: The central axial fuel injection produced a long 

flame with a yellow appearance and non-uniformities. The central 

radial and peripheral fuel injection modes resulted in intense, shorter 

blue flames. 

3- Combustion patterns: While good flame symmetry was obtained with 

the central radial and peripheral fuel injection modes, a high degree 

of flame asymmetry was observed with the central axial fuel 

injection. The effect of swirl in all fuel injection modes is to increase 

the mixing and thus combustion intensity. With the peripheral fuel 

injection, combustion occurs at the outer boundary of the swirled air 

flow, while in the other modes it is mainly on the boundary of the 

CRZ. The highest rates of mixing and combustion were achieved 

with peripheral fuel injection, due to the utilisation of the full benefits 

of shear layer and centrifugal mixing. 

4- NOx formation has a strong dependence on flame temperature, 

concentration fluctuations and residence time, thus confirming its 

formation by the thermal mechanism. The effect of swirl on the local 

NOx values was more significant than on the overall NOx formation. 

5- The stack-measured CO data show that complete combustion can be 

guaranteed for peripheral and central radial fuel injection modes with 

only 5% excess air. The corresponding value for the central axial fuel 

injection is 10% . 
6- For the 5% excess air firing conditions, the lowest overall NOx 

formation was observed with the central axial fuel injection. 

At fuel-lean conditions, the peripheral fuel injection gave a reduction 

in NOx formation, with increased excess air, while the other two fuel 

injection modes produced some increase in NOx formation. 

At fuel-rich conditions, reducing air-fuel ratio gave sharp decrease in 

NOx formation. 

The peripheral fuel injection was therefore the only system to offer 

NOx reduction by lean combustion, fuel-staging and air-staging. With 

the central radial and central axial injection modes, only air-staging 

is useful in reducing NOx formation. 

7- Predictions of the variation of stack NOx with fuel equivalence ratio 

for the three types of fuel injection systems tested are good. 
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NOTATION 

S Burner swirl number, (ratio of axial flux of tangential momentum to 

the product of axial momentum flux and burner radius) 

S. Mixedness factor, unity for perfect mixing - 

t Residence time s 

X Axial distance along furnace from burner exit mm 

¢ Fuel/air equivalence ratio 

a Standard deviation ' 
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Measurement-and Modelling of NO,, Formation in a Gas 
Fired Furnace 

A. M. A., KENBAR'=, S. A. BELTAGUI1"2, T RALSTON2 and N. R. L. MACCALLUM' 
1-University of Glasgow 
2-Heat Transfer and Fluid Flow Service (HTFS), NEL, East Kilbride, Glasgow 

Abstract-This paper reports results of NO,, measurements carried out on a gas fired furnace using radial 
fuel injection. The data consists of a complete mapping of NOx concentration in the furnace under variable 
swirl conditions. Swirl produced locally higher NOx concentrations but little overall increase. Measured stack 
NOx variations with burner input conditions indicate that, for this system, operating with a fuel-rich mixture 
is more effective in suppressing NO,, formation than with excess air operation. The data is needed for testing 
and developing theoretical models. Theoretical predictions of the overall NOx formation are made using 
a well-stirred reactor model based on the Zeldovich mechanism with account for the species concentration 
fluctuations. The model predictions compare satisfactorily with the measurements. 

Key Words: Combustion-generated NOx, NOx-Measurement, NOx-modelling, Furnace, Swirl, Natural-gas, 
Fuel/air ratio. 

NOTATION 

[N2] Nitrogen concentration mol/cm3 s 
[02] Oxygen concentration mol/cm3 s 
S Burner swirl number, (ratio of axial flux of tangential momentum to the product 

of axial momentum flux and burner radius) - 
s Mixedness factor, unity for perfect mixing - 
T Flame temperature K 
t Residence time s 
X Axial distance along furnace from burner exit mm 
Z Fluctuation parameter, see Equation 3- 

Fuel/air equivalence ratio - 
Mean value of 0- 

o Standard deviation - 

INTRODUCTION 

The need to protect the environment from combustion generated NO,, has led to 
considerable demand to improve burner design. The present paper is part of a study on 
the effect of burner parameters on the formation of NO,, in gas fired furnaces. These 
parameters include fuel injection, firing rate, swirl and the mixture fuel/air ratio. These 
parameters are interrelated and vary from one combustion system to another. Thus 
it is important to investigate their effects on the level of NOX emissions. This study 
makes a significant contribution to the understanding of the main factors involved in the 
formation of NO,, in these flames. The work also provides a valuable data-base for the 
assessment and validation of the theoretical models for NOx prediction. 

The present paper concentrates on the effect of swirl and mixture fuel/air ratio on NO,, 
formation when using a radial-outwards gaseous fuel injector. Swirl is an important feature 
of burner design since it provides satisfactory flame stability by creating a central reverse- 
flow zone. The mixture fuel/air ratio is an important parameter in burner operation. 
Other work to study the effect of the fuel injection modes is reported by Kenbar et al. 
(1991). 
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In a previous paper (Beltagui et al. 1989) an extensive review was made of the NO, 
formation mechanisms and methods of abatement. The effect of swirl as observed by 

previous workers was included and it was realised that it is linked to other parameters, 
such as fuel injection mode and fuel/air ratio. 

The aerodynamics and combustion patterns of the swirling flames in the National Engi- 
neering Laboratory (NEL) furnace have already been extensively studied through detailed 
measurements of the velocity components, gas temperature and species concentrations 
of C02, CO and 02. 

These measurements were carried out in the NEL furnace fired by natural gas through 
a variable-swirl burner with a quarl. The fuel gas was injected fron a central gun radially 
outward. Four swirl settings were considered, burner swirl numbers ranging from 0.0 
to 2.25. The availability of this complete set of data is useful in testing and developing 
the furnace flow and heat transfer codes, such as the HTFS program PCOC (Stopford, 
1989). Part of these measurements and comparisons with modelling using PCOC were 
reported by Beltagui et al. (1991). 

The present paper offers two data sets: 
The first illustrates complete mapping of NO,, concentrations produced under different 

swirl levels, but with the same firing conditions, in order to study the effect of swirl on 
NO,, formation. 

The second illustrates the effects of the mixture fuel/air ratio on the overall NOr 
emissions as measured in the stack. 

The results show that while the effect of swirl on the local NO,, concentration in 
the near burner zone is significant, it was of secondary importance downstream. The 
results also demonstrate that increasing excess air above the level required for complete 
combustion led to an increase in the overall NO,, emission level. However by operating 
with a fuel-rich mixture, NO,, formation was suppressed significantly. 

The paper also presents a simple engineering model which can be used to predict the 
overall thermal-NO,, formation for furnaces and its variation with input conditions, eg 
fuel injection mode and equivalence ratio. The model is based on the well-stirred reactor 
concept with account being taken for local concentration fluctuations. The inputs to the 
model are limited to the residence time in the reaction zone and the fuel/air mixing 
parameter. The agreement between model-predicted and measured concentrations was 
satisfactory. 

EXPERIMENTAL PROGRAMME 

The aims of the experimental programme were: 
a-To produce complete mapping of the local NO,, concentrations within the furnace 

under a range of swirl intensities. This set of data illustrates the NO., formation processes 
in this system. It is also required for the assessment and development of the modelling 
procedures. - 

b-To investigate the effect of two burner parameters, namely, swirl and fuel-air ratio 
on the overall NO,, formation as measured in the stack. 

Both sets of results have been analysed and discussed in the light of the temperature, 
concentrations and velocity measurements reported earlier by Beltagui et aL (1991). 

The NEL furnace is a model of a cylindrical upshot fired heater. The apparatus is 
described in detail by Beltagui et aL (1988-a). The furnace is fired by natural gas through a 
variable swirl burner with a quart. The burner used in this study utilises the moving-block 
swirl generator of the International Flame Research Foundation (IFRF). 
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The fuel is injected radially outward from the centre of the air jet through 16 holes on 
the periphery of the fuel gun. Figure 1 illustrates the furnace and burner system. More 
details of the burner are given by Beltagui and Ralston (1985). 

Four swirl settings were considered, with burner swirl number values, S=0.0,0.45, 
0.9 and 2.25. Air and fuel flow rates were metered by orifice plates. The flow rates of air 
and fuel during each run were controlled to within ± 1%. Detailed natural gas analysis, 
obtained from British Gas, indicated that, over the period of the tests the main fuel 

properties were constant to within ± 2% for the calorific value and ± 1.2% for density 
and stoichiometric ratio. 

In the first set of measurements the furnace firing rate was constant at 400 KW with 
5% excess air. In the second set, firing rates of 400 KW and 360 KW were used with 
a wide range of fuel/air ratios, corresponding to a range of the equivalence ratio, 0 of 
0.71 to 1.1, (excess air 40% to -10%). 

MEASUREMENTS AND INSTRUMENTATION 

Radial traverses were carried out at 13 planes along the furnace, located at axial distances 
from the quarl exit of 45,80,110,160,200,300,545,800,1045,1300,1800,2300 and 
2800 mm. 

Additional traverses were made at some of these planes along other radii to check 
the flow symmetry and probe intrusive effect. Repeatability tests were also performed. 
In each level the NO,, sampling probe was traversed for at least 1.5 radii to confirm the 
flow symmetry. The measurement points were spaced 20 to 50 mm according to the 
gradients of the NO,, concentration being measured. Between 13 and 26 measurement 
points were made in each plane. 

The probe used in the measurements is a water cooled stainless steel probe. After 
leaving the probe, the gas sample passes through a heated sample line to the NO. 
chemiluminescent analyser. The analyser calibration was checked before and after each 
traverse. The maximum drift in the calibration was within ± 2% of the full scale. The 
time-mean NO,, concentration values reported are those averaged over a period of 1 
minute. 

Although all the results are presented in terms of NO,, concentration, it should be 
appreciated that NO is the main constituent of the measured NO,, value. 

The probe radial traverse and the data collection rate were all controlled by a 
microcomputer in conjunction with a specialised data acquisition system described by 
Beltagui and Ralston (1985). 

Sampling Conditions 

In order to obtain a representative sample, the chemical constitution of the sampled 
mixture should be maintained, by freezing all undergoing reactions within the sample. 
Cooling the sample down to a temperature of 300°C is sufficient to freeze these reactions 
(Chedaille and Braud, 1972). 

Excessive, uncontrolled cooling of the gas sample could lead to water vapour conden- 
sation along the sampling system. The problem of surface absorption of NO,, on the 
probe and sample line is aggravated by the presence of absorbed films of moisture and 
hence is most serious when sampling wet gases from flames (Allen, 1973 and De Soete, 
1989). 

