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SUMMARY

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. In this work the aerodynamics of vane-swirled pre­

mixed town gas-air flames are investigated in two furnaces, using 

the same swirlers. Variables investigated include the swirler vane 

angle, geometry, degree of confinement, Reynolds Number and fuel/air 

ratio. Cold tests were also carried out for the purpose of modelling.

Significant changes in the flow and the combustion patterns 

were produced by swirl. Strong swirl created a central recirculation 

zone which when well established had a maximum diameter and length of 

nearly fixed proportions of the furnace diameter. The jet spread rate 

was found to increase mainly with the swirler-vane angle and to vaî r 

slightly with combustion and confinement particularly at strong swirl. 

The presence of a central hub in the swirler had little effect on the 

flow and combustion pattern.

The survey of previous work and the present results showed 

the need for a revised measure of swirl, Ihis was taken as the ratio 

of the tangential to axial velocity momentum fluxes divided by the 

furnace diameter, % e  values of this Swirl Number obtained by 
integrations of the flow properties were found to be a valuable index 

of the flow and combustion patterns. A critical value at which the 

flow reversal occurs was found to be the same for all input conditions 

tested.



Ill

The strong relation between combustion and flow patterns shows 

the value of isothermal model results for furnace design. For a 

non-swirled flame a parameter was derived on the basis of the ratio" 

of source to shear momenta. For swirling flames, the use of the Swirl 

Number defined above proved to be a satisfactory modelling criterion 

since it has a fixed relation to the flow pattern under both cold and 
burning conditions,

A mathematical model was developed for the prediction of the 

flow and combustion patterns of confined swirling flows. The results 

obtained for ŵ eak and medium degrees of swirl were reasonably similar 

to those experimentally measured.

The study of the measured combustion patterns shows that 

swirling flames are stabilized by a mechanism of mixing between the fresh 

charge and the recirculated gases. These contained direct combustion 

products and entrained gases from the surroundings. The effective 

fuel/air ratio at the reaction zone versus blow-off velocity relations 

were obtained and found to be the same for both free and confined swirling 

flames.

Finally some recommendations to the choice of the optimum swirl 

range and suggestions for further work are presented.

A paper presented at the Combustion Institute European 

Symposium (1975) is included as an Appendix,
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CHAPTER 1 

INTRODUCTION

A furnace designer is faced with many requirements to satisfy. 

Although much effort has been put into the development of many practical 
furnaces and burners, relatively little has gone into the development of 

the quantitative understanding of the processes involved.

Some of the major requirements are that the flame should be 

stable, efficient, it should release its heat in the desired zones, 
and it should not produce pollutants. A further, and most important 

requirement, is that it should be matched to the combustion chamber.

It has been found that giving swirl to the entering gases is 

a convenient method of achieving at least some of the above requirements, 

This use of swirl has been progressively increasing in industrial applic­

ations, The methods by which swirl achieves these favourable effects 

are as follows;

a) Better flame stabilization, through more intense 

mixing especially with recirculated products of 

combustion,

b) Higher combustion intensity by increasing the 

shear stresses and their effective areas and 

thus the total mixing.

c) Varying the residence time towards the ideal 

one for complete and efficient combustion.

d) Ability to control the flow pattern by varying 

the degree of swirl during operation, Tliis also 

leads to a good performance with wide turn-down 

ratios.
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Most of these effects were put into use in industrial furnaces 

even before the fundamental knowledge of the phenomena explaining them 

had been understood. Studies to gain this knowledge started only very 

recently (in the last 10-15 years) in different institutions,

(B.P,, Delft Univ., Glasgow Univ., International flame research 

foundation, Sheffield Univ., Shell, SOGREAH, and other institutions 

in Japan and the U.S.S.R., etc.).

It was realised that of all the different factors governing 

the processes in the furnace, the aerodynamics of the flow, before 

and after combustion, have the greatest effect, Tlaese aerodynamics 

are dictated by both burner design and furnace size relative to the 

burner.

Predictions of the aerodynamics of swirling flames are 

needed, and to produce them the following methods are possible and 

have been used in the present work;-

l) The solution of the differential equations relating the

physical and chemical laws governing the flow and combustion processes. 

Although some success has been achieved in some combustion problems 
using this method for simple flows, there are two difficulties in the 

case of a swirling flame:

(a) The mathematical problem of solving these equations 

for turbulent flows with recirculations. However 

with the use of numerical analysis finite-difference 

techniques on high-speed computers this is no longer 

a major problem.



(b) The physical problem of the representation of turbulent 

transport processes, especially where turbulence is non- 

isotropic and is influenced by chemical reaction. No 

satisfactory answer to this has yet been found. Work 

on the finite-difference prediction method is described 
in Chapter 6.

2) Direct experimental measurements on a prototype system.

In addition to being expensive this method involves many limitations

on the variables and their ranges. The results may only be valid for

the system tested because of the interference of the factors which 

vary from one system to another.

However, in a specially designed test rig, variables could be 

separated and varied as required, giving results which will be 

comparable to a full-scale test and will show the effect of the 

different variables. Results of such experiments are essential for 

testing the validity of any other mathematical or physical model,

5) Use of a scaled-down model, (frequently isothermal) and

relating flow conditions in the model to those in the prototype.

This method has been widely applied but with different degrees of . 

success. The success of the method depends on the careful choice of 

the scaling similarity criteria to be adopted when designing the model 

and interpreting the results. A review of the modelling criteria in

use, and their application to model and full-scale tests is given in

Chapter 2, Some discrepancies are shown, with a suggested new 

criterion for swirl flames.
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The above analysis shows the need for a consistent set of 

experimental data, both on full-size plant and on scaled models, to 

test the results of the mathematical models and to define the relation 

between the isothermal models and full-scale furnaces. The acquisition 

of such data is the main object of the present work. Aerodynamic 

measurements were taken on two experimental furnaces for burning 

pre-mixed toivn gas-air mixtures, supplied to the furnace through vane- 

swirl burners with different degrees of swirl. Tests were carried 

out under both isothermal and combustion conditions.

Flow and combustion patterns were assessed by the following 

measurements at different radial locations on cross-sections along 

the flame or jet in the two furnace sizes;

(1) Velocity components and static pressure, using a 

specially designed and calibrated ^-dimensional,

3-hole probe and a disc probe.

(2) Temperatures using a thermocouple.

(3) Concentrations of carbon-dioxide using a specially 

designed sampling probe and a radiation absorption 

type analyser.

A description of the experimental set-up is given in Qiapter 3, 
Results of measurements are presented in Chapter 4 showing a detailed 

picture of the flow and combustion. In Chapter 5 the results are further 

discussed and used to support the modelling theory. The results are also 

used to test the validity of the numerical predictions reported in 

Chapter 6.
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The mechanism of flame stabilization in swirling jets is 

discussed in Chapter 7 and correlations are presented which are related 

to velocities and mixing rates.

In the final Qiapter, the major conclusions of the work ai'e 

summarised, and suggestions are made for further work.



CHAPTER 2 

THEORY OE SWIRLING FLAMES

2.1 Introduction:

Tills review of the theory relating to swirling flames in 

furnaces starts with a brief description of the main aerodynamic 

features of unswirled axisymmetric isothermal free jets, Tlie effects 

of confinement in a furnace, of introducing swirl and of combustion 

are then considered, separately and in various combinations. The 

various theoretical analyses, where they exist, of these arrangements 

are discussed (with the exception of finite-difference methods which 

are described separately in Chapter 6). Where experimental results 

offering comparisons are available, they are introduced alongside the 

appropriate theories. Tliere then follows a review of relevant work 
which is mainly experimental. This introduces descriptions of methods 
of generating swirl and the definition of swirl number.

The above review of the aerodynamic theory is followed by a 

description of the modelling methods that have been used to predict 
flows in furnaces from models (usually isothermal). The various 

parameters for satisfactory modelling of both unswirled and swirled 

flames are introduced.

A review is then given of experimental work in turbulent 
swirling flames, a considerable proportion of this work originating 

from full-scale furnace tests.
The Chapter ends with a summary of the previous work carried 

out in the Department of Mechanical Engineering, Glasgow University.
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2.2 The Simple free Jets;-

2,2.1 Characteristics of axially symmetric jets: (free, imswirled, isothermal)

Experimental measurements of free jets are numerous and 

mostly consistent, (e.g. Pal (1954)? Schlichting (I968)). They all 

seem to agree on the following main features;

(a) Jet width is proportional to axial distance.

(h) Jet angle is independent of initial velocity 

and nozzle diameter.

(c) Jet momentum is conserved,

(d) Radial distributions of axial velocities and 

concentrations of nozzle fluid are similar in the 

fully developed region, (axial distances beyond 
eight nozzle diameters). For the velocity 

distributions, the best fit was found to be the 

Gaussian or Error Curve suggested by Reichardt (1941) as:

•r. 2~  = exp [-k (“ )] ... 2.1
%

where u axial velocity at radius r

u^ maximum axial velocity at the section (centreline)

X axial distance from nozzle

k a constant which varies between

75 and 117 according to different 

experimentators, e.g. Kerr (I965).

A similar formula represents the concentrations, only with a different 

constant (Hinze and Zijnen (1949))*



2.2,2 Jet entrainment;

A jet issuing into a reservoir of fluid at rest will entrain 

some of the surrounding, this is due to the total movement of the eddies 

formed at the very turbulent boundary of the jet. For an Isothermal 

free jet this could be calculated through the integration of the 

velocity profiles at different axial locations^ The various 

investigators agree to the following formula:

where m is the mass flow entrained up to the section e

m " mass flow rale from the nozzleo
d " nozzle diameter

" constant of proportionality, again varying from 

0,25 to 0.45 according to the investigator.
A different method for measuring the mass entrainment was used by 

Ricou and Spalding (1961) and gave a value of 0.52. Their method 

involves surrounding the jet with a porous wall and adjusting the flow, 

which is taken to be the entrained one, so as to keep the pressure 

inside constant, thus simulating a free jet. However they measured 

the pressure only along the axis, and with a blank wall at the nozzle 
plane there is a chance for radial pressure gradient to be set up.

Tlie present writer considers that this leads to a wider jet than usual 

which is what was reported.
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2,5 The confined jet;

Basically, the confined jet has some of the features of the 

free jet and some of the features of entrance flows. One of the 

fundamental differences between the confined and the free jets is the 

existence of pressure gradients, both in the direction of and normal 

to the main flow, caused by the presence of the confining walls.

Tlie effect of this is to modify the jet spread, the rate of growth 

of the boundary layer, and the velocity profile shape. Confined jets 

differ also from free jets in that the axial momentum flux is not 

conserved.

However, some of the theoretical methods used in studying 
free jets are readily extendable to confined flows. The intermediate 

problem of a jet in a free moving stream with a lower velocity was 

solved by Squire and Trouncer (1944)* They assumed cosine curves for 

the jetting flow superimposed on the uniform base stream. Using a 
mixing length type turbulent viscosity and the condition of momentum 

conservation, they predicted the axial decay of the jet velocity and 
the jet boundary,

A step further was introduced by Milch ail (I96O), by considering 

the same flow in a closed boundary, Tliis meant no entrainment and also 

a non-conserved momentum. For the wall friction he used Darcy's 

formula and this was introduced into the total momentum balance.

The decay of the maximum axial velocity was reasonably predicted but 

jet boundary and centreline static pressure predictions were only 

approximate when compared with experimental measurements for x/d values 

up to 34.
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The work of Rasinsky and Brighton (1971) included more 

detailed experimental measurements of the same type of flow. These 

consisted of wall static pressure, mean velocity and turbulent 

velocities and Reynolds stresses for different velocity ratios and 

diameter ratios. The main changes were the initial increase of 

static pressure and Reynolds stresses in the first two or three 

diameters of axial distance, followed by decay. Fully developed 

flow was reached within eight diameters from the nozzle, this being 

shorter for lower velocity ratios.

In the above works, the entrainment was supplied by the 

base flow which is not always available in actual confined furnaces. 

Calculation of the entrainment is the main feature of the two 

following analyses. In both a surrounding stream is assumed but 

this could be talcen as zero for a solid wall confinement,

2,3,1 Recirculation Theory of Thring-Newby;

Thring and Newby (1955) assumed the confined jet to expand 

in the same manner as the free one up to the point of wall impinge­

ment. The entrainment was supplied by the surrounding fluid m^, 

and when this was exhausted, by recirculated fluid m^ from the main 

flow. This mass flow entrained was expressed by the equation given 

by Hinze and Zijnen (1949):

m = m (0 ,4 T - 1 ) *** 2,5e o d
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Thus m will he exhausted at a distance x a a

-f
^  _ 2,5 ^ ... 2.4

™0

They further assume that the axial distance to impingement x^ is 

related to the confinement diameter D hy the relation;

x̂  = 2.25 D ... 2.5

At this distance, the total entrained mass is m .ei

m . = m ... 2,6ei a r

substituting Equations 2,5 to 2.6

(0.9 T - l) - m̂

 1  ^ _ 1 ... 2,7
m + m Go a

, p ^o "̂ a dwhere 0 =  —    . —
%

Thus the recirculation is a function of 0 only which is why it is 

talœn as a recirculation parameter.
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2, 5»2 Recirculation theory of Graya,~Curtet (1955)

This theory considered the mixing of two co-axial streams 

with different velocities within a circular chamher. The flow can 

he considered in two parts, within, and surrounding the mixing zone 

of the central jet. A uniform surrounding flow of velocity u^ was 

assumed, with a jet stream superimposed on it having a velocity u^ 

(excess velocity). Thus

^ " ^1 2.8

The jet stream is assumed to have the error curve profile and to 

occupy an imaginary effective area ofradius 1^ given by

<1 = « «0 ••• ^-9

where u^ is the excess velocity at the axis. Applying continuity,

the total flow is given by:

Q = IT u^ (R̂  - 6) + r Iĝ  2,10

where R is the radius of the confinement c
à the wall boundary layer thickness.

With the above assumptions introduced into the integral momentum
equations for boundary layer flow, they arrive at a similarity parameter

Ct given by: «
R

Ct = - I  r r + K ) ... 2.11

VThere 7 is the volumetric flow ratio q/Q

K is the axial momentum flux ratio of the

surrounding fluid to the nozzle fluid.
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When d/D is small vith respect to 0 they show that

Ct = 1/9^ 2.12

2.5*5 Experimental work on confined jets:

These were carried out mainly to test and verify the above 

two theories, the degree of agreement between them and their range 

of applicability.

Curtet (195B) found that the theoretical and experimental curves 

are not exactly the same especially near the recirculation eye. In 

fact the region beyond this point cannot be approached by the Craya- 

Curtet theory, since most of the assumptions made in establishing it 

cease to be valid. In a further study Curtet and Ricou (1964) proved 
that, the terms neglected in deriving the theory were small but the jet 
spread parameter has to be modified. They suggested experimentally 

derived coefficients to do this. Velocity fluctuations were also 

measured but they showed only a tendency towards the assumed similarity. 

Further, measurements of velocity fluctuations by Barchilon and Curtet 

(1964) showed that high turbulence levels exist in the jet and in the 

reverse flow.

Predictions of the length of the recirculation eddy and of 

the maximum recirculated mass flow using both theories are shown to be 

in reasonable agreement with experiment (Thring-Newby (1953)»

Curtet (1958), Hubbard (1962), Brown and Thring (I965) and Chedaille 
et al (1966)).



14

2.4 The swirling jet:-

2.4*1 Isothermal free swirling jet:-

Application of swirl to a free jet is found to cause the jet " 

to'spread more rapidly, with faster rates of decay of the maximum 

axial velocity. The position of the maximum axial velocity is 

shifted radially from the centreline. Axial and radial pressure 

gradients are set up. Turbulence becomes anisotropic and the maximum 

values of the axial component move from the very outer boundary of the 

jet to a position nearer to the centreline.

With stronger degrees of swirl, the adverse axial pressure 

gradient along the axis could be high enough to create a stagnation 

point followed by a Central Recirculation Zone (CRZ) with reverse flow 

towards the swirler. Brown and Thring (I965).

Swirl alters the character of the radial motion. Whereas the 

radial motion is directed away from the jet axis in the central region 

of an unswirled jet, Rose (1962) described it as predominantly towards 

the centre in the swirling jet.

Theoretical analyses of swirling jets were mainly concerned 

with weakly swirled jets where the swirl was not strong enough to set 

up a CRZ. This condition made it possible to use the momentum 

conservation equations (Navier-Stokes equations) in their simplified 

Boundary layer form,

Loitsyanskii (1953) used these equations for laminar flow 

and then extended his method to turbulent flow using a constant value 

eddy viscosity. With the knowledge of jet constants, namely jet axial 

and tangential momenta emd mass entrainment, he produced expressions 

for velocity components and static pressure. Similar solutions were
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produced by Gbrtler (1954)» who used the same assumptions, with an

additional one of negligible radial pressure gradient. These solutions

show the swirl velocity component decay to be proportional to

compared to axial and radial velocity components which decay 
“Iproportional to x Axial decay of static pressure was fastest and

proportional to x Experimental verification of these results was

made by Rose (1962) whose measurements agree quantitatively with the 

above results for the weak swirled jet tested.

A different method is to use the Karman momentum integral 

equations for swirling jets and assume functional forms for the velocity 

distributions (Steiger and Bloom (1962)), or assume similarity of the 

velocity distributions (Lee (I965))* Predictions of jet spread rate 
and axial decay of velocities were made, Lee's predictions agreed 

closely with Rose's experimental results,

Craya and Barrigol (I967) extended the boundary layer equation 
solution to predict the axial velocity and shear stress components with 

the help of some chosen family of profiles. Their experimental work

covers a wider range of swirl, a case with CRZ being reported. Their

observations were more comprehensive than those of earlier workers, 

axial and tangential mean and fluctuating velocity components being 

measured.

Contributions towards the understanding of strongly swirling 

free jets, i.e. strong enough to create a CRZ, are solely experimental. 

The swirl numbers used are based on the definition:

S = ^  ... 2.15

where T is the axial flux of the tangential momentum,

G " flux of axial momentum.
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Distributions of axial and tangential velocity components, 

and fluctuations of the axial component for swirling jets were measured 

by Kawaguchi and Sato (l97l)* They also measured the static pressure 

along the axis. Swirl was increased up to a value of 0,35 where a 

CRZ was created but no detailed measurements were taken inside it.

Swirling jets issuing from a burner having tangential entry 

guide vanes were tested by Shagalova et al (I965) for velocities and 

static pressure distributions. Central recirculation zones were 

recorded with reverse velocities of the same order as the forward 

ones. Recirculated mass flows were about 0,10 of the burner flow 

and -the maximum width of the CRZ was 0,4 of the burner diameter.

Concentrations of a hot primary jet fluid in the main stream were 

measured as temperature distributions and rates of decay at different 

degrees of swirl.

Velocity and static pressure measurements in swirling jets were carried 
out at the International flame research foundation (iPRP) by Beer 

and Chigier (1965), Swirl numbers were varied up to 1,16 using a 

tangential entry type swirler. Measured pressures and tangential 

velocities at high degrees of swirl were in agreement with;

^  = P - , 2,14a r r

Profiles of axial velocities indicated CRZ’s to occur at 8 >  0,39, 

with recirculated mass flow increasing with swirl, a typical value 

being 0,12 of nozzle flow at S = 0.785. Integrations were made of 

the velocities and static pressure to calculate the mass flow and 

the axial and tangential momenta. The pressure term in the axial
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momentum equation-increased with swirl and was of comparable magnitude 

to the velocity term. However the sum did not vary the swirl. The 

tangential momentum of course increased with swirl. Both momenta 

showed the conservation principle to hold, within experimental limits 

of accuracy.

A comparative study of the CRZ's produced by different 

techniques (swirl, annular jet, bluff body or divergent nozzle) was 

made by Chigier and Gilbert (I968), Swirl appears to be a very efficient 

and versatile method of producing a CRZ, whether alone or coupled with 
other methods.

The work of Chervinsky (1969) includes isothermal and burning 

measurements for a low swirl jet, 8 ̂  0.116. Velocity and temperature 

distributions were measured and results compared with the theoretical 
analysis. This involved the solution of the boundary layer-type 

conservation equations, after being transformed to the Von Mises plane. 

Turbulent exchange coefficients were adjusted to the experimental 

measurements to vary with swirl,

2,4*2 Methods of swirl generation;
Different workers have used various methods for generating 

swirl and it is appropriate that these methods should be compared here,

(a) Rotation of the nozzle pipe; This method was used by Rose (I962), 

it produces only weak swirl even with very high rotational speed, e,g,

S = 0,095 at 9500 rpm.
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(b) Tangential entry; of part or all of the flow to the swirler. 

There have been different techniques of introducing the flow 

tangentially. Radial gride vanes were used by McEwan (1972), 

tangential pipe by Il'RF and Sheffield groups, and nozzles were used 

by Kawaguchi and Sato (l97l). A recent swirler used by the IPRP 

consisted of movable radial blocks<, The main feature of this method 

is the ability to change the degree of swirl easily and progressivly.

(c) Swirl vanes; This is the method most widely used in industrial 

applications. A typical arrangement was used by Kerr (1965) and 

Fraser (I964)* Ivanov (I968) reports five different swirlers of

this type in use. An axial-tangential vane type burner designed by 

Alchmedov and Rashidov (I969) is claimed to have the most versatile 

performance.
The swirlers used in the present work are a simplified 

design of this type.

2.4 .5 Efficiency of swirl generators:
With the number of swirlers in operation and the new designs 

to come, a need for a measure of the efficiency of swirl generation 

is evident. 'The cost of pumping the air, fuel or both through the 

swirler represents the input to a swirler. Part of this incut energy 

is transformed to kinetic energy at exit from the swirler. An 

expression for the efficiency of a swirler is suggested by 

Ivanov (1968) as:



19

„ _
p. u, +p. .2g

where ft , fluid density at inlet and outlet of swirler.

u^ , average axial velocity and static pressure

at inlet to the swirler.

u^f ̂ 0 » average axial, radial and tangential velocity

components at exit from swirler.

Using this formula he compares efficiencies of six different burners of 

different designs and concludes that a 45° vane axial swirler has the 
best efficiency, of about 80̂ ;.

What appears to be a similar formula is used by Leuckel (I968) 

to compare tangential entry and vane swirlers of different designs, 

again the vane type swirler gave an efficiency in the range 70-80%.

However, two comments should be given here about the above

formula;
(a) It neglects the static pressure terra at the exit section 

from the swirler. Experimental measurements do not justify this 

approximation.
(b) The non-uniformity of velocity distributions should be 

considered, especially at higher degrees of swirl.

Considering these comments, the following expression is 

proposed for future work:-
^ r P o  / 2 2 2 X 1

V = h g  5''° + + *0 + .... 2.16

2g



Unfortunately, comparisons between different swirlers could 

not be made because of the lack of some of the information in the 

published results,

2,4.4 Quantitative measure of swirl:

'.rhe need for a measure of the degree of swirl was felt by 

the early workers in this field. Drake and Hubbard (I963) suggested 

the following two definitions;

(a) The ratio of tangential to axial momentum fluxes.

(b) The tangent of the median angle, i.e. the angle 

that will divide the mass flow in two equal parts.

Neither was regarded as acceptable, the first because it is 

dimensionally unsound and the second because it considers onl^ the 

radial spread of the jet and omits the main factor which is the 

tangential momentum,

Kerr (I965), working from dimensional analysis, took the 

ratio of the torque to the (thrust x nozzle diameter), as a 

definition for swirl. The same definition was used by the workers 

at the IFRF, with the only difference of using the nozzle radius 
instead of diameter. Subsequent workers have continued to use this 

definition.
The torque or tangential momentum flux is given by

d/2
r 2T = 2ir / p u w r dr .... 2.1?
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The thrust or axial momentum flux is given by

d/2
/

2(pu + dr .... 2.18

o

Thus the swirl number is given by

T
s - ---- .... 2.19

where d^ is the swirler equivalent diameter 
2 ,2 ^= ( d o - d j 2

where d^ swirler outer diameter

d^ swirler hub diameter (zero for a hubless swirler)

Kerr assumed uniform profiles for the velocities u and w at 

the exit plane of the swirler and that they are related by the equation

w = u tan 0 .... 2.20

where 0 is the vane angle to the swirler axis.

Further he neglected the pressure term in the thrust equation. Thus 

a torque mean diameter v/as defined as

g _ 2 _ i a 1 - 2 ^
 ̂ “ 5 a 2 - d i  “ 5 o 1 _ %2 ••• -

O

where Z is the hub ratio defined as d^/^ and the swirl nimber 

is reduced to the form
5

S - I- tan 9. - ~„A ... 2.22
5 (1-zh
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For annular swirlers and

S ^ tan 0 ... 2.23

for hubless swirlers.

- This means tha.t the swirl number is a function of the swirler 

geometry only. For combined concentric jets with swirl on both of 

them, the swirl number is based on the sum of tne torques divided by 

the sum of thrusts and the equivalent diameter of a nozzle to pass the 

total mass with the same thrust.

2,4 .5  Validity of Kerr's swirl number;
TThe ratio ™  v/as used by most investigators and correlated

results of swirling jets and flames with a good degree of success.

However, the following experimental findings have to be considered.

(a) Measurements of velocities issuing from swirlers show non- 

uniform profiles contrary to the assumption of Kerr and others,

(b) 'Fie increase in the axial momentum flux caused by the higher

swirler exit static pressure required when combustion occurs, v̂ as not consicfered,
(c) Measurements of velocity profiles showed that in cold tests 

the same swirler gave different flow patterns for free jets as 

compared to confined jets. In the latter case, patterns varied with 

different degrees of confinement.
(d) Using the same swirler and under the same confinement conditions, 

results of flow patterns under isothermal and burning conditions were 

different,
(e) Flow patterns of free open cold jets are different from those 

of free burning ones.
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(f) Plow pattern tests on prototype and isothermal models with 

the same vane angle, and with the burner diameter scaled according 

to the Thring-Newby (1955) criteria, gave different results.
The above findings are compiled from the results of the 

experimental work reported here and from the experiments of previous 

workers, (e.g. Mathur (1966), Bafuwa (1970), Afrosimova (I967), V/u 

and Pricker (1971), McEwan (l972) .. etc, ).
It was thought in the present investigation that the 

discrepancies, c, d, e, f, are the results of the false assumptions 

described in a, b, plus the fact that the size of the combustion 
chamber relative to the swirler does affect the flow pattern and 

should be considered. Another factor to be considered is the pressure 

rise upstream of the flame v/hich is partly responsible for the 

differences indicated in d, e, f.

