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EREFACE

In many steady flow combustion systems in which
homogeneous mixtures of fuel and air are burned the flame
is anchored on some form of stabiliser. Downstream from
the stabiliser the flame spreads across the current of
fuel-air mixture, The flame-spreading process governs the
overallyrate of combustion, and is a matter of importance
in certain practical propulsion devices such as the ramjet.
The nature of the process and fhe factors which affect it are
therefore worthy of serious investigation, and form the
subject of this thesis. Already there is a growing
literature on flame spreading. This is reviewed in Chapter 1,

The author began his study of the subject in May 1952
when invited by Professor Smail to join the combustion
research team of the University of Glasgow. The subject
had been proposed by ¥Mr. P. Lloyd of the National Gas Turbvine
Establishment, Pyestock, and on his suggestion the author
spent the summers of 1952 and 1953 on experimental work at
Pyestock. An exploratory series of experiments on flame
spreading in a ramjet was first carried out, and is
described in Chapter 2. In these preliminary experiments
an investigation was made of the operation of flame spreaders.
These are physical arrangements such as baffles, inclined

fingers, etc., which are inserted in the fuel-air stream and

1.
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are intended to hasten the flame spreading process. The
influence of the geometry of the device on the overall
combustion efficiency was studied systematically in a second
series of experiments reported in Chapter 3.

These full scale experiments suggested that before the
flame spreading process is fully understood a more detailed
knowledge is required of (a) the flow of pilot gases in the
wake of the finger and (b) the ignition of a secondary flame
by a pilot source. The second of these was chosen for
further study. In Chapters 4 and 5 the results are presented
of work which has heen completed as a preparation for small-
scale experiments in this field.

One of the techniques developed for the small scale
experiments involves the use of an Ionisation Probe. In
designing a burner for its calibration the author found that
the literature on flame blow=off was misleading in its
references to rectangular burners, and a substantial part of
this thesis (Chapter 5) is developed from this. The work
has led to new knowledge which has been published (see below).

The main conclusions of the work described in this

thesis and suggestions for further research are given in

Chapter 6.

Publications,

A review of "Flame Spreading Characteristics in

Combustion" has been prepared for publication in Combustion

Researches and Reviews, 1956, A.G.A.R.D., Butterworths
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Scientific Publications, London. This review is based on
the literature survey given in Chapter 1, but it also
includes mention of some of the results of the flame spreading
experiments described in Chapters 2 and 3.

A péper entitled "Flame blow-off from Rectangular
Burners" has been accepted for publication by the Editor of
Fuel. This paver, which is based on Chapter 5, corrects
and‘extends the hitherto accepted authority (Grumer, Harris
and Schultz, 1953) on this subject.

A contribution on "EHlectronic Probe Measurements in
Flames" has been made to the discussion at the Joint
Conference on Combustion held in London in October 1955 under
the auspices of the Institution of Mechanical Engineers,

Preprints of these three publications are included as

an appendix to the thesis.
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1.1
1.2
1.3

105

CHAPTER I.

THEORY OF FLAME SPREADING.

Introduction.

Ieminar flame propagation.

Flame spreading in laminar flow

1.31
1.32

Flame stabilisation on bunsen burners.,

Flame spreading.

Flame spreading in turbulent flow.

l.41 TFlame stabilisation by bluff bodies.

1l.42 PFlame stabilisation by cans.

1l.43 Flame stabilisation by independent pilots,

l.44 The concept of turbulent burning velocity.

1.45 The use of the turbulent burning velocity
in calculating flame sPreadlng in
enclosed burners.

1.46 TFlame spreading in a ramjet.

Discussion.



CHAPTER 1.

1.1 Introduction

The subject of this thesis is the manner in which a
flame "spreads" from a pilot, or source, into a moving
homogeneous stream of fuel and air. The literature relevant
to the flame spreading process is reviewed briefly in this
Chapter. Since flame spreading can take place only if a
flame is successfully stabilised, a discussion of the
mechanism of flame stabilisation is also given for the various
flame spreading systems which are considered. 1In the review
given below, the combustion sygtems in which flame spreading
takes place are divided into two groups. The first group
(paragraph 1.3) consists of those systems in which the flow
is laminar., An example of this type is the inner cone of a
laminar bunsen flame. In the second group (paragraph 1.4)
are included the high velocity systems in which the flow is
turbulent. This section includes turbulent bunsen-type
flames, and the typical ramjet combustion system.

However, before these two groups of combustion systems
are discussed, the fundamental concept of laminar flame
propagation, and-the associated property of laminar burning
velocity, are considered. These concepts are discussed at
this stage because it is upon them that some of the "flame
spreading" theories are bhased,

4,
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5.

1.2 Taminar Flame Propagation,

When a suitable source of ignition is provided in an
explosive gas mixture a reaction wave, originating at the
ignition source, passes through the gas. If this reaction
wave propagates by the processes of diffusion and heat
transfer it is known as a combustion or deflagration wave.
However, in some cases a very fast moving wave may develop,
maintained by the energy of the chemical reaction of the
highly compressed medium in the wave. This second type of
wave is referred to asia detonation wave. Only the first
of these two types of waves, the combustion wave, is
applipable to the study of flame spreading in steady flow
systems, and it alone is considered below.

If, during the propagation of such a combustion wave,
the motion of the gas is laminar, this is said to be an
example of laminar flame propagation. The velocity of the
waye front relative to the unburned gas is referred to as the
laminar burning velocity.

Strucfure of a laminar flame.

If a co-ordinate system is chosen so that the reaction
wave is stationary, énd the gas flows through the wave in a
@irection normal to the wave front, then profiles may be
drawn representing the probable structure of the wave
(see Fig. 1). The profiles are based partly on calculations
made by Lewis and von Elbe (1951, p.347) on the decomposition

of ozone, and partly on measurements of temperatures in fleme
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fronts (Gaydon and Tolfhard, 1948; Dixon~Lewis and Wilson,
1951).

In the "preheat" zone the gas temperature rises from
the temperature of the approaching unburned gas, Ty, to the
temperature level Tj. The heat required for this temperature
rise is supplied by conduction from the hot gases in the
reaction zone. The exothermic reaction becomes appreciable
when the gases reach the temperature T, which is the so
called "ignition temperature™. Reéction then continues until

the final temperature Ty is attained.

Leminar burning velocity.

ﬁsing the model shown in Fig. 1, and making some gross
agssumptions an expression mey be obtained for the laminar
burning velocity. Firstly the heat flow into the fresh gas
by conduction =t the’plane B is equated to the heat
necessary to raise the temperature of the approaching gas

from Ty to Ty .

. (4T B
k (—d'—i,-)B bl Cp SI' € (Tl bl TU.) oon.oo--cEqno 1«1

where X is the thermal conduvetivity of the fresh gas, aseumed
to e independent of temperature,_cp is the specifiec heat at
constant pressure of the fresh gas, also assumed to be
indgpendent of temperature, 81, is the laminar burning
velocity and (° is the density of the cold gas.

An approximate relationship for the temperature gradient

m2y -be estimated from the shape of the temperature profile -
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(51-2) o 2 (7 -1y
Ix/g ~ T

where I is the width of the reaction zone.

u.a-o.u.'.olEq'nt 1.2

The mean rate of heat release in the reaction zone
per unit volume, Q, ﬁay be substituted for the width of the
resction ZOne,,L, vsing the relation =-

QII - Cp SI P(T’b“Tu) ccoooo-.oEqno 1.3

Combining the ahove three equations leads to the

following relationship for the laminar burning velocity =~

Sr Ry —% (2 ko . Ehwf,2&>'%
L cp P Ty = Tu Ty = Ty

..Itl...Eqn. 1.4

The above equation 1.4 has only a limited range of application.
If it is assumed that the reaction within the reasction zone
is bimolecular, or uni-molecular then the equation may Ve
used to predict the influence of pressure on the burning
velocity, e.g. for a bimolecular reaction the average
reaction rate is proportional to the square of the pressuvre,
the density is proportional to the pressure and so according
to equation 1.4 the burning velocity is independent of the
pressure. By a similar treatment it is predicted that the
burning velocity varies inversely as the square root of the
pressure when the reaction is uni-molecular. However, as
stated by Friedman (1953), the equation cannot be used to
calculate the absolute burning velocity of a given mixture

because no adegu=te means are known of obtaining either tke

~average heat release in the reaction zone, or the value of the



8.
ignition temperature.

The thermal theory of flame propagation, which is
outlined in its most simple form above, does not give an
obvious explanation for some experimental results on the
influence of hydrogen on the burning velocity of carbon
monoxide (Jahn, cited by Tanford and Pease, 1947a), These
results have been explained by the diffusion theories of
Tanford (2947, 1949) and Tanford and Pease (1947b) who
considered the influence of chain carriers on burning
velocity. Here égain however, the theory predicted only
comparative, and not absolute values of burning velocity.

It is seen that the theories indicated ahove cannot
vet be used to predict sbsolute values of the laminar burning
velocity. However, a considerable body of experimental data
has been obtained on the burning velocities of most of the
commoh fuelw~zir and fuel-oxygen mixtures. Several methods
have been used in obtaining these burning velocity
measurements, including the bunsen cone method, the soap
bubble method, the constant volume bomb and the flat flame
burner. A recent review of these methods has been given by
Linnett (1954).

1.3 Flame spreading in laminar flow.

An illustration of flame spreading in laminar flow is

given by the inner cone of the simple laminar bunsen flame.

As indicated in the Introduction above, the ant€horing of a
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9.
bunsen fleme will first be considered, followed by a

discugsion of the flame spreading.

1.31. Flame stabilisation on bunsen burners,

Consider a flame located in a flow system through
which a homogeneous mixture of fuel and air is passing.
Assume that the flame front is initially at right angles to
the direction of flow. If now at some point the burning
velocity exceeds the local flow velocity, then at that point
the flame will move upstream, Likewise if the burning
velocity at some point is less than the local flow velocity,
then the flame there will be driven back. In general the
flame will tend to assume a shape such that the local
bﬁrning velocity is always eqgual to the component of the
local flow velocity normal to the flame front. The flame
will be maintained in a stable position only if the burning
velocity at one point is exactly equal to the local flow
velocity, at all other points the®f1ow velocity being greater
than the burning velocity.

Stabilisation of fuel-weak flames.

The principle discussed above will now be applied to
the case of a flame anchored in the Jjet issuing from a
cylindrical tube, e.g. a bunsen burner. The fuel concentration
in the mixture is less than the stoichiometric concentration.
The flow velocity distributions at the burner rim (4), ard ~t

four heights above the rim (B, C, D and B) sre given in Fig. 2.
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At the burner exit A the velocity profile will be perabolic
if the approach length in the burner is sufficiently great.
At increasing distances from the rim the velocity distribution
gradually flattens and broadens, due to momentum transfer
with the surrounding air. An indication of the distribution
of the laminar burning velocity at each of the heights is
superimposed on the flow velocity profiles in Fig. 2. Close
to the burner rim the "burrding velocity drops to zero drne to
the loss of chain carriers and heat to the burner wall. As
the height above the rim is increased, this quenching effect
is diminished. However, as the height increases, diffusion
of ambieht air into the fuel-air mixture takes place and
weakens the mixture strength close to the boundary, tending
to decrease the burning velocity.