Furthermore, almost all gas analysers are subject to serious interference from water. 
The use of desiccants has been found to absorb nitrogen dioxide NO2 to varying degrees. 
Cold traps also remove NO2 and water vapour simultaneously (Allen, 1973). 
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The choice of probe material is also important for NO., sampling to ensure no probe 
reactions or surface ageing with the sampled gas. A system of water cooled stainless steel 
probe and a teflon heated sample line was found satisfactory for NOX measurements by 
Allen (1973) and Tuttle (1974). Stainless steel probes were also used satisfactorily by 
Oven et al. (1978), Sadakata et al. (1980), Ahmad et al. (1984) and Mulholland et al. 
(1987). 

A water cooled stainless steel probe and a teflon sampling line were therefore used 
in the current measurements. The receiving part of the probe was lined with quartz to 
avoid the possibility of ageing especially at the high temperature region. 

In order to withdraw a local representative sample, isokinetic sampling is generally 
recommended. However, in turbulent recirculating flows isokinetic sampling is difficult 
to achieve due to the large velocity fluctuations especially in the recirculating zones. In 
the present work, the suction velocity was adjusted to be of similar magnitude to the 
average flow velocity in the furnace. 

Sampling Probe 

Figure 2 shows the NO,, sampling system. The tip length A-C is exposed to the flame. 
The sample tube length D-E passes through a water-cooled probe carrier to convey the 
sample to the heated sample line. The probe cooling system was designed to control the 
sample gas temperature at D to 300°C and at E to close to 150°C. 

Complete control on the sample temperature under all the operating conditions, without 
subjecting the probe to excessive heating. has been achieved through the following steps: 

lining 

0 
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a-Controlling the cooling water temperature supplied to the probe. 
b-Insulating the probe cooling water tubes in contact with the sample tube, length 

D-E. 

c-To compensate for any further heat losses the sample tube D-E was electrically 
heated 

Before the measurements were started, the probe performance was tested in the 
furnace under a range of operating conditions. Two thermocouples fitted to monitor the 
sample temperature at points D and E, gave readings within the probe design range. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Before starting the detailed NO,, measurements and also at the conclusion of the series 
of measurements, tests were carried out to ensure repeatability of the measurements. 
These tests were carried out at axial positions of 200 and 300 mm for all swirl settings. 
Repeatability of the measurements to within ±2 ppm was obtained at all swirl settings. 

The effect of probe presence in the flame on the local NO,, concentration was also 
investigated by traversing the probe through two ports, radially opposite, at the X= 
200 mm plane. For all swirl numbers no flame disturbance by the probe was observed. 
Similar observations were reported by Oven et al. (1978) and Amad et al (1984). 
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In-Furnace Measurements 

The results of these measurements are presented in Figure 3 as contours of the NO,, 
concentration field for the four swirl settings surveyed. The above NOX contours are 
discussed in relation with the experimental data for the flow and combustion fields 
reported earlier by Beltagui et al. (1991). Figure 4 illustrates the flow boundaries as 
determined from the flow field measurements, indicating the forward and reverse flow 
zones. 

Some illustrative radial NO,, profiles at three planes near the burner are presented in 
Figures 5-7, together with the corresponding temperature profiles. 

For the present discussion, the flow field can be divided into three zones: 
1. The main reaction zone (forward flow zone) 
2. The central reverse-flow zone (CRZ). 

3. The fully developed flow zone 
In general it is seen that most of the NO,, formation takes place in the first zone. Some 

further reactions occur in the second, leading to uniform concentration distributions in 
the third zone. The processes occurring in these zones are now discussed. 
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The main reaction zone 
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This region covers the area containing the forward flow of the fresh mixture discharged 
from the burner. It is regarded as extending to the point where NOX concentration 
becomes uniform across the whole radial profile. The length of the reaction zone 
decreases from 1.15 m to 0.42 m over the swirl range 0.0 to 2.25. This is in agreement 
with flame length values estimated from the measured CO concentration. Figures 5-7, 
show sample profiles of NO. with those of temperature for three levels near the burner. 
The figures demonstrate the relation between NO,, concentration and temperature for 
the cases of swirl numbers 0.0 and 2.25. The main reaction zone is characterised by 
steep gradients of NOX concentration in both the radial and axial directions. The rate 
of NOX formation follows closely the rate of the main combustion reactions as indicated 
by the temperature and main species concentrations. The axial distance from the burner 
to the position of maximum NO,, concentration decreases as swirl is increased. Figure 8 
illustrates this further where the minimum NO., value at any plane is plotted versus the 
furnace length. The increase in the plane-minimum value of NO,, from one plane to the 
next indicates the newly formed NOR. Radial profiles show higher NO, concentrations on 
both sides of the minimum value due to mixing with the reverse flow on the boundaries 
of this region. 
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Central reverse-flow zone 

The flow entrained into this zone has come from the forward flow described above. 
Thus reactions here depend on the length of the CRZ relative to that of the reacting 
zone. 

Figure 9 shows the variation of the NO,, concentration at the centreline with axial 
distance along the furnace. 

For low swirl the CRZ is much shorter than the reaction zone, thus the CRZ receives 
a mixture with reactions still in progress and with low NO,, concentration and low 
temperature values. In this case it was found that no more NO,, reactions take place 
within this zone. A decrease of NO,, concentration occurs due to dilution with fresh 

mixture entrained nearer the burner end, Figure 9. 
As swirl is increased the CRZ lengthens and the reaction zone shortens but is still longer 

than the CRZ. Thus gases with higher NO,, concentrations and at higher temperatures 
enter the CRZ where further NO,, reactions take place producing peak concentrations 
near the burner, as shown in Figure 9, with S=2.25. 
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Fully developed-flow zone 
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This region covers the fully developed forward flow downstream from the reaction 
zone and the reverse flow in the outer recirculating flow. At each swirl setting constant 
NO, concentrations were measured throughout this region and these equal the value 
measured at the stack. This value varied from about 25 ppm to 30 ppm over the range 
of swirl studied (Figures 5-7). Within the outer reverse-flow zone some dilution of the 
flow occurs through entrainment from the forward flow giving lower NO., concentrations 
at the planes nearer to the burner. 

Discussion of the results 

In the present system burning natural gas. NO, is formed by the thermal mechanism. 
Some additional NO,, may be formed within the flame, as prompt NOR. The present 
data was obtained in a lean flame with 5% excess air, thus little or no prompt NO., is 

expected (eg Sarofim and Pohl, 1972, Semerjian and Vranos, 1976 and Williams, 1989). 
The rate of thermal NO,, reaction is dependent on three parameters, namely tempera- 

ture, O: concentration and residence time. The close relation between the temperature 
and NO,, profiles presented at Figures 5-7 confirms that NO. has been formed by the 
thermal mechanism. 

Turning now to the effect of swirl, the experimental results indicate that the overall 
effect of swirl on the final NO, emission from the furnace is small. Over the range of 
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swirl studied, swirl numbers 0 to 2.25, the stack NOx concentration only varied from 25 
to 30 ppm. 

The NO,, formation in the forward flow reaction zone, as shown by Figure 8, is nearly 
the same for all swirls, as measured by the increase of NOX over the length X=0.045 
to X=1.15 m. The value of NO,, concentration near the burner is the result of flow 
from the CRZ mixing with the fresh flow. 

Thus it can be assumed that all the increase in NO,, due to swirl is caused by the 
reactions taking place within the CRZ. These reactions seem to be most active in the 
highest swirl case (2.25) as illustrated by Figure 9. 

Thus although swirl increases the rate of the main combustion reaction resulting in 
a shorter flame, it does not contribute to higher NOr generation within the forward 
flow. This is due to the higher swirl giving reduced residence time in the shorter high 
temperature forward flow zone. 

It is also realised that the mixing is affected more by the fuel injection system, than by 
swirl. The mixing pattern in the present system is governed by the radial fuel injection 
mode. This can be confirmed by the general similarity of the flow patterns obtained for 
all swirl cases tested, eg even for zero swirl a CRZ is created (Beltagui et al. 1989-a). 

The use of different fuel injection modes produces different stability ranges and flow 
patterns, (Beltagui et al. 1988-b). The use of central axial fuel injection in this same 
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burner system produced significantly lower NO. emissions for the same swirl although 
the stability range was seriously reduced (Kenbar et al. 1991). Work by Andrews et al. 
(1988) and Al-Shaikhly et aL (1989) has also demonstrated the significant effect of fuel 
injection mode on NOx formation. 

NO, Variation With Mixture Fuel/Air Ratio 

The second set of measurements was aimed at finding the effect of fuel/air ratio upon 
NO., formation as measured in the stack. The tests used initially the same input firing 
rate of 400 KW and covered the same swirl range as for the first set. The fuel equivalence 
ratio (0) range was 0.71 to 1.10 (40% excess air to 10% deficient air respectively). These 
tests were also performed at the lower rate of 360 KW. The observed effect of this 
reduction upon NO,, formation is negligible. 

The stack measured NO,, concentrations are given (in mg/Nm3 corrected to 3% 02) 
in Figure 10, for the four swirl settings tested. As discussed above the effect of swirl on 
the overall NOX emissions is not significant, especially with the lean mixtures. 

Lean mixtures 

As the excess air was increased from 5% up to 40% (0 = 0.95 - 0.71), the stack measured 
NO,, concentration increased in proportion to the excess air for all swirl settings (Figure 
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10). This indicates that the effect of the increased air upon the local temperature of the 
NO,, reaction zone is minor, but there is an increase in NO,, due to the increased 02 
concentration. 
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FIGURE 10 Variation of overall NOx concentration (corrected to 3% 02) with fuel equivalence ratio. 

Rich mixtures 

The measured NO., emissions when burning fuel-rich mixtures with ¢ up to 1.11, are 
given by Figure 10. These results exhibit a very sharp decrease of NO. as 0 was increased, 
this decrease is more pronounced for the lower swirl settings. 

The formation of NO., occurs in localised regions where combustion products at 
adiabatic flame temperature and unused oxygen coexist. For rich mixtures the effects 
of lower temperature and lack of oxygen both work together towards reducing NO. 
formation. 

Some of the measured NO,, could be formed within the flame zone by the prompt 
mechanism although this is unlikely within the relatively modest maximum value of 0 
tested (1.1). The above results indicate that, for the present burner system, air staging 
is the only effective technique in reducing NOX formation through combustion control. 

MODELLING OF NOX FORMATION 

The aim of this modelling work is to produce a simple engineering model which can 
be used to predict the overall NO� formation for furnaces. The model should be able 
to predict the variation of NO. formation with input conditions, mainly fuel injection 
mode and equivalence ratio. The model is based on the well-stirred reactor concept with 
account being taken for local concentration fluctuations. The inputs to the model are 
limited to the residence time in the reaction zone and the fuel-air mixing parameter. 

In a natural-gas fired furnace system NOX is formed by fixation of atmospheric nitrogen. 
The main mechanism for this process is known to be the thermal one. This reaction 
mechanism, assumes post flame NO,, formation and is usually modelled by the Zeldovich 
equations. The rate of thermal NOX reaction is dependent on three parameters, namely, 
temperature, 02 concentration and residence time within the reaction zone. 
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It is widely acknowledged that the fluctuations in temperature and 02 concentration 
have to be taken into account when calculating thermal NOR, especially in continuous 
combustion systems such as gas turbines and furnaces. 