Thus it was decided to calculate the swirl number using the 

experimental results numerically integrated by equations 2.17 and 

2.18 to determine the values of T and G. As to the consideration of 

the combustion chamber size, the use of the chamber diameter, instead 

of the swirler diameter, as the characteristic length in the swirl 

number is suggested, where the degree of confinement is significant. 

The limiting case will be a function of the jet spread as will be 

seen from the following analysis. The development of these extensions 
to the original forms of swirl niunber is described subsequently in 

Chapters 4 and 5-
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2« 5 Similarity criteria for the study of furnace flames 

by means of models

Model studies in furnaces can often offer the quickest and 

least expensive route to the information for development and design, 

The purpose of modelling furnace systems is to predict conditions 

inside existing or projected equipment by carrying out experiments 

on models which are smaller in size than the prototype, or work at 

lower temperature, or both.

The success of modelling depends largely on ensuring that 

similarity, between the processes investigated in the model and 

the prototype, exists. Johnston and Thring (1957).distinguished 

five types of similarity for flow systems;

(a) Geometric similarity; The shapes of the model and

prototype to be similar.

(b) Kinematic similarity: Traces of particles to be

similar in both.

(c) Dynamic similarity; Similarity of the ratios of the

important forces,

(d) Thermal similarity: Effects of temperature differences

and gradients to be the same.

(e) Chemical similarity; Effects of concentration differences

and residence-time distributions to be the same.

The similarity criteria are dimensionless groups which are 

usually established by the use of either dimensional analysis or 

from the differential equations relating the processes studied.
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These groups have to he equal in model and prototype. However, the 

strict requirements of similarity are so numerous and restrictive that 

complete modelling of a combustion system is practically impossible, ~ 

In fact it is never necessary to aim at complete modelling and the 

central task of the problem is the critical selection of the groups 

which need to be retained for successful partial modelling.

In the work reported here, interest is focussed on the aero­

dynamic, mixing and combustion processes,

2.5.1 Modelling for aerodynamic studies;- 

The similarities required are,

(a) ' Geometric similarity; However when a cold- model is used

to represent a combustion system, this similarity has to be distorted 

to allow for the density changes accompanying the combustion process. 
This distortion will be discussed later.

(b) Dynamic similarity; V/hen the flow Reynolds number is

sufficiently high to ensure fully developed turbulent flow, a regime 

similarity will suffice and values need not be equal, Hulse (I960). 

Further, when the flow is fully turbulent, it is not necessary for the 

Prandtl, Schmidt and Froude numbers to be the same in the model as in 

the prototype,

(c) Swirl similarity: The obvious choice of similarity criteria

is that the swirl number (T/Gd) should be the same in model and 

prototype. However tests (Section 2,4.6) have shomi the inadequacy

of this parameter. An alternative suggestion initiated by Kerr (I965), 

is that the swirl number should use the furnace diameter D, rather 

than the burner diameter d as the characteristic dimension.
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This is supported by the present work (Chapters 4 and 3)* This use 

of the furnace diameter confirms the deduction mentioned in 

Section 2.4. C-wliich was simply based on the effect of furnace size 

relative to the swirler.

2.3*2 Modelling for mixing studies;

Since the distribution of fluid composition depends strongly 

on the aerodynamic aspects of the process, especially in the case of 

the gas flame considered here where no solids or liquid particles 

are involved, it is clear that a model which is satisfactory for 

aerodynamic study will give equally good results for mixing and will 

also give tie same residence-time distribution. This was suggested by 

Thring and Newby (1955)? and confirmed experimentally for unswirled 
flows. Beer and Lee (1965) extended the theoretical treatment to 

swirled flows and again obtained experimental verification. Further, 

Drake and Hubbard (I966) measured residence-time distributions of the 

cold flow in a furnace and found it to agree with Beer and Lee's 

hypothesis of a stirred flow region followed by a plug flow one, the 

proportions varying with swirl. Though they measured this in cold 

flow, the aerodynamics of the cold flow were similar, at least 

quantitatively, to those of the burning flow.

2.5 .5  Isothermal modelling of turbulent flames:
The geometry of the burners and combustion chambers, coupled 

with the great density gradients that exist within the furnace, make 

the problem of studying the furnace aerodynamics and modelling quite 
complex. A way round the problem is to simplify it to the best 

understood arrangement, which is an isothermal free jet and then
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consider in turn the additional complications of a non-isothermal jet,

an enclosed jet, and a swirling jet,

(a) Non-isothermal jet:

For a jet of density moving into surroimdings of density

to he modelled, this density difference has to he considered. It

is known that a free jet development is governed mainly by its momentum,

thus an equivalence of momentum has to be considered. Thus a nozzle

has to be designed to carry the same mass flow with the same momentum

but with the nozzle fluid having the density of the surrounding fluid.

Since oo p 2 2
G = 2 r /pu' rdr = d p u/ 4 “ .

Thus the equivalent nozzle diameter is

= ô ( ô / â ) **• 2.24

where P̂  and p^ are nozzle fluid and surrounding fluid 
densities respectively.

Two cases are to be considered separately:

(i) When the furnace diameter to the burner diameter ratio (f/d) 

is sufficiently large, the jet expands as a free one with enough 

surrounding fluid for entrainment. This case can be treated in the 

same manner as the free jet above. The limiting minimum value for 

(D/d) in this case is given by Thring-Newby (1955) H,s 5 for an 
unswirled jet. For swirling jets, Mathur (1967) indicated that



- 28

velocity profiles for jets with different degrees of swirl in a 

D/d = 10.0 enclosure were not different from those of the free jets, 

(ii) V/hen the ratio D/d is small, the surrounding fluid is not 

sufficient for the jet entrainment and thus an external recirculation 

flow is set up. For aerodynamic and mixing similarity, the Thring- 

Newhy parameter G (section 2.5) has to he equal in model and prototype; 

Thus we should have

“a ™o , f " k l f o  d\ ... 2.25I a o • ]̂ ~ f ^ o d \
I m' D/„ I m * d Jo f  o m

where f and m stand for prototype and model.

This condition is to he coupled with the equivalent nozzle diameter 

concept given' in Equation 2,24 to give;

d^ = dA ... 2.26

where A is the model scal.ing factor on furnace size.

is the density of the furnace fluid.

A similar expression was derived by Thurlow (1959) using dimensional 

analysis, he also extended it to be used for double concentric jets, 

Robertson (1965) has modified th.is criterion for a U-fired soaking pit 

furnace where the width to length ratio is significant and has to be 

(listroted in scaling the furnace. Brown and Thring (I965) also used 

this criterion for modelling a multi-burner marine boiler fiarnace.
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Many investigators have used this criterion for modelling 

furnaces but very few produced comparative model and furnace results. 

Beer (1962) compared his measurements on an oil-fired furnace with 
those produced from a cold model at SOGREAH (Hubbard (1962)). The 

model was designed according to the above criterion. Comparisons 

showed that cold model experiments give a good approximation of the 

maximum flow rate of the recirculated gases and of the position of 

this maximum.

(c) The swirling .jet;

Kerr (1965) was the first to suggest that, in addition to the 
Thring-Newby parameter, for a swirling flame to be -modelled, torque 

ratios at burner and furnace have to be equal for model and prototype. 

One would expect that the torque, or flux of tangential momentum, in 

the furnace will be almost equal to the burner torque, in both model 

and prototype. Kerr stated this, and wrote

where b stands for burner.

He then inferred that the'Swirl numbers' at equivalent furnace cross- 

sections should be equal, by writing

A ... 2.27
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Using o from Equations 2.22 or 2.25, the above criterion is 

reduced to

tan 0 (f)p ' ••«2*28
f m

This means that the swirl angle has to be distorted in the same 

manner as the burner diameter.

This principle was used by various investigators to model swirl 

but it took different forms, Robertson (I966) used the group 

(Sd) = T/G as a modelling criterion for the swirl burner of a U-fired 

soalcing pit furnace. Cold and burning flow patterns were similar only 

when this group was equal for both, McEwan (1972) used Kerr's formula 
to model the swirl in a water model of an. oil fired square furnace, 

and produced similar flow patterns in furnace and model.

Isothermal and burning flow measurements in furnaces were 

also carried out by Shagalova et al (1967)and(1969), and also by 

Afrosimova (I967), at different degrees of swirl. They showed the 

differences in the aerodynamics when combustion takes place. They 

emphasized the need for experimental data on both models and prototypes 

in order to establish the relation between them, but no attempt was 

made by them to produce any parameters.

The swirl number “  was used by Wu and Ericker (1971) as a

modelling parameter for small D/d furnaces. They conclude that a much 

smaller swirl number has to be used for the cold model than in the 

prototype for aerodynamic and mixing similarities to be achieved.
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If the burner diameter, d, used by them is replaced by the furnace 

diameter D, the new swirl numbers for the prototype and for the model 

when producing the same flow patterns are very similar. There would 

be even better agreement if the pressure term in the axial momentum 

equation, which they did not measure, is considered.
The above analysis shows that the new definition for swirl 

number suggested earlier (Section 2,4) will be successful as a 

modelling parameter as well as a measure for the intensity of swirl. 

Detailed experimental evidence will be presented in Chapter 5*

(d) Isothermal modelling and the pre-combustion zone;

Use of the Thring-Newhy parameter for isothermal modelling 

of combustion systems gives good simulation of the post-combustion 

zone where densities are very nearly uniform, but the pre-combustion 
zone is not considered. In this zone very high density changes occur 

across the flame front with subsequent increase in the volume flow 

rate. Davison (I968) proposes two techniques for the simulation of 

these changes, - one is to enlarge the nozzle and then absorb the 

excess momentum by a wire gauze set in the flame front location,

- the other is to Introduce part of the flow at the nozzle and the rest 

at the flame front zone with zero momentum flux. Although he states 

that these techniques are being tried, no results appear to have been 

published.
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2.5*4 A new approach to the isothermal modelling of flames

Vd'iile the previous analyses were based on the mean flow gross

forces, this new analysis is based on the dynamic nature of the turbulent 

flow for both the flame and the isothermal jet. A simple jet is 

considered but the analysis can be extended to more complex flows.

The criterion for similarity is taken as the ratio between 

the two most significant external forces, namely the source momentum 

flux and the turbulent shear forces. The nozzle momentum flux is 

expressed as

%  O C  Pq ... 2.29

The turbulent shear force will be proportional to the product 

of an average shear stress and the jet or flame peripheral area.

The former will be taken as

T 0= P u' 1 ™

where u and u* are mean and fluctuating components of the axial

velocity. 1 is a turbulent mixing length.

u' and 1 could be taken as proportional to u and dr respectively.

The area of the jet is proportional to the square of its diameter 

which could be taken as the confinement diameter for small D/d values. 

Thus the turbulent shear total force is written as

Pg ) X yA

P T  ... 2.30
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Using the mass continuity equation between the nozzle and a general 

section on the jet or flame

2 2 p u d = p u D o o

Therefore the ratio of the nozzle momentum given by Equation 

2.29 to the jet shear force is given by

%  = ^o = P ... 2.51

For the isothermal modelling of a combustion system this ratio should 

be the same for both the isothermal model and the prototype. For the 

isothermal jet, nozzle density is the same as in the jet, but for the 

prototype this changes from to in the flame. Thus the

similarity condition is written as

Cl ■ t<r*- il,m o f

Rearranging and taking the scaling factor \ = ^
h

dm = 4 . 1  J k  ... 2.32

This is the same result as was reached by Thring-Newby, stated 

as Equation 2,26.
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2.6 Aerodynamic measurements in swirling flames;

Most of the early experimental studies were carried out on 

industrial furnaces which were already available for investigation, " 

V̂hile this was convenient and saved the expense of rig construction, 

on the other hand it made the results more difficult to interpret 

and correlate. One of the first specially constructed swirling 

flame rigs vms used by Chigier and Chervinsky (I967) to study turbulent 
pre-mixed propane-air flames. Swirl intensities were low, with a 

maximum value of 0,107* The flame which was shorter than an unswirled 

one, was stabilized at an axial distance of 4d from the nozzle in the 

form of an annular ring with an apparently high turbulent flame 

velocity. The profiles of velocity and temperature showed reasonably 

good similarity. The decay of axial and tangential velocities was 

slower than in the cold jet with the same swirl number, ■

Brown and Thring (1965)9 working on an oil-fired marine boiler 

furnace, studied the aerodynamics of cold and burning swirling flows. 

Swirl was shown to increase the jet width and to concentrate the peak 

velocities into a cylinder which surrounds the CRZ, The reverse mass 

flow was about one third of the burner main flow,

A study of the solid particles and sulpher trioxide emission 

from a heavy oil-fired furnace led Bralce and Hubbard to investigate 
the effect of swirl on improving the mixing in the combustion chamber. 

They demonstrated the effect of swirl in changing the jet width and 

characteristics. The existence of a CRZ was recorded and the 

maximum recirculated mass was found to be 0,3 of the burner flow.
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Optimum conditions for burn-out of carbon solids were found to 

exist at a certain intermediate value of swirl of about 0*2.

They also showed that under these conditions the effect of the 

angle of the oil spray was not critical. Tests of residence-time 

distributions in the cold flow with the introduction of a tracer 

gas were conducted. Results agreed with the stirred-plug flow 

assumptions of Beer and Lee (1965)= Moreover, the ratio of the 

stirred part of the residence time to the total was a minimum at the 

optimum swirl.

Observations have also been made by other workers in 

full-scale furnaces, with flames and with cold flow, or in scaled 

models. As these studies were relevant to modelling, they have 

been described in the previous section on modelling (2.5)=

Some of their results are listed in Table 4.1, and will be discussed 

in Chapter 5.

2.7 Turbulence in swirling flames;

2 .7 .1 The interaction of swirl and turbulence;

Swirl has been found to change the turbulence characteristics 

of a jet. This might be attributed, wholly or partly, to the flow 

rotational instability. Since an entity of the fluid in rotational 

motion tends to conserve its angular momentum even when it moves 

radially, the stability criterion is a function of the radial gradient 
of the angular momentum distribution. This was first suggested by

Raleigh (I9I6) who stated that flow is rotationally stable when the 

gradient ^  ( P w^r^) is positive, unstable when negative and 

neutrally stable when zero. This can be explained as follows.
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In the case of a negative gradient, if an entity is displaced to a

larger radius, in its new location it will possess larger angular

momentum than its neighbours. Tlie centrifugal force on this
2

displaced entity ( P — ) will be greater than the centripetal 

pressure gradient that exists at the new location, thus the particle 

will tend to be displaced to a still larger radius, i.e. unstable 

radial equilibrium. By this same reasoning a solid body rotation 

motion (w oc r) is seen to be stable and a free vortex (w cc l/r)

.is only neutrally stable.

This principle explains two important features of a swirling

jet:

(i) The importance of the type of swirl and the method of

generation, since this will decide the type of vortex motion produced.

In other words the degree of stability and its effect on the 

turbulence and mixing rates. Leuckel (I968) showed the various 

tangential velocity profiles produced by different swirl generators

and related them to the pure free and forced vortices. Emmons (1967) applied 

this principle to explain the difference between the swirling burner 

flame and the fire whirl in a rotating atmosphere. The first was 

unstable and thus shortened the flame, while the second was stable 

and swirl made the flame longer than the unswirled one.

(ii) The effect of swirl on turbulence;

Rotational stability mentioned here, would lead to a

reduction in turbulence intensities and vice versa. Rube] (197?) developed this

analysis to produce the effect as a multiple factor to the flow eddy
n 1

diffusivity given by 1 + 91*1 (“) j
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Using this formula in a numerical solution of the equations of 

conservation of momentum and energy, he predicted mean velocity and 

temperature profiles comparable to those measured by Ghervinslcy (I969)®

20 7c2 Measurements of turbulence in isothermal swirling ,jets; -

Rose (1962) was the first to publish turbulence measurements 

in swirling jets. He measured the fluctuating component of the total 

velocity vector. Swirl being very weak, the results showed only slight 

change from the unswirled jet case, Craya and Uarrigol (I967) also 

measured the fluctuations of the velocity components in three 

directions. These show an increase over the unswirled jet values.

They also show that eddy diffusivities in both axial and tangential 

directions are quite comparable, Kawaguchi and Sato (1971 )» 

assuming isotropic turbulence, measured the axial velocity fluctuating 

component in an open swirling jet. With weak swirl, turbulence intensity 
distributions tended to be similar to those for non-swirling jets, 

that is, nearly uniform with maxima on the boundary. For high degrees 

of swirl where reverse flows occur, e.g. S = 0.95* this tendency 

changed and values are generally higher with broad peaks near the centre. 

Distributions of the six shear stress components have been 

determined from the measurements of mean and fluctuating components 

of velocity by gyred et al (1971-aj-b), using aspecial technique for 

analysing the hot-wire anemometer signals. Interest was focussed on 

the region near the swirler exit, both inside and outside it. A swirl 

number of 1,1 was used and turbulence intensities relative to the 

nozzle average velocity were recorded. Tlie maximum intensity occurred 
at the separation point at the swirler exit and had a value of 150/̂,
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the corresponding value of turbulent kinetic energy being '̂00% of 
that of the mean nozzle flow. Values of effective viscosities were 

calculated from the mean and fluctuating components. These confirmed" 

the anisotropic nature of turbulence in this case, with components of 

shear in the u-w plane more important than those in the other two 
planes.

The flow in a cyclone chamber is less complicated than a 

swirling flow in a furnace, the motion being mainly rotational and 

with negligible radial velocities. A complete set of isothermal 

measurements of mean and fluctuating velocities and of static pressure 

was taken by Uslimenlco and Bukhman (I968), Tliese results showed similarity 

of profiles for both mean and fluctuating components. Correlation 

ccefficients, kinetic energy of turbulence and values for eddy 

diffusivities for axial and tangential directions were calculated 

from the above measurements. Compared with molecular viscosities, these 

were one to three orders of magnitude higher,

2.7 .3  Turbulence measurements in flames;

In addition to measuring the velocity fluctuations in a 

combustion system fluctuations of temperature and concentrations are 

also needed. Various techniques are in use. Velocity fluctuations can 
be measured by special hot wires, either directly or through a microphone, 

or by tracer diffusion or by ionization probe techniques. Static pressure 

fluctuations can also be measured by a microphone. Total emission spectral 

emission, ionization and thermocouple with compensation are used for 
temperature fluctuations. Conductivity of a special hot wire and 

calculations from mean values were used for concentration fluctuation
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measurements. These methods were reviewed by Gunther (l9?0) who 

pointed out the need for fluctuation measurements in flames. 

Unfortunately eve 13; measuring technique has its limitations and 

reported results for simple flow flames show large discrepancies, 

thus there is a clear need for better techniques and more measure­

ments, Recently, optical methods, using laser doppler shift 

technique, have come into use in this field and seem to be the most 

promising for velocity fluctuation measurements. Such results for 

a swirling flame have been very recently reported by Baker et al (1973). 

These reveal the very high turbulence intensities that exist 

especially at the locations where the flow reverses,

A numerical technique for calculating turbulence intensities 

from mean time measurements was used by some investigators and will 

be discussed in Chapter 6,

On the theoretical side, there is no established theory for 

the flame turbulence interaction as yet. An example of the work in 

this is the phenomenon of flame generated turbulence proposed by 

Karloritz (1953). Recently some of its assumptions have been challenged 

by measurements in a simple jet system with and without reaction, 

(Bashchuk (l97l), Parker and Guillon (1971) and Eickhoff (1973))
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2c8 Revjew of work in Glasgow University:

This work started as a study of the flow pattern inside a 

full-scale furnace fitted with a vane swirl burner. The first 

worker, Kerr, found thet there were too many factors in this full- 

size furnace to allow a complete understanding of the problem.

He therefore initiated programmes of research by Fraser and Mathur 

on the basic phenomena. They started on symmetric free isothermal 

jets* Thereafter the complications of confinement, swirl and 

combustion were added one at a time, and then in combinations.

The work on free, swirling burning jets was carried out by Bafuwa, 

and in the present work the effects of confinement have been studied

2.8.1 The work of D, Fraser (I964):

lie developed measuring techniques for mass flow, torque and 

thrust of a swirl burner, both by integration of velocity measure­

ments and by direct mechanical force balancing. Agreement between 
the two methods was reasonable. He showed that in the free jets the 

axial thrust and the torque, obtained from velocity integrations, 

remained constant along the jet axis. Further, as the degree of 
swirl was increased, the torque increased but the axial thrust 

remained constant, at a constant burner mass flow,

2.8.2 The work of N.M. Kerr (I965):

Kerr extended the theory of similarity for isothermal jets

to the swirling jet by introducing the non-dimensional swirl 
Tnumber S - = TTT » this being derived by dimensional analysis,
v jru .
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For the mass flow rate along the jet he modified the equation of 

the nonswirled jet, Equation 2,2, to be

m X
— ^ — (k_ + kn.S) o.. 2.99
m d ^0

Similar modifications were applied to the expressions for velocity 

decay, for jet spread and for jet half-angle. Velocity profiles 

were assumed to follow an error curve with an exponent which is 

influenced by swirl. Measurements in the fully developed region of 

the isothermal swirling jet supported this theory and the constants 

were determined.

Tests on the full-sized oil-fired boiler furnace were 
conducted with different combinations of primary and secondary degrees 

of swirl and the effect of each was studied, A combined swirl 

number was suggested and found to correlate the results, although 
not perfectly. An optimum range of this swirl number was found 

necessary to produce stable, efficient and smokeless combustion.

Lower swirl flames gave an oil-chilled core near the burner, (this 

case has no CRZ), and higher swirl tended to split the flame into 

smaller, smolqr sub-flames,

Kerr suggested a new criterion for isothermal modelling 

of furnaces with swirl burners as discussed in Section 2.5» namely, 

the same ratio of torque in the furnace to torque in the burner in 

both prototype and model, coupled with the dimensionless swirl 

number in the furnaces being the same. With these conditions 

satisfied he found the same range of optimum swirl numbers in an 

isothermal water model as in the full-size furnace.
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2.8,3 The work of M.L. Mathur (196?):

Mathur's work was the start of a more systemmatic project

stimulated both by the findings of Fraser and Kerr and by the

difficulties that limited their measurements to the fully developed

region of the flame. The earlier workers had not been able to

study the initial part of the jet. This part is the most important

from a combustion point of view, because it' is here that mixing

and flame stabilization occurs and from here the flame develops,

A simple efficient design of swirler was made using vane

angles in the range 15^ to 75°» The pressure drops measured across
2them were found to be proportional to (u^ tan O) , thus confirming

the theoretical analysis put forward. Static pressures relative to

ambient on the axis at the swirler exit were proportional to 
2u^ tan G. Measurements were made of velocity profiles, both axial 

and tangential, and of concentrations of a tracer at different 

axial locations for swirlers with a central hub or without, under 

free and confined boundaries. The profiles, particularly near the 

swirler, differed markedly from the error curve distributions. It 

was only at weak swirl and at distances well downstream that the 

error curve distribution Tfas approached. I'Vhen the ratio D/d was 

about 10, the confined flow profiles were very similar to the free 

jets. Recirculation flows at the centre of the jet were established 

with swirlers of 90° and higher in the confined case, and 45^ and 

higher with the free jets.

The rates of spread of the jets in the confined flow were 

more rapid than in the free one for the same vane angle, although
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velocity profiles were similar up to the impingement point.

Maxima in the wall static pressure in the confined jets correlated 

with the impingement points and the centres of the GiZ. Minima in 

the wall static pressure coincided with the centres of the outer 
recirculation zones.

In studies of mixing between two concentric jets, the 

length of the stoichiometric contour between the two streams was 
shortened by swirl.

Visual tests on a water model confirmed the flow patterns 

obtained in the air model,

2.8,4 The work of G.G. Bafuwa (1970):
Using the same design of swirlers as Mathur, Bafuwa built 

up-a combustion rig for burning pre-mixed town gas and air in free 

surroundings. Radial distributions of velocity components, axial 

and tangential, static pressure and temperature along the flame were 

measured. He recorded CRZ's with reverse flow of combustion products, 

Compared with cold flow, they were shorter and wider. Velocity 

profiles of the flames had the same general pattern as of the cold 

flow, although the rates of expansion of the flames were higher, 

particularly in the early stages of the expansion, before air 

entrainment had a significant effect.
Swirl was found to shorten the flame bringing the position 

of maximum temperature nearer to the burner.
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The numerical solution of the mass, momentum, energy and 

species conservation equations by finite difference methods was 

carried out to predict velocity components in cold and burning jets, 

Reasonable predictions were obtained for the isothermal jet from 

the 15° swirler.

The work on flame stabilization included the determination 

of the weale and rich stability limits which were found to occur at 

higher fuel-air ratios as the swirl was increased.
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CHAPTER 5 

EXPERIMENTAL PROCEDURE

3*1 Introduction;

Experimental aerodynamic measurements were made in a rig 

both with cold flow and when burning a pre-mixed town gas-air flow.

Two furnace sizes were used with the same set of burners, the smaller 

furnace being an isothermal model of the larger, according to the 

modelling criteria discussed in Chapter 2.

This chapter describes the design and construction of the 

fuxhaces, swirlers, flow system and sensing probes,

3.2 Construction of furnaces;

(a), Geometry;
Since the object of the experimental work is to produce 

results which could be correlated to the input variables and also 

to verify the results of mathematical predictions, a reasonably 

simple geometry was selected. The furnaces were both of cylindrical 

shape to produce axi-symmetric flows. No quarl was introduced.

The ratios of furnace diameter to burner diameter were very nearly 

5 for the bigger furnace and 2,5 for the smaller one.