At height A the flow velocity everywhere exceeds the
burning velocity and therefore no flame can be stable in
this position. At height B an equality exists at point P
between the burning and the flow velocities and so a flame
may be anchored at this height. Oh a further increase of
height a region is reached (C) in which at one or more
points the burning velocity exceeds the flow velocity. A
flame lighted in this position will move upstream until the
stable position at height B is reached, However, on further
increasing the height a position is eventually reached at

which diffusion has so reduced the burning velocity in the

boundary region that a flame will be blown downstream (keicht &).
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Between this region and the region where a flame moves
upstream (height C) there is & position of unstable
equilibrium (height D). :

If a2 flame is anchored at positinB, as indicated abowe,
and if the flow velocity is increaéed, the fuel concentration
remaining the same, then the height to the new position of
stable equilibrium, B, is increased. The position of unstable
equilibrium, D, is lowered, and on a sufficient increase in the
flow rate a condition is reached in which the heights to
planes B and D coincide. When this occurs the flame is on the
point of "blow=-off".

Stavilisation of fuel=-rich flames.

When the surrounding atmosphere is air (or oxygen) an
additional process enters into the mechanism of anchoring of
fuel~rich flames, as compared with the mechanism, described
above, of anchoring fuel-weak flames. This prooess,'which is
the increase of the burning velocity dus to the diffusion of
air, is illustrated in Fig. 3. In this case height C is the
position of stable equilibrium.

It should be noted that in certain fuel-rich mixtures
it is possible for a flame to be anchored in a "lifted"
position, which may be several diameters above the burner exit.

The ahove outlines of the mechanism of flame stabilisation
are based on the puvlications of Lewis and von Elbe (1951,

Chapter VII), Wohl, Kapp and Gazley (1949) and others.
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Correlation of blow=off limits.

From the discussion given above it is spparent that
flame anchoring in a bunsen burner depends on a balance =t
one point between the flow velocity, and the burning welocity,
and that this balance point lies close to the boundary of the
stream. Since the flow velocity at a point close to the
boundary is roughly proportional to the boundary ﬁelocity
gradient, Lewis and von Elbe (1943) proposed that the
stability limits of burners of various dimensions may be
correlated by the wall welocity gradient. This correlation
has been applied very successfully by Lewis and von Elbe
themselves and others,

This correlation for flames anchored on tubes in which
the flow is laminar has also been found to apply to stability
limite of burners in which the flow is turbuient (Bollinger
and Williams, 1947; Wohl, Xapp and Gazley, 1949). In this
case the boundary velocity gradient is calculated from the
Blasius Equation.

The correlation of blow-off limits by the boundary
velocity gradient has also been applied to burners of
rectangular cross-section. This work is described in Chapter
5 of this thesis.

1.32 TFlame spreading.

The shape of the flame front in a bunsen flame

has been predicted roughly by Lewis and von Elbe (1943).
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They celculated the shape from a knowledge of the velocity
distribution and by assuming that the laminar burning velocity
is constant along the'entire length of the flame front. The
major discrepancies between the theoreticaliand the observed
flame shapes occur at the tip of the flame, and at the flame
base. At the flame tip the burning velocity is, in gener=l,
altered, due to the influences of heat conduction and diffusion
in the wicinity of the sharply curved combustion wave. At
the flame base the burning velocity is decreased due to
quenching by the burner, as mentioned in the preceding
paragraph on flame stabilisation on bunsen burners.
Nevertheless, over most of the flame front the burning velocity
is, in fact, constant, and in that region the experimental and
theoretical flame profiles are in good agreement.

Thus, for the simple case of a laminar bunsen burner,
it may be predicted with - reasgonable accurzcy whether a flame
will, or will not, be anchored under given flow conditions.

If the flame is anchored, the shape it assumes may also be
predicted, allowance being made for flow redistribution and
quenching effects where necessary. The laminar burning
velocity is an important parameter in these calculations.

l.4 DPFlame spreading in turbulent flow.

Here again the procedure is adopted of considering
flame stabilisation and flame spreading separately. It must
be noted however, that, in high velocity systems, there are

strbng interactions between the flame spreading zone and the
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region of flame stabilisation (Longwell, 1955). Examples
of this effect are discussed bvelow in the sections on flame
stabilisation.

One method of flame stabilisation, as illustrated by
the anchoring of a bunsen flame, has already been discussed.
However the flow velocities at which flames can be anchored in
this way are limited, particularly in fuel-weak mixtures. In
the high velocity systems, which are considered in this section,
the flame is normally stabilised byva bluff body, or a can,
or an independent flame pilot.

- 1.41 Flame stabilisation by bluff bodies.

Surveys of the literature on this subject have
recently been given by Longwell (1953) and Zukoski and Marble
(1955).

While the mechanism by which the fresh gases are ignited
in the anchoring zone is still not completely defined.
(Williams and Shipman, 1953),several workers have suggested
models which offer some explanation of the experimental results.
Scurlock (1948) suggested that the recirculation zone behind
the stabiliser acts as a source of heat which ignites the
rassing fresh gas. Blow=off occurs when insufficient heat can
be transferred from the hot recirculation zone into the cold
unburned gas to maintain ignition. A similar model, in which
the mass flow into the wake is critical, has been proposed by
de Zubay (1950). Longwell, Frost and Weiss (1953) have

applied the concept of homogeneous comhustion to the
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recirculation zone. Spalding (1953) has analysed three
different models of anchoring = stabilisation by a Jjet of
hot gases, by recircuiation and by standing vortices, in
each case the same expression being obtained for the condition
of the blow-off. A wake mixing model has been consideresd
by Lees (1954).

All the théories mentioned above predict that the group
Upo/D® will correlate, as a function of the fuel-air ratio,
the blow-off results for different sizes of stabilisers at sny
one pressure. Ugp 1s the flow velocity at blow~off, D is
the stabiliser characteristic dimension, ané n is an index.
Longwell, Frost and Weiss, Spalding and Lees predict that the
index n should be unity.

It has been found that the values of the exponent n
which give the best agreement with the various sets of
exper imental data vary from 0.45 to 1.0. An explanation of
this apparent inconsisténcy has been given by Zukoski and
Marble (1955). They have shown that a transition takes
place in the wake boundary at a value of the Reynolds Number,
based on the stabiliser width, of about 104, At that flow
rate, the wake boundary immediately downstream of the
stabiliser, which at lower flows had been laminar, becomes
turbulent. Considering only the blow-off results taken at
Reynolds Wumbers of greater than 104 Zukoski and Merble have
found all the results, except those of Longwell, Chenevey,

Clark and Frost (1949), to be correlated by an exponent value
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of 0.5. Longwell's results, which require an exponent of
1.0, were taken at Reynolds Numbers of the order of 106, and
it may be that, as Iongwell (1955) and Zukoski and Marble
suggest, in this higher range of Reynolds Number a third
regime of wake structure exists.

Spalding (1953) suggested from theoretical considerations
that the blow-off velocity is proportional to the square of
the laminar burning velocity. Calculations (Spalding, 1954 )
based on the published blow-off results are seen to be in
agreement, in the higher range of Reynolds Number, with this
relationship.

De Zuﬁay (1950) has found that the blow-off velocity
is almost directly proportional to the absolute pressure.
This result is in agreement with the theories of Spalding
(1953) and the second order reaction rate theory of Longwell,
Frost and Weiss (1953).

From the summary given above it is seen that, with the
2id of cérrelations of the type given by Spalding (1954), the
blow-off velocity, for given conditions of mixture strength,
pressure and stabiliser dimension, may be predicted with a
fair degree of accuracy. |

In the blow-off experiments which have been referred
to above, care was taken to avoid flow and pressure fluctuations.
Scurlock (1948) has demonstrated that induced turbulence, due
to, say, a grid in the flow approaching the stabiliser, has a2

deleterious effect on the stability limits. A reduction in the
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stability limite may also be caused if, in an effort to
achieve complete combustion, the flame holder is placed a
considerable distance hefore the chamber outlet (Longwell,
1955; Barrere and Mestre, 1954)., TUnder thesecond itions
pulsations in the flame front have consistently been observad
by Dunlap (1950), even at flow velocities of 50 ft/sec., and
less. These reductions in stability limits demonstrate the
interaction in high velocity systems between the flame
spreading zone and the stabilising zone.

1.42 Flame stabilisation by cans.,

The flow through a typical can stabiliser is
illustrated in Fig. 4.

The stability limits of cans have not been studied as
thoroughly as those of the simple bluff bodies. Tongwell
(1955) indicates that the blow-out limits at one fmel/air
ratio may be correlated by the term A/V?2 where A is the mass
flow rate into the recirculation zone, V is the volume of the
recirculation zone and P is the pressure. Other recently
published experiments (Probert, 1955) on the stability of =
can having a single row of gas inlet holes suggest the
correlating group - /D% pl+5, where q is the mass flow rate
through the can inlet holes, and D is the can diameter (211
the cans were geometricfally simiiar). In comparing theee
two correlating groups it must be remembered that one group
is based on the mass flow into the recirculation zone, while

in the other the measured quantity is the total mass flow rate
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through the inlet holes.

A can, having three rows of inlet holes, was used as
the stabiliser in the pilot df the combustion system which
is described in Chapter 2 (see Figs. ba, 8). This systen
was used to study the influence of "flame spreaders" on the
overall combustion efficiency. The flame spreaders were
attached to the downstream end of the pilot, and consisted
of a2 number of flat fingérs which crossed the annular space
through which the main fuel-air mixture passed. It was
found that the use of suitable finger arrangements resulted
in congiderable improvement in the combustion efficiency
performance (see Chapter 3). However, it was also found
thdf, if the number, width and inclination of the fingers
which formed the flame spreader were increased heyond certain
limits, a situation resulted in which combustion was
extinguished before the system could be brought to choked
tailpipe conditions (the finger inclination is the angle
between the finger and the axis of the duct). This would
appear to be another example of the interaction of flow
fluctuations and combustion stability. |

In each of the theoretical analyses of flame
stabilisation which have been mentioned in paragrsphs 1.41
and l.42, it was assumed that there was no loss of heat from
- the combustion zone. That heat loss from the zone of anchoring
by radiation for example, éan be important, particularly =2t low

pressures, has been shown by Spalding and Tall (1954).
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1.43, Flame stabilisation by independent pilots.

Independent hydrogen-oxygen pilots have heen
used by Wilkersonand Fenn (1953) in studies of the influence
of mixing rate on the combustion efficiency in ramjets.

Here again it is reported (Fenn, 1955) that when the mixing
rate became excessive, combustion was extinguished.

l.44 The concept of turbulent burning welocity.

It has been demonstrated in paragraph 1.3
above that the concept of a laminar burning‘velocity proved
valuable in the study of flame spreading in a laminar bunsen
flama.