Thermal NO Model 

The thermal NO formation rate, based on the extended Zeldovich mechanism, is well 
established. The rate equation was reduced by Beltagui et al. (1989-b) to the form: 

dNO 
dt=1.44 x 1017[N2][02]112(T)-112 exp (-69460/T) molelcm3 (1) 

The application of this equation requires values of all the variables in the RHS as they 
exist within the NO reaction zone. Since the rate of this reaction is slower than the 
main combustion reactions, it is possible to assume that reactions of the main species 
progress to completion before NO reactions start. Thus the values of temperature and 
concentrations of 02 and N2 can be calculated. 

However when using measured time-averaged temperatures it was found that NO was 
underpredicted, sometimes by two orders of magnitude (Sadakata and Beer, 1976). In 
the present work the predicted NO values were one order of magnitude lower than 
those measured. The explanation for these underpredictions lies in the existence of 
concentrations and temperature fluctuations within the NO reaction zone. 

The earlier attempts to measure these fluctuations were limited by the speed of response 
of thermocouples. Generally this is too slow to follow the temperature fluctuations beyond 
1 kHz (Sadakata and Beer, 1976). 

Recent measurements using CARS technique give a much better indication of the 
range of the temperature fluctuations, for example LaRue et aL (1984) measured a 500 
K peak to peak range. 

These temperature fluctuations are caused by concentration fluctuations. Since the 
NO reactions take place "immediately" after the main reactions, both temperature and 
concentration fluctuations have a considerable influence on the NO formation rate. 

On the other hand, it is suggested by some investigators that the temperature in the NO 
reaction zone is the stoichiometric adiabatic flame temperature (Toof, 1986 and Takagi et 
al. 1976). Vranos (1974) assumed that the thermal NO reactions are not faster than the 
mixing rates so most thermal NO is formed at or near 0=1.0. This assumption follows 
from the fact that stoichiometric mixtures have the highest probability of reaction. 

When using finite difference solutions of the flow and combustion equations, eg. PCOC 
(Stopford, 1989), the effect of concentration fluctuations can be taken into consideration 
through the solution of an extra differential equation (Elghobashi and Pun, 1974). For 
the present work considering a well-stirred reactor model, a stochastic approach was 
adopted to estimate the fluctuating components of concentration about the mean value. 

Model Assumptions 

Assuming the reaction zone to be one well-stirred reactor and using Equation 1. the 
following analysis is carried out to account for the effect of concentration fluctuations. 

On the microscale of mixing, it is assumed that at any location within the well-stirred 
reactor, the fuel air mixture will have a random distribution of parcels with values of 
o which have a Gaussian distribution about the mean value 0. This assumption agrees 
with experimental measurements in jet flows as reviewed by Chatwin and Sullivan (1990). 
The spread of this distribution is dependant upon the value of the standard deviation Cr. 
The value of or is linked to the mixedness, s, of the mixture by the relation (Appleton 
and Heywood, 1972 and Fletcher, 1973): 
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o= (1 - s)3 (2) 

Introducing Z as a non-dimensional parameter of fluctuation gives: 

(3) 

The probability density function (p. d. f. ) of the distribution function of 0 is written as: 

f (0) = (21r)-1/2 exp (_Z 2/2) (4) 

Integrating the area under the above distribution function, leads to the cumulative density 
function (c. d. f. ) of 0: 

m 
F(O) =J (27r)-112 exp (_Z2 /2) dZ - [oo <0<x (5) 

00 
For standard Gaussian distribution, the value of F(¢) is usually between 0 and 1. A 
stochastic process (Kenbar, 1988) has been implemented to produce the variable Z 
from Equation 5 using randomly generated values of F (¢) using an appropriate random 
number generator. From Equation 3 above and at known values of ¢ and o the stochastic 
value of ¢ has been predicted. This process gives the Gaussian distribution of 0 about 

Of the different parcels, those with ¢ close to unity (ie stoichiometric) have the 
maximum probability of combustion and thus react first. The products of this reaction 
will be at the adiabatic stoichiometric flame temperature. The NO reaction will take 
place effectively at this flame temperature. The required oxygen is assumed to come 
from the excess air of the unburnt lean parcels with 0<1. These values are substituted 
in Equation 1. 

Finally a mean value of residence time in the reaction zone was calculated for each 
swirl case from the length and the average flow velocity in the reaction zone. 

Prompt NO,, 

Although prompt NO,, was initially defined as NO. formed in the-flame front, it 
sometimes refers to NO., resulting from N2 via reactions other than the Zeldovich 
mechanism. Detailed models of prompt NO., are not available yet, because the amounts 
of prompt NO. are small compared to other sources of NOR, and because it seems to 
occur mainly in very rich flames. It can be important in fuel-rich pockets of diffusion 
flames. Rate equations were suggested by Fenimore (1970) and De Soete (1974). 

In the present analysis both equations were used to estimate prompt NOR. The results 
indicate the contribution by this mechanism to be very small, less than 1 ppm. 

Model Results 

The above model was tested by application to the conditions of the stack measurements 
to predict the effect of fuel/air ratio (equivalence ratio) on the overall NO. emission 
from the furnace. The value for the standard deviation c can be estimated from the 
measurements of the fluctuations of concentrations and temperatures in jet flows, as 
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reported by Becker (1974). His results give an estimated value of 0.70 for the mixing 
parameters in Equation 2. 

The results for the medium swirl case with S=0.90 are presented in Figure 11. The 
agreement between the model predictions and measurements is considered satisfactory 
and very encouraging considering the simplicity of treating the reaction zone as one 
well-stirred reactor. As earlier stated, the observed effect of swirl on NO,, formation 
in the present system is small and therefore could not be used as a reliable test of this 
model. The model is also being used to model other fuel injection modes. The input 
data required are only the mixedness of the fuel-air jets and the mean residence time 
within the reaction zone. 

CONCLUSIONS 

Two sets of experimental measurements have been carried out in the NEL furnace, when 
using a variable swirl burner with central radial fuel injection. The first set covers a 
complete mapping of NOX concentrations carried out at different swirl settings. In the 
second set, the effect of fuel/air ratio on the overall NOX emissions in the stack has been 
measured. 

The reliability of these measurements has been checked by carrying out tests of 
repeatability and of the probe intrusion effect. NO,, concentration profiles have shown 
reasonable degree of symmetry. This is important for the meaningful comparison with 
the axisymmetric numerical predictions. 

From the experimental measurements the following conclusions can be drawn: 

1- NOr formation occurred mainly at the high temperature regions downstream of 
the combustion zone (flame front), hence confirming that NO,, has been formed by 
thermal reactions which follow the main combustion. 

i 
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2- For the present burner system, increased swirl did not contribute significantly to 
increased stack NOx emissions. At zero swirl, NO,, concentration measured at the 
stack was about 25 ppm while at the high swirl (S=2.25). NO. concentration was 
about 30 ppm. 

3- Increased swirl has contributed only to increased local NOX concentrations in the 
central recirculation zone. 

4- Increasing excess air, from zero up to 40%, led to a slightly more than proportionate 
increase in the NO,, emissions. 

5- At rich flame conditions, increased fuel equivalence ratio resulted in marked 
reduction of NO,, emission. This finding supports the use of air-staged combustion 
for NO,, reduction. 

Theoretical predictions of the overall NO. formation under the above test conditions 
have been made using a well-stirred reactor model based on the extended Zeldovich 

mechanism. The model takes account of the fluctuations of the concentrations of fuel and 
oxidant in the NOX reaction zone. A stochastic analysis has been adopted to calculate the 
effect of these fluctuations on the NOx formation rate. The results of these predictions 
compare satisfactorily with the measurements and confirm the relationship between NOx 
formation and equivalence ratio. 
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1. INTRODUCTION 

This paper describes the instrumentation and sampling probes used for measuring levels of 

pollutants in a gas-fired furnace. 

The Furnace and the range of Burners used have been described in another Paper to this 

Symposium (Ref. 1). The pollutants of importance are CO, NOx and HC. In order to assist 

the understanding of how these pollutants are formed, measurements were also made of 

CO2,02 and of the velocity components and temperature. 

2. GAS SAMPLER 

2.1 Design of Sampler 

For sampling for NOX there are a number of conditions that must be satisfied: 

(i) The chemical constitution of the sampled mixture must be retained at the composition 

which it had when it was withdrawn from the gas stream in the furnace. So the 

evolution process must be stopped quickly - hence the design is aimed to cool the 

sample quickly to below 300°C. 

(ii) Excessive cooling leads to condensation of water vapour and this water will absorb 
NOx. So condensation must be avoided. Dessicants which absorb H2O also absorb 
NO2. Cold traps take out water but also absorb NO2. The solution adopted in the 

present work is to ensure that the sample temperature does not drop below 150°C. 

(iii) Probe material must not react with sample. 

(iv) Probe material should not age. 

The probe used was designed to meet the above conditions. It is shown in Fig. 1. The probe 
itself is in stainless steel and the receiving portion, where the gases are hottest, is lined with 

a quartz tube to minimise ageing. The water cooling system is controlled so that the sample 

gas temperature is not above 300°C at D (Fig. 1) and also not below 1500C at E, the 

temperatures at these locations being continuously monitored by thermocouples. The control 

was achieved thus - the temperature of the cooling water supply was increased by mixing in 

some of the hot-water return if the temperature of the sample at E was dropping below 

150°C. The cooling water inlet flow rate was controlled to keep the temperature at D below 

300°C. 
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2.2 Sampling Flow Rate 

Ideally the entry opening into the sampler should face the flow direction and the velocity with 

which the sample enters the probe should equal the magnitude of the flow velocity - 
iso-kinetic sampling. However in the highly turbulent reaction zones being examined In 

furnaces or combustors, there are very substantial fluctuations in flow velocity and direction. 

For simplicity, in the present work which Is studying the combustion of a gaseous fuel, a 

constant sampling velocity of 15 m/s has been used. As a check, In some cases this 

sampling velocity was changed by more than a factor of 2: 1. This change had no Influence 

on the composition of the sample extracted from a particular location. Thus It appears that, 

when burning gaseous fuels, a wide range of sampling velocity can be used. The velocity of 
15 rn/s allowed reasonably rapid purging of the analysers between readings being taken. 

3. ANALYSERS 

3.1 NOx 

This was measured by a Chemiluminescent Analyser (Analysis Automation Limited, Type 
AAL 443). As this measures NO, the sample was first passed through a catalytic converter 
which converted NO2 to NO. Thus the Analyser gave the value of total NON. 

3.2 CO, CO2 and HC 

CO and CO2 were measured by infra-red gas analysers - Analytic Development Company 

3M/24.4052 and 4U24-4051 respectively. 

Unburned HC was measured by Hydrocarbon Analyser (Signal, Series 3000). 