(b) Materials:

Fire bricks were used for the large furnace and h i ^  

temperature cement for the small furnace. This use of materials 

permitted the assumption of adiabatic flow. The large furnace was 

built using side-arch fire bricks to make a cylinder of 

460 mm (18 in) diameter. The fire bricks were supplied by GR-3tein
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and were to stand a service temperature of 1500°C. The small 

furnace was cast from heat resisting cement inside a steel shell

to form a furnace diameter of 220 mm. The furnaces were supported

upon a steel structure so that they were at a reasonable working 
level*

3*3 Design of vane swirlers:-

One of the main objectives of this work is to make a

comparative study of the present results with previous work on 

free burning and cold swirled flows, for this reason the main design 

features of lÆathur’s swirlers were employed here (Mathur (I967)). 

Swirlers with vane angles 0°, 15°, 22*5°, 30°$ 45°, 6o° and 70° 

were manufactured. The main point was to produce as full deflection 

of the flow as possible with simple and symmetric vanes* This was 

achieved by having vanes with dimensions according to the geometry 

shown in Figure 3»1« The angle of overlap between each pair of 

adjacent vanes was 30° for swirlers of vane angle 30° and higher.

For the 22*5° swirler an overlap of 15° only was practically possible. 

No overlap was possible for the 15° swirler, the reason being the 

impractical increase in the length of the vanes*

Due to the effect of the excessive heat in the current 

tests, the materials and the dimensions had to be changed from 

those of Mathur and Bafuwa* Vanes were made of stainless steel plates 

1*6 mm thick with the inner and outer tubes of mild steel.

Two types of vane swirlers were prepared, annular and 

hubless. The reason for investigating these two types was to
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determine the effect of the central huh. The net flow areas of all 

the swirlers, after allowing for vane blockage effects, were equAl 

to within -6%. An annular swirler is illustrated in Figure 3*1 

which also shows the leading dimensions of all the swirlers, Table 3.1.

Burner Mounting:

The swirlers, or burners, were inserted into the inner tube 

of a cooling water jacket. The jacket consisted of two tubes with a 

helical strip in the annular space in order to keep a continuous flow 

of the cooling water, A heat sink coating material was applied to the 

swirler to reduce the effect of the insulating air gap between the 

swirler and the cooling jacket. The swirler was inserted in the inner 

tube against a shoulder in the furnace end and prevented from any 

rotation by a feather key on the other end. Two flanges were welded 

on the outer tube, one to fix it to the furnace face wall, and the 

other to fit the end of the pipe line supplying the air-gas mixture.

This end is a movable part to allow forchanging the swirlers,

3*4 Flow systems and reactants:

3.4*1 Compressors:
Two 14-piston We 1Iworthy-Ricardo superchargers, each driven 

by a 10 h.p, motor through a variable speed drive, were used to deliver 

the required air and gas flows. Both delivered an oil-free discharge 

at steady rates with very minimal pulsations. Since the required gas 

flow was only a fraction of the air one, a belt drive speed reduction 

system was fitted between the motor and the compressor for the gas system.
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Motor speed control;

For the continuous control of the flows of the reactants 

it was needed to have the metering orifice plate readings together 

with the motor speed controls at one place. This was done by- 

transmitting the motion from handwheels adjacent to the orifice 

manometers through long rods to pinion sprockets of chain drives 

which end at the compressor speed control devices,

3*4*2 The flow lines;-

These include the air, the gas and then the mixture lines,

A schematic drawing is given in Figure 3.2,

(a) The air flow line:

The 3 in. (76 mm) nominal bore line from the air compressor 

carried an adjustable bleed to the atmosphere followed by a gate 

valve. The bleed and gate valve are used if ever the required air 

flow is very low. This was never the case in the piesent investigation 

and the bleed was kept closed and the gate valve open. Twenty one 

pipe diameters downstream from the valve a square edged orifice with 

pressure taps at D and D/2 was installed, in accordance with B.S.1042,

A thermometer pocket was placed downstream of the orifice. The air 

line discharged into a mixing box,

(b) The gas flow line:

Town gas was supplied from the mains to the blower throu^i

a 3 in nominal bore pipe. The blower discharged into a 1,5 in,
(38 mm) nominal bore steel pipe which carried a gate valve, followed 

at about 40 diameters by a square edged orifice plate with D and D/2 

pressure tappings and a thermometer pocket. A quick closing.
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electrically operated, valve was fitted in this line just before its 

delivery point into the mixing box,

(c) The mixture flow line;

The discharge from the mixing box was delivered to a 

distributing box throu^ a wire mesh and a 0,5 m long 5 in nominal 

bore pipe. Originally this included a convergent-divergent section 

which was thou^t to increase the mixing, but a considerable pressure 

loss occurred in this section and without any extra gain in the 

mixing. Consequently this convergent-divergent section was replaced 

by a straight pipe.

The mixture from the distribution box was discharged either 

to a 3 in or to a 1,5 in nominal, bore pipe, both meeting again 

throu^ a 90° elbow into a coaxial line feeding the swirlei, The 

5 in pipe was used in the present work, and the 1,5 in pipe was 

only used when a smaller swirler was being employed for furnace heating 

or for stability tests. The arrangement of two pipes will be used for 

future work on non-premixed flames. Each line had a gate valve at 

its upstream end and a flame trap at the downstream end.

3,4 .3  Safety devices;
Several devices were used to ensure that the flame is not 

started under unsafe conditions and to stop the gas supply if the 

flame is extinguished or flashes back. These devices are as follows:-
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(i) A padlock was fitted to the gate valve in the line from

the gas main to the gas compressor,

(ii) Low-pressure cut-off; The object of this cut-off is to 

prevent the starting or the continuing of the gas compressor 

operation if the gas supply pressure falls to under half its normal 

value of 12,5 mm Hg. A u-tube mercury manometer was connected to 

the gas supply line. Under normal pressure, the mercury column is 

raised to complete the circuit between two contacts lowered down the 

atmospheric limb. If the gas pressure drops, to open this circuit, 

this closes a relay which breaks the electrical supply to the driving 

motor. This prevents the compressor from drawing air into the gas

line in case of gas supply failure.

(iii) Coil-operated quick-closing valve;

If, in an emergency, the gas compressor is cut-off, it will 

not stop instantly, because of the inertia of the moving parts.

This means it is continuing to supply gas at a reduced rate for about 

30 seconds, A coil-operated valve was actuated by the gas compressor 

starter current, so that it closes exactly when the compressor is 

switched off, thus reducing any gas flow to a minimum.

(iv) Flame traps;
Flame traps were fitted in the mixture lines near their 

downstream ends to extinguish any flame flashing back. The flame 

traps were those designed by the Gas Council,
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(v) Bursting Discs;

To prevent any pressure being built up, a 0.6 mm thick 

Polythene disc was fitted at the bottom of each of the mixing and 

distributing boxes and at the meeting point of the two mixture lines 

just before the swirler,

3»4»4 The flow metering:

Square-edged orifice plates were used for measuring flow 

rates of reactants with four D and -Jd pressure tappings (D is 

pipe diameter). For air flow an orifice plate of bore diameter 

0,6 D was used, while for gas flow the usual orifice plate was 0.5 D» 

however a 0,8 D was sometimes used, especially for stability tests.

All plates, tappings and pipe lengths upstream and downstream from 

the orifice were designed in accordance with B,3.1042. The thermometer 

pockets were positioned downstream from the orifice plate locations 

where they did not disturb the pressure recordings. The fluid 

temperature measured in this way has to be corrected as determined 

by Bafuwa (1970).

Pressure differences across the plates were measured with 

water manometers, and pressures upstream of the plates with mercury 

manometers. All manometers were positioned in one location near the 

blower speed controls.
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3. 4.5

The composition of town gas used in the experiments 

fluctuated slightly from day to day about the average composition 
given in Table 3*2

TABLE 3.2

For the purpose of calculating Town gas composition

the gas flow rate, the gas

specific gravity, relative Constituent ^ by volume

to air, was measured twice

daily using a Gas Specific G 48,2

Gravity Meter supplied by 29.4

Alexander Wri^t and Co • • CgSg 00,8

The time to discharge a CjHg 00,1

certain volume of gas through V l O 00.1

a small orifice on the top of CO 01,3

a bell immersed in water was COg 11,1

measured. The gas was °2 01,8

changed from air to town gas. 07,2

Relative specific gravity = [ %

Some properties of the town gas calculated from the average 

composition in Table 3*2 are given in Table 3*5*
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TABLE 3 .5  

Properties of Town Gaa

Stoichiometric fuel/air by volume

Molecular weight

Net calorific value kcal/m

0.245

13.85
3700

_ The net calorific value was calculated at 16 C 

and 76 cm Hg.

3.4.6 Flue ducting:

Combustion products were directed from the furnace 

straight into a water-cooled canopy 9OO by $00 mm at inlet 

connected to a 46O ram diameter duct which, rose to a large chimney 

4.5.M from the floor level.

5.5 Measurements:

Measurements were made of the following parameters. Axial, 

tangential and radial velocity components, static pressure, 

temperature and gas concentrations. These were to be measured 

under cold and firing conditions. In the latter case all probes 

were water cooled.

3.5.1 Velocity and static pressure measurements;

Of the many techniques available, the following are the 

most suitable methods of measuring flow velocities of gases;
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(a) Pitot-tube type velocity probee, developed for 

three-dimensional flow measurements by having 

three to five holes.

(b) Hot wire anemometers,

(c) Laser-Doppler anemometers.

Although the last two methods should be capable of providing 

more information than the first method in the type of flow encountered 

in these furnaces, the problems discussed below arise.

With hot wire anemometers there are problems of compensations 

for the gas temperature variations and also the interpretation of the 

reading as to the interaction between the different components of the 

velocity vector. Althou^ a method has been developed it is still open 

to-question particularly under firing conditions, Syred (19?0 ) and 

Beer and Chigier (197-).

Laser-Doppler anemometry is now a promising tool for velocity 

measurements in flames, but it was still in the developing stage at 

the time this work started.

Accordingly the 3-dimensional, 3-hole probe was chosen.

This probe measures only the time average values of the velocity 

components. An influencing factor in this choice was the successful 

use of these probes in the previous investigations at Glasgow University. 

Mass flows calculated, from the integrated velocity measurements, 

by Kerr (I965) and Fraser (1964) were only 5% different from the 

actual flow value.
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The 3~dimenaional-3 hole probe;

A study of the pressure distribution around a cylinder in 

a cross-flow reveals the appearance of the static pressure at a 

certain angular position from the total pressure or stagnation 

point. This angular displacement was found to vary with the size 

of the tube and the holes, being 40°-45° for 6.55 mm tube and 

51° for a 2 46 mm tube, Fechheimer (1926) and, Albright and 

Alexander (1957). These angles varied slightly with the flow 
Reynolds Number,

Thus a tube with two holes (Holes 1 and 2) at an angle of 

approximately 80° will give the yaw angle of a 2-dimensional flow, 

when both holes read the static pressure, and hence the total 

velocity vector from measuring the total pressure when the probe 

is rotated 40° back to bring hole 1 into the velocity vector plane. 

For 3-dimensional flows, another angle has to be measured, the 

pitch angle, and a third hole (No.3) in the same plane as the 

velocity vector has to be introduced at an angle to the first one 

but as near as possible to it to reduce the effect of variations 

due to flow pressure and velocity gradients.

On this basis the 3-dimensional probe of Hiett and Powell 

(1962) was designed having a V-groove at a fixed distance 

(2 probe tip diameters) from the end. Two holes (Nos. 1 and 2) 

were drilled in one flank of the 120° V groove at an angle of 72°, 

and the third hole on the opposite flank facing one of the first 

two.
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For the present work, the probe tip, which was made of 

heat resistant alloy, Nimonic 105, had a diameter of 6,55 mm (0 ,25 in) 

to reduce the flow disturbances by the probe to a minimum and to 

improve the local resolution. The smallest size of holes to give 

a reasonable response time was used, this being 0.75 mm. These 

holes were connected to hypodermic stainless steel tubes of 0 .8 mm 

inside diameter through 1 ,5 mm diameter axial holes in the probe 

tip. The tubes were soldered to the probe tip using a special high- 

melting silver solder supplied by Johnson Matthey Metals. The 

probe tip was also soldered to the outer tube of the probe cooling 

system. Details of the probe tip and the cooling system are shown 

in Figure 3•3* The cooling water system consisted of two concentric 

stainless steel tubes of outer diameters 9*5 and 6,35 mm, thus giving 

nearly equal flow areas for the inlet and outlet water flows, A 

continuous flow of water at a velocity which was always above 

2.3 m/s was maintained. It was observed that the probe tip should 

not be too cold otherwise carbon deposits developed. The probe holes 

were occasionally blocked by dust which was blown off by compressed 

air.

Probe Calibration:
The 3-dimensional probe was calibrated both for velocity 

measurements and for static pressure measurements by inserting it 

in a free jet issuing from a vertical pipe of 63.5 mm (2 ,5 in) 
diameter, A uniform velocity profile at outlet from the pipe was 

obtained by supplying air to the pipe which is 1 m long from a 

settling chamber, and by inserting three wire gauses at the inlet 

to the pipe.
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The probe was mounted in a special attachment that allowed 

the probe to be rotated about its own axis to find the yaw angle, 

and to be tilted to vary the pitch angle in the range 20° to 160°*

A pitot-static tube could be mounted at the same attachment to 

establish the jet velocity and static pressure.

For the calibration, the probe was rotated at any pitch 

angle to get zero yaw angle where the pressure difference (p^- pg) 

is zero, then the probe was rotated back 36° and the pressures 

p^i Pg and p^ were recorded. The pressures p^, Pg and p^ represent 

the pressures sensed by the probe holes 1, 2 and 3 respectively.

This procedure was repeated for pitch angles from 20° to 160° 

at intervals of 5°* The whole calibration was repeated at four 

different flow velocities to ensure the Independence of the 

calibration from the Reynolds Number.

Values of (p^- p^), (p^- p^) and (p^- Pg) as ratios of 

the corresponding (Pq~ Pg) at different Reynolds Numbers were plotted 

against the pitch angle. Curves at the different Reynolds numbers 

were very close or overlapped for most of the pitch angle range.

An average curve was therefore taken to represent all values.

Figure 3*4 illustrates a typical set of calibration curves.

The Use of the probe;
The probe was first rotated to obtain a zero value of 

(Pl - pg) and the yaw angle p was then recorded. The probe was 

then rotated back 36° to bring holes 1 and 3 facing the flow and 

all three pressures p^, Pg and p^ were recorded.
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The ratio (p^- P^)/(p^“ Pg) was calculated and used as an 

entry to the calibration chart from which we get the pitch angle q 

and using the known p^, Pg and p^ we find the total velocity head 

and the static pressure. With the velocity head and the density 

calculated using the local measured temperatures, the total 

velocity vector V is obtained. This is resolved into the three 

components u, v and w using the following relations, (see Figure

3.5),

u = V sin a cos p
V = V cos cr ... 5.1

w = V sin (C sin p

Static pressure;

Static pressures could be determined from the ^-dimensional 

probe calibration curves. However when these were plotted, sometimes 

there were discontinuities at points of great pressure and velocity 

gradients. Since this probe had not been used before for static 

pressure measurements, a different probe was used to check static 

pressures at those discontinuities. This was a disc probe to the 

design of Miller and Comings (1957). This is shown in Figure 5*6 
and consists of a very smooth surface disc of 12,5 mm diameter 

having a 0,5 mm diameter hole in its centre and connected to a 

pressure transducer. When the disc is in the plane of the velocity 

vector, which was already decided from the ^-dimensional probe 

readings, this will read the static pressure.
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Values of static pressures read 'by this probe agreed 
with those read by the 3-dimensional probe except for a few points 

where pressure and velocity gradients were high. It was decided 

that static pressure values indicated by the disc probe in this 

region were more reliable than those obtained from the 5“diraensional 
probe.

Pressure measurement and recording:

Pressure signals from the three holes of the 3“dimensional 

probe and from the disc static pressure probe were measured by a 

diaphragm-capacitance type micromanometer supplied by Furness Controls 

Ltd,G This has 3“^a^gss of pressures covering the ranges - 12.5,

- 25.0 and -62.5 mm water with an accuracy of 1%̂  of the base scale 

full deflection. The instrument gave stable calibration and non­

significant zero shift over long periods of operation and ambient 

temperature variations.

The output from the micromanometer was read and recorded 

by a Kent recorder on a 250 mm wide chart. Full scale deflection 

was obtained with any input between 1 and 5O millivolt according to 

the range selected. The accuracy of the recorder was - 0.2^ of full 

scale deflection.
With the combined arrangement of the micromometer and the 

recorder it was possible to read velocity differences of 0.2 m/s 

around a 3 m/s flow.



—  60 -

3.5*2 Temperature measurements;

A thermocouple made of Û .25 mm diameter of 

Pt-5% Rh/Pt-20^ Rh wires was found suitable for this investigation 

and recommended by the B.3.1041, The thermocouple bead of 

0*5 mm diameter was made by an electric arc welding of the two 

wire ends in a reducing atmosphere of town gas to prevent oxidation. 

This thermocouple was known to serve at temperatures in the range 

up to l600°C with negligible catalytic effects, Spiers (I962),

Pein and Petting (1970), even without coating.

The wires were passed through a twin-bore ceramic insulator 
which was carried in a water cooled probe stem. The cooling water 
arrangement was the same as for the 3“dimensional probe.

The thermocouple millivolt output was measured by a 
galvanometer-type potentiometer.

Correction of the temperature reading;

Enough immersion of the hot junction was ensured to reduce 

the conduction error, which was already small, to a minimum.

Radiation correction was estimated using the following 
formula, given by McAdams (1954) for heat convection to a sphere 
in a cross-stream, as a relation between Nusselt and Reynolds 
numbers:

Nu = 0 .37 Re^'^ ... 3.2

Under steady state conditions, this is balanced by the heat 
radiation from the sphere, thus:
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h  A  T  =  z cr ... 3*3

where h Is the coefficient of heat transfer

T the thermocouple temperature °K

A T the temperature difference across the

film of gas around the sphere 

c the thermocouple material emissivity 

 ̂ Stefan's constant

From 3*2 and 3*3 the temperature correction is given by

A T . '"
0.37 k PV

where d^ is the thermocouple head diameter, m

k is the film thermal conductivity, kcal/cm sec °K 
H is the film viscosity, - kg/m sec

V is the gas velocity, m/sec

The transport properties of the mixture of gases were taken 

to he equal to those of air at the same temperature as a reasonable 

approximation (B.S.1041)*
The viscosity was calculated using the following equation 

given by Spiers (1962):

/i = icT? poise ... 3.5
T + 110.4

The thermal conductivity variation with temperature is given by

M n 
O VO

with suffix o representing values at 0°G and the constant pressure 

specific heat given by:
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= 0.160 + 4.039 X 10~5 T ... 3.7

Emisaivity values for different materials were given "by 

Wiebelt (1966) as functions of temperature. Since the thermocouple 

was made of both Platinum and Rohdium, sm interpolation was made to 

the data of both and it was found that values could be represented 

by the formula

€ = 0.0052 + 1.011 X 10“^ T ... 3 .8

Feeding this information into Equation 3-4 the temperature correction 

due to the radiation from the thermocouple was calculated. This 

has-to be reduced by the amount of radiation to the thermocouple 

from the walls since their temperatures were hi^. The net effect 

was applied to the results of measurements,

5.5*5 Concentration measurements;

Sampling probe:

A special probe was designed for this purpose. The main 

features of this design were simplicity and efficient cooling of the 

sample as it enters the probe to ensure quenching of the reaction in 

the sample. The probe tip was a stainless steel block 12.5 mm long 

and 9*5 mm diameter with a 2.6 mm diameter sample hole normal to 

its axis. A continuous flow of cooling water was maintained on 

both sides of this block and through it from one side to the other, 

as shown in Figure 3*7* The rest of the cooling system was the same 

as for the other probes.
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Samples were drawn at a velocity of about 4 m/s by a small 
sampling pump. This speed was thought to be a reasonable average 

for the flow, thus making the process as near as possible to being 

isokinetic sampling for most locations. A higher velocity would 

mean higher pressure on the mica windows of the gas analyser than 

required for safe operation. The metering of the samples was done 

by a specially calibrated capillary tube system, Maccallum (1956).

In sampling, the probe was rotated at each location so that the 

sampling hole was brought to face the flow direction which was 

known from the 5“^^mensional probe measurements.

_ The Infra Red Gas Analyser;
A 5-box Infra Red Gas Analyser, supplied by Grubb-Parsons, 

was used for the carbon dioxide concentration measurements.

Some carbon monoxide tests were also carried out with the same 

instrument. The principle of operation is described by Martin (1955)* 

An outline of this is given below.
Intermittent radiation from a michrome heater is passed 

through 2 variable-length absorption tubes æid then to absorbing 

vessels which are filled with the gas to be detected. The absorbing 

vessels are separated by a diaphragm partition which forms one side 

of an electric condenser. A steady flow of the sample is passed through 

one absorption tube and of air free from CO^ through the other.
Both flows were freed from any water vapour which could affect the 

readings, A sketch of the arrangement of these flows is given in 

Figure 3,8, The difference of composition between the two absorption 

tubes due to the presence of the detected gas causes the proportions 

of the radiation reaching the absorbing vessels to be altered,
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thus creating a pressure difference which moves the diaphragm, and 

consequently varying the condenser capacitance. This variation 

is amplified and indicated as milliampers.

The instrument was used for both COg and CO by changing 

the condenser unit. For each, three different ranges were possible. 

Special care was required during operation because of the instrument's 

sensitivity to zero shift, ample setting time was given. Care was 

taken to avoid applying excessive pressure to the mica windows of 

the cells. The instrument was supported on soft rubber mounts to 

isolate it from vibrations.

Calibration of the gas analyser;

A calibration was supplied by the manufacturer. After 

some preliminary tests it was felt necessary to check the calibration 

at the time of use. This was carried out using standard samples of 

air with 2,4 and 6 percent COg supplied by Mine Safety Appliances.
The calibrations were noticed to have shifted from the original ones 

and the new curves were used.

Some samples were also analysed for the concentration of 

combustibles by the use of a Gascope supplied by Mine Safety 

Appliances.

5*6 The traversing mechanism;

A traversing mechanism was used to support and position 

the various probes where they were being used. The mechanism was 

built Onto the steel structure carrying the furnace and carefully 

aligned with the furnace axis.
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This system permitted the movement of the probe horizontally, 

parallel to the furnace axis from one section to another. At any 

section the probe could be traversed radially with an accuracy of 

0 ,25 mm. Once the probe was located in the measuring position, it 

was required to rotate it about its own axis to define the yaw angle; 

this was achieved by a sleeve-protractor unit. This unit consisted 

of a split tube inside a sleeve carried on a disc with a pointer and 

a locking mechanism. The sleeve was located inside a block which 

carried a chrome plated mirror and a protractor to define the angle 

of rotation of the sleeve.
Trobe access holes;

Probe access holes of 12.5 mm were drilled through the 

furnace bricks on a horizontal line parallel to the furnace axis 

at the sections where probe traverses were to be made. Asbestos 

rods were used to plug those not in use, Spacings ofthe holes 

for the two furnaces are shown in Figure 5*9*

3,7 Flame visual observation:
This was needed for the starting and adjusting of the flame. 

Also it was necessary for the stability tests in the furnace. A 
stainless steel plate of mirror finish quality was placed in the 

corner of the canopy where it could be seen from the furnace side.
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5.8 Ignition of the flame in the furnace;

A premixed mixture of Butane and air was supplied to a 

20 mm nozzle having a 5 rod stabilizer to produce a pilot flame 

for ignition of the furnace flame. This was introduced into the 

furnace through a 23 mm hole near the burner. Once the main flame 

was stabilized, this hole was plugged,

5.9 Furnace start-up procedure;
(a) Larger Furnace:

After the larger furnace was built, it was dried out slowly 

with the flame temperature being gradually raised. For this work, 

a small nozzle of 28 mm diameter with a crossed wire stabilizer was 

used. This warming-up run was followed by the normal runs with the 

full-size swirler.

To test the transient time of the furnace, p run with 
thermocouple beads attached to the furnace walls was carried out.

The results (Figure 3*10) showed that a temperature rise in the 

brick work equal to $0% of the asymptotic value was reached within 
3 hours. This time varied slightly with axial position and jet 

impingement point.
Thus it was decided that for normal aerodynamic runs, no 

readings were taken before 3 ,5 hours from starting up the flame. 
Pressure readings were then taken followed by COg measurements and 

finally temperature readings.
(b) Smaller Furnace :

The same procedure was adopted as for the larger furnace. In 

this case it was found that the transient time was less, about 2 hours.
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CHAPTER 4 

EXPERIMENTAL RESULTS

4.1 Introduction!

This Chapter starts with a brief statement of the different 

parameters involved in the experimental programme. These are divided 

into two groups. The first group contains those held constant or 

varied independently as input variables. The second group contains 

parameters measured in the experiments directly or after further 

calculations. The main purpose is to define the flow and combustion 

patterns and how they change with the input parameters, particularly 

swirl,

4.2 Variables and measurements:

4.2.1 Input parameters;

The following are the parameters controlled as inputs. The 

object of the experiments is to study the effect of their variation 

upon the flow and combustion patterns. The methods of varying these 

parameters were described in Chapter 3>

(a) The swirler vane angle, as a means of varying swirl

which is the principal parameter in the experiments.

(b) The change of the geometry of the swirler due uo

having a central hub which might have a bluff-body effect.

(c) The Reynolds number of the flow at exit from the swirler.

(d) The degree of confinement of the flow, being controlled
by the ratio of furnace diameter to swirler diameter D/d.
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(e) Combustion and its effect on changing the flow 

pattern from that of the cold isothermal flow.

Cf) The variation of the fuel to air ratio and its 

effect on the flow pattern especially when swirl 

is near the critical value, i.e. when the flow near 

the centreline behind the burner is just about to 

reverse to form a central recirculation zone (CRZ).