Similarly it was thought that a "turbulent" burning
velocity would aid the analysis of a flame burning in a
turbulent stream. The first attempt to predict this turbulent
burning velocity in terms of the turbulence characteristics
was made by Damkohler (1940). He considered two extreme
cases, firstly, the case where the scale of turbulence is
large compaPed with the flame thickness, which appears to
correspond most closely to the situation met in practice, and
éecondly, the case where the scale is small cowpared with
the flame thickness. For the large scale turbulence it was
considered that the turbulence merely caused a wrinkling of
the flame front, and, by assuming that the individual sections
of the flame front continue to propagate at the laminsr flame
Speed, Damkohler predicted that the turbulent burning velocity

is roughly proportional to the intensity of the turbulence in
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the approach flow. Tor the case of the small scale
turbulence it was assumed that the flame front is not
distorted and that the increéée in the burning velocity is
due'to an acceleration of the transport processes within the
flame. 1In this way Damkohler obtained -

= ()7 e
where Sp and Sy, are the turbulent and laminar burning
velocities respectively,
€ is the eddy diffusivity in the approach stresm
and ¥y 1is the kinematic viscosity.

The concept that a flame in large scale turbulence
consists of rapidly fluctuating laminar flames has also been
used by Xarlovitz, Denniston and‘Welis (195i), and Xarlovitz
(1954), who predicted the turbulent burning velocity from
the manner in which burning volumes of gas are moved backwards
and‘forwards by the turbulence. Their treatment led to the
equations =~

Sp = Sp + uf ceerenees Bqn. 1.6
for weak turbulence, ut«< SL’ where u'.is the intensity of
turbulence and

Sp = 8, + (2 8p u’ )%

I) .toooolcEqn. 107

for strong turvulence, u'7>-SL .
"hen the intensities of turbulence in the gas stream
approaching an open bunsen type flame were substituted in

equation 1.7, the turbulent burning velocities predicted by
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the equation were found to be considerably less than the
experimental values. Reasonable agreement was obtained only
when a turbulence intensity, fhought to represent the
intensity of "flame-generated" turbulence, was used in the
equation in place.of the turbulencé in the approach stream.

This estimation and use of the intensity of ¥flame~
generated" turbulence by Karlovitz represents a considerable
.advance in the "wrinkiéd flame front" theories of turbulent
flames. Fowever it has been suggested by Longwell, Frost
and Weiss (1953) that, within a given volume, an insufficient
number of,laminar flame sheets can be obtained to yield the
probable local heat release rates observed in the 1§ inch
diameter ramjet of Mullen, Fenn and Garmon (1951). Althovrgh
Longwell made an assumption as to the space occupied by thre
burned gases which may haveyled him to underestimate the
number of flame fronts possivble, it does appear that there is
a definite limitation to the "wrinkled laminar flame front®
theories, beyopd which they are no longer valid.

An alternative concept of the structure of a turbuvlent
flame has recently been proposed by Summerfield, Reiter, Xe-ely
and Yascolo (1955). They sugeest that a turbulent flame is
a zone of distributed reaction in which there are smooth
spatial variations of the time-average values of temperature
and composition, somewhat similar to a broadened laminar flame,
the structure of which was indicated in Fig. 1. The transport

processes within this "distributed reaction zone® flame are
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controlled by the stream turbulence. It is claimed that
this distributed reaction model has been confirmed by a
series of experiments which consisted of filtered flame
photographs, spectroscopic studies, temperature trawerses
and ionisation probe measurements. While the results of
the first three techniques seem to favour this structure e=s
opposed to the wrinkled laminar flame models of Karlovitz
and his colleagues (1951), it is thought by the writer thet
the reported ionisation probe measurements can be explained
by either model (c.f. paragraph 4.43). On the basis of
the distributed reaction zone model, and by comparison with
the laminar flame structure, Summerfield and his associates

obtained the following similarity equation =«

Sm & S, d

T ~T L "L
- _—ln es en e s 0c s e . .8
= Y Egn. 1

where ST and Sy are the turbulent and laminar burning velocities

respectiﬁely,

dT is the thickness of the flame zone in a turbulent flame

dg, is the thickness of the fleme zone in a laminar flame

‘& is the eddy diffusivity in the approach stream
and Y is the kinematic viscosity.

A number of measurements of the turbulent burning
velocity, and of the turbulent flame zone thickness were made
with different turbulence producing grids in the approach flow,

and at various flow velocities. In spite of the crudeness of

some of the methods used, the group on the left hand side of

equation 1.8 gave a reasonable correlation of the results.
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This distribﬁted reaction zone model proposed by
Summérfield and his colleagues may prove very useful,
particularly in the high wvelocity, high turbulence range of
conditions., A difficulty in the application of the theory
as it stands is that the left hand side of the equation contains
two terms that are characteristics of the turbulent flame -
the burning velocity and the flame thickness. Gas sampling
traverses, of the type shown by “ohl, Shore, von Rosenberg
and Weil (1953) and Longwell (1955), may prove helpful in
pro#iding information on the thickness of the turbulent flame,

It may be noted that Damkohler (1940), in his analysis
of the influence of small scale turbulence on a flame front,
conceived a flame structure which is guite similar to the

model used by Summerfield.

1.45 The use of the turbulent burning velocity in

calculating flame spreadineg in enclosed burners.

In burners of constant cross-sectional width
the propagation of a flame across the fuel-air stream causes
considerable redistribution of the flow velocities. By
assuming a continuous flame front and a constant value of the
turbulent burning velocity, Scurlock (1948), Tsien (1951), and
others have provided relationships from which the flame shape
and flow paths may be calculated. Conversely, the
relationships may be used to determine values of turbulent

burning velocity from obsérved flame shapes (Scurlock, 1948).

It is doubtful whether the assumptions as to a continvous
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flame front and a constant burning velocity are valid in the
enclosed combustion systems in which the approach velocity is
greater, say, than 100 ft/sec. Plame spreading in these high
velocity systems, which are typified by a ramjet combustion

chamber, is discussed below.

1.46 Flame spreading in a ramjet.
Flame spreading in a 1% inch ramjet has been

studied by Wilkerson and Fenn (1953), the effectiveness of
the spreading bveing represented by the combustion efficiency at
the chamber oﬁtlet. All the efficiency measurements were
taken with choked flow at the burner exit. An independent
hydrogen~oxygen pilot was used and it was found that the
efficiency with any one geometric system increased considerehly
when the pilot heat input was increased from 0.5 to 4.5%7 of the
possible heat release within the chamber. This result cannot
be explained by the wrinkled flame front theories of turbulert
burning velocity. The distributed reaction zone theory
(equation 1.8) cannot yet be applied to these conditions owing
to the lack of data on the thickness of the turbulent flame.
Howeveér, a satisfactory explanation of these results has “een
given by Wilkerson and Fenn themselves, who considered the
combustion chamber to be a region of homogeneous combustion.
The temperature T at a characteristic point in the chamber was
assumed to be given by the expression -

T g Tu + ChK ..o-..........Eqn. 1&9
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where T, is the temperature of the unburned gas,
C is =2 constant .
h is the pilot heat input (as a percentage of the total
heat release)
and K is & factor measuring the rate of mixing of the pilot
heat with the main stream.

The factor XK was determined by observing the temperzture
distrivbution with only the hot pilot gases and cold air entering
the chamber, the main fuel supply being stopped. Since =211
measurements were taken using a stoichiometric fuel-air
mixture the combustion efficiency, 12, was then assumed to he
a function only of the temperature at the characteristic point,
given by = E

‘ "RT ,
T, = Be veee...Eqn. 1.10
where B is a constant,

E is the activation energy
and R is the universal gas constant.

When a suitable value of the constant C, in equation 1.9
was chosen, a good correlation of the fesulté was obtained.

With the same apparatus Tilkerson and Fenn studied the
influence of mixing rate on the combustion efficiency.
Different mixing regimes were obtained~ by placing orifices of
diameters ranging from 1% inch to 1% inch within the 1% inch
diameter duct carrying the main stream. The orifices were

placed at a distance of just over 1 inch upstream from the

pilot exit. The mixing factor, K, was measured for cach of ths



Fic, 5 INFLUENCE OF MixinG AND OF Puot HEAT
On CoMBUSTION EFFILIENCY
(From Wilkerson and Fenn, 1953 )

ComMBUSTION EEmICIENCY

[}] L L i { A
00002 00004 006 0088 000 0002

(wor 10°hk)"  (°R)"



26.

geometries used. Then the pilot heat was wainteined at a
constant frection of the total heat input, it was found that
.an increase in the mixing facfér, X, which was achieved by
using a smaller diameter of orifice, was accompanied by an
inecrease in the combustion efficiency. Equations 1.9 and 1.1C
which had correlated the influence of pilot heat on the
combustion efficiency, were also found to correlate the influsnce
of mixing rate on the combustion efficiency. These correlanticons
are given in Fig. 5. "hile Wilkerson and Fenn appreciate that
their treatment is oversimplified, it nevertheless providexz
a satisfactory explanation of their results.

| The use of devices, such as the orificesS employed by
Wilkerson and Fenn, which increase the rate of mixing by
imparting general turbulence to the main stream, represents
one method of achieving improved flame spreading. In the
apparatus described in Chapters 2 and 3 of this thesis, the
flame spreading was improved by the use of a system of finsers
placéd across the main stream, the roots of the fingers beine
-1evél with the pilot exit. It has been shown by gas sampling
that mass transfer of pilot gases takes place along the weke«
of the fingers, and it appears that when the main fuel supplyv
is introduced these_fingers act, at least partially, as
flameholders.
1.5  Discussion.

In low speed systems it appears that the flame spre~ding

is controlled by the burning velocity (laminar or turbulent).
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Tn the condi*ions met in & ramjet combhustion chember in which
the flow is choked 2t the burner exit, the combustion snperrs
to be more homogeneous, a2nd the mixing processes become
important. It has been observed that increasing the mixing
rate improves the flame spreading. However, if the mixine
rate is increased beyond a certain limit, a decrease in the
stability, leading to extinction, can occur.

The theoretical analysis of the influence of mixing on
the combustion rate which has been made by Berl, Rice snd Rosen
(1955) is relevant to this problem. They have shown th=%
much higher heat release rates can be obtained with optimm
mixing, than are obtained with only slight mixing. They have
also shown that, when extremely rapid mixing takes place, the
time regquired to burn'a given volume of mixture becomes

excessive. -
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CHAPTER 2.

2.1 Introduction.

The experiments described in this Chapter were the
first to be carried out in the research project. They were
intended to clarify the existing concepts of flame spreadirg
and to give guidance to the design of future experiments.

Since it is hoped to apply the methods of flame
spreading to ramjet and gas turbine combustion chambers it was
thought that these preliminary experiments would be most usefnl
if carried out on an apparatus operating under conditions
similar to those encountered in, say, a ramiet combustion
chamber. Such an apparatus requires considerable supplies
of fuel and compressed air, and since the facilities
available at Glasgow University were limited, it was decided
to carry out these initial experiments et the National Gas
Turbine Estsblishment, Pyestock.