3.3 Calibrations 

Calibrations of all analysers were checked, at least daily, against standard gases of known 

composition. 
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4. USE OF SAMPLING AND ANALYSING EQUIPMENT 

The equipment was used extensively in the testing of the Gas-Fired Furnace reported in 

Ref. 1. The performance of the equipment was very satisfactory and results were 

repeatable. 

The results obtained have been very valuable in giving an insight into the mechanisms by 

which the pollutants NOx and CO are formed. 

of a model to represent the formation of NOR. 

They have also helped guide the formulation 

This work is fully reported in Ref. 1. 
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1. INTRODUCTION 

Combustion patterns and pollutants have been observed in a water-cooled furnace, fired by 

natural gas. The furnace, in a vertical, upwards-firing position, is of 1m inside diameter and 
3m high. The typical heat release rate is 400 kW (Fig. 1). The burner - of International 

Flame Research Foundation (IFRF) design - has adjustable blocks in the air entry which give 

varying degrees of swirl to the air (Fig. 2), Swirl Numbers for the emerging flow ranging in the 

present work from 0.0 to 2.25. (Swirl Number, S, is defined by (axial flux of tangential 

momentum/axial flux of axial velocity momentum x burner throat radius)). 

Three methods of Injecting the fuel have been examined (Fig. 3) - (I) central axial injection, 

(ii) outwards radial Injection from a gun on the burner axis and (iii) injection from a narrow 
slot, or alternatively a series of axial holes, around the periphery of the air jet leaving the 
burner (Scheme 1). In a variation of the peripheral method, some 10% of the total air was 
Injected radially outwards from the central gun (Scheme 2). This provided very helpful 

aerodynamic blockage which assisted flame stability at lower swirl settings. The Peripheral 

Fuel Injection technique takes advantage of the advantageous buoyancy effects in swirl and 
also the longer perimeter of the shear layer mixing zone. 

The furnace walls were water-cooled. About 45% of the thermal energy released in the 
furnace was transferred to the walls by radiation, this fraction being almost independent of 
swirl. The fraction transferred by convection varied from about 20% at zero/low swirl to 

about 30% with high swirl (S = 2.25). 

The work reported in this Paper summarises an investigation, parts of which have already 
been published. (Refs 1,2 and 3). 

2. AERODYNAMIC AND COMBUSTION PATTERNS 

Time-averaged velocity components (in the 3 directions) were measured throughout the 
furnace, using a 5-hole velocity probe. This also gave static pressure distributions. Results 

were taken with the two higher degrees of swirl -S=0.9 and S=2.25, as the flame was 

stable with these swirl settings for all three modes of fuel injection. An excess air level of 5% 

was used for all these tests. It was found in the case of central axial fuel injection that, while 
the flame was stable at these higher swirl levels, the flame was long and combustion was not 

complete at the furnace exit - typical CO level 0.1%. Heat transfer from this flame was also 
low. On the other hand, with the radial outward and with the peripheral fuel injection modes, 
combustion was rapid and CO levels at furnace exit were always less than 0.01%. Heat 
transferences from these flames were high - in the range of 65 to 75% (total of radiation plus 

convection). 
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Consequently, due to this superior performance of radial outwards and peripheral injection 

modes over the more straightforward central axial injection mode, this paper concentrates on 

results for the radial outwards and peripheral injection modes. 

2.1 Velocity Distributions 

Typical axial velocity distributions across the furnace are shown In Fig. 4 for the Peripheral 

Fuel Injection Mode (Scheme 1) and in Fig. 5 for the Radial Outwards Injection Mode, results 
for the two degrees of swirl (S = 0.9 and S=2.25) being given. It will be noticed that, with 
both Modes, the size of the Central Reverse-Flow Zone (CRZ) Increases with Swirl. The jet 

expansion when using Peripheral Injection is slightly more rapid in the early stages than In 

the Radial Injection case. 

The boundaries of the main forward flow with the central reverse and external reverse flow 

zones (ERZ) are shown, for the two Injection Modes, In Figs. 6 and 7. 

Profiles of the corresponding tangential components of velocity are shown In Figs. 8 and 9. It 

is seen that, for both Injection Modes, the profiles are essentially similar, having the typical 

Rankine Vortex form of a core having solid body rotation surrounded by a free vortex. The 

tangential velocities are highest close to the burner quad exit, and spread and diminish on 

moving downstream along the furnace. 

2.2 Temperature Distributions 

Temperatures were measured by suction pyrometer. Typical time-averaged results are 

shown in Figs. 10 and 11, giving profiles at distances of 45mm and 200mm respectively from 

the burner quarl exit. Temperatures are shown in this case for all three Injection Modes. The 

experimental conditions of air and gas flows were as previously described, i. e. there was 5% 

excess air. 

For the Central Axial Injection Mode, flame asymmetry and Inefficient mixing - leading to 

lower temperatures - are seen. With Peripheral Injection, the temperatures are reduced at 

the axis and are, relatively, highest at the outer shear layer of the main forward jet. The 

temperatures are also somewhat higher in the external reverse flow zones. 

It is to be noted that increasing the swirl accelerates the mixing and advances the 

combustion process. 
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2.3 Species Concentration Distributions 

Gas samples were taken and analysed (for C02,02, HC, CO and NOx) at the same flow 

conditions as for the velocity and temperature measurements. The sampling and analysis 

methods are described in Ref. 4. 

Firstly, considering the concentrations of C02, these generally reflect how far the combustion 

process has advanced. Typical results are given in Fig. 12 where concentration contours 

along the furnace are shown for the Peripheral Fuel Injection Mode (Scheme 1). It is seen 
that increasing swirl leads to shorter, more intense flames. This conclusion duplicates that 

drawn from the temperature distributions. 

Carbon monoxide (CO) was also measured and results are shown in Figs. 13 and 14, profiles 
being given at distances of 45mm and 200mm respectively from the burner quart exit. 
Concentrations are given for all these Injection Modes. The lowest ultimate values of CO 

concentration are obtained with the Peripheral Fuel Injection Mode. 

Concentrations of total oxides of nitrogen (NOr) were a! so measured. As an illustration of the 

processes within the complete furnace, contours (ppm) for the case with Peripheral Fuel 

Injection (Scheme 1) at swirl levels of S=0.9 and S=2.25 are shown in Fig. 15. It can be 

seen that the rate of NOx formation follows the rate of the main combustion reaction, as 
indicated by the temperature and the concentrations of the reacting species. At the higher 

swirl setting, the concentrations of NOX leaving the furnace are rather lower (24 to 26 ppm) 
than those observed at the lower swirl setting (30 to 33 ppm) - see also Fig. 18. This is 

attributed to the better mixedness achieved with the higher swirl, as will be discussed in 

Section 3. 

Local concentrations of NOX are also illustrated in Figs. 16 and 17 at two traverse planes 

close to the burner quarl exit. The lowest local NOx values occur where there are high 

forward components of velocity, thus with shorter residence times up to that instant in the 

reaction zone. 
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2.4 Furnace Exit Measurements 

In addition to the above measurements shown in Figs. 4 to 17 inclusive which were taken at 
one fuel/air ratio only - 5% excess air (i. e. equivalence ratio of 0.95), further experiments 
were carried out in which the equivalence ratio was varied between 0.7 and 1.35 and the 

concentrations of the species in the furnace exit gases measured. The three methods of fuel 
injection were investigated, over the swirl range giving stable flames. Results for NOX 

concentrations, converted to correspond to 3% 02, are shown in Figs. 18 to 20. In Fig. 18 

the two alternative Schemes for peripheral injection (see Fig. 3) are compared. Stable 

flames could be obtained with Scheme 1- only at the higher swirl settings i. e. S>0.8, 

whereas Scheme 2 provided stable flames even at zero swirl. Due to the stability limitation 

of Scheme 1 the comparison is restricted to the cases at S=0.9 and S=2.25. For the case 

of S=0.9, Scheme 2 gives significantly lower NOx emissions than Scheme 1. This Is 

attributed to the better mixedness achieved in Scheme 2, whereas with Scheme 1, which Is 

closer to its stability limit, there are greater fluctuations In the concentrations of the reactants. 
The influence this has on the formation of NOx Is discussed In Section 3. At the higher swirl 

setting of S=2.25 the mixedness achieved with Scheme 1 is much Improved and the NOX 

levels are reduced and are much closer to those achieved with Peripheral Injection Burner 

Scheme 2. The effect of equivalence ratio In these peripheral injection methods should also 
be noted. It Is seen that the NOX emissions have a maximum at an equivalence ratio of 
fairly close to, or slightly on the fuel-weak side of, stoichiometric. The NOX emissions drop 

markedly on moving to both the fuel-weak and fuel-rich sides of stoichiometric. This 
indicates the potential for both air and fuel staging as means of reducing NOX formation. 

The effect of swirl in the case of Peripheral Injection (Scheme 2) can be Investigated by 

comparing Figs. 18 and 19. It would appear that, once swirl Is Introduced, there Is little 

further effect (comparing tests taken at S=0.45,0.9 and 2.25). When there Is zero swirl 
(S = 0.0), furnace exit NOX is somewhat higher on the fuel-weak side and lower on the fuel- 

rich side. 

Comparisons of the effects of modes of fuel injection are given in Fig. 19 (for S=0.0,0.45) 

and Fig. 20 (for S=0.9,2.25). It is seen that the simple central axial fuel injection appears 
to give generally the lowest values of NOX emissions. However these low quantities of NOx 

are attributed to the slower reaction rates when central axial fuel injection is being used. A 

greater distance downstream has to be travelled before the main reactions are complete. By 

that distance there has been significant heat transfer from the burning gases. Hence the 

peak temperatures achieved are lower (Figs. 11 and 10). Hence the NOX formation, which is 
heavily temperature dependent, is less. 
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Considering the performances with the central radial outwards and the peripheral injection 

modes, it has been noted already that the latter method leads to reduced NOX emission if 

the fuel/air ratio is changed from stoichiometric in either the fuel-weak or fuel-rich directions. 

However with the central radial mode it appears that the reduction in NOX occurs only in 

the fuel-rich direction. On this fuel-rich side at the swirl values of S=0.45 and 0.9 the 

central radial method appears to be a little better than the peripheral method. At the highest 

swirl (S = 2.25) there is nothing to choose between the two. The superiority in performance 
of the peripheral injection mode on the fuel-weak side is noteworthy and is evident at all swirl 

settings. 

The question that now has to be answered is 'is it possible to derive a model for the 

formation of NOX which will satisfactorily predict the above results when working from the 

relevant initial data? ' 

3. MODEL FOR FORMATION OF NOx 

In general, there are three mechanisms by which NOX may appear in the products of 
combustion - by the "thermal" mechanism, by the "prompt" process and lastly, from the 

nitrogen compounds in the fuel itself. 