The above parameters are detailed in Table 4.1»

4.2.2 Output, or measured parameters:

The full study of the flow and combustion patterns under 

different conditions is the object of this work. Measured parameters 

will be described and discussei in the following sections. These 

include the profiles or radial distributions of axial, tangential 

and radial components of velocity, static pressure, temperature and 

COg concentrations at different axial locations (six or seven in 

number), downstream from the burner. From these profiles, the 

variation of the maximum and centreline values with the axial distance 

from the furnace are produced and plotted.

Numerical integrations of the axial velocity components to 

calculate the mass flows at different regions of the flow were 
performed. Also, integrations were carried out to calculate the 

axial fluxes of both axial and tangential momenta according to 

Equations 2.18 and 2.17. A new Swirl Number defined by

S* = L .  ... 4.1
GD

where G is the dynamic component of the axial momentum flux. This Number
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was calculated for the different swirlers running under the various 

input conditions. Flow patterns are better correlated by these 

swirl numbers than by vane angles of the swirlers, as will be shown 

lateri

The rate of jet spread, the point of impingement or jet 
reattachment to the furnace wall and the size of the peripheral 

recirculation zone (PRZ) were also defined for the different teats.

The CRZ's which were created with higher degrees of swirl were also 

investigated by defining in each case its dimensions, maximum 

reverse velocity and ratio of mass flow recirculated to the main 

flow.

Several repeat tests were carried out at identical flow 

conditions and these showed good reproducability. The scatter of 

the- experimental points was not more than for cold flows and 

6% for reacting flows, except close to the points of flow reversal 
where values of velocities were fluctuating about zero and were small. 
However,, the dimensions of the recirculation zones were reproduced 

within the above range,

4*5 Distributions of axial velocity component:
This section contains a discussion of the development of 

the axial velocity profiles from those of a non-swirled jet to those 

of a strongly swirling jet. The effects of this development on the 

different zones of forward and backward flow are shown.

Flow patterns are classified into four categories A, B, C 

and D and each is described in turn. It should be emphasised that 

there is no definite line of separation between these categories
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and the division is mainly to help in demonstrating the effect 

of the different parameters in changing the flow and combustion 
patterns.

Axial velocity profiles are shown in Figure 4-1 to 4.4. 
For easy comparisons, all values of the dimensions of both 

CRZ's and RRZ’s together with ratios of maximum velocity and mass 

flow in the CRZ to the main flow values are compiled in Table 4.2. 

The Table shows also the calculated values of the Swirl Number 8*.

4 .3*1 Flow patterns in Category A; S* <  0.08

These are obtained when there is no swirl or very weak 

swirl. The velocity distrubutions with the very weak swirl are 

similar to the unswirled distributions. They consist of a nearly 

flat region of the peak velocities around the centreline and, at 

the boundaries, surrounded by a very weak PRZ, i.e. having very 

low velocities. The radial velocity gradient is very high in the 

area between the two zones but this decreases as the velocity 

distribution approaches the Gaussian error curve shape at large 

distances from the swirler exit. Generally in this case the jet 

spread is very slow and sometimes the jet would not reach the 

furnace wall before an axial distance x = 2, where

X « “  « distance in units of furnace diameter

In fact the walls seem to have little effect on the jet expansion.



-  71 “

This type of distribution occurs in the following cases:

0° Hubless and Annular burners in both furnaces, i.e.

D/d = 5 and 2,5» under both burning and cold isothermal 
conditions. See Figures 4*l*b, 4-3.a, 4.4.a.

In the last case. Figure 4*4.a» the effect of the 

presence of the central hub is noticed to result in a 

small dip on the axial velocity plateau near the centreline, 

but this soon disappears.

15° Hubless and Annular swirlers in both furnaces, both 

burning and isothermal. The isothermal tests are shown 

in Figures 4.1.a, 4*5.b. In these two cases a phenomenon 
similar to that known as Coanda effect is recorded. The 

flow is attached earlier to one side of the furnace and 

a large recirculation eddy is formed on the other side.

This phenomenon will be discussed in Chapter 5-

The effect of the hub in the annular swirlers is less 

pronounded than with the 0*̂  burners, at least partly because 

it lies at a distance of some 50 mm upstream of the swirler 

exit section.
It is to be noted here that the jet spread Is faster 

than for the 0° swirler and also it is faster when D/d = 2.5 

than with D/d = 5* It is noticed that some of these profiles 

are not quite symm.etrical; they are seen to be distorted 

slightly,

22.5^ Hubless swirler, burning in D/d - 5 furnace at fuel/air 

of 0 .143. These velocity distributions are very similar to 

those of the 15° swirler flame in the D/d = 2.5 furnace, 

as can be seen from Figure 4.3.0,
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4.3*2 Plow patterns in Category B:

These are obtained with weak to medium swirl where 

is near the critical value of 0.11 but no CRZ exists. In this 

case the axial velocity profiles have a two crest-trough shape 

with a minimum, but positive value, at the centreline. Radial 

gradients are high on both sides of the peak velocity values, but 

they decay rapidly to almost zero. Thus the profiles at a distance 

of X 1,5 are mostly uniform.

The jet expands faster than in the case of flow type A, 

leading to a reduced size of the PRZ, the maximum length now being 

about ID. But in this case the velocities in the PRZ are higher 

and they have a more effective mixing influence.

Cases that produce this type of flow are as follows:

30° Hubless swirler flame with f/a = 0.141 in D/d = 2,5 

furnace shown in Figure 4.I.e.

22.5° Hubless swirler flame with f/a = 0.125 in the 

D/d = 5 furnace also the isothermal jet in the same 
furnace by the same swirler, both shown in Figure 4.3.C.

30° Hubless and Annular swirler flames in the D/d = 5 

furnace as shown in Figures 4.3*<d and 4*4.0 respectively. 

The effect of the central hub is seen again here to produce 

a lower minimum velocity at the centreline and a more extensive 

subsequent trough than in the hubless case. This effect led to 

peak velocity values being shifted radially towards the walls.

Near x = 1.8 a central reverse flow was recorded;
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4.3*3 Flow patterns in Category C;
These are obtained with medium swirl, is near the

critical value of 0.11 and with a small CRZ.

By increasing the swirl above the values giving flow pattern 

B, the double crest-trough shape is developed to higher maxima and 

a lower minimum with sharp intermediate velocity gradients. The 

minimum value at the centreline reaches a stagnation value followed 

by negative velocities. Thus a CRZ is created. Initially it is of 

a small size and has only a small recirculated mass. These increase 

steadily with swirl. Only cases where this mass flow is less than 

0.1 of the burner flow are considered as being in this category, 

otherwise they will be treated as Category B. The PRZ's are again 

small with maximum length of IB. The velocity profiles developed 

beyond x = 1.5 are almost uniform with slight peaks at the sides 

near the walls and smaller values near the centreline.

The following cases are representative of this type of flow: 
22.5° Hubless swirler isothermal jet in B/d = 2.5 furnace as 
shown in Figure 4*I*b.
30° Hubless swirler flame with f/a = 0,106 in B/d ±= 2.5 

furnace shown in Figure 4.1*0 where a CRZ of reasonable 

size is recorded but the reverse mass flow is still small, 

viz. 0,065 of swirler flow.

30° Annular swirler flames in D/d = 2.5 furnace.

Figure 4.2.a.
The two cases at the different fuel/air ratios 0.137 and 0.107 have 

the same flow pattern but with a bigger size of the CRZ in the case
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of the lower fuel/air ratio. However, in both cases the 

recirculated mass flow is less than 0.1 of the inlet flow, viz.

0.04 and 0.07 respectively.
4.5 .4  Flow patterns in Category D ;

These occur with strong swirl where S is greater than 0.18. 

These differ from the previous one, C, only in that the size of the 

CRZ is greater and the reverse velocities and recirculated masses 

are larger, e.g. mass flows recirculated are generally greater than

0 .15.
The length and maximum diameter of the CRZ in this case 

seenr to vary very little with the degree of swirl and both tend to 

be fixed proportions of the furnace diameter. These proportions 

arej however, different from one furnace size, or D/d, to the other. 
With further increase of swirl the maximum diameter of the CRZ does 

not change but the length increases and sometimes a long thin tail 

of the CRZ extends up to as far as 3*7 D (maximum length investigated). 

However, the mass flow in this is very small and the length of the most 

active part of the CRZ is nearly equal to that of the closed ones.

The axial position where the maximum width of the CRZ occurs always 

moves nearer to the swirler with increasing the swirl. As to the 

maximum flow in the CRZ, it continuously increased with swirl. The 

ratio of the maximum reverse velocity in the CRZ to the average 

swirler axial velocity, also increased with swirl but at a slower 

rate.
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The main flow starts with a cylinder of peak velocities 

surrounding the CRZ. At the same time this cylinder is surrounded 

by the PRZ. Thus on both sides of the peak velocities there are 

very high axial velocity gradients in the radial direction. Due 

to the very fast spread of the jet, the PRZ is very short and the 

flow impinges on the furnace walls within an axial distance of 

0.6 D at most. Ab impingement, the positions of maximum velocity 

are near the wall but thereafter they move slowly towards the centre. 

Velocity profiles thus develop to an almost uniform flow, though 

sometimes with slightly lower values near the centre.

To represent this type of flow pattern, the following 

cases are shown:

30° Hubless and annular swirlers cold isothermal flow in 

both furnaces. Figures 4 .I.C, 4*2.a, 4.3-d.

- All 45° and 60° swirler flows both cold and burning

and in both furnaces are of this type with all the 

features mentioned above. For these profiles see the 

Figures 4«l.d, e - 4*2.b,c - 4.3.e, f - 4»4»d,e.

4 .3*5 Decay of maximum axial velocity along the furnace;

In this section the change of the maximum axial velocity 

at any section of the flow along the furnace length is discussed 

in relation to the flow pattern classification A to D. These 

velocities are presented in Figures 4*25*& to h plotted 

versus axial distance from the swirler exit for the different 

cases studied.
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Flow Pattern At

The maximum velocity value suffers little or no decay 

for the length of expansion before the jet touches the wall, after 

which it decays almost uniformly along the remainder of the furnace 

length investigated. Thus in the D/d =2,5 furnace, a constant 

maximum velocity region is followed by an approximately linear decay 

for the cases of 0° and 15° Hubless swirlers in cold flow. For 

the 0° and 15° swirler flames, both hubless and annular, in the 

D/d = 5 furnace the curves show little decay over the entire length 

studied of 1.8 D.

Flow Patterns B and C:

The axial decays of the maximum velocity for both types 

B and G follow similar patterns. The decay starts from the first 
point measured and at a much higher rate than in the case of type 

A flow. The decay virtually ceases after a certain axial distance 

which decreases with increasing swirl. The starting points of this 

range have velocity values still in the same range as in case A, 

viz. about 1.5 - 2.0 u^ (where u^ is the swirler average axial 

velocity). The faster rate of decay is attributed to the jet 

expansion rate being higher and to the jet impingement on the walls 

being nearer to the swirler exit.

Flow Pattern D - Isothermal flow:

With still higher rate of jet spread and closer wall 
impingement, the rate of decay is, as expected, much fester in 

this case than in the previous cases. Within an axjal distance 

of about ID the maximum axial velocity decays to its minimum value.
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which is preserved for the remainder of the length investigated.

The- maximum values along the length lie nearest to the swirler 

exit and they show values as high as 2.5 because of the strong 
centrifugal effect of the swirler.

Flow Pattern S - Burning:

Some of the cases tested show trends similar to the isothermal 
flows of type B, while others produce some apparent differences.

In the D/d = 5 furnace, the 45° and 60° Annular swirler 
flames, initially the maximum axial velocities decay rapidly then 

maintain their new peak velocities for some distance before the final 

decay commences. The lengths over which the peak velocities remain 

constant are x = 0.45 to x = 0.7 for the 45° swirler and x = 0.5 

to X = 0.6 for the 60° swirler. The 45° Hubless swirler shows 

no decay, in fact a sli^t rise, in the length x =  0.35 to x = 0.85.

In the D/d = 2.5 furnace, there is an increase in the maximum
Q a

velocity in the first 0.5 D length of the furnace for both 45 

swirlers. This is explained by applying the mass continuity equation 

along the area of forward flow. In this region, the forward mass 
increases because it is, the sum of the burner flow plus the reversed 

flow entrained from the two recirculation zones. The volume also 

increases because of the chemical reaction which occurs in this 

region, as will be seen later. While the volume is increasing 

(principally due to the reaction), the net area of the fonvard flow 

is decreasing. Thus the flow has to accelerate until the area starts 

to increase again beyond the end of the PRZ, or beyond the maximum 

width of the CRZ, or both. This explanation is confirmed by
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comparing the net forward flow areas forthe above cases with 

those cases giving the same type D flow but having decay curves that 

follow the same pattern as the isothermal,

4*4 Distributions of tangential velocities:

Radial distributions of tangential velocities for the 

different cases studied are plotted in Figures 4*5 to 4*7* The 
values of these velocities increase with swirler vane angle, but 

the patterns of the profiles are more related to the Swirl Number,

The different types of profiles are discussed below on the same 

basic classification as for the axial velocities.

4*4*1 Flow patterns in Categories A and B;

The tangential velocity increases from zero at the centreline 

to a maximum at a radius which increases with the jet width, or 

swirl. Sometimes two peaks are recorded with a trough in between.

The tangential velocity in the PRZ decreases slowly with increasing 
radius. However, at larger axial distances from the swirler, as the 

maximum velocity at the section is reduced and shifted to a greater 

radius, the profiles consist of a forced vortex core surrounded by a 

constant tangential velocity area and then a tangential velocity 

decreasing to zero at the wall, which is similar to a free vortex.

The ratios of the areas occupied by the different regions depend 

on both swirl and axial distance.
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4.4*2 Flow patterns in Categories C and D;

With the presence of a CRZ and an annular cylinder of h i ^  

axial velocity surrounding it, the tan^ntial velocity profiles are 
modified. In the CRZ the tangential velocities are very small when 

X  is small, but they follow a forced vortex type flow at larger x, 
particularly after the maximum width of the CRZ is reached. In the 

PRZ the tangential velocities are small again* As to the main forward 

flow, it has a high tangential velocity region, having a maximum 

which coincides with the maximum axial velocity. At larger axial 

distances, the distributions become more uniform in this region with 

a decrease towards a zero value at the walls.

4*4*5 Variation of the maximum tangential velocity along tie furnace;

The maximum tangential velocities are plotted versus axial 

distance from the swirler in Figure 4*2*8.a to h« The main common 

feature of these results is that for each swirler type, the asymptotic 

value reached at large axial distance increases with the vane angle. 

These values are thus different from swirler to another, unlike the 

axial velocities. The values for the maximum tangential velocities are 

higher for annular swirlers than for hubless ones.

For flow patterns of type A and B the rate of decay with 

axial distance is similar in most cases, the decay virtually ceasing 

at a distance of about ID.
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Flow patterns of type G follow nearly the same trend 

as in B hut with a higher rate of decay followed by a slight rise 

after the minimum is reached.
For flow pattern of type B, the initial rate of decay 

is very high and increases with swirl. This is followed by a 

noticeable increase to another peak followed by the asymptotic value 

either directly or after further decay, the decay this time being 
less rapid. "When an increase in the tangential velocity occurs, 

it is not always accompanied by an increase in axial velocity, 

particularly in cold flows. These increases are discussed in 

Chapter 5»

4 ,5  Distributions of radial velocity components

Although most of the previous workers ignored the radial 

velocity components on the basis of their being small, in this 

work they were measured and found to be of considerable magnitude.

At small values of x where the jet was expanding these were of the 

same order of magnitude as the axial components. But, at large 

values of x they were generally small. Values for the radial 

velocities are plotted for the different cases studied in 

Figures 4*9 to 4*12* The sign convention for these figures is 

now given. In the upper half of any diagrain, positive values mean 

flow towards the centreline and negative ones flow away from the 

centreline, the opposite being the case for the lower half. Thus 

for a perfectly symmetrical flow, distributions should be diagonally 

symmetric. Unfortunately this was not always observed and in most 

cases there was a slight shift towards the side farthest from the probe 

access holes. Before, discussing the results, it should be borne



-  81 -

in mind that the 3-hole probe used in this work may not he the 

most suitable for measuring large radial components of velocity.

The probe itself may cause disturbances to the flow due to its 

body being in a radial position.

In general the radial velocities defined the jet expansion

zone, the jet impingement and the location of the maximum width of

the CRZ. When the jet is expanding the radial velocities are 

high and directed away from the centre. Just after the impingement 

point, a reverse of direction occurs. In the PRZ the radial 

velocities are small and directed towards the centre. In addition 

to the above general features, the following are particular to the 

different flow patterns.
For flow patterns A and B, the asymmetry of the flow is 

magnified in the radial velocity profiles. The main flow shows 

expansion of the outer layers and, nearer the centreline, inward 
radial flow with velocities rising to about u^.

For flow patterns G and B, the radial velocities are more

symmetrical with only slight apparent displacement towards the 

farthest wall. In the CRZ the radial velocities are low and 
directed towards the centreline. After the jet impingement on 

the walls, the main flow moves towards the centre thus reducing 

the diameter of the CRZ,

4,6 Distributions of static pressure;

All measured static pressure values are subatmospheric except 

for a few points near the furnace wall at large values of x. The 

radial distributions of static pressure at different axial distances 

for all the cases tested are shown in Figures 4.15 to 4.16,
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The effect of combustion is always to raise closer to 

atmospheric the static pressure in the vicinity of the centre-line.

In many cases the pressures near the walls are lowered slightly.

For flows with CRZ, confinement caused the pressures near the 

centreline to be depressed further below atmospheric. This effect 

increases as the confinement is made more pronounced,i.e. as 

D/d is lowered.

Since the profiles are related to the velocity distributions, 

in the following sections they will be treated according to the 

same classification. The strong interrelation between the static 

pressure and the flow velocities, especially with reference to jet 

spread, is discussed later in Section 5*3*

4.6,1 Flow patterns in Categories A and B:

With these patterns the pressure profiles lave similar 

trends. The main forward flow is in the central region and this 

is the region of lowest static pressure, the minimum value occurring 

on the axis. On moving from the axis to the jet boundary, the 

pressure rises progressively, until the PRZ is reached where the 

pressure is constant. The depression in static pressure at the 

centreline increases with swirl. With larger values of x this 

distribution moves towards uniformity but with values near the walls 

equal to atmospheric. When there was a shift of the axial velocity 

profiles towards one side of the furnace, this was accompanied by 

a similar trend in the static pressure profiles, the minimum being 

to the same side as the axial velocity maximum.
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4*6.2 Flow patterns in Category C;

In this category a CRZ is just established, and the 

corresponding effect in pressure is a sudden raising of the minimum 

value which occurred at the centre of the jet near the swirler.

Static pressure distributions in both CRZ and PRZ are uniform 

with sli^t variations in the area between them which carries the 

main flow. With larger values of x these profiles are gradually 

readjusted to have a minimum at the centreline and values increasing 

with radius until the wall is reached with a value equal to 

atmospheric. As swirl is increased, all centreline pressures are 

slowly reduced.

4.6 .3  Flow patterns in Category D;

The centreline values continue to decrease with swirl. With 

a very small PRZ and a much higher velocity flow in both PRZ and 

CRZ, the pressure distributions in them are no longer uniform. A 

minimum occurs at the centreline, and a maximum near the walls at 

atmospheric pressure, or even higher at large axial distances.

The case of the cold flow issuing from the 30° Hubless 

swirler in the D/d = 5 furnace is an interesting one. Here a CRZ 

exists but it starts very thin until x = 0,4 where it widens suddenly. 

The static pressure shows a sudden rise at the same value of x.
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4.6.4 Recovery of static pressure along the axis;

Figures 4»29.a to h show how the pressure reduction below 

atmospheric at the jet centreline decays along the furnace. The 

greatest reduction in pressure occurs either at the swirler exit 

or within a distance of 0.5 D downstream. Thereafter it decays 
with X. For flow patterns A and B the rate of decay is high and 
increases with swirl. When some maximum decay rate is reached, 

the centreline flow reverses and the flow pattern changes to 

category C where a CRZ exists. With flow patterns of type B, the 

pressures on the axis lie further below atmospheric than for type 0 

flows. The depression of the pressure increases with swirl, as 

also does the decay with axial distance of the sub-atmospheric 

pressure.

The value of the largest reductions in pressure at the jet

axis have a definite relation to the swirl and flow pattern.

Figure 4*34 gives plots of this relation which is an exponential
/ ^ \increase of this largest pressure reduction (p ) with the Swirl

XNumber S ,

** m S . ^p = a e ... 4.2

where a and m are constants.

The slope of the lines m varies with the type of flow, i.e. whether 

isothermal or flame. It is also affected by the confinement (D/d) 

ratio. The constant a is equal to the pressure drop below atmospheric 

at the centreline of an unswirled jet in the same confinement.
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The important point to note from this Figure is that, 

for the same type of flow and in the same confinement, points 

for flow patterns A and B fall together on one line, while those 

for flow patterns G and D fall together on a different line.

The transition from the first line to the second occurs when 

the degree of swirl (measured by S ) is just sufficient to 

establish the CRZ,

4*7 Distribution of Temperatures;

Temperature distributions are reported in Figures 4.17 

to 4.20, A study of these will help in defining the combustion 

pattern and the effect of the flow pattern upon it. The study will 

also be of value in indicating the heat release rates from the 

different sections of the furnace. In this analysis the relation 

between the flow pattern and the combustion pattern will be shown 

by following the same classification of flow patterns A to D,

4 .7.1  Flow patterns in Categories A and B;

In this case, combustion starts at the centreline and 

spreads to the rest of the input charge radially. Thus the 

temperature profiles show a peak at the centreline and a minimum 

at the jet boundary. With increasing swirl, the peak at the 

centre becomes wider at a shorter axial distance. The temperature 

of the fluid in the PRZ is much lower than the section peak 

temperature, e,g. lower by 400°G in the case of no swirl.
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This is because of the very slow movement of the gases in this 

zone and the lower mixing rates between the recirculating gases 

and the main jet, and the low temperature of the outer boundary 

of the main jet.

The walls are cold in this case due to the jet not 

impinging on the walls until a considerable axial distance. Also 

the gases that impinge are comparatively cold. It is to be noted 

here that any fuel-air mixture entering this PRZ will not react 

due to the quenching effect of the cold walls. In the cases where 

no impingement occurs within the furnace, there is a possibility 

of an induced flow of air from the downstream end of the furnace.

As swirl is increased the jet impinges earlier, the flow in the 

PRZ is more intense and the flame is wider. Consequently the 

temperatures in the PRZ are higher. The full profile tends to be 

uniform with larger axial distances andvAth increasing swirl,

4 ,7 .2  Flow patterns in Categories C and D :

In this case the flame starts at an axial distance downstream 

from the swirler. Both PRZ and CRZ contain products of combustion 

at high temperatures, corresponding to about 90/' of the adiabatic 

temperature rise. Within a short axial distance , which decreases 

with swirl, the combustion is completed and the temperature profiles 

are uniform. The maximum values of temperature here were less than 

in the previous patterns. This is because of the early jet 

impingement causing more heat to be convected to the furnace walls.
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At the extreme case of a CRZ which was still open until the furnace 

exit (60° swirler flames in the D/d = 2 .5 furnace), this GRZ 

introduced colder gases into the flow. This caused a lower 

temperature at the centreline near the exit.

4 .7 .3  Distributions of carhon dioxide concentrations;

The distributions of carbon dioxide concentrations are 

shown in Figures 4*21 - 4*24 as fractions of the concentration 
corresponding to complete combustion. These distributions follow 

exactly the same pattern as the temperature and therefore serve to 

confirm the conclusions drawn from the temperature profiles,

Tliese conclusions are as follows

(i) For flow pattern A, combustion starts quickly in the 

centreline. There is incomplete combustion in the PRZ and at 

the boundary of the main jet.
(ii) For flow pattern E, there is a wider central peak of 

temperature and carbon dioxide concentration close to the swirler 

and a more uniform distribution further downstream than for flow of 

type A.
(ill) In flow patterns G and D, with a GRZ, complete combustion 

is somewhat delayed and the gases in the GRZ are products of 

combustion.
As a further check on this, measurements of the 

concentrations of combustibles near the swirler were made using 

a Gascope (M.S.A.). No traces of combustibles were found in the GRZ,
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4*7.4 Variation of maxinnm temperature along furnace;

Values of maximum temperature at any section are plotted 

to a base of axial distance in Figures 4*30.a to e.

For flow patterns A and B, the maximum temperature at any 

section lies on or very near the centreline. The maximum 

temperature always occurs in the forward flow. In these two 

types of flow, the maximum temperature starts to rise slowly along 

the axial direction until it reaches its largest value at x of about

2,5 d. This dimension is independent of the furnace size. After 

the maximum is reached there is a slow decay which continues till 

the. furnace exit. In both cases the rates of rise and of decay are 

both increased with swirl, thus being higher in pattern B than in 

pattern A. The maximum temperature at exit is reduced by increasing 

swirl due to the early jet impingement causing more heat convection 

to the walls.

With flow patterns C and D, moving downstream from the 

swirler, initially the maximum temperatures are the GRZ temperatures 

and these are rising. After a short distance "the maximum temperature 

at a section moves to the reacting gases in the forward flow*

This maximum value remains constant for a distance and finally decays, 

the decay being reduced at higher swirl. This is due to tie lower 

swirl flames retaining their high velocities near the wall aiid 

thus increasing the convective loss. In the larger furnace the region 

of temperature rise is very short, and does not extend beyond the 

first traverse plane.
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4.7*5 Variation of the centreline temperature along the furnace;

This is shown for the different cases in Figures 4.31.& to d.

For flow patterns A and B the maximum temperature at any section lies
very near or on the centreline, thus these plots are only very 

slightly different from these of the maximum temperature.