Two experimental rigs were prepared, one an "Open Jet
Apparatus®™, and the other a "Tailpipe Apparatus". The
Tailpipe Apparatus was equivalent to the combustion system of
typical 5 inch diameter ramjet, while the Oven Jet Apparatus
was essentially a similar chamber but with the tailpipe
removed to allow observation of the flame patterns.

The air supply for the rigs was provided by two Rolls-
Royce Nene Jet Engines fitted with air bleeds. Because of the
difficulty of maintaining an adequate supply of a gaseous fnel,

and because ramjet engines, in practice, normslly operate on
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liguid fuels, a liquid fuel, "Ramjet Kerosine", was used in
the experiments.

2.2 Open Jet Apparatus.

This apparatus consisted of a 3 inch diameter pilot.
16 inches long, placed within a 5 inch diameter duct, the
whole being carried in an outer duct of diameter 7.2 inch.
A sketch of the apparatus is given in Fig. ba.. The system
within the 5 inch duct was equivalent to a small ramjet bumer.
Avout 12% of the =2ir entering the 5 inch diameter duct pass=d
through the pilot. This air will be referred to as "Pilot
Air", The remainder of the =2ir within the 5 inch diameter
duct flowed through the annuiar space between this duct and
the ?ilot. This air will be referred to as "Secondary Air",
A stream of jacketing air flowed through the annulus between
the 7.2 inch diameter duct and 5 inch diameter duct. The
object of this jacketing air stream was to prevent the
gorticity due to the motion of the gas stream relative to the
ambient air affecting the flame until ﬁell downstream of the
end of the pilot.

Fuel was supplied independently to the pilot and
secondary streams using upstream injection and natural air
blasé atomisation. At values of Mach ﬁumber upstream of
the pilot of up to about.0.3 (Measuring Section 2), and under
suitable pilot fuel flows a flame was stabilised behind the
colander baffle (or can). A few stability limits of the pilot

were observed and these are plotted in Fig. 6b. As expected,
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the flow of secondary fuel had little effect on the pilot
gtability limits in this apparatus. |

When secondary fuel was supplied the flame issuing
from the pilot spread across the secondary stream as shown
in Photographs Nos. 11, 16 and 21 of Fig. 7. The object of
the flame spreaders examined was to increase the rate at which
the flame propagated into the secondary stream, resulting in
higher ccombustion efficiencies for a given length of
combustion chamber, or shorter combustion chambers for the same
combustion efficiency. Flame spreaders consisting of
various nunmbers of fingers could be attached to the downstream
end of the pilot, the fingers traversing the annular space
through which the secondary stream passed (see Photographs
No. 1 and 2 etc. of Pig. 7.)

The air flow within the 5 inch duct was measured by a
pitot- static tube mounted at Measuring Section 2. This
pitot static tube was calibrated using a traversing pitot =~
static tube placed at Veasuring Section 1, the 5 inch = 7.2 inch
annulus being blanked off. A traversing total head tube
at Measuring Section 3 with associated static pressure wall
taps was used to measure the flow of pilot air.

Both pilot and secondary fuel flows were measured by
rotameters. The nominal calibration of each rotameter was

checked over a range of fuel flows by weighing the quantity of

kerosine passed in a given time.
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At the air inlet temperatures used (‘avout 13000)
the fuel entering the combustion zone had not evaporated.
No measurements were made of the fuel distribution nor of the

droplet size.

2.21 Visual observations and flame photographs.

The structure of the flame as it propagated into
the secondary stream was obsérved visually with each of the
following epreader systems:-

Three fingers, 1 in. wide at inclinstions of 31°, 18°.

Four fingers, % in. wide * " w o 60°, 45°, 31°
| 18°, 10°,

Eight fingers, % in., wide " " w310, 189, 10°.

Eight fingers, + in. wide " " mo 310, 1809,

The "inclination™ is taken to be the angle
between the finger and the axis of the burner.

Observations were made over a range of average
Mach Numbers upstream of the pilot (Measuring Section 2)
between 0.12 and 0,28. The pilot fuel/pilot =zir ratio was
mainteined approximately constant at 0.062 by weight
(stoichiometric 0.067), except at the lowest values of the
approach Mach Number, "hen the approach Mach Number was
0.12 a considerable number of yellow streaks appeared in the
pilot flame, possibly caused by poor atomisation of the fuel

resulting from the lower air velocities, To minimise thig

streaking the pilot fuel/air ratio was reduced at this velocity
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FIG, 7 Cont’d,
PLAME APPEARMICE IE FLAME SPREADING SYSTEMS
Approach Mach ITo. 0.12

Pilot fuel/air ratio 0.051 by weight;
Secondary fuel/air ratio 0.027 by weight.
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FIG, 7 Cont’d.

FLAME APPEARANCE IN FLAME SPREADING SYSTEMS

Approach Mach No. 0.28

Pilot fuel/air ratio 0.062 hy weight?
Secondary fuel/air ratio zero.



PIG« 7 Cont’d.
PLAICE APPEARANCE IN PLAICE SPREADING SYSTEMS

Approach ICach No. 0.28

Pilot fuel/air ratio 0.062 by weight;
Secondary fuel/air ratio 0.028 by weight.
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FIG. 7 Cont’d.
FLAKS APPEARANCE IN FLAME SPREADING SYSTEMS

Approach Mach No. 0*28

Pilot fuel/air ratio 0,062 by weight;
Secondary fuel/air ratio 0-057 by weight.

21
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to 0.05 by weight.

The ratio of secondary fuel flow to secondary air flow
was varied from zero to 0.07 by weight.

To provide a record of some of the flame observations,
- direct photographs were taken of flames obtained (a) with no
spreader attached to the pilot (Photographs Nos. 1, 6, 11, 16,
21) and (b) with each of the following spreader systems
attached to the pilot:~ |

Four fingers, + in. wide at inclination of 10°.
(Photographs Nos. 2, 7, 12, 17, 22).

Four fingers, &+ in. wide at inclination of 31°.
(Photographs Nos. 3. 8, 13, 18, 23).

Eight fingers, 4+ in. wide at inclination of 31C°.
. (Photographs Nos. 4, 9, 14, 19, 24)

and Four fingers, % in. wide at inclination of 60°.
(Photographs Nos. 5, 10, 15, 20, 25).

Photographs were. taken at Maéh Numbers upstream of the
pilot of 0.12 and 0.28. At the approach Mach Number of 0.12
flames were photographed at secondary fuel/air ratios of O and
0.028 by weight, and at the approach Mach Number of 0.28 at
secondary fuel/air ratios of O, d.028 and 0,057 by weight. The
photographs, numbered 1 to 25, are given in Fig. 7. Special
blue sensitive plate; type 1IN, was used for all the flame
photographs. Photographs Nos. 1 to 4 and 6 to 25 inclusive
were taken with an exposure time of & second at f22,

Photograph No, 5, which is slightly overexposed, was taken with

an exposure time of % second at f£16.
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Since successive photographs of one flame may appear
to be slightly different due to variations in the processes
involved in developing, printing, etc., caution is required
in comparing the flame photographs shown in Fig. 7.

However the following observations may be made from these
photographs and from the visual studies described above.

() With all the spreaders tested, when secondary
fuel was supplied flame gases were present in the wakeg at
fhe tips of the fingers. in other words, fiame had "spread"
to the tips of the fingers (see Photographs 7, 8, 9, 10 etc.)
Visual observations are in agreement with this conclusion.

"However with many spreader arrangements, particularl$
with those having finger inclinations of 30 degrees or more,
and with those using the thinner fingers, there was little
indication that the flames in the wakes of the fingers were:

initiating general comﬁustion of the secondary fuelw-air
mixture as it passed the fingers. For example with 3 inch
wide fingers at an inclination of 60°, at an approach Mach
Number of 0,28 and,a secondary fuel/air ratio of 0.057, while
there is seen to be some flame in the wake of the finger at

the top of the spreader (Photograph No. 25), there is little
sign of general combustion of the secondary mixture until

well downstream 6f the finger., Under the same flow conditions

but with the fingers inclined at 10° (Photograph No., 22) it
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apnears that the flame ceses present in the wakes of the
fingers are effective in starting. progressive combustion of
the secondary fuel~air mixture.

These observations do not necessarily mean that no
benefit was gained from the spreader with the finger
inclination of 60°, since the turbulence due to the fingers
may have had a beneficial effect on the rate of combustion of
the secondary mixture when this combustion began about
10 inches downstream of the;spreader. On the other hand this
turbulence might tend to cause quenching. A quenching effect,
which is déscribed in paragraph 3.44 of Chapter 3, was
encounﬁered in the Tailpipe Apparatus when spreaders having
fingers of steep inclination were used.

This question of whether flame spreading by vhysical
objects such as fingers which act effectively as flame holders
is better than flame spreading resulting from general turbulence
is discussed in Chapter 6. Experiments are suggested which
should answer this question.,

(v) Photographs Yos. 1 to 4 (at Mach Number 0.12)
and 11 to 15 (at Iach Number 0.28) show the effect of the
spreader systems on the pilot flame when no secondary fuel is
suppligd. The shortening of the pilot flame with incteasing
finger inclination may be due to some of the burning pilot
gases bheing dispersed by being drawn into the wakes of the

fingers. The shortening may also be due to increased mixing
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of the secondary air with the pilot flame as it emerges from
the downstream end of the pilot. -

Thether the shortening of the pilot flame by attaching
spreaders is accompanied by incomplete combustion of the
pilot fuel might be determined by sampling and analysing the
gases downstream from the pilot.

In addition to the observations of the flames
described above, some tests were made without lighting the
pilot fueleair mixture. The unlit fuel mixed with the pilot
eir and formed a spray which was easily recognisable, and,
in the absence of secondary fuel, this acted as a tracer for
the pilot gas. With each of the spreaders tested some of
this pilot fuel spray was seen to travel along the wakes of
the fingers to the end furthest from the pilot, thus
suggesting a flow or mass transfer of pilot gas along the wake
of the spreader fingers. This indication was confirmed by
sampling tegsts which are discussed in paragraph 2.22 below.

In all the experiments described above the flame
spreader was attached to the pilot so that the rcots of the
flame spreader fincers were level with the downstream end of
the pilot. In addition one test was made in which the
‘spread;r having three 1 inch wide fingers at 18° inclination
wag attached to the pilot so that the roots of the finger were
7/16 inch-upstream of the downstream end of the pilot. ith
this arrangement, observations of unlit pilot fuel again

indicated that pilot gases flowed out along the wakes of the
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fTingers. A21s0 when the pilot fleme was 1it, 2nd secondary
fuel supplied, flame gases were seen élong the wakes of the
fingers. These observations indicate that the pnerformarce
of the spreader had not been appreciably altered by moving I
the spreader this small‘distance of 7/16 inch upstream, and
- that the length of the recirculation zone behind the 1 inch

wide fingers im greater than 7/16 inch. Tongwell (1955)

has since studied the recirculation zone behind flame holding
gutters of widths 1 inch and 2% inch and has found the zone
to be four to five haffle dimensions in length.