3.1 Thermal NOx 

In the "thermal" process nitrogen from the air is oxidised as it passes through the high 
temperature post-flame region. The major reactions are considered to be: 

O+ N2 T NO +N (Zeldovich) ..... 1 
N+ 02 - NO +O (Zeldovich) ..... 2 

Also, in fuel-rich mixtures: 
N+ OHj NO +H (Bowman) ...... 3 

The concentration of 0 to be used is that which is in equilibrium with molecular oxygen, 02. 

The above reactions have high activation energies and these are much slower than the main 

combustion reactions. Thus the NO reactions can be decoupled from the main combustion 

reaction. 
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The local rate of NOX -formation by the thermal mechanisms depends on (i) the flame 

temperature, (ii) the oxygen concentration in the post-flame zone and (iii) the residence 
time in the high temperature zone. Local variations of these parameters with space and time 

are important (Ref 5). 

3.2 Prompt NOx 

High NOx formation rates have been observed In the early parts of some flames (e. g. fuel- 

rich hydrocarbon flames). These rates were much more rapid than the Zeldovich 

mechanism. 

Reactions, involving cyanides and amines have been suggested. The NOx formed in these 
fast reactions in the early parts of flames is called "prompt' NOx. 

When gaseous fuels are burned lean or near stoichiometric, the "prompt' NOx is usually 
less than 5 per cent of total NON. This is ignored in the prediction model which is proposed in 

Section 3.5. 

3.3 Fuel NOX 

Nitrogen bound in the initial fuel can lead to NOx in the product gases. For natural gas, the 
fuel in the present study, there are no nitrogen compounds and so this mechanism is not 
considered. 

3.4 Modelling of Thermal NOX formation 

The following assumptions were first made: 

(i) When firing lean or near-stoichiometric rich mixtures of gaseous fuels the dominant 

mechanism for the formation of NO is the thermal process. 

(ii) The NO formation rate is slower than the hydrocarbon combustion rate, so most of the 
NO Is formed after the hydrocarbon reactions reach equilibrium. 

(iii) The calculation of NO formation is sufficient for predicting the NOX formation. 

With these assumptions and using the time-averaged concentrations, temperatures, etc, 
however, the NOX is usually seriously underpredicted, in typical cases by a factor of 1: 10. 
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The explanation that is put forward for this underprediction is that there are fluctuations of 

concentrations of reactants, and hence of temperatures in the reaction zone. To model this, 

the concept of collections of parcels of gases about to react, or reacting, is introduced. 
These parcels have individual equivalence ratios, 4), in a Gaussian distribution about the 

mean, .A mixedness parameter, So, is now introduced relating the standard deviation, Q, 

too. 

ß= (1-S(, )ý ..... 4 

For the case of complete mixedness, So is unity. 

3.5 Proposed Model for Thermal NO formation 

The proposed model has the following features: 

(i) Those parcels with 0 close to unity have maximum probability of combustion and thus 

react first. 

(ii) Products of this reaction will be at the adiabatic stoichiometric flame temperature. The 
NO formation reaction takes place at this temperature. 

(iii) The required oxygen comes from unburnt lean parcels with 0 less than 1.0. 

(iv) A mean value of residence time is estimated from the observations of the length of the 

reaction zone - taken as the distance until CO content is less than 0.5% - and the flow 

velocity in the reaction zone - taken as being the peak velocity. 

The input data required for the model then are the average equivalence ratio, 4, and the 

experimentally derived parameters of mixedness, adiabatic stoichiometric flame 

temperature, reaction rate constants and residence time. 

In the present work the mixedness, So, for each of the fuel injection methods, was estimated 
from a set of 200 instantaneous temperature measurements, taken at = 0.95 and with 

Swirl Number, S=0.90. 
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The results were: 

So = 0.65 for central axial injection 

So = 0.7 for radial outwards injection 

So = 0.8 for peripheral injection (Scheme 1). 

The adiabatic stoichiometric flame temperature for the natural gas fuel has been taken as 
2222 K (Ref. 6). 

The reaction rate equation used, with constants (Refs. 7,1) Is: 

1 dNO 
= 1.44x1017[N2][O2]2 T2 exp(-69460/T) mole/cm3sec .... 5 

dt 

3.6 Comparison of Predictions of Model with Observations 

The model for the formation of NO by the thermal mechanism has been applied to the test 

conditions given in the latter part of Section 2.4 and which gave the experimental results 

shown in Figs. 18 to 20. It has been assumed that the quantities of NOx formed by the 

prompt mechanism are small and these have been omitted from the predictions. 

The comparisons are given in Figs. 21 to 23 for the three fuel injection methods respectively 

- central axial, radial outwards and peripheral (Scheme 1). For the central axial case (Fig. 

21) the NOX level is over-predicted by about 40% at the 0.95 equivalence ratio condition and 

by higher fractional margins at higher equivalences and lower margins at lower equivalences. 
This over-prediction is attributed to the somewhat slower combustion in this case with there 

now being more heat transfer from the zone in which the reactions take place, hence lower 

temperatures. However the theoretical model ignores this heat transfer. Due to the poor 

mixedness (So = 0.65) of this central axial injection method, the predicted peak In the NOx 

formation, as a function of 0, occurs at 0 of about 0.78, which was below the experimental 

range covered. So the model could not be tested for this predicted feature. The omission of 

prompt NOX from the predictions could lead to under-prediction in the very fuel-rich region 
(Section 3.2), but this was not very evident when using central axial injection. 

The corresponding comparison for the radial outwards fuel injection method is shown in 

Fig. 22. Here there is a very satisfactory agreement between prediction and observation, 

except at the weakest equivalence ratios - less than 0.80. The predicted reduction in NOx 

formation in this range is not apparently observed. 
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Finally the observations and predictions for the peripheral fuel injection method (Scheme 1) 

are compared in Fig. 23. In this case the reduction in NOx emissions at the lower 

equivalence ratios is both predicted and observed. For equivalence ratios of less than unity 
there is generally satisfactory agreement between prediction and observation. However the 

observed reduction in NOX formation as equivalence ratio increased into the fuel-rich region 
is significantly less marked than that predicted. This may be partly explained if the prompt 
NOx is included in the prediction. 

Comparing the radial (Fig. 22) and peripheral (Fig. 23) methods of fuel injection, it has 

already been noted that with the latter a significant reduction in NOx formation is observed as 
equivalence ratio (4) Is reduced below 0.90. With the former no reduction is observed. The 

model described in the present work does predict a reduction in both cases, this reduction 
beginning at 4=0.86 In the peripheral injection case, and at 4=0.79 in the radial injection 

case. This movement of the maximum of the predictions is due to the differences in 

mixedness parameter, So - the temperature measurements giving it the value 0.7 for the 

radial injection and 0.8 for the peripheral injection cases. Thus the model does indeed offer 
differences in predictions, in the correct direction, on the fuel-weak side between these two 
injection methods, but the difference is not as substantial as that observed. 

4. CONCLUSIONS 

Three methods of injecting the gaseous fuel into a 400 kW furnace have been examined. 
The resulting combustion patterns have been observed, and the emissions of pollutants 
noted. 

The fuel injection methods have influence both on the flame aerodynamics and on the 
formation of pollutants. The lowest total pollutant formations (considering NOX, CO and HC) 

were obtained using either radial fuel injection or peripheral fuel injection. In both cases the 
total emissions of NOX are reduced by operating in the fuel-rich region - this demonstrates 
the possibility of air-staging for "clean" combustion. The peripheral injection method also 
showed reductions in NOx when moving into the fuel-weak region - hence the possibility in 
this case of fuel-staging. 

A model has been proposed for the formation of NO, based on the thermal reactions and on 
measurements of the mixedness of the fuel and air in the reaction zone. This model gives 
predictions which are in encouraging agreement with the observations. 
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ABSTRACT 

This paper describes a model-based control approach to synthesizing 
a nonlinear controller for a single-spool gas turbine engine. Since the 
main control variable, engine thrust, cannot be directly measured, a 
model-based observer is constructed using a nonlinear model of the 
engine in order to provide an on-line estimation of the thrust for feed- 
back control. Both proportional and proportional-integral (P1) ob- 
servers have been used in the model-based observer design. The latter 
is intended to provide a robust estimation in the event of modeling 
errors. The controls are the fuel flow and final nozzle area, and the 
control structure is the PI controller designed using the KQ (K-matrix 
compensator, Q-desired response) multivariable design technique. A 
study has been made of the model-based observer control scheme when 
the engine is subjected to the disturbance of inlet flow distortion. The 
results are shown to be acceptable in terms of the thrust response and 
the transient trajectory on the compressor characteristic. 

1 INTRODUCTION 

One of the main control objectives for a gas turbine engine is to achieve 
rapidly the required thrust change while ensuring stable operation of 
the compressor and keeping the turbine inlet temperature below the 
safety limit. To achieve this performance objective, it is necessary 

that the engine's thrust, compressor surge margin and turbine inlet 
temperature be monitored at all instants of time. In practice, however, 
these performance variables can rarely be directly measured. In this 
situation, to control these variables, one solution is to use the available 
measurements from the engine in conjunction with a mathematical 
model to estimate these unmeasured variables (Weber and Brosilow, 
1985). In the present work, the computed thrust from the model of 
the engine is used for feedback control. 

For linear systems, the observer theory has been well established and 
powerful design methods for observers are now widely available (O'Reilly 
1983). However, for nonlinear systems, due to their distinct behaviour, 
few methods are available with sufficient generality. 

Suppose a nonlinear model of a system can be represented by: 

i= I(c. U) (1) 

h(Z, u) i2) 

An open-loop observer computes state estimates i(t) by solving: 

f=f(i, u), i(0)=io (3) 

when given on-line measurements of is and estimates of the initial 
states io. For systems with asymptotically stable open-loop dynam- 
ics, the open-loop observer given above provides a simple method of 
reconstructing the states. 

For open-loop unstable systems or open-loop stable systems with slow 
dynamics, a closed-loop observer can be constructed by feeding back 
the difference between the actual system outputs and the estimated 
outputs as follows: 

I(=, u) + hvfy - h(i)] (4) 

where Ep is an observer gain vector. Determination of the observer 
gain that provides fast convergent estimates is a nontrivial task (Ohtani 
and Masubuchi, 1991). For systems that operate around a steady 
state, a popular approach consists of linearizing the nonlinear model 
around the steady operating point and applying well-known linear ob- 
server design methods. Misawa and Hedrick (1989) have given a very 
comprehensive overview of the different approaches to the nonlinear 
observer design problem. 

2A SINGLE-SPOOL ENGINE MODEL 

The nonlinear thermodynamic model has been developed for this en- 
gine by Qi et al. (1992). The engine state variables are compressor 
discharge pressure P2, turbine inlet temperature T3, jet pipe pressure 
P4 and shaft speed N. Control inputs are fuel flow and final nozzle 
area. The equations describing the nonlinear dynamics of the single- 
spool engine are: 

dP2RT2 
dt vý 

«1 - a)Ml - JL13) (b) 

Iif. 
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dT3 
(t )ifiTz + MJTa - 

corresponding model outputs y to create an error e.. 
T, -7( -Q. 