For flow patterns C and D, the centreline values are

those of the CRZ flow and although this flow consists of products

of combustion its temperature varies along the axis. To follow this 

flow it is more convenient to start from the downstream end of the 

GRZ and move towards the swirler, to find that the temperature 

increases slowly to a maximum at x about 1, then decreases to a 

lower value nearest to the swirler. This change is explained by 

the convective heat transport with the surroundings, whether products 

of combustion or fresh change, causing the temperature to increase 

or decrease respectively.

4,8 Axial momentum flux:

Values of axial momentum flux were obtained by numerical 

integration of velocity and pressure distributions at any cross- 

section of the flow according to the Equation 2,18. The flux of 

axial momentum can be divided into two parts, the dynamic term and 

the static pressure term. Figures 4*32.a to h show the variation of 

the values of these fluxes along the furnace length for the different 

flow cases investigated. In each graph the dynamic contributions 

are plotted on the top part and the total fluxes on the lower part.
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4.8.1 Dynamic axial momentum flux;

For cold flows, as shown in Figures 4.32.a to c, the value 

nearest to the swirler increases with swirl and so does the initial 

rate of decay. At an axial distance of about 1,7 D and beyond, the 

axial momentum fluxes are constant and equal each other for all 

swirlers. However, for the case of no swirl or very weak swirl, 

where the jet does not impinge on the furnace walls, the downstream 

value is higher. In the case of the 45*̂  hubless swirler in the 

D/d = 5 furnace, where the rate of flow was varied to test the effect 
of Reynolds Number, there was a difference in proportion to the square 

of .the velocity ratio, as expected. The averages of the scaled values 

are plotted in Figure 4.32.0,

In the case of burning jets, the main features described 

above are reproduced except in the cases where the flow pattern is 

of type D in the D/d = 2.5 furnace. In these cases, mainly 45° a-nd 60° 

Qwirlers, there is an apparent rise in the axial momentum flux in the 

region around x = 0,2 to 0.4. Upstream of this, the fluxes are not as 

high, relative to other swirlers, as in the cold flow.

At large axial distances (x > 2.0) values are all nearly equal 

for all swirlers, and greater than the corresponding values for the 

cold flow by a ratio equal to the density ratio of the two flows.

Finally the effect of increasing the fuel/air ratio for the 

case of the 22,5° Hubless swirler in the D/d = 5 furnace is shown in 

Figure 4.32.h together with the results for the cold isothermal flow.

As found in the other cases, the momentum fluxes in the burning case 

differ from that in the cold flow by the appropriate density ratio.
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4*8,2 Total axial momentum flux:

This includes both dynamic and static pressure terms. The 

values of the static pressures to be integrated for this calculation 
should be those relative to a certain reference pressure. For the 

choice of this reference pressure there are many alternatives.

The following were considered;

(a) The atmospheric pressure outside the furnace.

This was rejected on the argument that the general static pressure 

level in the furnace varies with the flow and the chimney suction,

(b) The 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 PRZ for each 
case. The only objection to this choice is that this value is 

affected by swirl since the tangential velocities do not vanish at 

the PRZ, Also it is affected by the jet spread rate,

(d) The static pressure at the centre of the PRZ for 

the non-swirled cold flow in the furnace tested. This choice was 

taken since it avoids the objections mentioned in (c). Thus the 

net, value of the static pressure will show the effects of swirl and 

of combustion in the same confinement.

The total axial momentum fluxes calculated using this last 

reference static pressure value (d) are those plotted in Figures 

4 ,32.a to h (lower plots).
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For lower degrees of swirl, flow types A and B, the total 

axial momentum flux value is approximately conserved along the 

furnace, with some variations at the sections near the swirler.

For higher degrees of swirl, and at the first IB length 

of the furnace, the apparent variations of the total axial momentum 
fluxes were considerable. The reasons for these variations are the 

effects of turbulence shear and also wall friction, as will be 

discussed in Chapter 5. However, after this length, the total 

momentum values show a reasonable trend towards preservation.

Comparison of these values between cold and burning flows 

show the latter to be higher by an amount which is proportional to 

the fuel/air ratio, provided the flow pattern has not changed with 

the f/a. This value corresponds to the "flame pressure" which will 

be discussed in Section 5»4*

4 ,9  Axial flux of tangential momentum:

The values of the axial flux of tangential momentum, 

calculated from Equation 2,17, along the furnace length are shown 

in Figures 4*35«a to h. The rate of decay is much lower than that 

for the axial momentum flux.

In the B/d = 2,5 furnace, Figures 4*33*EL, b, d, e, for 

X up to 1,5, the values show some scatter which is followed by an 

almost constant value along the remainder of the length investigated 

(up to X = 4) for both cold and burning flows. These values are 

higher for the burning jets than for the corresponding ones for the 

same swirler under cold flow conditions. These tangential momentum



95 -

fluxes are higher by a factor of 25 0̂, whereas, as mentioned in 

4.8 , the axial momentum fluxes are higher by a factor of about 4.
■jfThe Swirl Numbers, S , in the burning cases are thus lower by a 

factor of about 3 than the isothermal values with the same swirler. 

Similar features are represented by Figures 4.53*c, f, g, h 

for the flow in the B/d = 5 furnace. Because of the shorter relative 
length investigated in this case, only the tendency towards the 

conservation of angular momentum flux is noted.

The effect of the variation of the fuel/air ratio is shown 

in Figure 4.55*h for the 22,5° Swirler flow in the B/d = 5 furnace 

together with the cold flow results,
*4*10 Swirl Number, S ;

With values of the axial fluxes of the axial and tangential 

momenta available, Swirl Numbers for the different swirlers, under 

different flow conditions were calculated according to the new 

definition in Equation 4.1, The relation between these values and 

the swirler vane angles was generally an increase in 8 with an 

increase in vane angle, but at different rates depending on flow 
type. Near the critical degree of swirl, a slight variation in the 

fuel/air ratio caused a pronounced difference in the Swirl Numbers 

of the flows.
*This relation is given as plots of the averaged S values 

versus the vane angle Q on a log-linear scale in Figure 4.55* These 

plots show that for a certain flow state (cold or burning) a straight 

line relation exists between log S and 0, but with a sudden change 

of slope at 8 value of about 0,11, after which the line is less steep.
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These relations were the same for both confinements tested, i.e.

D/d = 5 and 2,5. The presence of a central hub in the swirler, 

does not seem to have a noticeable effect on this Swirl Number,

It is important to note here that the point of change of 

slope corresponds with the point of change of flow pattern from 

Category B to Category C, i.e. the start of a GRZ. Moreover, this
■K*value of the Swirl Number S , representing the critical value where 

the GRZ is started, is the same for all conditions of flow and 

confinement.

Comparisons with other research workers show that the 

flow reversal in their experiments started at almost the same value 

of this parameter, Section 5*5*

4'11 General conclusions from experimental results;

The flow parameters of velocities (three components), 

and static pressure were found to be the deciding factors controlling 

the combustion pattern, as indicated by the temperature and product 

concentration distributions.

Pour different patterns of flow are described through the 

plots of both radial and axial distributions of velocity components 

and static pressure. Whether the flow is cold air or burning 

mixture, it fell into one of the four categories. When combustion 

exists the flow from a certain swirler is readjusted and may move 

from one category to another.
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A valuable parameter in correlating the results was found 

to he the Swirl Number 8 suggested by the discussion in Chapter 2 

and given by Equation 4*1* Flow patterns were always related to the 

values of this Ŝ virl Number which was affected by combustion, 

fuel/air ratio as well as the swirler vane angle. The confinement 

ratio D/d does not change this Swirl Number relation to. the vane 

angle 0 for a certain flow state (cold or burning). The transition 

from a totally forward central flow to flow with CRZ always occurred 

at the same value of this parameter S about 0.11.
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CHAPTER 5

DISCUSSION OF THE EXPERIMENTAT RESULTS

5*1 Introduction;

In the previous Chapter the experimental findings were 

presented in a manner which attempted to group them so as to bring 

out the common features and to show the differences. The main 

parameter was swirl, represented here by the Swirl Number S* 

suggested in Chapter 2, The use of this measure of swirl as a 

modelling parameter for confined swirling flows is justified by 

its success in correlating the flow and combustion patterns.

The presentation in Chapter 4 shows that there are two 

distinctive groups of swirling flames, namely patterns A and D.

The■intermediate states where the flow reversal starts to occur 

are divided into patterns B and C which could be attached to A 

and D respectively if broader lines are to be used. There is a 

strong relation between this classification and the Swirl Number 8 
over the whole range of flow conditions. This Swirl Number proved 

to be a good measure of both flow and combustion patterns, taking 

account of all the factors considered as input parameters, as 

listed in Table 4.1, Thus the problem of isothermal modelling of 

swirling flames is reduced to that of having a Swirl Number similarity. 

Swirl Number variation with the different input variables, together 

with their relation to the resultant flow patterns as classified 

by categories A to D, are represented in Figures 4*35*
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A general discussion of the experimental results will 

be presented in the following sections, with special attention 

being given to the main features of the flow which affect the 

combustion, stability and intensity. The features of importance 

to the transport of heat and momentum are also discussed. An 

example of this is the jet impingement on the furnace walls which 

has a great part to play with respect to the heat transfer mode 

and the furnace wall life. These main parameters can be classified 
as -

(i) the jet spread,

(ii) CRZ, and

(iii) the momentum fluxes, including a study of 

the effect of shear forces.

The extent to which the results are applicable to industrial 

furnaces can be assessed on the following factors;

(a) The size and materials used in the design and construction 

of the experimental rig are very similar to those used in actual 
practice, the only difference being that geometrically the rig is 

less complicated.

(b) . Comparisons of the results of this work with those produced 
from measurements in industrial furnaces reported by previous 

workers (e.g. Kerr (1965)» Afrosimova (I967), etc.) show good 

agreement. The general conclusions drawn in the following sections 

are confirmed by results of other research workers, where they are 

relevant.
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Before proceeding with the discussion it is useful to 

consider some of the problems with measurements which might be 

responsible for the scatter of some results. It is to be noted 

also that some scatter could develop by accumulation of 

experimental errors when they enter in further calculations.

One example is the integration of the velocity profiles to produce 

axial and tangential momentum fluxes. The element of integration 

in this case is (density x (velocity) x radius). All three are 

measured quantities which are subject to errors, particularly the 

velocity,

5*2 Some problems with experimental measurements;

5*2,1 The three-dimensional probe:

The calibration of this probe shows that the total velocity 

parameter r ̂ t ” ^2 1 becomes too sensitive to the changes in
-  Pz

the pitch angle when this becomes near to either 0° or 180°,

This is the case when the total velocity vector becomes mainly radial 

where the axial component is reversing direction. In this case the 
probe lies on its oim wake and results are less reliable. This was 

remedied by interpolating the velocity component values on both sides 

of the point in question, thus more reasonable values were obtained, 

particularly for axial and tangential components. The static pressure 

values were corrected by the use of the disc probe as mentioned in 

Chapter 3,
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5.2,2 The effect of turbulence on velocity measurements:

Little information is available about the effect of 

turbulence intensities on pitot tube readings, but the effect is 

undoubtedly pronounced for turbulence intensities higher than 20^.

The 3-dimensional probe used in this work is a development of the 

simple pitot tube, which reads the time mean average total and static 

pressures p^, p^. For a turbulent flow having a time mean velocity 

vector, in the normal direction to the pitot probe total pressure
_ l i thole, of V and fluctuating velocity components u , v , w , the total 

pressure p^ is given by Dean (1953) as,

Pt " Pg + P ^  + v ‘2 + w'2) ... 5.1

The last term represents the turbulence contribution leading to a 

higher velocity reading than the true time mean value. It is to be 

noted here that u*, v*, w ’ are not exactly the main flow fluctuating 

components because of the effect of the presence of the probe body 

in readjusting the local turbulence,

A very simple statistical analysis, assuming that the 

velocity values have a normal distribution about the time mean value, 

was carried out. The results show the measured velocity is higher 

than the true mean by an amount which is proportional to the square 

of the turbulence intensity. For example for 20^ and 40^ turbulence 

intensities the corresponding apparent increases in the measured 

velocities are 2% and 8^ respectively. Similar values are given by 

Dean (1955)* A more comprehensive study is reported by Barat (I965),
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in which he considered the effect of probe direction relative to the 

flow and the probe diameter relative to the sise of turbulent eddies. 

Of his results, the following equation is the one nearest to being 
applicable to our work:

V = Vm / (1 - 0.25 ^2 ) ... 5.2

where V and are true and measured time mean velocities

v' is the fluctuating component of the velocity.

The corrections using this equation are of the same order as those 
from the above mentioned simple analysis, althou^ they are 

considerably higher at lower intensities, (5^ and 11^ as compared 

to 2p/q and 8^, above).
However both of these analyses are too simple to represent

the case of the present measurements. This is because of the

complexity of the probe geometry, because the flow is three- 

dimensional and because combustion is taking place,

5,2 ,3  Problem of flow assymmetry;

The velocity profiles showed some departure from the generally 
assumed symmetry about the axis. These departures were more apparent 

in oases of weak swirl or no swirl, while increasing the degree of 

swirl made the flows more symmetric. The extreme case occurred with 

cold flows issuing from 0° and 15° swirlers, where a large recircul­

ation eddy was formed near one wall and the main flow was attached 

to the other.
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Many previous workers, see Chapter 2, have reported this 

unsymmetrical nature of the flow profiles. Average symmetrical 

profiles were frequently presented with no analysis of the problem.

Factors contributing to the unsymmetric nature of the jet
are:

(a) Constructional:

The swirler construction could be distorted either during 

manufacture or operation. Another factor could be some mis­

alignment of the swirler in the furnace. Leakage throu^ the probe 

access hole could also have some effect. However the effect of 

these is probably very small and should be scattered on both sides 

of the centreline, which is not the case with the reported results,

(b) Flow attachment phenomenon;

This is a well known phenomenon of flows expanding in ducts 

or diffusers of increasing sectional area, sometimes known as the 

Coanda effect. Experimental and theoretical studies of the 

phenomenon of the reattachment of a two-dimensional air jet to an 

adjacent wall were carried out by Taga et al (1971) and Kirkpatrick 

and Walker (1972), They studied the effect of the angle of the jet 

relative to the wall and their results showed that for a case similar 

to the type investigated in the present work, the jet is almost 

invariably deflected in one direction or another, by any slight 

disturbance.

(c) Vortex effect:

There is now considerable evidence that there is another 

effect which may cause asymmetry in swirling flows,(Syred and Beer (1973))
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This arises from the existence under some conditions of vortices 

which form between the main forward flow and the recirculation zones. 

These vortices process around the jet, either on the axis of the jet 

or on an axis inclined to the jet. In the latter case the jet will 

be observed to be asymmetric.

Usually these precessing vortices are damped by combustion, 

a phenomenon which explains the better axisymmetry of the burning 

flow profiles,

5,3 Jet Spread;

5*3,1 Effect of input parameters

The outer boundary of the forward moving jet is defined by 

the points where the axial velocity is zero. In this section the 

effects are considered of the experimental variables, particularly 

swirl, on the spread of the jet up to the point where the jet impinges 

on the wall. The length to the point of jet impingement (defined by 

the intersection of the zero velocity contour with the wall) can also 

be taken as a measure of the rate of jet spread. The zero velocity 

contours are plotted in Figures 4*27*a to g, and values of the 

distance to impingement divided by the appropriate furnace diameter 

( x^ ) are given in Table 4*2,

(a) Effect of confinement:
It had previously been found that the effect of confinement

on cold swirling jets was to cause a rapid increase in the spreading

rate, (Mathur (I967)). This effect was due to the jet entraining air 

from the PRZ in the confined case, instead of from the surrounding 

atmosphere. This lowers the pressure surrounding the jet and enhances 

the spread, "
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The present work on isothermal jets confirmed Mathur's

results.

Free burning swirling jets expand more rapidly than isothermal 

jets, (Bafuwa (1967)). The effect of confinement on the spread is 

less noticeable in the burning case* The expansion in the smaller 

furnace (D/d = 2.5) has to be compared with early stages of the free 

burning jets where the spread is rapid. In this case there is little 
effect on the spread. However, 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 confinements, the lengths to impingement, 
divided by the appropriate furnace diameter, are very similar for a 

given swirler (Table 4.2),

(b) Effect of combustion;
Combustion can alter the flow from one of the patterns 

described in Chapter 4 to another. For example, the flow from the 

30° Hubless Swirler in the D/d = 5 furnace is of type C when there is 

no combustion, but becomes of type B when combustion takes place, A 

comparison therefore of the spreads of these two jets is complicated 

by the change of flow regime. However, useful comparisons can be made 

where there is no change of flow pattern.
For flows of types A and B, combustion increases the rate

of jet spread, similar to the increase in free systems.

For flows of types C and D there is little change in the jet

spread due to combustion. The only noticeable effect occurs with the

swirler where the cold jet is slightly faster, impingement distances,
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which are very short already, being reduced by about 15^ in the 
larger furnace.

(c) Effect of hub;

The effect in the smaller furnace is not noticeable. In 

the larger furnace (D/d = 5)» jets from'annular swirlers spread 

less rapidly than those from hubless swirlers when the flow is of 

type D, i,G, strong GRZ, For other flow types the effect of the 

hub is to make the spreads slightly faster,

(d) Summary of effects;

Summing these effects for systems with established GRZ's, 

it can be concluded that, for practical purposes, the spread of the 

confined jets (measured by x^/d ) is controlled by the vane angle of 

the swirler, for values of confinement diameter ratios D/d up to 5*

The effects of combustion, of a hub in the swirler and of the value 

D/d, provided it is less than 5» appear to be of second order.

It should be noted that the presence of combustion in the 

above cases can alter the Swirl Number S by a factor of about 3 

(see Figure 4*35) for the same swirler. Thus spread cannot be related 

to this Swirl Number,

For flow patterns of types A and B, the above mentioned 

effects of combustion and confinement cause a noticeable increase 

in the rate of jet spread,

5*3*2 Predicted relation of jet spread to density changes 

and pressure distributions;

(a) Density changes;

The density gradient at the jet boundary, or in other words 

the relation between the nozzle fluid and surrounding fluid
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densities is known to have some effect on the rate of jet expansion.

It was shown by Thring and Newby that the rate of spread of a simple 

jet in a surrounding fluid of different density is inversely 

proportional to the square root of the ratio of jet flow to surrounding 

fluid densities. In the burning tests reported in Chapter 4» the 

initial jets, which are of an air-fuel mixture, are expanding in an 

atmosphere of PRZ gases which are of lower density. In the open flames 

reported by Bafuwa (1970)» the same air-fuel mixtures were expanding 

in an atmosphere of cold air at the same density, or only slightly 

higher. After combustion has taken place, a confined jet is expanding 

in surroundings of the same density while an open one is expanding 

in a much higher density atmosphere. This argument explains the 

faster spread, in a confined furnace than in an open atmosphere, of 

flames issuing from the same swirler as shown in Figure 4«27.g. This 

density effect also explains the change in the rate of the jet spread 

along the flame length, being different before and after combustion 

takes place, Bafuwa (1970) also reports faster spread of the open 

flames than their corresponding cold flows. Comparisons based on the 

results described in this work are complicated by the effects of 

pressure gradients which are now discussed.

(b) Pressure gradients:

Generally the radial pressure gradient created by a jet 

expanding in a confinement is higher than in a free surrounding.

This pressure gradient will also increase with the confinement being 

narrower.
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The effect of this pressure gradient together with the other 

relevant forces, e.g, centrifugal force, shear forces, etc., are 

considered by the radial momentum equilibrium equation:

where is the effective viscosity

A preliminary attempt has been made to assess the magnitudes

of the three terms on the left hand side of this equation and compare

the result with the observed pressure differences between the wall

and' the centreline. The isothermal arrangement of a free jet and of

furnaces of D/d = 5 and 2,5 were considered, using the 45° swirler.

The second term ( p v ) always comes to zero when

integrated from the outer boundary to the centreline,
2

The third term (-P p  ) could be assessed and integrated.

In the free jet this term is of much greater magnitude than in the 

enclosed cases due to the higher tangential velocities in the free 

jets. It is considered that this term is responsible for the 

observed centreline pressures in the free jets being significantly 

lower than in the larger furnace.

It has not yet been possible to assess with any accuracy 

the remaining term on the left side ( P u ), nor the shear force 

term. It is thou^t that the changes in these terms between the two 

furnace sizes contain the explanation for the centreline pressures in 

the smaller furnace being of lower magnitude than in the larger one.
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5*4 The effect of combustion;

One of the important effects of combustion is the pressure 

drop which occurs across the flame front. The value of this for a 

simple plane laminar wave is given by, (Lewis and von Elbe (I961)),

A P “ “ 1] ... 5 .4
^b

where , P.̂ are fluid densities before and after the wave
is the laminar burning velocity.

For the curved turbulent wave, this will be more complicated 

to calculate, especially for d-^Ümensional flow. Tests were carried 
out to observe this phenomenon and the magnitude of the pressure rise. 

The static pressure upstream of a swirler was measured when passing a 

certain air-fuel mixture in two cases. The mixture was exhausted 

unburned in the first and was ignited in the second. A considerable 

pressure rise was recorded when the mixture was ignited. The pressure 

rise exceeded that predicted by Equation 5*4 (using the laminar burning 

velocity), by an order of magnitude. This is due to the combustion 

being turbulent. The pressure rise was also a function of the 

fuel/air ratio. The static pressure profiles discussed in Chapter 4 

also show such a rise for the same flow pa1tarns. This pressure rise 

produces higher axial velocities and thus increases the axial momentum 

flux which leads to a reduced Swirl Number from that of the cold flow 

issuing from the same swirler. At the same time it reduces the adverse 

pressure gradient along the axis, and thus a higher swirler vane angle 

is needed to produce a GRZ. Both effects of this pressure rise move 

in parallel and the Critical Swirl Number stays the same for both
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cold and burning flows, in spite of the fact that combustion changes 

the relation between the Swirl Number and the vane angle. Combustion 

was found to reduce the Swirl Number by a factor of about 5, This 

factor was found to be the same for both confinements tested.

As an example of the agreement with other workers, the case of 

McSwan (1972) is considered. Working in a square furnace with 
f/d = 4» using a swirler with radial vanes and a cup shaped quarl, 

he found that combustion reduced the Swirl Number by a ratio of 4* 

Other workers report qualitatively such changes but no other numerical 

comparisons are reported,

5,5-1 Central Recirculation Zones (CRZ);
The presence of a CRZ caused a drastic change in the flow and 

combustion patterns as seen from the results reported in Chapter 4.

The mechanism of the creation of the CRZ, its size and the mass flow 

recirculated in it are discussed. The use of the Swirl Number in 

predicting it is also discussed,

5*5*1 Mechanism of creation;

Swirling jets possess an angular momentum which causes them, 

where the constraint of the swirler is released, to spread outwards 

producing lower pressure and velocity at the centreline of the jet. 

Along the length of the jet, while the main flow is decelerating, 
the pressure is rising and thus an adverse pressure gradient is built 

up downstream from the swirler. This pressure gradient continues to 

increase with increasing swirl as long as it is balanced by the
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shear forces of the axial flow. This balance is given in the limiting 

case of a stagnation point by:

2dV  ̂u
— 2

Beyond a certain pressure gradient, the balance will not be possible 
and the flow reaches a stagnation point followed by reversal of the 

axial velocity. This readjustment of the flow causes the pressure 

upstream of the stagnation point to be raised and the pressure gradient 
to be reduced.

This analysis is confirmed quantitatively by the values of 

pressure gradients shown in Figure 4.29,a to g. These figures of the 

change of the measured static pressure along the jet axis exhibit a 

sudden increase in the static pressure value nearest to the swirler 

when the flow changes from pattern B to pattern 0, (i.e. when a CRZ 

occurs). Similar evidence is given by Bafuwa (I970) for open swirling 

flames and Kawaguchi and Sato (1971) for open swirling jets.

5,5*2 Prediction of the CRZ:

The sudden rise in the static pressure value when the CRZ is 

started, as mentioned above, could be used as an index of a CRZ 

occurrence. Figure 4*34 gives the relation between the minimum static 

pressure at the jet centreline and the Swirl Number S . The figure 

shows this relation to be linear but with a different line representing 

the flows with CRZ from that representing flows with no GRZ. The 

transition from one line to the other happens suddenly and not gradually. 
For a new system the same figure could be readily produced experimentally,
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since, all that is needed is the minimum static pressure value along 

the centreline for different degrees of swirl. Even if the Swirl 

Numbers are not known, an early indication could be obtained if 

this pressure is plotted versus the vane angle. A reasonable design 

method is also available by the use of Figure 4»35» For any

given conditions of flow, (cold or burning, degree of confinement) 

there is a change of slope of the straight line, representing the 

relation log S - 0, v/hich coincides with the Swirl Number at vhich 

a CRZ occurs. Ecr all the conditions represented on Figure 

4.35* this value of Swirl Number where the transition occurs 

varies only within a very small range which could simply be an 

experimental scatter,' Thus it could be said that for all confined 

swirling flows, whether cold or burning, a CRZ is started at the same 

value of Swirl Number S of about 0,11,

To generalise this conclusion, a survey of other workers' 

results to find the corresponding value was carried out. The 

following are some examples (main features are listed in Table 4*2).

Mathur (I966) used the same annular swirlers as those used in 

the present work in a study of isothermal flow in a square cross- 

sectional model. His results showed the presence of a CRZ when the 

swirler vane angle was 30°, but not when it was 15°. Using the same 

relation between the Swirl Number and the vane angle as in Figure 

4.35'&$ these two points lie on the two sides of the 0,11 critical 

value of S . Similar results are reported by Afrosimova (1967) for cold 

tests in a U/d = 3 furnace. His results for burning flows agrees with the 

present work where the reverse flow occurs at a vane angle between 30° and 

45°. Critical S values reported by Wu and Pricker (1971) are much 

smaller than 0,11, but they are all equal for a U/d range of 2,35 to 5,

The results of McEwan (1972) give critical S*value of about 0,1,
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5.5.5  Size of CRZ:
Details of the development of the CRZ were given in 

Chapter 4» Figure 4 .27.a to g, shows the boundaries of these zones 

related to the furnace dimensions. In Table 4.2 the characteristic 

dimensions of the GRZ's measured in this work are given together 

with other workers' results where relevant.