2422 Gas Sampling.

Samples were taken from points in the wake of
a finger of each of the two following spreader arrangements:-
(a) spreader having four fingers, ¥ inch wide, at an
inclination of 18°
and (b) spreader having eight fingers, + inch wide, at an
inclination of 310.

It had also been intended to take samples using the
spreader having four fingers + inch wide at 31° inclination,
as this would have provided information on the influence of
finger dnclination and finger width on the composition of the gases

rresent in the wake. Unfortunately the experiments had to

be curtailed to allow some tests to be carried out on the

Tailpipe Apparatus before the author's return to Glasgow
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4

Tniversity for the winter session.

Sampline and Analysis.

The sampling probe consisted of a 1 mm. outside
diameter hypodermic tube surrounded by a small water jacket.
The samples were drawn into 1 litre Haldane bottles and were
later analysed by a gravimetric method (Lloyd, 1948). In
the gravimetric train used, the sample was first passed
through a condenser maintained at a temperature of roughly

-80°¢. by solid carbon dioxide and acetone. Any
condensivle fuel present in the sample was removed at this
stage. After leaving the condenser, the sample passed
through two U-tubes, the first containing "Anhydrone™
(magnesium perchlorate) to absorb water vapour, and the
second containing "carbosorb" (caustic soda on asbestos) to
collect carbon dioxide. The increase in weight of the
"carbosorb" U-tube over the period in which the sample was
passed through the train gave the concentration of carbon
dioxide. After leaving these U~tubes the sample entered a
tube furnace which was packed with cupric oxide on silica
chips and mesintained at a temperature of 330°C. Oxidation of
any hy@rogen and carbon monoxide present in the sample took
place in the furnace, the gquantities of these gases being
obtained ffom.the increase in the weights of two further
U=-tubes containing respectively anhydrone and carbosorb which

were placed at the furnace exit.



RESULTS OF SAVFLING TESTS *

Conditions under which samples were taken.

 Sample | [ Spreader| Finger | Distance =

Yo. ¥ | f/ap f/ag | System |Length| x

_ in. in.
1 0.29 | 0.062 | © (a) 3% 2%
2 0.29 | 0.062 0 (2) % 1%
3 0.28 | 0.062 | 0.028 (2) 3% 22
4 0.28 | 0.063 | 0,028 (a) 3% 1%
5 0.28 | 0.062 0 (v) 1% 1%
6 0.28 | 0.062 | 0,028 (v) 1% 13

Where M is the Mach Number upstream of the pilot
f/ap is the fuel/air ratio by weight of the pilot
stream, ‘

. f/ag is the fuel/air ratioc by weight of the secondary
i gtream,

x ig the distsnce from the finger root, along the
finger, to the point of sampling.

Spreader system (2) refers to spreader having four
fingers, +* wide, at an inclination of 18 degrees,

Spreader system (b) refers to spreader having eight
fingers 4" wide, 2t 2n inclination of 31 degress.

ANATYSES OF SAMPLES.

‘Sample % by weight

Yo. | COs co Ho

1 7.8 0.0 0.01

2 4,7 0.9 0.03

3 13.7 3.0 0.06

4 542 2.0 0.03

5 1.1 0.5 " 0.03

6 1.5 0.6 0.03 |




Resulls.

The conditions under which the samples were taken, and
the analyses by weight are givenkin Table 1.

From the analyses of the samples taken when no
secondary fuel was supplied (samples Nos. 1, 2 and 5) it is
evident that appreciable guantities of pilot gases are present
in the wakes of the fingers. With the + inch wide finger
at 18° inclination the concentration of carbon dioxide close
to the end furthest from the iilot is roughly one third of the
concentration of carbon dioxide present in uniform, completely
burned, pilot gawmes.

Comparison of Samples Nos. 1 and 2 indicates that the
concentration of carbon dioxide is much higher at the end of
the finger furthest from the pilot than it is at fhe
intermediate point at which Sample No. 2 was taken. Combustion
of the carbon monoxide present at the intermediate point can
only aBcount for a part of this increase in carbon dioxide
concentration along the finger. This sugrests either that
the flow pattern behind the finger is very complex, some
pilot gases ;eaching the tip of the finger without passing
through the zone from which Sample No. 2 was drawn, or that
the metﬁﬁd of sampling was inaccurate. For example the
sampling tuve (3/16 inch o.d.) may have presented too large

a hlockage in the wake of the finger and so have caused a

change in the flow distribution.
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Tn spite of the uncertsinties resulting from the
me thod of sampling the results given below provide some
guantitative information on the flow of pilot gases behind
the flame spreading fingers.

2.3 Tailpive Anmratus.

The experiments with this apparatus were intended to
provide data on the influence of flame spreaders on the
overall combustion efficiency of the ramjet.

The apparatus consisted of a 3 inch diaméter pilot
carried within a 5 inch diameter duct, the duct being
continued as a parallel=-sided tailpipe beyond the downstream

end of the pilot (see Fig. 8). ThiSﬁarréngement is
equivaléﬁt to the Open Jet Apparatus used in the previous
éxperimeﬁts but with the outer duct (7.2 inch diameter)
removed and with a tailpipe attached to the 5 inch diameter
duct. The pilot and the fuel injection systems from the
Open Jet Apparatus were used again}ghe the Tailpipe Apparatus.

Traversing total head tubes at Measuring Sections 2
and 3 (Pig. 8), with associated static pressure wall tappings,
metered theé flows of total air and'pilot air respectively.
The pilot and secondary fuel flows were again measured by
rotameters.

2.31 Method of Calculation of Combustion Efficiency.

The derivations of the relationships introduced in this
varagraph are given in Appendix T.

The method of calculation of the combustion efficiency is
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tasad on a comparison with the following idealised cowbustion
system, a sketch of which is given . in Fig. 9. Between
Stationg 1 and 2 the air suffers a pressure drop due to the
baffle system. Immediately after Station 2 fuel is injected
at right angles to the direction of flow (i.e. the momentum
of the fuel may be neglected). Combustion then takes placé
and is completed by the time the gases reach the tailpipe
exit (Station 3), at which stage the flow is considered to be
choked. It is assumed that downstream from Station 2 there
is no pressure dropvdue to friction between the gases and the
dﬁct walls. One dimensional flow is assumed.

From the Mach Yumber upstream of the baffle system, My,
and from an assumed value of the Baffle TLoss Coefficient, the

Mach Number at Station 2, M5, is calculated using the

exypression &= i
2
v W X -
% -Y— M12 = 1 = I—EJ; 1 d (\6 1) Mlg ono.Eq_no 2.1
2 2 1+ % (B - 1) M,

where X’ is the ratio of the specific heat at constant
pressure to the specific heat at constant volume, and where )
is the Baffle Loss Coefficient, which is defined as the drop
in statié pressure past the baffle system per unit inlet
velocitj‘head.

The Air Specific Impulse S5, defined as the grosé
thrust per unit air mass flow rate, is then obtained from the

Mach Number at Station 2 by the eguation :=
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where R is the Gas Constant for air, Tlt is the total head
temperature at Station 1, and g is the acceleration due to
gravity.
The theoretical fuel/air ratio which, with complete
combustion, would have given this value of Air Specific
Impulse is then obtained from;the relationships shown in
Fig. 10. The ratio of this theoretical fuel/air ratio to the
actual fuel/air ratio is taken to be the combustion efficiency.
The relationship shown in Fig. 10 between Air Specific
Impulse and Theoretical Fuel/Air Ratio was obtained by Beeton
(1949) and has been published by Morley (1953, ».198). A
fuel of lower Calorific Value 10,300 C.H.U./1b, and composition
by weight, carbon 85%, hydrogen 15%, was taken as the basis
of Beeton's calculations. These properties are representative
of the fuel (Ramjet Xerosine) used in the experiments
described both in this Chaptér and in the following Chapter.
The manner in which the relationship indicated in Fig. 10 is
obtained is outlined in Appendix I.

2.32 Eiberimental method and discusgion of results.

Combustion Bfficiency,

All measurcments were made using a tailpipe of
length 6 feet.

Initial experiments were carried out without



. o oL . A
any sprasder attached lo

ne pilot. Since the method of
calculation of combustion effioienc& employed in this series
of experiments reguires a value of the Baffle Loss
Coefficient and since this Coefficient cannot be measured
satisfactorily from pressure rmeasurements alone while
combustion is taking place, 2 number of pressure readings
were first taken for flow without combustion. From the values
of "cold" Baffle Loss Coefficient obtained in thié way the
Phot" Baffle Toss Coefficient was estimated to be about 3,0
for the system without any spreader attached to the pilot.

After the readings giving the "cold"™ Baffle loss
Coefficient had been noted, the burner was 1it and pressure
and veloé¢ity head observations were taken over a range of
overall fuel/air ratios for conditions giving chocked flow at
" the tailpipe exit. RBefore each set of readings the pilot
fuelbflow was adjusted to give a stoichiometric pilot fuel-air
mixture.

The values of combustion efficiency obtained from these
readings for the system in which no spreader was used are
plotted in Fig. 1ll.

A-similar series of readings was taken when the
spreader, having four 4+ inch wide fingers at 10° inclination,
was attached to the downstream end of the pilot. In this cagse

2 "hot" Baffle Toss Coefficient of 3,5 was used in ceslculating

the combustion efficiency, the values of which are 2lso plotted

in Pig. 1%.
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Tvn ~owmarine the comburtion efficiency valr7g obi=inesd
&n trese experimants with different spreader arrancements it
must be remembered that an error in the assumed value of the
Beffle Toss Coefficient causes an error in the values obtained

for the combustion efficiency. It is thought that the error
in the Baffle Loss Coefficient values used in the above
valculations is less than 0.5, the resulting error in the
values of combustion éfficiency being less than 4% for a
typical reading. _

From Fig. 11 it is seeﬁ that the combustion efficiency
values obteained both with and without the spreader are very
high when compared with values normelly met in a ramjet
(Morley, ,19523, p.198). Also it is seen that no significant
advantage is gained by using the spreader, possibly because
the combustion efficiency is already highvwithoﬁt any
spreader. |

These experiments revealed the shortcomings of this
method of studying the influence of spreader geometry on
combustion efficiency. These shortcomings are

(2) that the combustion efficiency values depend on
2 value of the Baffle Loss Coefficient which can only be
estimatea, and

(b) that with a tailpipe of é feet length the combustion
efficiency without a spreader is too high, in the renge of
fuel/air ratios tested, for any appreciable advantage resnlting

from the use of flame spreaders to be shown.
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without a spresder will be lower, and under these conditions
a noticeable gzin may te achieved by using a flame soreader.

Stability of the Combustion System.

The performance of the system using the spreader
having eight 4 inch wide fingers at 18° inclination was also
studied. With this arrangement, when secondary fuel was
introduced the pilot flame wes extinguished almost
immediately. The richest ovefall fuel/z2ir ratio at which the
burner remsined alight was roughly 0.025 by weight.  This
extinction was probably dune to gquenching by severe mixing
and perturbations. Quenching of the pilot flame as a result
‘of severe mixing has also been encountered, in a similar
apparatus, by Fenn (1955). - Olsen and CGayhart (1955) in
studies of flame kernels propagating in a flowing gas stream
have also found that the flame can be guenched by excessive
turbulence.