ýfýTs +Q+ T3( b1i+ 
. 
4ff 

- J113 )) (G) 

dP" RT4 " The model states have feedback applied to them in such a way 

dt = 
v4 

(A13 U4) (7) as to drive the output error ey to zero. 

dN VV34 - W12 
(Rý 

dt _N 

where : tit. b/3 and M4 are the compressor, turbine and nozzle inlet 
mass flow rate, respectively. bid is the fuel flow. vz and v4 are the 
sizes of intercomponent volumes. a is the bleed flow factor. Q is the 
heat released by burning fuel. Tz is compressor exit temperature, T3 

and T4 are the turbine and nozzle inlet temperature. respectively. W34 
is the power produced by the turbine, and W12 is the power consumed 
by the compressor. 

In a gas turbine engine, there are two important classes of outputs. 
e. g. those that are measurable and those that are not measurable. 
Measured outputs typically include rotor speeds, temperatures, and 
pressures throughout the engine gas path. These quantities are often 
used to model thermodynamic responses and are, therefore, generally 
state variables . Unmeasured outputs represent engine performance 
and limiting quantities such as thrust, surge margin, and turbine inlet 
temperature. These quantities are related to the state variables by 
thermodynamic equations, such as shown in equation 2. 

Disturbances may occur during engine operation. They are primarily 
caused by control actuator uncertainties or unsteady flow phenomena 
such as inlet flow distortion. Disturbances may be modeled explicitly 
for synthesis or, as is common, may be considered qualitatively during 
the design process in the selection of dynamic design criteria such as 
weightings and bandwidth. Validation of disturbance rejection and 
control performance is typically performed on detailed nonlinear sim- 
ulations of the engine after a design has been completed (DeHoff and 
Hall, 1979). 

" '[lie controller generates the control signal u in terms of any 
set of variables y, generated within the model together with the 
setpoint r. 

" If the model-based observer is working well, these variables yc, 
will be the same as, or close to, the corresponding variables gen- 
crated within the engine itself. 

In Fig. l. the known control inputs which drive the engine are also fed 

to the mathematical model. The selected measurements from the en- 
gine are compared with their corresponding quantities from the model. 
The differences between them are fed back to the appropriate parts of 
the model. In this way, the model states will be forced into alignment 
with their corresponding states of the engine. Therefore, the problem 
in using a model based observer lies in designing the efficient algo- 
rithms for the feedback of ey to the model such that alignment of the 
states could be achieved in the shortest possible time while rejecting 
disturbances and modeling errors. 

It should be noted that there are two differences between the engine 
and the model: 

" Corresponding to each of the engine state variables, there is an 
element in u,, which can be regarded as an additional imaginary 
input to the model state, and it will be related to the error ey, 
This provides a means of adjusting the model states towards the 
corresponding engine states. 

" All the variables of the model are available for measurement, and 
the model is implemented an an on-board control computer. 

3A MODEL-BASED OBSERVER 

The idea of using the model-based observer to synthesize practical 
nonlinear controllers was first proposed by Gawthrop (1992). The ba- 
sic philosophy is to run a nonlinear model in parallel with the modeled 
system. In the present study, parametric uncertainty is assumed, but 
the model is assumed structurally correct as it is developed from basic 
thermodynamic principles. 

The general scheme of a model-based observer is illustrated in Fig. l. 
The different aspects of the approach are listed below: 

The purpose of the model-based observer is to drive the model states 
towards the engine states. The purpose of the control is to drive 

appropriate model variables towards desired setpoints. 

3.1 PROPORTIONAL OBSERVER 

If we assume that the model is an exact representation of the engine, 
a proportional observer can be constructed as demonstrated in the 
present application. 

Linearizing the nonlinear model (equation 1 and 2) at the nominal 
operating point (z� u, ), the linear design model is then given as: 

6i = A0öx + B, bu (9) 

by = Coax (10) 

where . 4a. B. and Co are matrices of appropriate dimensions. We drop 

the h to simplify the exposition, which now follows. 

The observer equation is: 

i=A, i + Bu + u, (11) 

Figure 1: The structure of a model-based observer 

"A dynamic simulation model is placed in parallel with the engine 
to be controlled. This model will usually be nonlinear. 

llere the inputs u, have the same dimensions as the states. The idea is 
that if a difference exists between any of the engine outputs and model 
outputs. the corresponding element of u, will be used to offset this 

error by compensating the model states using Ke5. The model-based 
observer can be created from the model together with the feedback: 

U? =Kc (12) 

" The measured outputs y of the engine are compared with the 

................. 
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There are many possibilities for designing the observer feedback gains 
lin. e. g. Linear Quadratic (LQ) or pole placement method. In the 
present work, the observer gain !ip is designed using LQ theory based 
on the linear model corresponding to the engine take-off condition. 

It should be noted that although the feedback is linear, the observer 
itself is nonlinear. 

3.2 PROPORTIONAL & INTEGRAL(PI) OBSERVER 

If modeling errors exist, or the engine is subjected to unknown dis- 
turbances, the engine states and model states will be different in the 
steady-state. As a result, the corresponding outputs will deviate from 
each other. In this circumstance, the PI observer is considered to be 
appropriate (Jones, 1992). 

For a linear time-invariant system, the PI observer has been proposed 
by Mielczarski (1987). and given as: 

_ (A, - LC, )z + B, u + Ly + Kv (13) 
y-C0 

The system defined by equation 13 is said to be a full-order PI observer 
for the system if and only if: 

um e(t) = 0, Um v(t) =0 (14) 

and all the eigenvalues of the matrix 

A. - LC, !i 
(15 ) 

-Co 0 

have negative real parts. where e(t) = i(t) - x(t), 

Figure 2: The Structure of a PI Observer 

The PI observer structure is shown in Fig. 2, from which u* is related 
to V as: r 

u, = Lv+ / h'vdt (16) 

3.3 ROBUST DESIGN OF PI OBSERVER 

In this section. a robust design of PI observer is presented. The ro- 
bustness is considered when facing plant parameter variations, these 
falling into the category of structured perturbations. In this case, the 
engine can be modeled as: 

A=A, +AA (17) 

The nxn matrix AA defines the prescribed ranges of variation for 
the nominal set of plant parameter A,. 

A simple method has been used to determine the Pl observer gains 
following Beale and Shafai (1989). Referring to Fig. 2, in ideal case 
(no observer loop) the transfer function from r to z are given as: 

=(a) = (al - (A - B. F))-'Ror(8) 1 (18) 

Hence. the final state is: 

x(oc) = -(A - B0F)"'B. r(oc) (19) 

where z(oo) = lim, -�r(t), r(oo) = liml_. o, r(t). Here A is the true 
plant matrix as given above and F can be related to the steady-state 
gains of the controller designed in section 4. 

In practice, the transfer functions from r and v to r and i are given 
by: 

20) X (a) 
L =(a), _ (a! - EIýt 

l B. 
Jr()+ 

I0 }v(s)} ( 
where 

tl 

= LC, A, - LCo - B, F 
(21) EA -130F 

For loop transfer characteristics of the full-state feedback implemen- 
tation to be recovered at the steady-state in the P1 observer-based 
implementation, it is necessary for #(a) and x(s) to be identical at the 
steady-state. Equating the two, the following condition holds: 

Kv(oo) = mf(oo) (22) 

where 
4_ [(A. - IJ, F)(A - D, F)-' - 1] B. (23) 

or 
m=-, &A(A - BOF)''D, (24) 

Equation 22 provides a way to tune the PI observer gains K and L. 
The procedure can be summarized as: 

" Set L=! (proportional observer) and K=0, find the maxi- 
mum possible magnitude of v(oo) by simulations. 

" Optimize J= Il v(oo) - br(oo)1Iz in least-square sense to find 
gain K. 

" Further tuning the L and h' using the nonlinear simulation. 
4 CONTROLLER DESIGN 

The KQ (K-matrix compensator, Q-desired response) method has been 
sucessfully applied to design nonlinear scheduling controllers by Pol- 
ley et al (1989). The KQ method compensator design methodology 
is a frequency-domain technique, which uses closed-loop Nyquist and 
Bode plots. The parameters of the dynamic matrix compensator N 

are estimated by minimizing the mean square error between the de- 

sired closed-loop response Q and the actual closed-loop response. This 
design, described by Edmunds (1979), consists of the following steps: 

" Specification of desired closed-loop transfer function matrix 

" Selection of multivariable compensator structure (proportional 
or proportional/integral, etc. ) 

" Computation of compensator gains 

" Closed-loop performance evaluation. 

The performance requirements used for the engine control design may 
be expressed in terms of requirements for good feedback control, which 
are: 

" Low-frequency command following 

" Low-frequency disturbance rejection 

3 



" Insensitivity to sensor error 

" Robustness to unmodeled high-frequency dynamics 

" Insensitivity to low-frequency modeling errors. 

These performance requirements are met by using the KQ technique 
to design the compensator and ensuring that the singular value plots 
satisfy the required frequency domain constraints. Control of the gas 
turbine engine specifically requires: 

" Fast thrust response without overshoot 

" Zero steady-state error. 

The fast thrust response requirement is fulfilled by designing to achieve 
maximum crossover frequencies for the output variables while produc- 
ing a thrust transient response with no overshoot. The zero steady- 
state error requirement is met by using a multivariable proportional 
plus integral (PI) controller (the integrators are added to ensure zero 
steady-state error). In the present work, the control objective is to 
drive the engine thrust to the maximum take-off thrust without over- 
shoot, hence the desired closed-loop response is selected as: 

Q= diag[ a J, i=1,2 (25) 
a+ 

lt is noted that although the detuned controller is used, the model- 
based control scheme (nonlinear model, observer and control) is non- 
linear. 

5 SIMULATION RESULTS 

5.1 OBSERVER PERFORMANCE 

The simulations shown in Fig. 3 and 4 are based on the assumptions 
that the model is the exact representation of the engine, i. e. paramet- 
rically and structurally correct, but the initial states of the model have 
been incorrectly guessed, that is the model states are different from 
the engine states. By subjecting the engine and the model to the same 
ramp fuel input, from idling to take-off conditions in 4 seconds, the 
performance of the model-based observer is examined. In Fig. 3 and 4, 
the solid lines are the engine responses and the dashed lines are model 
responses when setting Kp =0 (open-loop observer). In this case, it is 
seen that the open-loop dynamics dominate the observer performance. 
It is also seen that although the engine and model have converged to 
the same steady-state condition, the rates of convergence (3 seconds) 
are slow and are considered unsatisfactory in gas turbine application. 
Fig. 3 and 4 also show the responses of closed-loop observer (dotted 
lines). The gain It, is determined using LQ theory. Comparing with 
the case of K,, =0, it is seen that due to the feedback action, the 
errors between the engine and the model have been eliminated quickly, 
that the closed-loop performance can be guaranteed. It is noted that 
in Fig. 4b. by closing the observer loop (K, i4 0), the surge of the 
compressor (dashed line below 0 value) in open loop case (K,, = 0) 
has been avoided. 