For flows of pattern C the size of a CRZ increases with the 

Swirl Number until pattern D is reached. In this pattern, over a 

wide range of Swirl Numbers, the GRZ's have fixed dimensions relative 

to the furnace diameter, particularly the maximum width of the CRZ. 

The ratio of this width to the furnace diameter is seen to vary 

slightly with D/d, Average values are 0,69 for D/d = 5 and 0,6 for 

D/d = 2.5. As for the elngth of the CRZ, as a ratio of the furnace 
diameter, it increases slowly with swirl up to a Swirl Number of 0,7. 

With higher degrees of swirl the CRZ's do not have a closed end, and 

a long thin tail extends beyond the furnace exit.

Results of Mathur (I967) and McEwan (1972) agree with the 

above conclusions as can be seen from Table 4.2. However, those of 

Afrosimova (1967) showed smaller GRZ dimensions, which is a result 

of using a long cylindrical quarl after the swirler.
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Comparing with open flows (Mathur (1967), Bafuwa (I970)), 

generally the size of the CRZ is larger in the confined situation.

The reason for this is the higher fraction of the radial 

pressure gradient set up in the confined flow which is not balanced 

by the centripetal forces,

5.5*4 Velocities and mass flows in CRZ:

The flow in the CRZ was shown to be mainly axially towards 
the swirler with low tangential and radial components.

Swirl increases the maximum reverse velocities and the 

maximum reverse flows, the latter at a higher rate. These quantities 

are listed in Table 4*2. The recirculated mass flows were calculated 

by integrating the reverse velocities at.different sections.

It is interesting to compare these results with the free 

jet results obtained by Mathur (1967) and Bafuwa (1970) using similar 
swirlers. In the confined cases the maximum reverse mass flows are 

higher, though the maximum reverse velocities are lower, for both 

isothermal and burning cases. As the B/d ratio of the confinement 

Increased from 2,5 to 5, the reverse mass flow increased, due to the 

larger cross sectional area of the CRZ,

5,6 Shear forces in swirling flows;

Although no turbulence measurements were carried out in this 

work, it is thought that a simple analysis would be a useful guide to 

the extent of the shear forces and to their effect upon the main flow. 

Also a study of the interaction between turbulence and combustion is 

presented in the next section. Results of turbulence intensity
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measurements in swirling flows, mainly cold, carried out by different 

investigators were mentioned in Section 2,7. From these results, two 

main features are evident:

(a) The values of the shear forces are higher than those in 

an unswirled jet and increase with swirl.

(b) The distribution of these forces follows the same principle 
as the free shear flow, i.e. the maximum shear forces occur on the 

jet boundary where velocity gradients are highest. In the case of 

flow with a CRZ there are two jet boundaries, these being adjacent 

to the PRZ and to the CRZ. Beyond the wall impingement point one 
expects a turbulent boundary layer to develop. Initially this will 

be very thin because of the high velocity gradients.

The overall effect of the two factors (viz. having a 

more intense shear force integrated over a larger area) leads to 

a much higher contribution to the flow forces. Neglecting this mainly 

negative contribution to the momentum means that the values of 

momenta, at a given cross-sectional plane, calculated from 
Equations 2.17 and 2.18 are the sums of the net momenta at the furnace 

exit and the integrations of the boundary shear forces from that plane 

to the furnace exit.

5-7 Amplification of turbulence level by combustion:
At the flame front, the kinetic energy of the gas increases 

because of the rapid acceleration, and it is accepted that the energy 

of turbulence increases simultaneously,(Mizutani (1972)). The 
increase in turbulence energy could be assumed to be proportional 

to the increase in the main flow kinetic energy raised to some power.
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The turbulence of the approach flow also affects this turbulence 

increase, Mizutani proposes the following relation;

—  = —  + k, ( — ^ ) ( A E ) . . 5 .5
2 2 2

where u'^, u'^ are the fluctuating velocity components before 

and after the flame front respectively,

A E is the time averaged flow kinetic energy 

increase across the wave, and 

1̂, qC , f , are constants to be determined experimentally.

The term A E is calculated for the two extreme cases of flow 

acceleration when the combustion wave takes either of the two following 

geometries shown in Figure 5*1» (where all symbols are defined),

(a) An infinite plane wave, thus acceleration would be in 

the direction normal to the wave only:

A ̂   ̂ 2- i'%1 “ û ) = i (Ŝ  - Ŝ )

9 . 2
[ ( »b

&  S p  [(pil - 1 I ... 5.6

(b) A curved wave such that the flow directions are not changed 

in the wave, giving accelerations both along and normal to the 

mean flame position.

2
A E2 « i (u^2 ” ^^) = 2 [(— ) ” ^ ] • • • 5.7

^b
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Ihe actual acceleration mode falls between these two cases 

and thus E is assumed to have the form,

A E = (AE^)^ (AEg)!"^

-Ssf.=0-) [ ( ÿ

This equation combined with Equation 5*5 indicates that the turbulent 
kinetic energy increase across the combustion wave can be expressed 

as a function of approach flow mean and fluctuating velocity, density, 

flame velocity and direction relative to the flame front.

- Thus the effect of the presence of the combustion wave is to 

increase the overall effect of turbulence; in other words to increase 

the integrated shear forces.

5.8 Axial fluxes of axial and tangential momenta;

The integration of the full Navier-Stokes equations for 5“dimensional 

axisymmetric flow gives the following expressions for the axial and 

tangential momenta at any axial distance, (using the appropriate 

boundary conditions),
D/2

Gth “ + ( P - V ]  •• 5-9

B/2

h h  = 2’' -  ^0x ] ... 5.10

where and are the shear stresses on the (x-x) and (O-x)

planes respectively
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and Eg are the wall friction force in the axial

direction and tangential torque respectively, 

suffix refers to theoretical values.
In the former expressions given hy Equations 2,17 and 2,18 

used for calculating T and G through integration of experimental 

results, the shear stresses and wall friction forces were not 

considered. This implies that the calculated values differ from the 

true ones hy the amount of these forces. The effect of each is 

considered in the following discussion.

First, considering the wall friction, this will always he in 

a direction opposite to the flow adjacent to the wall, whether 

forward or backward (in the PRZ it is backward), thus adding or 

subtracting from the total value of G, The magnitude of these forces 

will be proportional to the velocity gradient near the wall. The effect 

of the walls on the term T will be always in one direction, i.e, additive.

The second effect is that of the shear stresses, and this will 

always add to G and T an amount which is the total integration of the 

flow shear forces discussed in Sections 5*6 and 5*7*

Another factor to be considered is the effect of turbulence 

upon the velocity readings of the ^"dimensional probe. This was 

discussed in Section 5*2 and was found to be proportional to the 

square of the turbulence intensity.
Thus the total discrepancy, due to the shear forces, between 

the experimentally observed fluxes, and their true values, will 

increase with increasing turbulence. The turbulence is caused by 

the sudden expansion at the swirler exit and also by the combustion wave.
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With higher swirl, these increases occur across a shorter axial 

distance because of the faster expansion and the more intense 

combustion. The study of the temperature and COg concentrations 

show that, while combustion starts earlier in the flows with no 

CRZ and proceeds for a certain axial distance which is shortened 

by swirl, for flows with CRZ combustion is delayed for some distance 

downstream but thereafter it is more intense and goes to completion 

in a shorter distance.

To sum up, apparent increases in the values of G and T 

are caused by shear forces being neglected. These forces are 

proportional to turbulence levels, which increase with swirl and 

combustion intensities. Wall friction forces are proportional to 

the velocity gradients adjacent to the wall and they have an additive 

effect for forward flow and an opposite one when reverse flow occurs 

adjacent to the wall. The magnitude of the above contributions will 

decay along the furnace length, more quickly so with larger swirl 

which causes faster decay of velocity gradients. Experimental 

measurements of turbulence intensities show that shear stresses, as 

compared to those of an unswirled jet, are initially higher but lower 

after an axial distance, x/d = 5» Allen (1970)*
The shear forces contributions to the momentum fluxes are 

shown in the results presented in Figures 4*52 and 4*53? where the 

resultant effect of the above factors explains the variations of the 

G and T values along the first 1 to 2 I) length of the furnace, with 

greater variations where swirl is hi^er. After this distance, the 

flow reaches an almost settled turbulent situation and the flow is 

entirely forward. The values of G and T approach constant magnitudes
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in an asymptotic fashion.

The effect of turbulence in isolation from the other factors 

(confinement and combustion), can be seen from the free swirling 

isothermal jet results reported by Beer and Chigier (1965), The 

total momentum values, calculated in the same manner as in this work, 

show a decay along the axial distance from the swirler. This decay 

can only be due to the shear stresses set up by turbulent motion.

Unfortunately there appear to be no other published results 

of momentum integrations relevant to this work.
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CHAPTER 6

MTHEMATIGM., MODELLING OP SWIRLING FLAMES

6,1 Introduction;

The main object of the work described in this Chapter is 

to develop a mathematical procedure which can adequately predict 

a priori the information required for the design and performance 

of a confined swirling flame. The aim of this is to reduce the 

amount of experimental work on physical models or prototypes. To 

be able to predict this information, namely the flow and combustion 

patterns, a mathematical representation of the processes and materials 

involved is needed. These include the physical processes of the 

flow aerodynamics, the thermodynamic relations between species and 

the energy release, and the chemical processes occurring during 

combustion. Some of the laws governing these processes are already 

formulated and these include the laws of conservation of mass, 

momentum, energy and species. But these formulations include some 

transport coefficients which still need specification, particularly 

for turbulent flows.
The next step is to solve these formulae which mostly are 

non-linear coupled partial differential equations. The present state 

of the art of solution of partial differential equations does not give 

analytical solutions except to a few simple flow problems. Even then, 

the solutions are not in a form to help the designer. For example, 

Chervinsky's (1969) solution for a weak swirling flame, with over­

simplified assumptions, is difficult to interpret. For these reasons.
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the alternative method, which is the numerical solution using finite- 

difference techniques, has greatly progressed, particularly due to 

the availability of high-speed computers.

For a complete procedure to be possible, the information 

from the fields of mathematics, fluid mechanics, thermodynamics and 

chemical kinetics have to be related, A brief review of relevant 

work is given here followed by the actual procedure and the results 

which was possible to obtain in the time available after completing 

the experimental work,

■ The sequence adopted in this Chapter is present difficulties, 

describe developments, demonstrate that useful predictions are 

already being made and indicate in what areas further research may 

be useful,

6,2 The Numerical solutions of Navier-Stokes Eqi^ations;

Before proceeding to the numerical side of the procedure, 

it is necessary to realise the type of equation to be solved. The 

conservation of momentum equations of the flow (Navier-Stokes 

equations, (NSE)), for the case to be considered of flow with 

recirculation can be reduced to an elliptic type partial differential 

equation. Similar equations will represent the conservation of energy 

and species. For the very weak swirling unconfined case the flow has 

no recirculation and the boundary layer approximations apply. These 

reduce the equatiorgto the parabolic type which are easier to solve. 

For the solution of the elliptic type equations, boundary conditions 

along a closed boundary and initial guesses over the field of solution 

are necessary to start the solution.
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The use of numerical finite-differenoe techniques in solving 
the NSE is not new. As early as 1928, Thom produced such solutions 

and others followed. The early work up to I96O was summarised by 

Thom and Apelt (I96I). This work was limited to laminar flows with 

very low Reynolds Numbers, up to 100. All attempts to solve problems 

of higher Reynolds Numbers led-to divergence of the solution. It 

was only about I965 that this obstacle was overcome by the use of a 

special formulation for the differences in the non-linear term of the 

equation, as will be explained later. The technique known as uni­

directional or upwind differencing, was used by Runchal and 

Wolfshtein (1966) and Greenspan (I968) and made it possible to obtain 

convergence of the solutions for any Reynolds Number, The extensive 

use of modern computers also facilitated the application of the solutions 

to a variety of problems. It should be noted here that this technique 

offers a lower degree of accuracy because of the special non-symmetric 

formulation (error of order e instead of e ), The truncation errors 

when accumulated seem to work as an artificial viscosity term which has 

a stabilising effect on the solution.

The amount of work produced in this field is so varied and 

diverse that it cannot be comprehensively reviewed here. Some relevant 

investigations will be mentioned later. However, a review of some 

recent numerical work on solutions of NSE is given by Salah (l97l)» 

who developed a variety of numerical methods and applied them to different 
problems to indicate the superiority or otherwise of each method.

The NSE are solved either in their usual form for velocity and 

pressure or in the stream function and vorticity form after eliminating
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the pressure. The latter method has the advantage of reducing the 

non-linearity produced by the pressure term, which is regained after 

the solution has converged. But it has the disadvantages of the 

necessity of using one eddy viscosity for the two equations of 

directions x and r, and the need to specify boundary conditions 

for the vorticity which has some singularities and is not a direct 

physical parameter. Thus for work on 5-dimensional flows the former 

approach is necessary.

6,5 Turbulence transport modelling;

The possibility of solving the flow equations for higher 

Reynolds Numbers meant the extension of the solutions to turbulent 

flows. Most analyses accept the NSE to represent turbulent flow as 

a follow up of the eddy viscosity concept. The centre of the problem 

of representing turbulent flows has thus become the search for a 

satisfactory model for this eddy viscosity. The other approach is 

to model the shear stresses for the Reynolds equation.
Two main approaches to the turbulence transport representation

are;

6.5.1 Conceptional models:
The earliest of these was put forward by Prandtl (1925) .̂s 

an analogy to the kinetic theory of gases. Various implementations 

of this model were used in many engineering problems, especially of 

boundary layer type flows. The choice for this model is based on 

its simplicity and the small amount of empirical knowledge needed 

to specify the mixing length. It also has the advantage that it
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could be extended to include two or three directions, although with 

more information needed to specify the mixing lengths,

A more realistic and complete conceptional model is presented 

by Tyldesley and Silver (I968). Starting with an entity of fluid and 

integrating the forces of interaction with neighbouring entities, they 

were able to find an expression for the eddy viscosity, This type 

of model could be developed to include more situations by adding the 

different forces one at a time and testing the model against specially 

designed experiments.

6,5*2 Mathematical models:

In this approach one differential equation or more is derived 

for the turbulent properties of the flow and solved together with the 

time-mean flow equations. These equations are generally produced by 

separating the fluctuating components from the time-mean ones in the 

NSE, The variables in these equations vary according to the authors 

but they generally include kinetic energy of turbulence, length scale, 

vorticity fluctuations or a direct calculation of the shear stresses. 

The constants needed for these equations are determined or adjusted 

to produce agreement with experimental measurements. With more 

complicated flows, the number of constants increases and their 

determination becomes more difficult with no guarantee of their 

universality (i.e. having same values for different situations).

It should be mentioned that this increases the computing time 

considerably. There is also the problem of the accuracy of the 

numerical method of solving the equations and adjusting the constants 

which may affect the agreement with measurements. This becomes clear



124 -

when solutions are compared and it is found that the simpler 

conceptional models sometimes produced the same or better agreement 

than the mathematical ones which had to be adjusted and were more 

expensive to use. A review of these mathematical models is given 

by Launder and Spalding (1972), and a collection of papers on both 

types of models is presented by Harlow (1973). A more general approach 

appears to be the use of conceptional modelling for simple turbulence 

processes to determine the constants and the mathematical models to 

relate them to each other and produce solutions. In this way the 

turbulence modelling could be separated from the numerical solution, 

which could be used for testing the final model.

For swirling isothermal flows, two extra effects have to be 

considered. Firstly there is the effect of rotational motion which 

changes the turbulence in the flow. One method of including this in 

a simple model is the rotational stability effect discussed in Section 

2 ,7 . The second effect is that of the curvature of the streamlines 

caused by the jet expansion, the confinement and the CRZ. This 

curvature is known to have more effect on the turbulence properties 

of the flow than on the mean flow itself, a recent review of relevant 

work is given by Bradshaw (1973).
From experimental measurements, it is evident that anisotropy 

of the eddy viscosity for swirling flows is significant. Hie combined 

effects of swirl and 3-dimensionality seem to be inseparable and 

numerical methods that are known to work satisfactorily for simpler 

flows need further developments for swirling flows.
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For a combustion system other transport coefficients for mass 

and heat are also needed. These are usually related to the momentum 

coefficients throu^ the Schmidt and Prandtl numbers.

To test the validity of available turbulence models for 

swirling flows and help modify or formulate new ones, the transport 

coefficients were worked out using time-mean experimental measurements 

as input to the conservation equations. The results of the work on 

this method will be discussed later,

6.4 Chemical Reaction representation;

The rate at which the chemical reaction will proceed needs to 

be specified in any mass species conservation equation. The generally 

used model is the one that applies the Arrhenius type equation for this 

rate. This means that the reaction is controlled mainly by the 

temperature and concentration of the reactants. The two constants 

required are taken from experiments on specially designed well-stirred 

reactors, Herbert (1957)*
Another limit was suggested by Spalding (l97l) where the degree 

of mixing is the major factor. This model assumes that turbulence has 

a strong influence on the local reaction rate, in most cases a dominant 

one. This acts either through its effect on the fluctuations of the 

concentrations or its effect on breaking up the " lumps" of unbumed 

reactants to be small enough for heat conduction and chemical reaction 

to be significant. The latter effect is referred to as eddy break-up.
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6.5 Some relevant predictions;

The flow of a confined swirling flame is of a complicated 

nature, and as discussed in Chapter 2, it can be better understood 
if the analysis is built up from simple elements. In this Section 

a brief review of predictions for relevant problems is presented.

(a) Sudden expansion in a confinement;

This problem was dealt with for laminar flow by Macagno and 

Hung (1967), They presented predictions for Reynolds Numbers up to 

70 which compared favourably with their experimental measurements.

They present a good analysis of shear forces in this case.

The problem was considered fcr higher Reynolds Numbers by 

Kirkpatrick and Walker (1972) where the nozzle velocity was as h i ^  

as 0 .4 Mach No,, They used a semi-empirical turbulent viscosity 

developed from Prandtl’s mixing length theory given by,

where o' is a constant.

Using a differential equation turbulence model Runchal et al 

(1971) solved this problem and produced good agreement with measurements, 

McBride (1972) extended this solution to a similar flow in a furnace 

and he reported that a constant eddy viscosity model gave better 

predictions than a 2-differential equation model,

(b) Swirling flow in pipes:

This case is simpler than swirl in a furnace because the radial

velocities are negligible, Lavan et al (1969), produced numerical
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solutions for the decay of swirl in a pipe flow using a constant 

eddy viscosity model. Roberts (1971) found that a scalar 

representation of the eddy viscosity did not produce reasonable 

results. Next he used two values, one for the axial motion from 

a 2-differential equation model (for turbulence kinetic energy and 

vorticity fluctuations) and another for the rotating motion using 

an extension of the mixing length concept. This produced better 

agreement with experimental measurements.

(c) Boundary layer type swirling flows;

The main feature of this type is that the principal equations 

are- of the parabolic type after applying the boundary layer 
approximations. This type includes swirling flow on rotating bodies 

(wall type B.L,) and free expanding weak swirling jets. The former 

type was dealt with by Koosinlin and Lockwood (1973) with special 

interest on producing a turbulence model. Two models were used, a 

2-differential equation model, for kinetic energy and length scale, 

and an extension of the mixing length model to allow for flow 

anisotropy, which could not be done with the former model. Better 

predictions were made when the latter model was used.

The jet type swirling flows, cold and burning were dealt with 

by Gibson and Morgan (1970), and Pai and Lowes (1972), using a constant 

value for and Arrhenius type reaction equation. Both predicted

reasonable results for cold or nonswirling flows, but the addition of 

swirl, and/or, combustion made the predictionsless satisfactory.
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Rubel (1972) produced better agreement for weak swirl, 

cold and burning, using a turbulent viscosity mixing length model 

modified for swirl ,(Section 2 .7 ).

Similar work to that of Koosinlin and Lockwood was performed 

by Lilley (l973 Ujb) on both cold and burning jets, who arrived a,t 

the same conclusion as to the better turbulence modelling. In the 

burning case he used the eddy break,.up model with an extra condition 

by which no combustion starts where the velocity is higher than 24 m/sec 

(following the experimental results of Ghervinsky with which he compared 
his predictions).

(d) Recirculating swirling flows;

GOsman et al (1969) gave a procedure for solving, a swirling 

diffusion flame. They produced velocity components, axial and 

tangential, and temperature distributions. The shortening of the flame 

caused by swirl was reasonably predicted, although no comparisons with 

experiments were presented, A similar procedure was used by 

Odlozinski (1968) to predict the flow and combustion in a flame 

stabilized by a bluff body. Predictions of velocities and temperatures 

were made, which seem reasonable qualitatively, althou^ they were not 

compared with any experimental results.
This procedure was developed by Bafuwa (I970) for the 

prediction of flow patterns of free swirling flows. Cold flow 

predictions were made for 15° and 45^ swirlers which were in good 

agreement with experimental measurements. Predictions for the 15° 

swirler's burning flow were also made but there is some doubt about 

the validity of these because of an error in one constant of the
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Chemical reaction equation,

(e) Transport coefficients from mean values measurements:

Lilley and Chigier (1971 ) obtained local values of shear stresses in 
weak swirling unconfined cold and burning flows by numerical solutions 

of the conservation equations, using time-mean values of velocities 

and temperatures. The results show that for very weak swirl, the 

values are not very different from the nonswirling jets where a constant 

 ̂ along a section is sufficient althou^ /i is smaller than 

With increasing swirl to about S = 0,5 (S based on d), values of 

^r0 * ^rx increase with swirl but decay faster with the axial 
distance from the swirler. The results also show that an isotropic 

model will not be satisfactory for swirling flows,

Scott and Rask (1973) performed similar solutions for swirling 

isothermal flow in an annular pipe. Similar results were found

and for the variation with radius, it was shown that is nearly

equal to (molecular) near the inner wall but increases with radius 

until the outer wall is reached.

6 .6 Theory for the prediction procedure;

6.6.1 The principal equations;

These include the momentum conservation equation, the Navier-

Stokes equations for the steady state / « \ two-dimensional
W t  "

axisymmetric / ^  \ flow in the polar cylindrical coordinates.
I 49 - U )
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The third component is solved for the tangential velocity. Added to 

these is the continuity equation. For the case of combustion more 

than one mass species exists and thus a conservation equation is 
solved for each and another one for the conservation of energy (enthalpy) 

Here follows a listing of these equations.

The continuity equation;

The Navier-Stokes equations for this case are -

u ^  (Pv) + V  ^  (p v) - '’-J = - II + ^  (a-^p + F  (r V h  ^  ..6,
W

The shear stresses fT's are related to the velocity gradients and the 
effective viscosity in the normal way, Schlichting (I968).

For the numerical solution the pressure term was eliminated 

from Equations 6.2 and 6 .5 to give together with 6.1 two new equations 

for vorticity and stream function which were defined as
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d V 5 u  ^

“  = -pvr ... 6,7

These equations will have the general form, (Gosman et al (I969)»

& - If  ^  G'ÿ)] + ^ [ 6  ̂  (c(̂ )] + d . . .  6.8

Convection term ------- >.U--------  Diffusion term  J Source term

where 0 stands for any variable •

and a,b,c,d coefficients given for every variable in Table 6.1. The 

three terms of the above Equation 6.8 can be identified as convection, 
diffusion and source terms respectively.

The tangential velocity Equation 6 .4 could be also cast in 

the same form as 6.8.
The equations for the conservation of the mass species, one 

for each species, and the enthalpy could also be fitted to the same 

form. For derivation of these equations see Bird et al (1960),
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6.6.2 Physical Input :
(a) Eddy Viscosity;

In this work as a starting point, the free jet eddy viscosity 

empirically derived hy Squire (1951) was used. This was given as:

fj. ̂ 3= 0.0162 p u^ d ... 6.9

This was further developed to include effects of density changes and 

swirl hy using the absolute velocity instead of the axial one. Later 

a factor similar to that given by Rubel (1972) was incorporated.

Turbulent Schmidt and Prandtl numbers were taken as unity.

(b) Combustion representation;

A simple one-step reaction between fuel and oxidant was

assumed,

m„ + m — --- > m _ ... 6.10fu ox pr

where m is the mass fraction of any species.
For a premixed confined flame, the following extra relations

apply:

m„ + m + m = 1  ... 6.11fu ox pr

and m„ - ^ox = const. ... 6,12
. W a ) 3

where (f/a)^ is the stoichiometric fuel/air ratio. Using these 

relations means that one needs to solve only one equation to find all 

three mass fractions. This equation will have the form of Equation

6.8 and it was chosen to solve for m^^. The reaction was considered
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to be chemically controlled with the following equation for the rate 

of m^^ dissipation

JS
II 2 ,— ' Rm •
 ̂ ^ ”̂ fu P  ̂ 6,13

where E is the activation energy taken as 40,000 kcal/kg mole, 

and K is the global reaction rate constant given by Longwell and 
Weiss (1955) as 1.13 x 10^^ m^/kg mole sec K^, This wa.s measured in a 
specially designed well stirred reactor where mixing is as near as 

possible to perfect,Weiss et s,l (1958) recommended the use of the 

above constants for most hydrocarbons.

(c) Energy equation;

For a confined system, the only heat transfer is that throu^ 

the walls, mainly by radiation, in the case of refrectory walls. For 

the first solution the flow was assumed adiabatic, thus the enthalpy H 

is given by

II = T + m^^^ C.V. = Constant , ... 6.I4

where was taken as O.3O H  which is the value for the products

of combustion at the corresponding flame temperature. The above 

equation replaces the general differential equation for enthalpy 

conservation.

Density calculations were based on the usual equation of 

state using the gas constant,for the products of combustion, which 

is nearly the same as for air. Temperatures were calculated from the 

enthalpy Equation 6.I4 .
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6,6*5 llnîte-difference formulation;

The flow field is divided into a variable size grid, with 

closer points where flow gradients are higher, and the differential 

equations are replaced by difference equations for each grid point.