"hile the precise mechanism of the guenching described
above may still be in doubt, Berl, Rice and Rosen (1955)
have shown theoretiically, for one of the models that they have
envisaged to pepresent combustion in turbulent streams, that
extinction can take place in the event of excessively rapid
mixing. In the model considered, laminar flame propacation
from a source tokes place until 2 given fraction of the totsl

volume has been burned. The mixture is then made homogeneous
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snd trhe echewicsl veascthion vwrocazks scoordine to the ecleasical
reaction rate theory. Tt is shown that the time recouired for
complete combustion becomes excegsive, in other words the
flame is virtuslly quenched, if the mixing to 2 homogeneous
state sakes place bvefore roughly one quarter of the initial
mixture has . ' been burned by the laminar flame propagation.

Tt has also bveen shown by Spalding (1953) and by Lewis
and von Elbe (1951), p.360, that a pocket of flame gas will
be exfinguished if it is less than a criticel size.

It is relevant to noteAthat the extinction observed
in the Tailpipe Apparatus, which is described above, was not
encountered in the Open Jet Apparatus. For simple flame
holders,,the attachment of a long tailpipe has also been found
to cause a decrease in the stability limits (Barrere and

Vestre, 1954).

’2.4 Conclusions,

The main deductions of the preliminary experiments on
flame spreading described in this Chapter arei=

(2) WNass transfer, or flow, of pilot gases takes place
along the wakes of the flame spreading fingers.

(v) _Fleme gases present in the wake of a finger do not
always start progressive combustion of the neighbouring
fuel-air mixturé.

(c) ith a tailpipe of length 6 feet the combustion
efficiency for the system without any flame spreader is too

hich for a significant gain to be observed when using a flame

spreader.
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(3)  mhae pilot flome in the enclosed borner esn be
extinguished by the use of a spreader which causes too
severe mixing.

The results, descrived in parasgraph 2.3 above, which
were obtained with the Tailpipe Apparatus, were used as a
- guide to the design of a systematic series of experiments
to determine the influence of spreader geometry on combustione
These experiments, which were carried out on a second visit
‘ to the National Gas Turbine'ﬁstablishn@nt, Pyestock,.are
described in Chapter 3. ~

Deductions (a) and (b) above indicate that two of the
most important processes(in the spreading of a flame by the
use of fingers are the flow along the wake of the finger and

the initiation of combustion by flame sources.
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3.1 ~Introduction,

The experiments described in Chapter 2, using the
Teilpipe Apparatus, provided little data on the influence of
flame spreader geowmetry on combustion efficiency. However,
these experiments revealed the shortcomings of the method
which had bheen employed, and ihe experience gained was used
in planning 2 second series of experiments described below,
which was carried out on a sacond visit to the National Gas
Turbine Establishment, Pvestock, during the Summer of 1653.

3.2 Apparatus.

Combustion system,

The combustion system was identical to the one used in
the Tailpipe Apparatus, as described in the preceding Chapter,
except that two shorter tailpipes, of lengths 4ft. 6 in., and
3 ft. were used in some of the tests, in place of the 6 foot
long tailpipe. A sketch of the system.has been given in
Fig. &. The flow of air through the pilot was measured =%
~ Meesuring Section 3 by a traversing total head tube with
asgociated static pressure wall tappings. A pitot~stetic
tube mounted centrally in the duct at Measuring Section 2
metered the flow of "total" air (pilot air plus secondary air).
This pitot-static tube wes calibrated by a British Standesrd
Orifice vplate. For the calibration, severzl lengths of 12 inch

diameter duet, in which the orifice plate was mounted, were



TABTH 2. SPREADER ARTANGIIENTZ AND TAITPIEES USED
IN COLRUSTION RFTICT: wcvimamw DIENTS .
Tailpipe Spreader
Length  Srigth of Yo. of  |Inclination
ft. fingers. fingers of fingers
in,
2 ) No spreader
b 6 % - Four 10°
Loc 6 $ Eight 100
i a 4, No sprezder
| .
e 4.5 3 Four 10°
£ 4,5 3 Eight 10°
g 3 No spreader
h 3 % Four 100
i - 3 % Bight 10° ‘-
J ; 3 ¥ Four 300 £
k [ 3 4+ Four 10°
13 3 Eight 100
1 m 3 3 Eight 100
n 3 > Eight 30°
o) 3 % Tour 10°
With roots of finger & inch upstream |
from end of pllot J _
P 3 Four 60° included angle Vee’s, % inch
wide at 30° inclination :

£ modified pilot.
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Ramiet kerosine was sgain used =28 the fuel. At the

2ir inlet temperstures nsed in these experiments of 130°C.

very little of the fuvel had vaporrised when the mixture

entered the comwbustion zone,

Thrust Meter.

In the combustion efficiency experiments described in
the preceding Chapter the efficiency could only be calculated
by éssuming a "hot" Baffle Léss Coefficient. This weakness
in the experimental method was eliminated in the tests
described in this Chapter by the.use of a Meter which measured
the thruet resulting from the ﬁomentum of the hot gases
leaving »the tailpipe exit.

3.3 Experimental.

Geometric varisbles.

For each of the three tailpipe lengths, the various
flame spreader systems with which combustion efficiency
measurements were taken aré given in Table 2.

An attempt was also made to obtain combustion efficiency
measurements using a spreader having three 1 inch wide fingers
at 10° inclination. However, quenching, similar to that
described in Chapter 2,vwas encountered and prevented the
burner beine drought to choked tsilpipe exit conditions.

Pilot fuel/air ratio.

Each set of readings on which the combustion efficiency

calculations are hased wes taken for conditions giving choked
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token the pilot fuel flow was adjusted to give a
stoichiometric pilot fuel/air ratio (0.067 by weight). That
a2 slight error in setting the pilot fuel flow causes
negligible difference to the resulting value of combustion
efficiency is demonstrated by the results of one test in which
the thrust measurements were taken for pilot fuel/air ratios
of both 0.067 and 0.060 by weight. The results of the two
sets of experiments, which a%e plotted in Fig. 12, are in very
good agreement.
wilkerson and Fenn (1952) found that iarge variations

in pilot heat input caused appreciable changes in the overall
combustion efficiency, aé discussed in'Chapter 1, paragrsph
S 1.34. However the range of variation of pilot heat input
which was possible in the experimehts described here was so
small by comparison that no significant changes in efficiency
were observed.

Overs1l fuel/2ir ratio.

Veasurements were taken for overall fuel/zir ratio by
weight ranging from about 0.025 up to the rich extinction
limit, which usually occurred at a fuel/air ratio (overall)
of about 0.05.

Celculation of Combustion Efficiency.

The Thrust Meter measures the nett thrust. From this

value the groses thrust is obtained by adding to it the

product of the atmosrvheric pressure and the exit area of the



tordizdioe, Tz Cdr Heacific Tvnleos i Than Jeleviined by
dividing the gross thrust by the air mass flow rate. Having
obtained the Air Specific Impulse in this way, the combustion
efficiency is calculated =25 indicated in parsgreph 2.31 of
Chapter 2. The combustion efficiency is again taken to be
the ratio of the theoretical fuel/air ratio which, with complete
combustion, would have given the measured value of Air
Specific Impulse, to the actual fuel/air ratio.

The value of the Baffie Toss Coefficient for burning
conditions may be obtained by meging Equations 2.2 and 2.1
given in Chapter 2. From Equation 2.2 the Mach Number after
the baffle system, Mo, is determined, and substitution in
Equation 2.1 then gives the Baffle Loss Coefficient.

3.4 Influence of Spreader Geometryv on Combustion Efficiency.

The results of a typical set of combustion efficiency
measurerents are given in Fig. 12, It is seen that the
efficiency varies markedly with the overall fuel/air ratio.
To aid the comparison of the efficiencises obtained with the
varicus combustion systems, values of combustion efficiency
corresponding to overall fuel/air ratios by weight of 0.0395,
0.040 gpd 0.045 were interpolated, where possible, for each
of the spreader and taiipipe arrangenments.

.41 Agreement with results of first series of
experiments.

Some of the experimental conditions of the first

series of experiments were repeated in this second series of
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obtained in the first series of experiments were slightly
higher than the corresponding figures determined from the
thrust messurements in the experiments now being described.
This difference is principally due to the walues of the "hot"
Baffle Loss Coefficient that were assumed in the first series
of experiments having veen slightly in error, The
measurements taken in the second series of experiments

enabled the combustion effiéiency to be determined
independently of the Baffle'Loss Coefficient, and also enabled
the "hot" Baffle Loss Coefficient to be obtained directly.
Thus the "hot" Baffle Loss Coefficient for the system without
any spreader and using the 6 foot long tailpipe was found, in
the second series of experiments, to be 3.4; compared with the
value of 3.0 which had been assumed in obtaining the efficiency
results of the first series of experiments. A similar small
error was found in the wmalue of the "hot" Baffle Loss
Coefficieht assumed in the first series of experiments for

the system using the spreader having four 4 inch fingers at

10° inclination.

3:42 Tailpipe Length,
The results showing the ihfluence of tailpipe
length on combustion efficiency for three different spreader
arrangements are presented in Figs. 13a and b, using the

interpolated efficiency values corresponding to overall fuel/zir
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ratic by weisrtt of C.005 2nd 0,040, Trese vesnlls show
that, while & reduction in tailpipe length causes a decrease
in the combustion efficiency, this drop in performance can

te remedied, within limits, by the attachment of suitable
flame spreaders. The comoustion system using the 3 foot

long tailpipe and the spreader having four % inch wide fingers
at 10° inclination gives efficiencies similar to those
obiained using a tailpipe of length-.about 5 feeﬁ but without
any flame spreader. The gains achieved by flame spreaders
when long tailpipes are used are much less than those

obtained with a short tailpipe, particularly for overall
fuel/éir ratios richer thaen 0.04 by weight. In fact with the
6 foot’long tailpipe, attaching flame spreaders produces
virtually no change in the efficiency of combustion for overall
fuel/air ratios by weight in the range 0.04 to 0.05. This
obsefvation is in agreement with the results, described in
Chapter 2, of the first series of combustion efficiency
experiments. |

3.43 Number of fingers and width of fingers.

The influences of the number and width of the
fingers on the combustion efficiency are shown in Fig. l4a, b
and c. The tailpipe of length 3 feet was used in obtaining
these data since it is with the shorter tailpipes that the
largest gains result from the use of spreaders. All the

results shown in Fig. 14 are for fingers having an inclination

of 109 to the direction of flow.



Towher of Fincars.