A convenient way of modeling the turbine in a single-spool gas turbine 
engine is to use single characteristics as shown by Szuch (1977). These 
characteristics relate pressure ratio to non-dimensional mass flow and 
isentropic efficiency in simple manners, which are independent of non- 
dimensional shaft speed. Mathematically, they can be expressed as: 

mP 
= fm( 

Pout) Pout 
< (Poue )mar (26) 

m 

1tt _n 
f'in 

>( 
Pin 

ýmns ( 
A. mar Pout Pout 

ýu = fe( 
Pin) Pin 

ý (Pin )mar (27) 
Pout Pout Pout 

Pin 
(nuýmnr ( 

Pi649Z 

Pout - Pout 

If such a simplification is used, the resultant model will be different 
from the one used in the present study (using the speed-dependent 
characteristics), therefore the modeling errors will show up in ey in 

steady-state. In this case, the PI observer is used to provide the robust 
estimations of the steady-state. The simulations are shown in Fig. 5 

and 6. The use of the PI observer gives the dotted line. It is seen that 

robust steady-state estimations have been achieved. 

5.2 CLOSED-LOOP CONTROL 

The simulations of the closed-loop performance are shown in Fig. 7 and 
9. The linear controller is determined by selecting the desired closed- 
loop response as shown in equation 25 with a, = 4, i=1,2. The 

computed thrust and shaft speed from the model are used for feedback 

control. It is seen that the thrust has been driven to the take-off 
value in about 4 seconds (Fig. 8a). Closed-loop control demonstrates 

good thrust response and adequate surge margin (Fig. 8b). The closed- 
loop control results in the transient running line following the steady 
running line (see Fig. 9). 

5.3 KNOWN DISTURBANCES 

Inlet flow distortion can cause the engine inlet pressure and temper- 
ature to fluctuate (Goethert and Kimzey, 1968), and these may be 
treated as disturbances, which tend to cause the compressor to surge. 

To simulate the effects of disturbances on the current control scheme, 
the following simple model has been used. Moore (1986) has suggested 
that a model of the following type might be helpful: 

Pi = Pi + AdPlsin(wdt) (28) 

Pi is the perturbed inlet pressure, Pl nomial inlet pressure. Ad per- 
turbation amplititude, wd perturbation frequency. In the present sim- 
ulation studies, Ad = 0.1 and Wd = 10 are used. 

It is noted that this is equivalent to disturbing all the states along the 

engine gas path as well as shaft speed. The current control scheme was 
tested by introducing the inlet pressure disturbance at time t=6 sec. 
when the engine was running steadily at maximum speed and thrust 

after completing the acceleration The simulations are shown in Fig. 10 

and 11. It is seen that the model follows the engine very well after 
the disturbance occurred (at t=6 second). It is noted that when 
disturbances occur, the compressor surge margin is greatly reduced 
(Fig. Ilb). However, It is also seen that the current control scheme 
has the ability to bring the magnitude deviation of the surge margin 
back to that of nomial case (no perturbation). 

6 CONCLUSIONS 

Direct control of the engine thrust, as computed from the model, 

avoids the control mode analysis, which otherwise has to be used in en- 
gine control design. The latter process requires selection of the mode 
which best reflects the change of engine thrust. This process can be 



very time consuming, but is of critical importance to engine control 
design as shown in the previous work by Brown and Elgin (1985). 

An outline of the model-based observer approach to model-based con- 
trol has been given. It can be seen that the focus has been on the 
observer rather than the controller, as control becomes relatively sim- 
ple when all measurements are available. 

lt is shown that direct control of engine thrust is possible by using 
the proposed model-based observer control scheme. The time taken 
for the model states to converge to the engine states is at most 0.5 

second. As the result the observers are capable of estimating engine 
thrust in 0.5 second. In the present work, observer gains are designed 

on the basis of a linear model. The use of PI observer is shown to pro" 
vide a robust performance. Further work will use the more advanced 
control strategies and a critical comparison with other model-based 
approaches. 
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PRESSURE WAVES IN VOLUME EFFECT IN 

GAS TURBINE TRANSIENT PERFORMANCE MODELS 

Y. G. Li N. R. L. Maccallum P. Pilidis 

Abstract 

Gas turbine volumes behave like air 
reservoirs and have an effect on gas turbine 
transient behavior. The Inter-Component Volume 
(ICV) method has been widely used in gas turbine 
transient performance research. It takes into 
account the volume effect and gives reasonable 
results in transient performance predictions. 

This paper describes the introduction of a 
pressure waves in volume (PWV) effect based on 
the physics that the pressure propagation in a 
volume is the result of pressure wave movement. 
This effect is introduced in the Inter-Component 
Volume (ICV) method for gas turbine transient 
predictions. 

This method is applied to a two-spool turbojet 
engine. The detailed process of propagation of 
aerodynamic parameters in the engine rear duct 
during an acceleration is described. Compared with 
the original inter-component volume method, the 
transient performance of the engine with the PWV 
method shows a small but interesting difference. 

Nomenclature 

A area 
a speed of sound 
ICV inter-component volume 
FN net thrust 
HP high pressure 
LP low pressure 
M Mach number 
m mass flow rate 
mf fuel flow rate 
N rotational speed 
n polytropic constant 
P pressure 
PR pressure ratio 
PWV pressure wave volume 
SHSP shaft speed 
s entropy 
T temperature 
T4 turbine entry temperature 
u velocity 
W turbine work 
R gas constant 
y ratio of specific heat of gas 



T1 thermal efficiency at any place inside the volume is the same at each 
P gas density time interval. This prompt pressure propagation 
Subscripts assumption is not accurate and it can alter the 
0 undisturbed area in front of a transient behavior of the engine, in particular in 

pressure wave large volumes. 
1 with ICV method For example in the volume between the LP 
2 with PWV method turbine and the nozzle of a gas turbine, pressure 
5 LP turbine inlet waves are generated from the turbine when the 
6 LP turbine exit working conditions of the gas turbine change. The 
A, B, C, D either side of a pressure wave waves move downstream towards the nozzle, are 
amb ambient reflected from the nozzle and move upstream. 
max maximum When meeting the turbine the waves are reflected 
T turbine and move downstream again. During the 
t total movement, two approaching pressure waves will 

pass through one another and become two new 
1. Introduction waves moving in opposite direction. All the 

pressure waves degrade after they are reflected 
In the prediction of transient behavior of gas several times in the duct volume and eventually 

turbine engines, two methods are commonly used: disappear. As a result of the wave movement, any 
the "Continuity of Mass Flow' (CMF) method and changes of the aerodynamic parameters, such as 
the 'Inter-Component Volume' (ICV) mejho4ý, h' h 

! n.: " ressure, temperature and mass flow rate, from 
h t t th l were described in detail by Fawke . al*a [1 e ou roug e ume propaga oth ends of the duct vo 

former does not take into account the volume effect the volume. This physical process is the theoretical 
and it is assumed that at any given instant the mass basis of the pressure wave volume method. 
flow into a component is matched with the mass The pressure wave movement delays the 
flow emerging from it. pressure propagation inside the volume and the 

In the 'Inter-Component Volume' (ICV) method, predicted gas turbine performance response with 
it is assumed that volumes exist between adjacent the PWV method during transient processes will be 
components which allow the accumulation or different when compared to the predictions using 
release of air or gas. These volumes are the traditional ICV method, 
representative of the volume of each component. 
The ICV method is a more accurate description of 
transient processes because this procedure 
includes the local mass accumulation or release in = +d + = engine components, which is ignored in the CMF u u ua u UO U 
method. In practice the CMF method is applicable p= p+dp PO =p 
to cases where large speed transients take place. T= T+dT To =T The ICV method is more general but it has a larger 
computational cost. ii 

This paper introduces a pressure wave volume a-du ia (PWV) method to describe the pressure propagation i * f +d inside a component volume. A comparison p ' p p 
between the original ICV method and the PWV in =pa *i ý- m =oa 
method is made with a prediction of the acceleration ! 1_i 
of a two-spool turbojet engine. 

Fig. 1. Control Volume: pressure wave in a Duct 
2. ICV and PWV Methods 

The current state of the art i 
Fag e 

Inter - Component Component Volume' (ICV) method, Fawrce &W1 
rO 

that the mass flow into a component will not be 
the same as that out of the component in any 
transient instant. Engine components have 
associated volumes, thus air/gas mass will 
accumulate or diminish and the pressure in that 
volume will rise or fall at that instant. At the same 
time, it is assumed that the pressure propagates 
throughout the volume immediately so the pressure 

3. Description of PWV Method 

The largest volume in a turbojet engine is 
normally the rear duct behind the turbine. In the 
present analysis any components inside the engine 
duct are ignored. The modeling of pressure wave 
generation, propagation, passing through other 
pressure waves and reflection from both ends of the 
duct is described below. 
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3.1 The Two Sides of a Pressure Wave 

When a pressure wave moves inside a duct 
volume in an axial direction, it is assumed that the 
gas passes through a pressure wave isentropically 
and the wave propagates at the speed of sound. 
Equation (1) can be obtained with the momentum 
continuity applying to a control volume surrounding 
a pressure wave in a relative frame of reference, 
Figure 1. 

du=1dp (1) 
ap 

The relationship between the local sonic velocity 
and the property change rate is: 

aZ = 
dP 

(2) 
P 

LP Turbine 

Ps 5 6 Pf6 A PIA 

T, Tf6 TI+ 
All. f 

ms m6 MA 

U5 
f 

uö f U4 

Figure 2. Generation of a Wave 

Combining Equations (1) and (2) gives 

du =a 
dp 

(3) 
7P 

Then: 

1 -t y 

a T P Zr 
(4) 

ao To Po 

Integrating Equation (3) and substituting from 
Equation (4) gives 

V-1 
Zr 

u= uo + 
2a° p 

-1 (5) 
y-1 

(po 

where subscript '0' means undisturbed gas in front 
of the wave. 

3.2 Pressure Wave from the Turbine 

During transients, the LP turbine's working 
point keeps changing and the gas conditions, such 
as gas temperature, pressure and mass flow rate, 
change accordingly. In a numerical process it is 
assumed that a pressure wave is generated from 
the LP turbine exit in every numerical time step, 
Figure 2. 

With the turbine inlet parameters, the exit 
total pressure P6 and the efficiency ? 1. the turbine 

work W. can be found. Using the turbine 

characteristics with N/T, s and IVT ,a new 

turbine efficiency 77r and mass flow rate 
mT Ts 

Pis 

can be obtained. If the calculated mass flow rate is 
not the same as the inlet value, the turbine exit total 
pressure pt6 needs to be adjusted until both values 
are in agreement. 