The general method of using the central differences was used except 

for the convection term, where the upwind differencing mentioned in 

Section 6,2 was used. The general grid arrangement and an element 

of the grid are shown in Figure 6,1, For the point (l,j) we can 

express the differentials as

f̂ ). . = 2h •••1 1

where e is a small quantity of the order h, h being the grid

spacing as a fraction of the main regime dimensions.

The convection terms are formulated according to the following

principle. The flow direction is determined by finding the value of

( 4"" . . T " ’K . . T ). If this value is 0.0 one takes ' 1,0+1 1,0-1

, 0

otherwise take
dOJ
a - h .  j) + -  -• 6.17

similarly for the normal direction.
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Applying these relations to all differential terms in the 

equations of the form 6.8 at each grid node and summing coefficients 

the final equation could he reduced to the form

Pi-1, j + Ml+l,j + h  Pi,j-1+ °4 Pi,j+1 '̂ 5 "  6-18

There exists now one such equation for each node and for each variable.

These equations are solved by successive substitution. .Initial values 

must be prescribed to each internal point together with the conditions 

at the boundary enclosing the system. Thus the solution is started by

these values which are updated in each cycle of iterations until the

convergence criterion is satisfied, i.e. the difference of the value 

of a variable between two cycles of iterations is below a prescribed 

limit, taken as 0.01 of the maximum value of the variable in the field 

in this solution.

6.6*4 The boundary conditions;
These are necessary for the solution to proceed and some have 

a major influence on the success of the procedure. However, they are 

not all known before the solution starts and thus they can only be 

specified as related to nei^bouring internal points. Special care 

was given to these conditions and several trials were made to select 

the best formulation for them, on the basis of the correct 

representation of the flow and to give reasonable predictions. The 

following is a brief description of the ones chosen for the work.
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(a) Inlet section:

It was very important for the conditions to he as realistic 

as possible. A profile for the axial velocity distribution was 

assumed for each swirl vane angle, an example is given in Figure 

6.2. The tangential velocity component was assumed to be related 

to the axial one by;

w = u tan 0 ... 6.19

Numerical integrations of the axial velocity give the values of 

stream function according to the equation

^2
r dr ... 6,20 

^1

For the vorticity, differentiation of the velocity profiles 

were made using the unsymmetrical relation, Greenspan (1968)

If) “ 2h (3 Po - 4 Pi + I»:)O

where o, 1, 2 indicate the points along the section starting from 

one end, next to a wall.

The fuel mass fractions along the inlet plane were 

specified corresponding to the inlet fuel/air ratio.
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(b) Walls;

For stream function, a constant value for the walls was taken. 

Tangential velocities are zero along the walls. For the vorticity, 

special formulations were used as follows.

For vertical walls, the condition derived hy Macagno and Hung

(1967) using a Taylor expansion near the wall was used; this was given 

by .

“ o “ [ '''1 - ] - "^1 ••• 6-21h r

where o, 1 indicate the wall point and the nearest internal node 

respectively. A different expansion was derived in the same way for 

the horizontal walls. Similar expressions were derived by Gosman et al 

(1969) and were also used. At the comer points the vorticity was 

taken to be the average of the two neighbouring points.

For the fuel mass fractions, gradient type boundary conditions 

were used, i.e. g??adient of the fuel mass fraction vanishes as the 

wall is reached.

(c) Axis of symmetry;

The stream function was taken constant along the axis, being 

a condition of symmetry. Also this condition implies that the tangential 

velocity is zero along the axis. Although the vorticity might be 

assumed zero, the variable used in the calculations was ^  which 

should have a definite value at the axis. Thus a gradient type boundary 

condition was assumed. The same type was used for the fuel mass fraction,
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(d) Exit section:

There is no previous knowledge about the conditions at the 

exit section when the procedure is started, but it has to be defined 

for the closing of the solution. An extrapolation formula is thus 

used for this purpose. The one used here was that given by 

Milne (195?),

h.o ° h-4,j ■  ̂h-5,j +  ̂^ 1-1,j ••• ^^22

This formula was used for all variables.

6,6.5 Th e comput er pro gramme;

The main structure of the programme used by Bafuwa was 

adopted in the present work hut some details were altered for 

simplicity, economy and efficiency of program use. These led to 

reducing the time for compiling the programme which was run on both 

the UNIVAC 1108 and the IBM 370/155 computers,
- The following modifications were also made:

(i) The main geometry was changed to that for confined flow.

(ii) For the confined adiabatic flow, the enthalpy equation 

became the algebraic one given by Equation 6,14#

(iii) The relaxation parameter was varied to give best convergence,

(iv) A different eddy viscosity model was used, Section 6.6,2,

(v) The values in the chemical kinetic rate Equation 6.13 were 

corrected,

(vi) Most of the boundary conditions were changed as in Section 

6,6,4» to suit the new flow conditions, or to give better 

representation.
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6.7 Results and Discussion:
6.7.1 Gold flows:

Figures 6.3 a, and b give a sample of the predictions for cold 
flow to show the effect of swirl through variation of the vane angle. 
Although the predictions seem reasonable, they predict less rapid 
jet spread than the experimentally measured profiles. The CRZ was 
predicted, but again smaller than the measured one for the same 
swirler. There could be two reasons for these differences.
(a) The effect of swirl is not strongly linked to the stream
function and vorticity equations. It appears only in the source 
term of the latter. The pressure term is not represented explicitly 
to introduce this effect.
(b) The effect of the eddy viscosity representation may be over­
simplified. This effect was tested by varying the constant in the 
Equation 6,9 giving it the values 0.012, O.024 and 0.080. The results 
show that the jet spread is made faster by increasing the eddy viscosity, 
as given by'the jet impingement point in Figure 6,4. A more 
realistic representation with values that vary locally with the 
velocity and momentum gradients is expected to produce better 
predictions.

The general conclusion is that while predictions of the flow 
patterns of types A, B and C were possible with the procedure in this 
form, more input information is needed to predict the flow type B.
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6.7.2 Burning flows;

Converged solutions of the cold flow were taken as initial

guesses for the burning solution. Even with this, the convergence

was more difficult to achieve than the cold flow and thus required 

more computing time. The extra information needed as input to the 

procedure are' the effect of combustion on the eddy viscosity and the 

rate of the chemical reaction. The results of computations using 

the chemical kinetics rate Equation 6.13 showed a faster reaction 

rate than that experimentally observed. This could be attributed 

to the model constants being measured for a perfectly stirred reactor 

where the mixing is better than in the case considered here. This 

could be remedied by using different constants in the Equation 6.13 

or by using a model related directly to the mixing rates, i.e. 

turbulence, for example, as in the "eddy break-up" model.

The effects of heat losses throu^ the walls should also 

be considered since these were found to affect not only the near wall 

flow, but also the CRZ flow throu^ entrainment as will be discussed 

in Chapter 7-

A sample of the flow and temperature patterns for a 30° 

swirler flow is given in Figure 6,5.

6.8 Suggestions for further work;
The main improvements to this procedure are needed in the 

physical inputs. These include the flow dynamics, the chemical 

reaction and the heat transfer. The main factor in the flow dynamics 

is the need for a turbulence model which could be varied with the
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different flow conditions and be reasonably economic to use. As 

suggested in Section 6.3» development of a conceptions! model seems 

appropriate. The chemical reaction model has also to be related to 

the flow mixing. This seems to be an easier task if the turbulence 

representation is improved. Heat transfer to the walls by radiation 

and convection should be included in the solution, especially as 

most furnaces are riot adiabatic.
For a more general model to include flows which are not 

generally axisymmetric a 3“dimensional solution procedure is needed. 
This should be better based on the solution of the NSE in their 
velocities and pressure form as discussed in Section 6.2.
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CHAPTER 7

STABILIZATION OF PREMIXED g^yiRLIHG FLAMES

7 .1 Introduction;

The patterns which swirling flames follow in furnaces are 

important to designers and these have been discussed in the preceding 

chapters. The mechanism of flame stabilization is also of great 

importance to the designer, and therefore a study of how a premixed 

flame is stabilized in a swirling jet should be included in this 

Thesis,

This Chapter contains a review of previously published work 

on stabilization in a free jet. There then follows a description of 

experiments that were carried out to test one of the assumptions of a 

published theory. Experiments were also performed on the effect of 

scale. A side effect due to a, small quarl was observed in these tests 

and briefly investigated. Finally, stability limits are reported for 

the enclosed furnace, and these are related to the free jet stability 

limits.

7 .2 Review of published work;

Bafuwa (I970) has given a description of the shapes that 

the flames can take in pre-mixed jets issuing from vane-type swirlers 

similar to those used in the present work. Under typical flow 

conditions which are not near the stability limit, the flame anchors 

itself in the wakes of the vanes. Under conditions of low flow
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velocity and h i ^  mixture burning velocity, the flame may move'into 

the swirler, stabilizing itself within the separation bubble that 

exists near the leading edge of the "suction" surface of the vanes.

This of course can cause serious damage to the swirler. These types 

of flames were also observed in the present 'work. However it was 

observed that, for flows which had a CRZ, as the stability limits 

were approached, the flame moved away from the vanes, and eoribustion 

was maintained by the hot gases in the CRZ.

Weak stability limits were published by Bafuwa for these 

flames stabilized in jets issuing from hubless vane swirlers into the 

atmosphere. The results were later analysed by Bafuwa and Macoallum 

(1973)* Other stability limits were published by Lutzhoft and Petting

(1968). In both cases, increasing swirl, in the range of established 

CRZ, was found to cause a deterioration of the weak limits.

Bafuwa and Macoallum suggested that the explanation for this 

lay in the fact that ambient air was entrained by the swirling jet 

and some of it is recirculated back in the CRZ. This air entrainment 

of fresh air into the CRZ was also detected by Albright and Alexander 

(1956) in a cyclone flame system, but no attempt was made to estimate 

the amount of this air nor did they consider its effect on the 

stability limits. Bafuwa and Macoallum (1970) had demonstrated the 

reduction in the CRZ temperature that occurred when swirl was 

increased. By assuming that the fractional dilution, as indicated 

by the temperature reduction at the edge of the CRZ near the swirler, 

remains the same at other fuel/air ratios, they estimated temperatures 

in this zone corresponding to the stability limit conditions.
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It was found that the flow velocities at the weak limits for the 

three swirlers tested, (vane angles 30°, 45° and 60°) could he 
correlated by these temperatures,

7.3 Theories of flame stabilization in Recirculation Zones;

Three theories which had been used with success for correlat­

ing stability limits of flames behind bluff bodies were applied by 

Bafuwa and Macoallum to their results. The theories were the 

"contact time" theory of Zukoski and tiarble (1955, 1956), the 

"flame stretch" theory described by Lewis and von Elbe (1963), and 

a recirculation model proposed by Spalding (1953)»

In Bafuwa and Macoallum's 1973 paper, the discussion of these 
theories was very brief. A more complete analysis will be given by 

Bafuwa et al (1974). As this latter paper has not yet been published, 

a more extensive description of this analysis is given here.

In their "contact time" theory, Zulcoski and Marble consider 

the time, CT, that an element is in contact with the hot recirculation 

zone behind the bluff body. They found that this time, which is taken 

as the length, L, of the recirculation zone, divided by the approach 

stream velocity, u, is a function only of the fuel/air ratio of the 

mixture and is essentially independent of the variables of flame 

holder shape and size. In applying this concept to the stabilization 

of free swirling flames there is the problem of selecting the effective 

fuel/air ratio for the mixture. The two extremes are the fuel/air 

of the jet leaving the swirler and the fuel/air ratio of the mixture 

at the edge of the CRZ after ambient air has been entrained.
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Taking the latter extreme, Bafuwa et al (1974) compared the stability 

data for the 30° and 60° swirlers, (Bafuwa and Macoallum (1973))*

The CRZ length with the 60° swirler was about 4.2 swirler diameters

(d), while with the 30° swirler it was about 2,3 d. The axial 

component of velocity corresponding to the weak limits at the same 

"effective" fuel/air ratio were in the ratio u ^q “ 0.9.
Thus comparing the contact times they found.

T
X 0.9 = 0,5 ... 7.1

^60

If the approach fuel/air ratio had been used (the other 

extreme) the ratio bad a value less than 0.15. If the

contact time theory is applicable, one of these ratios, or an 

intermediate value should be unity. On this evidence, Bafuwa and 

Macoallum discarded this theory,

■ In the flame stretch theory, Lewis and von EO.be interpreted 

the above time, CT, as also being the time which a wave element takes 

to advance, with the burning velocity, S^, from the anchoring point 

which is adjacent to the stabilizer through a distance, y, across the 

stream to meet the fresh element which just touches the end of the 

recirculation zone, thus.

^max ^u
... 7.2
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The test for stability is the stretch of the flame front when this 

element is "on its own" at the downstream end of the recirculation 
zone. A stretch parameter K is defined as,

K  = I T  I; ••• 7-3

where F is the flame thickness given by ^ ~ ^
° t

Extinction occurs when the flame stretch parameter exceeds 

a critical value of about unity. This development of Lewis and 

voh Elbe partially explained the dependence of the contact time on 

fuel/air ratio which Zukoski and Marble found with their bluff-body 

stability limits. V/hen Bafuwa and Macoallum applied this theory to 

their results, again they had to decide what effective fuel/air ratio 

to use. Taking the one extreme using values of and 

corresponding to the fuel/air ratio at the edge of the CRZ after 

entrainment of ambient air, the application of the 30° and 60° 

swirler data to Equation 7.2 gave,

y 30 ^60 •** 7*4

Integration of the flame stretch factor equation between velocities 

and u gives (Lewis and von Elbe),

log (n/sp = (y/’> o ) K  ... 7.5
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Inserting appropriate values for and. H and the result of 

Equation 7*4 leads to the relation at the extinction limits;

I ^30 ” 2 .1 ••• 7*6

If the fuel/air ratio of the flow from the swirler had 

been used as the "effective" value (the other extreme), was 

larger than by a factor of 8, Bafuwa and Macoallum concluded

that this theory did not offer a satisfactory explanation for 

stabilization in free swirling jets with GRZ's,

However a modified version of Spalding's (1955) model looked 

promising to them. Spalding's model, for bluff body stabilization, 

is shown in Figure 7*l*a and b. The modification suggested by 

Bafuwa and Macoallum is to draw the reaction curves in Figure 7»l*b, 

corresponding to the fuel/air ratio of the diluted stream after 

entraining ambient air. They suggested that raising the degree of 
swirl increases the diluting effect to such an extent that the values 

of T^, at a flow velocity, are effectively unaltered at the blow-off 

limits, although the approach fuel/air is very much higher.

This model can be further discussed as a result of the 

present work. In the model, the flow of the combustible mixture from 

the swirler is considered as layers which flow along the stream lines 

but all the time mixing with each other radially. The mixing is more 

intense in this case than in the flow behind a bluff-body stabilizer 

due to the effect of swirl. Thus the inner layers are mixed with the
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flow of the ambient air (or PRZ flow if inside a furnace). After a 

certain distance of contact the fresh charge will start to react and 

the flame is thus started. This distance will become longer, for 

the same flow velocity, as the fuel/air ratio of the charge is reduced, 

also as swirl is increased and mere air is entrained in the CRZ.

This increase of the contact length becomes more obvious if temperature 

profiles measured in the two furnaces, reported in Chapter 4, are 

compared. The distance is seen to be longer in the smaller furnace 

where a leaner mixture is used than in the larger furnace for 45° and 

60° swirlers. By the time the gases reach the downstream stagnation 

point and start to recirculate they are a mixture of the input charge, 

either with entrained air from the surroundings (for free jets) so that 

the CRZ contains a leaner mixture, or with entrained (and somewhat 

cooled) products from the PRZ.

In concluding this discussion of the theories of flame 

stabilization, it should be stated that the theories of contact 

time and flame stretch might well be applicable to the stability 

limits of swirling flames which do not have a CRZ, Unfortunately 

there was data available on only one such arrangement - that with 

the 15° swirler.

7 .4  Factors which influence entrainment;

7.4'i Effect of fuel/air ratio;

Bafuwa and Macoallum estimated fractional entrainment of 

ambient air into the CRZ from temperature traverses. They then
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assumed that the fractional entrainment at the stability limit was 

the same as at the conditions corresponding to the temperature traverse, 

i.e. it was independent of the fuel/air ratio. In the present work 

this assumption has been examined.

To reduce the relative effect on the flow due to the 

traversing probes, the experiments were carried out using one of the 

hubless swirlers prepared in the present work, which are of 

93 mm (3*66 in) diameter instead of the smaller swirlers 24 mm (0.93 in) 

used by Bafuwa. Temperature traverses were made across the CRZ behind 

the 45° swirler at three fuel/air ratio and the results are given in 

Figure 7,2. From the traverses, the temperatures at the edges of the 

recirculation zone were found and hence the corresponding fractional 

entrainment of ambient air. At the fuel/air ratios of 0.119, 0.133 

and-0.144 (by volume), the fractional entrainments were 0.36, 0.32 and

0.28 respectively. For comparison, the fraction which Bafuwa and 
Maccallum found with the smaller swirler was 0.40. It must be 

concluded that there is some effect of fuel/air ratio on the 

entrainment, and strictly one should use the entrainment appropriate 

to theilimit condition. However, there are discontinuities in the 
temperature variations, frequently due to the wakes of the vanes, and 

this makes the estimation of the effective entrainment difficult.

There is of course the other problem of the choice of the axial distance 

where the temperature traverse should be made. Bafuwa and Maccallum 

selected a distance of 1 swirler diameter downstream. This distance 

was also used for th“ above calculations. But owing to the
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conclusion drawn in the previous section about the location of the 

effective reaction zone varying with fuel/ratio, it is suggested that 

for further work, several temperature traverses be made at a range of 

distances and using a fuel/air ratio near to the stability limit.

The results of the traverse nearest to the reaction zone should be 

used for correlations.

Gas samples were also withdrawn across the plane used for 

temperature traverses, and analysed for carbon dioxide and unburned 

fuel. No significant quantity of unburned fuel was found within the 

CRZ. The carbon dioxide levels showed troughs in the CRZ similar to 

the temperature troughs. The magnitudes of the trouts did not appear 

as great, compared to the completely burnt fresh mixture, as those in 

temperature, but the discrepancy is probably at least partly due to 

the insensitivity of the gas analyser in this range and also to the 

effect of the probe in the flow. Again, the above suggestion about 

additional temperature traverses applies here, preferably with a more 

sensitive gas analyser either measuring carbon dioxide or oxygen.

7*4*2 Effect of end wall;

In the arrangement used by Bafuwa for stability limits 

measurements, the hubless swirlers had an end wall in the plane of 

the swirler exit end concentric with the swirler and of diameter 100 mm 

and a swirler of 24 mm diameter. Also in a furnace such a wall always 

exists. Thus, it was thou^t that the presence of an end wall might 

have an effect on‘the entrainment of air into the CRZ and on the weak 

stability limits. Tests to study this effect were carried out, again 

using the hubless swirlers of 93 mm diameter and an end wall of outer
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diameter 450 mm (18 in) was used. It was found to have no effect 

on the entrainment, nor on the stability limits of the 50°and 

45° swirlers. Only a slight effect was observed with 60° swirler.

In this case the presence of the wall slightly widened the 

recirculation zone (by about y/o) and caused a deterioration of about 
2̂/0 in the weak limit fuel/air ratio values. The change in the 

entrainment corresponding to the temperature change at the edge 

of the recirculation zone was too small to detect.

7•5 Effect of scale on stability limits of free flames:

Bafuwa (I970) obtained stability limits of premixed town-gas 

air flames issuing from hubless vane swirlers of 24 mm diameter. It 

was decided to observe the weak stability limits for the corresponding 

hubless swirlers of 95 mm diameter that had been used in the present 

work. The air compressor capacity limited the maximum velocity to 

about 20 m/sec. The results are shown in Figure 7*5 where they are 
plotted as swirler axial velocity to a base of fuel/air ratio leaving 

the swirler. The results are compared with those obtained by Bafuwa.

It is seen that for a given vane angle of swirler, the axial velocity 

leaving the swirler provides a satisfactory method of correlating the 

limits for the two sizes. The correlation is excellent for the 50° and 

60° swirlers, but less satisfactory for the 45° swirler. Similar 
agreement would be found if the average absolute velocities leaving the 

swirler were plotted to a base of fuel/air ratio.
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Although some uncertainties about the accuracy of the 

estimations of the ambient air entrainment have been found, as 

discussed in Section 7*4» it was decided, pending further investigation, 

to continue using the entrainment factors taken by Bafuwa and 

Maccallum (1973) for the three swirlers (viz, 0.26, O .40 and 0.53 

for the 50°» 45° and 60° swirlers respectively). On this basis the 

average absolute velocities leaving the swirler have been plotted on 

Figure 7*4 to a base of the temperature at the edge of the CRZ at an 

axial distance of 1 swirler diameter downstream. Again, the results 

of Bafuwa are shown alongside. The general correlation shown can be 

considered as reasonably satisfactory.

7.6 Effect of quarl on thi flame stability;

The construction of the rig for the 93 mm diameter swirlers 

included a small shoulder of 3 mm after the swirler exit. This 

shoulder acted as a very small quarl which, however, had no effect 

on the stability of the flames issuing from swirlers with vane angles 

up to and including 45°. As to the 60° swirler flame, this quarl had 

no effect on the flame in the furnace but when used to produce an 

open flame, the flow formed a wall jet which could not ignite and 

no flame was possible. The construction was changed to remove this 

shoulder effect and malce the swirler .exit plane flush with the end wall. 

With this new arrangement the flow reverted to type D again, and it was 
possible to ignite the flame in the normal way.
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7.7 stabilization in Furnaces;

In the flames burning in free jets issuing into atmosphere, 
described in the previous sections, the flow entrains cold, ambient air.

On the other hand, in a furnace, the main flow entrains 

on its outer surface from the PRZ. Tie gases in the PRZ are generally 

at a significantly lower temperature than that corresponding to 

adiabatic combustion. Part of this reduction in temperature is due 

to heat loss to the vralls, and part is due to incomplete combustion. 

These gases have a much reduced chilling effect on the gases in the 

CRZ than would ambient air.

There are two problems in applying the method used above to 

correlate the stability limits of similar swirlers in furnaces. One 

problem is to know the temperature reduction of the gases in the PRZ 

due to heat loss to the walls. The other is to know the fractional 

entrainment of the PRZ gases into the CRZ. While the fractional 

entrainment in the open flames could be found by analysis of samples, 

this is impossible in an enclosed furnace. The problems of reading 

trouais in the temperature distribution to the required accuracy are 

great.

The technique adopted here has been to take the average 

temperature ]oss in the PRZ and assume this to be entirely due to 

the wall heat transfer and then use the entrainment fraction 

corresponding to the open flames. This method has been applied to 

the stability limits taken in this work with type D flows (strong GRZ) 

in the larger furnace (D/d =5)» No stability limits were attempted 

in the smaller furnace due to the onset of significant oscillations.
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The unadjusted results are shown in Figure 7*5 as absolute swirler 

exit velocities, to a base of inlet fuel/air ratio. It is seen that, 

although there is considerable scatter, the limiting fuel/air ratio 

is virtually independent of flow velocity in this range of velocities. 

The adjusted results are shown in Figure 7*6, in this case the 

abscissae are the fuel/air ratios corresponding to the adiabatic 

combustion to achieve the temperatures resulting from entraining the 

PRZ gases. This is an alternative method, instead of using the CRZ 

temperatures as in Figure 7*4* The "effective" fuel/air ratios 

calculated in this way are and 20^ lower than the inlet fuel/air 

ratios for the 45° and 60° swirlers respectively. The effect of this 

change can be seen by comparing Figure 7*6 with Figure 7*4* There are 

no significant differences between the results for the hubless and 

armular swirlers. Figure 7*6 also gives the corresponding results 

for the open stability limits. Tliis approach provides reasonable 

agreement between all the sets of stability limits.

It should be mentioned that the stability limits were usually

talcen after the furnace had been heated for some hours. 'When a

different set of limits was taken quickly after the first light up, 

there was a alight increase in the fuel/air ratio at extinction.

7*8 Suggestions for further work;

For improvements to the model, experiments ought to be carried 

out to estimate more accurately the air entrainment by temperature and 

concentration traverses, as suggested in Section 7*4* As for the 
stability limits in the furnace, more measurements are needed to cover 

a higher range of velocities. For experimental convenience these could 

be performed in small size swirlers since the effect of scale was found

to be minimal, as reported in Section 7*5
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CHAPTER 8 

GENERAL CONCLUSIONS AMD SUGGESTIONS

8.1 Aerodynamics of confined swirling flows;

The experimental measurements presented gave a detailed picture 

of. the flow and combustion patterns produced by vane swirled jets,

(cold or burning) in confinements. The flow patterns were represented 

by distributions of the three velocity components and the static pressure, 

and the combustion patterns by the temperature and the product 

concentration distributions. The flow and combustion patterns were 

closely related and any changes in one produced changes in the other.

The patterns were classified into four categories. The extreme 

cases A and D were produced by very weak and strong swirl respectively. 

With pattern A, the changes from the non-swirled flow were small, but 

pattern D was completely different, where the main flow in a cylinder 

with reverse flow inside and a much faster rate of spread than type A. 

While combustion started in the central flow for type A, in type D it 
started in the main flow at a radial distance from the centreline. The 

intermediate types of patterns were taken as B and C, the transition 

being where the central reverse flow occurs. The CRZ onset was caused 

by a high adverse pressure gradient along the axis, which collapsed when 

the flow reversed its direction.

The size'of the CRZ increased with swirl in type C flows up to 

the almost fixed proportion of the confinement size observed in type D 

. flows. The maximum reverse velocity and maximum reverse flow increased 

with swirl.
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The jet spread rates were found to be affected mainly by the 

swirler vane angles and slightly by confinement and combustion.

Turbulence in swirling flows was affected by the rotational 

motion, the curvature of the streamlines and the increased velocity 

gradients compared with unswirled flow. Weak swirl produced solid 

body rotation in the central part of the jet which reduced turbulence 

intensities, but with strong swirl, flow reversal cancelled this effect. 