Tt is seen that, witrin the limits studied in these
experiments, increasing the number of fingers improves the
verformance as measgured by the comhustion efficiency. With
the 4+ inch wide fingers the increase in efficiency is roughly

proportional to the number of fingers, This linesr

n

relationship does not apply however to the fingers of 4+ inecr
width, for with them, the advantage gained in increasing the
number of fingers from four to eight is much less than that
gained by introducing the first four fingers. This result
suggests that, with the ¥+ inch wide fingers, an optimum
distribution of the pilot gases which feed the spreader

fingers is being approached.

Width of fingers.

Tor the range of condiftions studied the combustion
efficiency performance is seen to improve with an increase
in the width of the fingers. The § inch wide fingers, which
were the thinnest fingers tested, have little effect when the
overall fuel/air ratio is iess than 0.04 by weight.

Equal blockage,

- The performance of the % inch wide fingers in the weaker
mixtures is so much superior to that of the 4 inch wide
fingers that, for systems of equal blockage, the spreader using
the wider finvers gives the vetter combustion efficiency

performance over most of the studied range of fuel/zir ratios.



@iwilsr veeult, only ore waried, Iz found ~n comusring
the equal blockage spreaders vsing 4+ inch and § inch wide
fingers.

At fuel/air ratios richer than those studied here a
spreadér nsing thin finéers may prove to be superior to a
spreader of egu2l blockage employing thicker fingers., To
extend the experiments to this range a tailpipe of length
- less than 3 feet would be necessary éince, with the 3 foot
long tailpipe, the combustion efficiency using the spreader
having four % inch wide fiﬁgers at 10° inclination is roughly
90% (fuel/air ratio 0.05 by weight). Also a burner having a
higher rich extinction limit than the one used in the above
experimente would be required. The reduction in tailpipe
vlength may result in a small improvement in the stability
limits (Barrere and lNestre, 1954), but it is not thought that
this would be adequate.

The above results indicate that increasing either the
number of fingers or the width of the fingers results in an
increase in the combustion efficiency. "hile there is a
maximum geometric limit to the nvmber and width of fingers
that can be used in any one system it is probable that before
this 1limit is reached the combustion system will be
extinguished by quenching o6f the pilot gasés, as discussed in
paragrsph 2.32 of Chapter 2. This limit due to quenching of
the pilot is also influenced by the inclination of the fingers,

possibly to a greater extent than it is influenced by the width
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44  Inclination of fingers.

The results of experiments to determine the
influence of finger inclination on corbustion efficiency are
shown in Fig. 15. TFinger widths of % inch and 4 inch were
used. With the 3 inch wide fingers at 30° inclination
little difficulty was experienced in bringing the burner to
choked tailpipe exit conditions, and in obtaining the combustion
efficiency measurements. ﬁowever, when the spreader having
four fingers %+ inch wide at 300 inclination was used,
quenching of the pilot was encountered. To improve the
stability of the system the distance from the pilot colander
baffle.to the downstream end of the pilot was increased from
3.5 inches to 6.5 inches. With this modified system the
results shown in Fig. 15 for the + inch wide fingers at 30°
inclinstion were obtained. Tt is thought that this
alteration in the pilot design made only a small difference,
if any, to the combustion efficiency measurements. However
no combustion efficiency readings were taken using other
spreaders with this modified pilot system.

With the 4 inch wide fingers the effect of the
incligation of the fingers on the combustion efficiency
performance is not clearly revealed.: All that cen be said is
that, within the raenge of mixture strengths in which a
comparison may be made, the spreader in which the fingers are

at an inclination of 10° produces little improvement in the



0

—
=
P

cp
5

combustion efficiency comper with the sysherm uasing no
spreader. On increasing the inclination of the fingers to
3009 the performance is only slightly, if at all, improved.

A similar increase from 10° to 30° in the inclination
of the % inch wide fingers leads to a small improvement in
the combustion efficiency values. The gain is of the same
magnitude as the gain achieved by increasing the number of
fingeré from four to eight and keeping the finger inclination
100, —

3.45 DPosition of spreader.

In the experiments described in Chapter 2 using the
Open Jet Apparatus a test is reported in which a spreader was
placed with the roots of its fingers 7/16 inch upstream from
pilot outlet. That test indicated that the mass transferof
pilot gases still took place into, and along, the wakes of
the fingers. A similar experiment was carried out in the
series of combustion efficiency measurements described in
this Chapser. The gspreader tested in this way had four
% inch wide fingers at an inclination of 10°; The combustion
efficiency measurements obtained with this arrangement - are
shown. in Fig. 16, alongside the efficiency values obtained
with the spreader in its normal position. It is seen that
the efficiency results of the two sets of readings are in
fairly good agreement, confirming that the operation of this
spreader, as a means of improving the combustion efficiency, is

not appreciably altered by introducing the pilot gases at a
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short distance downstream from the moot of the Tinger,

instead of at the root of the finger. Longwell's measurements
(1955) of the length of the recirculation zone behind a

gutter provide an explanation of the above result.

3.46 Spreader shape.

One tést was made using a spreader consisting
of four 60° included angle Vee gutters, instead of flat
fingers. The vees, open at the downstream end, were & inch
wide and were inclined at 300 to the axis of the burner.

The results are presented in Fig. 17. It is seen that the
efficiency values, over most of the fuel/air ratio range, are
not as high as those obtained with the spreader having four
flat fingers, % inch wide, at an inclination of 10° to the

axis of the burner.

3.5 Baffle TLoss Coefficients.

Baffle Loss Coefficients under burning conditions were
obtained from the thrust readings and the pressure and
velocity head readings. The values of the "hot®™ Baffle
Loss Coefficient lay between 3.0 and 4.0, depending on the
spreader system and the length of tailpipe used,‘ This
influence of tailpipe length indicates that not all the
pressure drop due to friction and eddying takes place at the
baffle system, as is assumed in the ideal combustion system
considefed-in Appendix T, This observation does not influence
the values of combustion efficiency quoted in this Chapfer

since these values were ovtained directly from the thrust



measurements, 21d no sesumntion cegardine the Faftfle Toss

Coefficient was required in the calculation.
The values of "hot" Baffle Iose Coefficient were
found to be almost independent of the approach Mach Number

as it varied from 0.18 fo' 0.3.

3.6 Stability Tests.

Supplementary to the corbustion efficiency measurements
described above, the overa}l stability limits under choked
tailpipe exit conditions were obtained (a) with no spreader
and (b) with the spreader having four % inch wide fingers
at an inclination of 10°, A tailpipe of length 3 feet was
used for these tests. The results are plotted in Fig. 18.
The attachment of this spreader results in only a slight
decrease in stability. However the experience gained while
" taking the combustion efficiency readings with the other
spreader arrangements suggests that an increase in the width,
number or inclination of the fingers will eventually bring
about an éppreciable reduction in the stability limits.

3.7 GConclusions.

The experiments described in this Chapter show that,
for combustion systems using a simple pilot concentric with
the main duct, if the combustion efficiency is low (say less
‘than 70%), the efficiency may be improved by attaching flsme

spreaders to the downstream end of the pilot. Increasing

the width, number or inclination of the fingers which constituta



TABIE 3.

COMBTIST ION EFFICIEVCIES IN A 1.875 inch

DIAMETER RAMJET .

From Mullen, Fenn and Garmon (1951)
Stoichiometric mixture

Vapourised n ~ heptane -~ air

Tailpipe Combustion Efficiency
length 7
) ) with cone with cone pilot
B in. pilot plus four
- radial gutters
14 30% 73%
18 70% about 95%

th
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the syresder imoproves the cowhvaticn «fTicicncy verforwmance.

However if these increases are carried bevong a certain
limit, quenching of the pilot takes place. This limit due
to quenchiﬁg of the pilot may be altered vy changing the
pilot design. Wwith the system studied (3 inch diameter
pilot, 5 inch diameter duct) a good compromise hetween
combustion efficiency and~stability was provided by the
spreader having four & inch wide fingers at ah inclination of
10° to the direction of flow., Such spreaders lose much of
their effect when the overall fuel/air ratio becomes less than,
say, 0.03 by weight.

In this group of experiments the overall fuel/air ratio
by weight was limited to less than 0.05, owing to the low
rich extinction limit of the burner system used. While it
is expected that spreaders consisting of flat fingers will
prove equally effective in rich mixtures, a few confirmatory

experiments conducted in rich mixtures would be valuable.

Agreement with literature.

Mullen, Fenn and Garmon (1951) hawve measured the
comboustion efficiency in a 1.875 inch inside diameter ramjet.
An independent oxygen-hydrogen pilot was used, the pilot gases
entering the combustion chamber from the open base (0.75 inch
diameter) of a 309 included angle cone. The moin stream was

carburetted with vapourised n-heptane. Efficiency results



are guohted in Tekle 2 for twe taoilsipe lenr
(a) the simple pilot and (b) a pilot embodying four radial
guttere, 4+ inch wide, which traverse the annular space
between the cone bhase and the duct walls. The results,

which are similar to the results described in this

Chapter, confirm that striking gains in combustion efficiency
can be achieved by tﬁe use of these gutters, especially
when‘the efficiency of the simple system is low, owing to

a short tailpipe being used.
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4,43 Ionisation Probe measurements in turbulent flames.

4,44 Gas Analysis.

Summary.

63



AT AT T
(WA S W RS Y 4 L3

4.1 Introduction. -

Cne of the conclusions of the experiments described
in Chapter 2 is that while flame gases are generally present
in the wakes of the fingers, they do not always initiate
general combustion of the secondary fuel-air mixture, as it
passes the finger. 1In the apparatus used in these preliminary
flame spreading experiments there was no direct control of the
flow of piloting gases a;bng the wakes of the fingers. It
was decided that this problem of the initiation of combustion
by a source should be studied in small scale experiments at
Glasgow University. The apparatus to be used should enable
the 'piloting energy to be supplied directly to the position
at which the.combustion of the main fuelw~air stream is to be
initiated. The development of the apparatus for use in
these experiments is described in this Chapter.

Unfortunataly the experiments using this apparatus
have not yet been carried out as the author has been called
‘up for National Service. A plan of the suggested small
scale experiments is given in Chapter 6.

4,2, Air and Fuel Supplies.

\

As mentioned in Chapter 1, flow and pressure
fluctuations tend to take place when confined flames burn in

high velocity streams (Longwell, 1955;and others). These

fluctuations can cause inconsistencies in the combustion
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Yestre (1954) observed that an increase in tailpipe length
caused a reduction in the stability limits of gutter type
flame holders.

To 1limit the influence of these fluctuatibns on the
results of the small scale experiments, the planning of which
is described here, it was decided that the flow velocity at
inlet to the combustion chamber should not exceed 60 ft/sec.

4,21 Air Supply.

Three Keith Blackman Blowers were connected in
series to provide the air supply. These blowers give an air
flow velocity of up to 80 ft/sec. through a test section of
cross~sectional dimensions 2 x 1 inch, the delivery pressure
from the blowers at this flow velocity being 80 cm. water.

At this flow; and with a ratio of unﬁurned gas density to
burned gas density of eight, it is estimated that the pressure
drop due to heat release within the chamber is 52 cm. water.
The balance in pressure of 28 cm. water is available for
metering, friction, etc.