It is also assumed that the expansion 
process in the turbine is a polytropic process. 
Applying the polytropic relation (6), the mass flow 
expression (7) and wave Equation (8) into the newly 
generated pressure wave at the turbine exit, 
combined with relations between total and static 
parameters, turbine exit parameters Tt6 

, rn6 and 

U6 can be obtained. 
n-I 

T6 P6 n n-i 
=; 7r 

Y-1 
(6) 

F'-' Pis nr 

m6 
P u6 (7) 

RT6 

r-ý 
2r 

U6 A+ 
7-1 A 

In practice, rater than (6) the appropriate 
enthalpy-entropy relations would be used. The 
parameters on both sides of the pressure wave are 
those at the exit of the turbine in two successive 
time intervals. 

3.3 Pressure Wave Reflection from the Nozzle 

The reflection of a pressure wave from a 
nozzle is illustrated in Figure 3, where (a) shows a 
pressure wave approaching the nozzle and (b) the 
wave leaving the nozzle after reflection. 
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(a) before reflection 

BC 
00. 
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-00. 

(b) After reflection 

Figure 3. Wave Reflection from Nozzle 

The inlet conditions (P, and T, ), the nozzle 

area and ambient conditions (Pamb and Tamb ) 
determine the duct flow. The nozzle may be 
unchoked or choked. It is assumed that the 
parameters in zone A and B are known and the 
reflection process from A to C is isentropic. The 
parameters in zone C, in the unchoked case, may 
be expressed with: 

r 
r-ý r+l 

P, =Pamb' fl 
2(P, I Pamb) r -1 (9) A r-1 (P, /PC)--1 

r-1 

Tc =TA 
Pp 

(10) 
A 

r-1 
27 

uc =U8 
2aB Pc 

-1 (11) 
r -I PB 

YPcA the Mc (12) 

c 

If a pressure wave is reflected from a 
choked nozzle it is supposed that the effective mass 
flow rate keeps unchanged and Equation (13) is 
satisfied. 

T. 
= 

me Trc 

P. Pc 
Therefore, 

and other parameters in zone C can be obtained 
with Equations (15) to (17) 

Zr 
y-1 

UB + 
2a3 

Pc -y 
-1 OPB I 

uA 
TB 2+ 2a8 
TA r-1 

r-I 

TC = TB 
PC r 

(16) 

e 

r+t 
2(r-t ) 

_P, cAN y2 
the 

Trc Ry+1 
(17) 

5 AB 
1- 

(a) before reflection 

5C B 

(b) after reflection 

Figure 4. Wave Reflection from Turbine 

T 

Ps 

i Pie 

op 
º -'" PA 

S 

(13) 

MA = MC (14) Figure 5. Wave Reflection from A to C 
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3.3 Pressure Wave Reflection from a Turbine 

When a pressure wave moves upstream and 
approaches the turbine and is reflected (Figure 4) 
the process from A to C is assumed to be polytropic 
and the mass flow rate remains constant. It is also 
assumed that the parameters in zone A and B are 
known and the state of turbine inlet remains 
unchanged during the reflection process. 

The polytropic process of the flow in the 
turbine is shown in T-s chart in Figure 5. 
Parameters in zone C can be obtained with a set of 
Equations (18) to (21). 

The polytropic process of the flow in the 
turbine is shown in T-s chart in Figure 5. 
Parameters in zone C can be obtained with a set of 
Equations (18) to (21). 

n-1 
TC Pý n n-i 

TA = PA 
n 

=ý1t 

PA AAA 
_ 

PcucA 
MA = RTA - RTc = mc 

r-I 
ZQB PC 2r 

uc - uß = -1 
r-1 PB 

BAC 

UB uA uc 

(a) before wave meeting 

BDC 

UB uD uC 

(b) after wave meeting 

Figure 6. Two Waves Passing Each Other 

3.4 Pressure Waves Passing Through One 
Another 

When two pressure waves in a duct approach 
each other and meet, each wave will go through the 
other and they will become two new waves moving 
in opposite directions. This process is assumed to 
be isentropic and the waves before and after they 
meet are illustrated in Figure 6. Applying Equation 

r-1 (18) 
r 

(5) to the pressure waves and combined with 
isentropic relations, the flow parameters in zone D 
can be calculated with Equation (21) to (24) 

UD = UB - UC + UA (2i ) 

2r 
r=1 r-I 
2r 

(-uD+uB)+ 
P 

PD=PA 
[2a4 

1 
A 

(22) 
r-I 

Pr 
T°= TB ý° (23) 

8 

m° = 
PDAMD °R (24) V -T 

3.5 Dissipation of a Pressure Wave 

(19) 
After a pressure wave is reflected in a duct 

several times, it becomes weaker. A criterion has 
been set to define the dissipation of a pressure 
wave. It is assumed that when the pressure 

(20) difference between both sides of a wave is small 
enough the wave has disappeared and a set of 
average values of parameters is used to replace 
previous parameters on both side of the wave. This 
criterion is defined in Equation (26) 

AP < 0.001(KPa) (26) 

4. Application to a Turbojet Engine 

A two-spool turbojet engine has been used as 
an example to investigate the difference of the 
original inter-component volume method and the 
pressure wave volume method. Both the PWV and 
the ICV methods were applied to the rear duct 
behind the turbine where the largest volume is 
located in the engine. 

Two computational cases were carried out 
and compared with each other, one with the 
pressure wave volume method and another with the 
original inter-component volume method. An 
acceleration process from idle to maximum fuel flow 
rate with heat transfer is selected for the analysis. 
A transient performance prediction code with the 
two volume methods has been developed. Detailed 
description of the transient prediction method can 
be found in [2] and [3]. In the two cases, the same 
fuel schedule was employed, where the non- 
dimensional fuel flow is a function of HP 
compressor pressure ratio (equation 27). The 



acceleration fuel flow rate shown in Figure 7, the 12 
fuel flow is increased to its maximum value in 4.2 
seconds and then kept constant until the engine ' 

reaches the steady state. ° 
g 06 

mf E p3 
(27) 

o. 

0.2 NHPP, 
2 

P2 
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Figure 7. Fuel Flow during theTransient 
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Figure 8. Propagation History of Pressure Waves in the Duct 

It has been found that the transient 
performance difference predicted with the two 
volume methods is small. So only the difference 
of the performance parameters during the 
transient are illustrated 

During the acceleration the pressure 
distributions in the duct at different time instants 
are illustrated in Figure 8. In the first 2 seconds 
of the acceleration a large number of 
compression waves are generated form the LP 
turbine and the propagation of the pressure 
change downstream of the turbine exit is 
delayed due to the movement of the pressure 
waves. This is shown in Figures 8(a) to (c). The 
pressure upstream of the duct is higher than that 
downstream. After 3 seconds the engine nozzle 
chokes and gas starts to accumulate near it. 
This causes an increase of the downstream 
pressure, which is now higher than that 

upstream. This phenomenon can be seen in 
Figure 8(d) to (e) until the shaft speeds reach 
their maximum values at about 4.2 seconds. The 

engine condition will tend to the steady after the 
fuel flow rate reaches its maximum value and 
the pressure difference between upstream and 
the downstream becomes progressively smaller. 
This process can be seen in Figure 8(f), this 
means that the two volume methods give a 
similar result in that situation. 

In the traditional ICV method the pressure 
inside the duct volume between the upstream 
and downstream pressure values predicted with 
the PWV method. The unsteady process of the 
pressure propagation inside the duct volume 
shown in Figure 8 determines that the engine 
experiences an unsteady process oscillating 
with low frequency around the process predicted 
with the original inter-component volume 
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method. This phenomenon is well illustrated 
with other parameters during the acceleration. 

During the first half second of the 
acceleration the LP turbine pressure ratio 
predicted with the PWV method (Figure 9) is 
slightly larger (by about 0.15%) than that 
obtained with the ICV method. After that they 
are very similar. After about 2 seconds, the 
pressure ratio is lower than the value predicted 
with the ICV method by about 0.15%. After 3 
seconds, when the nozzle chokes, the difference 
reaches a maximum (0.25%). This is 
maintained for about 2 seconds after the fuel 
flow reaches its maximum value. The HP 
turbine pressure ratio shows a similar pattern 
but with smaller magnitudes because the 
response is attenuated by the smaller volume of 
the LP turbine. 
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Figure 9 Comparison of Turbine 
Pressure Ratio 
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Figure 10. Comparison of Compressor 
Pressure Ratio 

The compressor transient response is 
similar to that of the turbine (Figure 10). The 

difference of HP turbine entry temperature 
between two volume methods during the 
transient is shown in Figure 11. Although it 
shows a similar pattern to the pressure ratios, it 
is clear that the temperature difference is really 
small in magnitude with maximum difference of 
about 0.04%, therefore the temperature 
difference can be neglected. 
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Figure 12. Shaft Speed Comparison 

The difference of shaft speeds between 
the ICV and PWV methods during the transient 
is shown in Figure 12. In the first 1.5 second, 
the LP shaft speed predicted with PWV method 
is higher than that predicted with the ICV 
method by about 0.11%. In the next 2 seconds 
it is lower by a maximum of about 0.075%. In 
the following 2.5 seconds is higher by a 
maximum of about 0.08% after the nozzle 
chokes. The HP shaft speed predicted with 
PWV shows somewhat smaller magnitudes with 
a maximum difference of about 0.04%. 

The thrust difference between the two 
methods comes from the difference of the 
parameters at nozzle exit, the pressure and 



mass flow rate. Figure 13 shows that in the first 
1.5 seconds, the thrust predicted with PWV 
method is delayed by about 2% in maximum 
compared with that predicted by ICV method. 
After about 3 seconds when the nozzle is 
choked, the thrust with PWV method is delayed 
again by about 0.08% in maximum to the thrust 
by ICV method. It can be seen from the above 
comparison that all the performance parameters 
of the engine with PWV method oscillate with 
low frequency around the transient performance 
predicted with ICV method because of the 
oscillation of the pressure distribution inside the 
duct. As expected, volume size has an 
influence on the oscillation magnitude. When 
the duct length is halved, the difference between 
the shaft speeds and thrust predicted with the 
two methods is reduced (Figures 14 and 15). 
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Figure 13. Thrust Comparison 

Conclusion 

The pressure wave volume (PWV) method 
described here is a better description of gas 
turbine transient performance than the original 
inter-component volume method because it 
includes the effect of pressure propagation 
inside the volumes. The predicted transient 
response of a turbojet engine with PWV method 
is slightly different from that with original inter- 
component volume (ICV) method. 

The difference predicted here is small, but 
it may be significant when large volumes such 
as bypass ducts are considered. Similarly some 
large industrial gas turbines have very large 
volumes too. 

No experimental verification was carried 
out, however the authors believe that the 
inclusion of this effect must be actively pursued 
because on many occasions the effects could be 
significant in some critical maneuvers such as 
altitude relight and reheat lighting in a low- 
bypass turbofan. 

An alternative analysis for the above described high frequency 
effects has been presented by Merriman [4]. The conclusions 
reported by the present authors are in general agreement with 
those of Merriman. 
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Figure 14. Shaft Speed Comparison 
(Duct length halved) 
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