The overall effect of swirl was to increase the turbulence levels and 

thus the mixing rates which leads to more intense and stable combustion. 
The integrations of the time-mean values of velocities and 

static pressures were performed to calculate the axial fluxes of axial 

and tangential momenta. These were analysed and were seen to change with 

combustion and swirl. Their variations along the axial length caused by 

the shear forces, flow and wall, were found to be considerable,

A Swirl Number was calculated from these momenta according to the 

definition, S = T/GD, suggested after the analysis of previous 

investigations. This Swirl Number was found to varjr with the swirler 

vane angle according to an exponential relation of the form 8 = a e^^.
The coefficients a and ra were functions of the flow state, cold or 

burning, the fuel/air ratio and the flow pattern, A direct relation

between these,Swirl Numbers and the types of flow patterns A to D 

existed. For the same Swirl Number, the same flow pattern was obtained
-X-irrespective of the other independent variables, "lie ]inear, log 8 - 0,

relation showed a sudden change of slope when the flow reversal occurred.
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8.2 Physical modelling of flames;

While there is a good prospect that numerical predictions

will be suitable for design use in the near future, physical modelling

is at present a powerful tool of engineering design and it will still be

needed for predicting the complex geometries usual in industrial furnaces.

The success of this modelling depends on the use of the appropriate

similarity criteria.

For the non-swirling flames, a criterion based on the ratio of

source to shear momenta was derived for isothermal modelling and was found

to be the same as that of Thring-Newby.

For swirling flames, the Swirl Number, S , when calculated,

from experimentally measured momenta, was demonstrated to correlate the

flow patterns on both full scale burning and model cold flows. The

utility of this Swirl Number was further demonstrated by its ability to

predict the change of the flow pattern from type B to C. This change
*x*occurred at the same value of S = 0.11 for all the cases investigated 

in this work and by other investigators.

The required aerodynamic pattern could thus be produced in a 

model and scaled to the prototype throu^ the use of this Swirl Number. 

This will allow good use of the swirl by employing the most appropriate 

value for the operation required and avoiding the undesirable effects.

8.3 Mathematical modelling of swirling flows;

A prediction procedure was developed for confined swirling flows. 

Some results were obtained and these showed reasonable similarity to the 

experimentally measured patterns A, B and C. The physical and chemical 

inputs need more consideration for the case of strong swirl, i.e.
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flow pattern D.

8.4 Stability of swirling flames;

The stability limits measured, in this work and those for open 
flames were correlated to the absolute velocity at exit from the swirler. 

Tie mechanism of stability for flames with CRZ's was demonstrated. This 

is a self-stabilizing mechanism where the mixing between the fresh charge 
and the recirculated gases sustains the flame. The recirculated gases 

were found to be products of combustion together with entrained gases 

from the surrounding atmosphere. The amounts of these were estimated.

8.5 Optimum swirl range;

This will be different according to the nature of the process 
but the general indications from the results presented are that the flows 

with an established CRZ are recommended. The reason for this is that these

achieve most of the desirable features in a flame, viz. higher intensity

and efficiency of combustion, self-stability, uniformity of velocities 

and temperatures. Weak swirl produces low mixing rates and stability 

depends on the bluff body effect of the vanes vrhich is less effective.

Very strong swirl is not economic to produce, and in an oil fired furnace 

it leads to the scatter of the oil fuel before it bums. It also increases 

the entrainment of the surrounding flow into the CRZ,

’The values of swirl selected should ensure the existence of a

reasonable CRZ for the whole, or at least most, of the operation range,
*The relation between the Swirl Number S and the swirler vane angle could 

be determined for an installation and used as a performance chart.
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8.6 Suggestions for further research;
There are several lines of further research that follow from 

the work presented in this Thesis. These include both fields of 
fundamental studies and design applications.

More fundamental knowledge is needed about the nature of 
turbulence, its variation with swirl, combustion and other parameters. 
The relation between momentum transport and mass transport, i.e. mixing, 
is also necessary for complete modelling of the combustion process.
The chemical reaction rates need further investigation to determine the 
limiting factor for the reaction, either kinetics or concentration 
fluctuations, and how this is to be mathematically represented. This 
knowledge will be the basis for predicting the products of combustion 
particularly those causing pollution.

Extensions of the project, are also required, to include the 
effect of the type of fuel, gs.s, liquid or solid, and the effect of 
introducing non-premixed streams of fuel and air.

Work on the mechanism of the combustion oscillations observed 
in the small furnace is essential if such a furnace is to be used in 
practice.

The effect of having a quarl together with swirl could produce 
desirable aerodynamic features which needs investigation.

The determination of the relation between the Swirl Number and 
swirler vane angle could be produced by some mechanical balancing system 
developed from the one used by Fraser,
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Swirler design could be improved aerodynamically by using 

aerofoiled vanes with the appropriate leading angles to produce the 

required deflection of the flow but with less pressure loss.

More concentrations and temperature measurements near the 

stability limits are required for more accurate calculations of the 

entrainment of the peripheral gases into the central recirculation 
zone.
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TABLE 4.1 
Input Variables

Variable Range investigated

Sv/irler vane angle 0°, 15°, 22.5°, 30°, 45° and 60°

Sv/irler type Hubless, diameter 93 mm 
Annular, outside diameter 98 mm 

hub diameter 32 mm

Plow Reynolds Number 7.5 X 10^ to 10.25 X lo"̂  for 
45° hubless swirler cold flow 
in D/d = 5 furnace; otherwise 
all at about 9 x 10 , i.e. 
average axial velocity 
15.25 m/s at swirler exit

Degree of Confinement Ratio of furnace diameter D to 
swirler diameter d = 2.5 and 5

Chemical reaction Gold flow and burning flow

Fuel/air ratio - For D/d = 5 furnace: 22,5°
hubless swirler, f/a= 0 .125,
0 .143 by volume; otherwise 
all at f/a = 0 ,125.

- For D/d = 2 ,5 furnace:
15° Hubless swirler—  f/a = 0^131 
30° Hubless swirler—  f/a = 0.106,

0.141 (i)
30° Annular swirler—  f/a = 0,108,

0.137 (i)
45°, 60° swirlers —  f/a = 0,100 to

0.106 (ii)

(i) Combustion oscillations occurred at f/a ratios between 
these two values,

(ii) For these swirlers, f/a had to be kept low to avoid 
combustion oscillations.
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TABLE 6.1

Coefficients in équations of the form 6.8

0 a h c d

w
r 1 1 ^e

1 dp .s / ÿ p  3 ,
F  J F  J T  ( 2 ) " ô F  5 F  ( 2 ) +

Ÿ
0.0 l/r^ 1 ( à ± . S P  d J f . 3 P  .

^  ̂ T  ̂ P ̂ 2 X a x  ô r a r ^

w 1 1
- f ( " ^  ^ F T

1 1 1 -K m,
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•W

h~ D -4-

c
4_

Dims* in mm

TABLE 5*1

Vane dimensions for different swirlers

Vane

Dimension Value

A d^ sin I" / tan 9

B (Ad^ sin -p / tan 9

C md^ sin p- / sin 9

D d sin ^  / sin 0 0 d '

E ■ - d. cos |)

F 4(d^ ~ dj)oos I

G i (d„ - d.)

FIGURE 5*1: Geometry of Vane Swirlers
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Bleed ïdne

M r  Compressor
Mixing
Box

B.V
Gao CompressorITU

B.V* Butter Ply Valve

F.T. Flame Trap

L.P* Low Pressure Cut-off Trigger 
0 Orifice Plate
T Thermometer

WM Wire Mesh

>• Safety Devices

FIG. 3e2* Flow Lines of Reactants
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hole

Hs- 3 -ek" 3 ^ 12 e 5 9*5.

Pressure holes 1,2,3 : dlam*=0*75 max Dims, in mm

Three-Dimensional Probe Tip

Dims* in nun

9*5 d Stainless Steel Tube

To Micro- 
manometer 3 Itypodermic Tubes

Inlet
Water Outlet 600

Ib;obe Cooling Y/ater- System

FIC, 3*3® Three-dimensional Probe Tip and Cooling 
Water System
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Figure 3.4 Typical set of calibration curves for 3™ct-imensional probe.
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Probe Axis

Jet Axis

9'IG. 3.5' Total velocity vector with oomponents,

12.5a

- Dims, in mm

PIG. 3.6* Static Pi'essure Disc Probe
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FIG-. 3e7* Gas Sampling Probe
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Sample 
from Pj?obG
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Air —
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Dryer

" C Z 3 £ l Z - J ”~r~i { ]
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COg Absorbant
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Sampling pump

FIG. 3.8. Arrangement for G-as Sample Flow
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(a) Big furnace; D/d=5

mi

X 0,86 1.28 1,810.540.13 0.32

X
(mm)

12 60 147 246 393 576 827

(b) Small furnace; D/d=2,5

D=220 mm

7777

0.06 0.27 0,66 1.11 1.77 3.77X  = X
D

PIG. 3.9* Distances of Sections for Traverce Along Furnaces
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Figure 4.2 5 ,a - Decay of maximm axial velocity along the furnace 
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Figure 4 ,25 .0 - Decay of maximum axial velocity along the furnace 
Hubless swirlers cold flou in D/d = 5 furnace
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Figure 4.25.d - Decay of maximum axial velocity along the furnacefurnace
Hubless swirler flames in D/d = 2.5 furnace
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Decay of maximum axial velocity along the furnace 
Annular swirler flames in D/d - 2,5 furnace
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Figure 4.25,f Depay of maximum social velocity along the furnace

 ̂ Hubless swirler flames in D/d = 5 furnace
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Figure 4.25,g - Decay of maximum axial velocity along the furnace 

Annular sviirler flames in D/d = 5 furnace
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Fignre 4 .2 5.L - Decay of maximum axial velocity along the furnace

225 Hubless swirlers in D/d => 5 furnace



4

2
\30

" — o

Figure 4 .26.a Variation of the maximum central reverse velocity
along the furnace
Hubless swirlers cold flow in D/d ™ 2o5 furnace
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Figure 4.26.b » Variation- of the maximum central reverse velocity 
along the furnace
Annular swirlers cold flow in D/d = 2,5 furnace
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Figure 4.26.0 ~ Variation of tho maximum central reverse velocity

along the furnace
Hubless swirlers cold flow in D/d = 5 furnace
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Figure 4.26.d Variation of the maximum central reverse velocity 

along the furnace
Hubless swirler flames in J)/d =2.5 furnace
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Figure 4-26,e — Variation of maximum central reverse velocity 
along the furnace
Annular swirler flames in D/d = 2.5 furnace
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Figure 4*26,f Variation of maximum central reverse velocity along 
the furnace
Hubless swirler flames in D/d =5 furnace
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Figure 4*26,g- Variation of maximum central reverse velocity along 

the furnace 
Annular swirler flames in D/d =5 furnace
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Figure 4,27.r Jet width ?nd JRZ dimensions
Hubless swirlers cold flow
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Figure 4*27.0 - Jet width and CRZ dimensions
Hubless cold flow I)/d*̂ 5 furnace.
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Figure 4.27.d- Jet width and CRZ dimensions 
Hubless swirler flames 
in J)/d = 2 ,5 furnace.
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Figure 4.27-8 - Jet width and CIîZ dimensions 
Annular swirler flames 
in D/d = 2-5 furnace.
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Figure 4.27.f- Jet width and GH'’ dimensions 
Eubless swirlers flames 
in D/d = 5 furnace.
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Figure 4.27»g- Jet width and CBZ dimensions 
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Figure 4.28.b Decay of maximum tangential velocity along the furnace

Annular wirlo)?e cold flow in D/d = 2,8 furnace
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Pio'ure 4,28,0 - Decay of maximum tangential velocity along the furnace

nubless swirlers cold flow in D/d = 5 furnace
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Figuro 4.28,d - Decay of maximum tangential velocity along the furnace
Huhless swirler f1amos in D/d « 2,5 furnace
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Figure 4,28,e - Decay of maximum tangential velocity along the

X
furnace
Annular swirler flames in D/d = 2.5 furnace
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Figure 4.28,f - Decay of maximum tangential, velocity along the furnace 

Huhless swirler flames in. D/d ~ 5 furnace
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Figure 4*28, h -  Decay of maximum tangential velocity along the 
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22.5 Huhless swirler in D/d == 5 furnace
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Figure 4,29.a Recovery of centreline static pressure along the furnace

Huhless swirlers cold flow in D/d = 2,5 furnace.
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Figure Eecoverj cf centreline static pressure along the furnace
Annular swirlers cold flow in D/d = 2o5 furnace
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Figure 4-29.c Recovery of centreline static pressure along furnace

Huhless swirlers cold flow in J)/d - 5 furnace.
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Figure 4,29.d Recovery of centreline static pressure along the furnace
Huhless swirler flames in D/d = 2.5 furnace.
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Figure 4,29,e Recovery of centreline static pressure along the furnace
Annular swirler flames in D/d = 2*5 furnace.
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Figure 4.29.f Recovery of ccntreliiio static pressure along the furnace 
Huhless swirler flames in P/d = 5 furnace.



3 2 2

mmlLO

A

— a

0*5 1.0 1.5

Figure 4.29.g Recovery of centreline static pressure along the furnace 
Annular swirler flames in I)/d = 5 furnace.
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Figure 4 *29.11 Recovery of centreline static pressure along the furnace 

2 2 .3 huhless suirler in D/d = 5 furnace.
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Figure 4.30.a Maximum temperature variation along the furnace

Huhless swirlers in D/d - 2,5 furnace.
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Figure 4.30.b Maximum temperature variation along the furnace 

Annular swirlers in D/d = 2,5 furnace.
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Figure 4.30.0
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Maximum temperature variation along the furnaco
Huhless swirlers in D/d = 5 furnace.
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Maximum temperature variation along the furnace 
Annular swirlers in D/d - 5 furnace.
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Maximum temperature variation along the furnace
22,5 huhless swirler in D/d - 5 furnace.
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Figure 4*31*a Centreline temperature variation along the furnace 

Huhless swirlers in D/d. = 2,5 furnace.
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1 2 XFigure 4-31.h - Centreline temperature variation along the furnace
Annular swirlers in D/d = 2.5 furnace. .
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Figure 4.31.C Centreline temperature variation along the furnace 
Hubless swirlers in D/d = 5 furnace.

p/a Tad

1.0

0.9

0.8

0.7

%

60

±
0.5 1.0 1.5 X

Figure 4*31.d Centreline temperature variation along the furnace
Annular swirlers in D/d ~ 5 furnace.
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Figure 4»32.a Axial momentum fluxos
Hubless swirlers cold flow in D/d = 2,5 furnace,
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Figure 4.32.1 î- Axial momentum fluxes
Annular swirlers cold flow in D/d = 2.5 furnace.
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Figure 4*32.0 î- Axial momentum fluxes
Hubless swirlers cold flow in D/d 5 furnace,



N 331 -
10

__Y

Total10

—  X

V —

321 X
Figure 4'32.d s- Axial momentum fluxes

Hubless swirler flames in D/d = 2.5 furnace,
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Figur© 4,32.0 Axial momentum fluxes

Annular swirler flames in D/d - 2,5 furnace,
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Figure 4.32.f Axial momentum fluxes

Hubless swirler flames in D/d - 5 furnace,
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22,5 hubless swirler in D/d 5 furnace,
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Figure 4»33.a Axial flux of tangential momenta

Hubless swirlers cold flow in D/d = 2.5 furnace,
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Figure 4«33,b ; Axial flux of tangential momenta

Annular swirlers cold flow in D/d = 2.5 furnace.
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Figure 4.33.0 Axial flux of tangential momenta
Rubless swirlers cold flow in D/d = 5 furnace,
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Figure 4.33.d Axial flux of tangential momenta
Hubless swirler flames in f/d - 2.5 furnace.
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Figure 4-33.e Axial flux of tangential momenta
Annular swirler flames in D/d = 2.5 furnace,
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Figure 4.33.f Axial flux of tangential momenta
Hubless swirler flames in D/d = 5 furnace,
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Figure 4,34- Minimum static pressure -Swirl Number relation
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Figure 5,1: Idealised flow pattern across a flame wave.
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Figure 6.4* Jet spread variation with effective viscosity.



-349-
(H

r-(W
•HH

-Pc
&c33«ai E-i

O
CV"

C>-

o on-). Q) 
O  ri td o

rn,fH
O

o
d

A
C

Ci

co

ocr̂i
mcc

rO
•H

CO
•d
p
Oof HCDî>
Tiopo■ H-Ü
G)f-iA

ir\
vo



'350.

Wall

t is constant and 
equal to at all 
planes downstreami

0.2 tad Centreline

Figure 6.$.b Predicted temperatures for 30° Annular Swirler flame in p/d = 5 furnace
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Figure ?.1 - Mixing Model for flame stabilisation
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AERODYNAMICS OF SWIRLINÜ FLAMES - VANE GJ^NFNATED TYPI
by

8,A. Beltagui and N .R .I,, Maccalliuii 
Department ot Mechanical Engineering 

University of Glasgow

Introduct;î on

Swirl produces notable effects on flames, generally 
making them shorter and highly stable over a wide range 
of air and fuel flows. This report describes research 
on the application of vaiie generated swirl to pre-mixed 
town gas-air flames in a furnace. The results are compared 
with corresponding free flames and isotheimal jets.

Apparatus

Swirlers; of hubless and annular design (1), vanes
placed at 10°, 3 0 ° , and 6o° to jet axis, 
diameters; hubless, 93-am; annular, 9Ü mm 
outer, 32 mm hub.

Furnace: firebrick walled, 0.A6 m i.d., 1.42 m length.

Both annular and hubless swirlers were tested to 
provide information on the effect of the "bluff body" in 
the annular swirlers. The exit areas of both types were 
the same. The ratio of furnace diameter to burner diameter 
(D/d) is about 5, to provide valid comparisons with 
previous isothermal tests (1) at D/d of 2.6, this scaling 
being in accordance with Thring“Nev?by (2), There was no 
quarl and the exit from the swirler was in the plane of 
the end wall of the furnace.

Velocity components were measured using a 3-dimenslonal 
3-hole water-cooled probe to the design of Hiett and 
Powell (3)« This probe was suitably calibrated so that 
the static pressure was also obtained. Temperature was 
measured by a Ft 5/ Hh - Ft 20/ Rh thermocouple. Samples 
were analyzed for COg using an Infra Red Gas Analyser,

Velocity, pressure, temperature ana 002 distributions 
were observed at six radial planes at distances up to 
1,8 D downstream from the burner.

The authoi's wish to acknowledge the financial support 
of tlie Science Research Comic 11.
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Results

The form of the results depended on whether or not a 
central recirculation %one (C,R.Z.) is established. There 
was a C.R,Z. with both the and 60̂  swirlers (hubless 
and annular), but not with either the 15^ or swirlers. 
As an illustration for behaviour wirh a C.R.Z., the 
results for the 45^ hubless swirler are shown in Figs. 1 
and 2. TEnrrnauRt *c

015

i
omr "ixurwiiEiil; 

(itor 10 scALi]

I
020

CO, (as 'fc Of COHPLITE COHBUSTIOK)
rig. 2. pRoriirs o f iemp. km  cO;rig. I. VELOCiTY PROril.ES.

IJhen there is no C.R.Z., increasing svrirl increases 
the jet spread, but no more rapidly than in burning free 
jets (4). When central recirculation is established the 
jet spread is considerably more rapid than in the free 
jets. Impingement points are given in Table 1,

It is helpful to see the influence of swirl on the 
decays of the maximum velocities, static pressure on the 
axis and maximum temperature. These are shown for hubless 
swirlers in Figs. 5 to 6 respectively. As expected, the 
decays of the maximujm axial velocities in the early part 
of the furnace are more rapid with high swirl. Once the 
jets have impingea on the walls of the fui'nace the decay 
is much reduced. The low swirl jets (0° and 15°) retain 
a central peak through the furnace, The maximum tangential 
velocities also decay more rapidly in the eard.y section of 
the furnace with high swirl (although of course starting 
from initially high values). The notable feature of the 
variation of static pressure along the axis (Fig. b) is 
how swirl initially creates a low pressure zone adjacent 
to the swirler, with pressure rising downstreani. This 
gradient increases s^wirler) until finally it is
greater than the forward acting shear forces can maintain, 
and a central recirculation zone is formed, in which the
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static pressure is much more even. S-.wlrl tends to reduce 
the peaks in the temperature profiles, so that the maxiunum 
temperatures are lowered (Fig. 6).

Discussion of Results

The results arising from introducing the pro-mixed 
charge with swirl are found to depend on whether or not 
the swirl is sufficient to induce central recirculation. 
Central recirculation also plays an importanh part in fiame 
stabilisation (5). The criteria suggested from the 
observations for the creation of this G.R.Z. are now 
discussed.

As mentioned above C.R.Z's. were observed in the 
furnace tests only with the swirlers of vane angles of 
and 6o°. Isothermal tests in the present furnace and in 
the scaled furnace model (1) indicated C.R.Z.'s with the 
30^ and higher angle swirlers. Free jet observations, 
using similar swirlers, both isotherT.'.al (1) and burning (t), 
showed significant C.R.Z.’s only with the 4-5° and 6o° 
swirlers. \

Once established, the C.R.Z.’s in confined jets are 
seen to have dimensions which are essentially independent of 
further increase in swirl up to the vane angles of 6o°
(Table 1), The maximum diameter of the C.R.Z. is about 0.7



Swirling Flames

Sw;i rlT 
Angle

Enclos.
diam.

Iso,
or

Burn,

Dis t. 
to

1 c
kax
diam.

•n n 
« A .  .

Length
^rmax

15° 0.46

0.46

B

B.

1 ,6 D 

1,1 D
No C.R.Z,

if̂ O 0.46 B 0.4 D 0,6 D 1.5 0 0.45
6oo 0.46 B 0,2 D 0 .7 D . 1.5 D O ..56

^50° 0.46 0.420 0,660 1.1 D 0.21

0,46 I 0.25D 0.75D 1.2 D 0,51

*60° 0.46 I O.llD 0,8 D 1.2 D 0 .58

50°(1) 0.25 I 0.41D 0.6 D 1,4 D 0.29

0.25 I 0.34D 0.650 1.4 D 0 .4 3

6o“(l) 0.25 ■ I 0,55D 0,650 1.5 D 0 ,50

’̂Hubless svrirlers - all others Annular,
(where both tostech results virtually identical).

TABLE 1, Impingement points and Central Recirculation Data,

of the furnace diameter, and essentially unaffected by 
combustion. Combustion slightly lengthens the zone, by 
about 20"j. These results, particularly the comparison of 
the isothcz'mal tests in the present furnace and in the model 
(1), indicate tliat, within the range of these tests, the 
C.R.Z, dimensions are a function of furnace diameter, and 
not of swirler diameter. This will only apply provided the 
walls influence the jet. If the ratio D/d exceeds some 
limit then the walls have negligible influence, the flow 
behaves as a free jet and .any C.R.Z, will depend upon the 
swirler dimensions. It is thought that the limiting value 
of this diameter ratio for the enclosure to be effective 
might be about 8 for the 4^° swirler, but will be larger 
at higher degrees of swirl.

When the enclosing walls have an effect, it would seem 
that the swirl parameter to be used in comparing flows
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should he (?.' Gt/GxO) rather than (2 Gt/G;,yî). Strictly, 
the axial momentum flux, Gxj includes a static pressure 
term in addition to the momentum term. In the previous 
analysis of these vane svrirlers (1), the static pressure 
term was ignored and the swirl number based on the swirler 
diameter was simply (2 tan G)/5 (hubless). So the swirl 
parameter based on i'urnace diameter will be (2d tan 0)/(5D). 
This would indicate that for a given swirler.size, the 
smaller the enclosure, t/ie smaller the vane angle required 
to produce a C.R.Z. Unfortunately the steps in vane angles 
were too great to confirm this quantitatively, but the 
indications from the velocity distributions in the ’'near 
critical" swirlers point in this direction. The explanation 
for the 50° svJirler in the 0.46 rn enclosure giving a C.R.Z. 
in the isothernal test but not in the burning test is 
considered to lie in the effect, of combusti.on on the static 
pressure. This raises the pressure in the approach stream 
and increases the axial momentum flux, as compared to the 
isothermal case. The increase depends on fuel/cuir ratio 
etc. but is probably at least 105 of the momentwi component. 
Allowance for this static pressure shovjs the effective 
swirl parameter in the burning case to be less than in the 
isothermal flow (this conclusion is similar to that reached 
by Wu and Fricker (6)),

On comparing the initial spreads of the jets in the 
present furnace and in the isothermal model (1) it is seen 
that the ÛTipingement points in the model using the 50° 
swirler corresponds with the furnace using the 45° swirler. 
This is in fair agreement with Kerr (7) who suggested that, 
after scaling burner diameters according to Thring-Newby, 
the vane angle should be adjusted according to (ignoring 
hub effect) ^

®mcd
Sfurn 'I Pniod

furn (1)

where the model fluid is air. A problem in the application 
of this lies in specifying Kerr, in deriving
equation (1), considered that for equivalent flows in the 
enclosure, the swirl parameters based on the enclosure 
dimensions should be equal. The observations on C.R.Z.'s 
in the present work have suggested the same conclusion.
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Conclusions

The confinement of swirling flames only has significant
effects on the velocity profiles etc, if the combination
of enclosure dimension and degree of swirl is sufficient to 
create a C.R.Z, If a C.R.Z. is created then the spread of 
the jet is more rapid than in the free case. The 
dimensions of the C.R.Z. are primarily functions of the 
enclosure dimension. The sivirl parameter i'or the fonnai.ion 
of the C.lhZ. should be based on the enclosure dimension, 
Kerr's proposal for adjustment of vane angle in isothermal 
models is supported.
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Nomenclature

D furnace diameter
d burner diameter
Gjr axial momentum flux
G-ĵ axial flux of tangential momentum
G vane angle (to axis)
*̂ inod density in model

fluid density in.furnacepfurn

I