4,22 TFyel Supply.

- The fuel chosen for these small scale experiments
was "Stenched Butane", butane beihg the heaviest of the
paraffin hydrocarbons which are gaseous at room temperatures
and pfessures. The butane was supplied in cylinders by

Imperial Chemical Industries, Billingham. An analysis, supplied



TABIE 4.

ANATIYSIS OF A TYPICAL SAMPIE OF “STENCHED

, BUTANE™ .

Constituent % by volume
Pentanes 0.1l
Normak-butane ~16.1
Iso=butane 33.5

Propyiene 2.5

Ethane 0.2

Butadiens . 15.2

Butenes 32.4 )

B : 100.0 -
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by the warvfsetvurers, of one delirery of trtene dis given in
Table 4. It is understood that the composition mayv vary

considerably from one delivery of butane to another.

4,23 Flow measurement.

The air supplied by the three Keith 3lackman
blowers is measured by a British Standard Orifice Plate,
fitted with D and D/2 taps.

In certain experiments, which are described below,
small air flbws were used (less than 1200 ml/sec.f7§:5 cu.ft./
min.). These air flowsfwere proviaed by small pumps, and
the flow rates were measured by capillary meters. Capillary
metefs were &lso used to'measﬁre butane flows.

A capillary meter (Benton, 1919; Ergun, 1953)
consists of one or more lengths of small bore capillary tube
through which the gas flows, the pressure drop across the
capillary tube‘being indicated by a manometer, The volume
flow rate'through a capillary tube is related approximately
to the differential head by the expressions =

For' laminar flow through the capillary tube -

<l

o PV A

h = 1.88 + 41 a onon-ooE nl 401
gd4 gd o

and-for turbulent flow through the capillary tube =

] LT2 . PLY2 [0.0058 + 0.50/<k °-37 2.
h o 1.14 gd4 +- gd5 [O' 5 + ’5 (NRG) oa-oEqnu .

where h is the pressure drop across the meter, /Dis the density

of the fluid, V is the volume flow rate, g is the acceleration
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due te gravitv, 4 is more of whe cerillary tnke, ’( is

the absolute viscosity, € is the length of the capillary
tube and NRe is the Reynolds Number of the flow through the
capillary tube. |

Owing to the irregularity of the shapes of the entries
to the capillary tubhes, and owing to the difficulty of
obtaining an accurate measurement of the tube bore, the flow
"rates calculated from the aboge'expressioné are liable to be
in error by zbout 10%. ;Thus these expressions are only
useful at present as a means of selecting the meters
necessary to cover a given range of flow rates. For this
purpose, graphs have heen vrepared from the expressions
ind*cating the influence of tube bore on the volume flow
rate 6f both 2ir and butane. A portion of the graph for
butane at 20°C, 76 cm. Hg. is given in Fig. 19.

Once a meter has been selected and prepared, and before
it is used, it is calivrated ageinst a standard = either a
Boap Bubble eter, a Wet Gas Veter, or a Dry Gas Metér. Some
notes on the calivbration of Capillary meters by these
standard meters are given in Appendix IIT. The ranges of the
observed calibrations of several meters are shown in Fig. 19,
where they may be compared with the predicted ranges.

Flow transition in capillarv meters.

Part of the pressure drop across a capillary meter Iis
dve to wall friction. TFor flows where the Reynolds Number

(based on the tube bore) is less than 2000 or greater than
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2000, the laws relaiings the Triction orosenre drop

to thre
flow rate sre well esta»lished. In the intermediate range
of Reynolds Number the friction pressure drop may not be
consistent at one flow rate, depending on whether the flow
had previously been increased from the laminar region, or
decreased from the fully turbulént region. To avoid this
uncertainty, capillary meters were never used within this
transitional range of Reynolds Number. Referring to

Fig. 19, the butane flow;rate between 1.8 ml/sec. (0.040 om.
bore, 10 cm. tube length) and 5.2 ml/sec. (0.065 cm. bore,
2.5 cm. tube length) was covered by msing a capillary meter
having four capillary tubes in parallel, each tube being
0.040 cm. bore and 10 cm. long. This meter covered the
range from 1.4 to 7 .2 ml/sec. without the Reynolds Number
exceeding 1800.

Influence of temperature and pressure on capillary meter
calibrations.

It is seen from Equations4.l and 4,2 that the volume
flow rate at any one meter differential is a function of the
density and the absolute visdosity of the flﬁid. The density
is a funétion of voth the fluid temperature and pressure, and
- thé absolute viscosity is a function of the temperature, so that
a calibration of volume flow rate>against meter differential
which is taken at one fluid pressure and temperature is, in
general, valid only at these conditions. From day to day it

is found that the temperature znd pressure vary at the



T oAy e s ad
eal INAY 08 UE S0

cepillery weter. Tovever Housltlionz 4.1 cnd 4
vto estimate the amount by which the calibration will change
due to these tempersture and pressure variations.

For example, for a long capillary tube in which the
flow is laminar the msjor portion of the meter differentizl
is due to viscous drag, so that the volume flow rate is
roughly inversely proportional to the absolute viscosity
(Equation 4,1). Thus the volume flow rate ét any one head
is, to a fair epproximation, independent of the pressure and
inversely proportional to the absolute temperature. A
typical range of temperatures encountered in one series of
experiments was from 14°C. to 22°C. Thus a volume flow
ratt calibration for this meter taken at the lower temperzture
would be in error by about 3%'if used when the fluid
temperature4is 22%%,

For a short capillary metér.in which the flow is
turbulent (Equation 4,2) the‘pressure drop dvue to accelersting
the fluid into the meter constitutes the major portion of the
meter differential. This leadé to the approximation that the
floW'raie at any one differential is inversely proportionszl
to.the square root of the fluid density, i.e. is directly
proportional to the square root of the temperature and is
inversely proportionzl tc the squsre root of the pressure.

The berometric prescsure may vary from =2bout 74 to 78 cm. wercury

over 2 .series of experiments so that here zgain sn error of umn
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to about 3 or 49 may result from thekuseﬁ over the entire
range of temperatures and pressures, of a calibration taken
at one set of conditions.

For many purposes these errors, resulting from the use
of a single calibration for all temperatures and pressures,
may be tolerated. However, for more accurate work the
original calibration may be corrected by using the
approximate relaﬁionships indicated above. Alternatively
the capillary meter may ﬁe recalibrated against the standard
meter for each set of fluid conditions. The first method
is considerably quicker, especially when only a few flow
readings have been taken but it is advisaﬁle to check the
calibration periodically against a standard to ensure that
the capillary tube has not become fouled by dirt.

4,3 Burner design,

The experiments, the design of which is described in
this Chapter, are intended to investigate the influénce of
heat, or energy, supply to a source on the initiation of
general combustion from that source. It is advantageous to
have a scurce on which the flame is not self-anchored, 1l.e.
the flow velocity should exceed the blow-off velocity for
Zero source energy input. It had been decided that the flow
velocity should not exceed 60 ft/sec., in order to minimise

flow and pressure fluctuations, as discussed in paragraph

4.2 above. Thus a source is required of dimensions such
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that the neak of the nlow-off velocity versus fu
concentration curve is less than 60 ft/sec. Estimates

based on Scurlock (1948) indicated that the dimension of the
source should be less than 0,04 inch. Since this result is
based on consideratle extrapolation, a series of blow-off
experiments was carried out, usihg as stabilisers wires of
diameter 0.036 and 0.0275 inch placed normally across a

1 x1 inch test section.  The test section Waé unenclosed
beyond the stabiliser. )The results of these experiments are
given in Fig. 20. Flames were also 1lit on a wire of
diameter 0.020 inch at flow velocities ranging from 11 to

40 ft/sec., and over a2 range of butane concentrations, but on
no occasion did the flame remain alight for more than about
15 sec., after the piloting flame was removed.

"It is noted that the peaks of the stability curves
shown in Fig. 20 lie considerably on the rich side of the
stoichiometric fuel concentration. This prhenomenon has been
discussed by Williame and Shipman (1953) and Zukoski and
Varble (1955) who attribute it to the importance of diffusion
in the mechanism of anchoring of flames behind small baffles
(Reynolds Number less than 104). Oxygen has a higher
diffusivity than the fuel, butane, and so diffuses more
rapidly from the fresh mixture into the anchoring zone. As

a result the fuel concentration within the anchoring zone is

less than the concentration in the approach stream.
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From the blow-off experiments described above it is
seen that the dimension of the source should not exceed 0.03
inch. Originally it had been intended to supply the
source with flame gases. However, in view of the mechanical
‘difficulties involved in supplying the energy in this form
to the source, it wasgdecided that the source should be an
electrically heated wire.
| Several preliminary experiments were carried out using
unheated wires placed obliguely across the main stream. These
.experiments, which aided the design of the burner, are
described below, The wires are referred to below as

"stabilisers".

‘4,31 Preliminary experiments using an oblicue stabiliser.
A wire stabiliser, of diameter 0.036 inch, was
placéd across the 1 x 1 inch test section at an inclination
of 30° to the direction of flow (Fig. 2la). At a flow
velocity of 10 ft/sec. it was found that a flame was stavle over
only a narrow range of fuel/air rétios. Beycnd this range a
flame, which was initially preseht from end to end of the wire,
was seen to recede gradually from the point A, until
extinction dccirred. When a shield was introduced, as shown
in Fig. 21b it was observed that a flame was never stablé, and
extinction took place much more rapidly.
This experiment shows the influence of the floW velocity
at the point A on the stability of a flame which is self

anchored in the wake of an obligue stakiliser. The experiment
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also indicates that the performance of such an inclined
stabiliser will be very much altered by the presence of a
steady pilot flame at the upstream end of the stabiliser, as
flame failure in the above tests was due to failure of the
flame to anchor at the point A.

As a pilot flame system, placed at the roots of the
fingers, is used in the practical application of flame
spreading fingers, some experimehts were carried out on
stabilisers provided wiéh flame pilots.

4,32 Preliminary experiments using a normal stabiliser
with a pilot flame.

A wire of diameter 0.0275 inch was used as the
staﬁiliser in this experiment. The pilot flame which was
employed was'the flame anchored on a double loop bent in the
stabiliser wire, the test portion of thé stabiliser wire
leaving from the downétream face of the loop. The‘stability
limits were observed for this system. At the.rich extinction
limit the flame lifted simultaneously from the test stabiliser
and from the pilot loop, at flow conditions roughly
corresponding to the rich blow-off limits of the simple
0.0275 inch diameter wire. However at the weak limit, the
fl%me 1iftedrfirst'from.the stabiliser test wire, followed by
blow-off from the pilot loop. For practical purposes this
lifting of the flame, which had been anchored on the stabiliser
test wire, took place abruptly, and at flow velocities and

fuel concentrations slightly beyond the weak stability limits



of the wire without a pilot. The results of this experiment
are plotted in Fig. 22,

4.33 Preliminary experiments using an obligue stabiliser

with a pilot flame.

A wire of diameter 0.0275 inch was again used as
the test stabiliser, the wire being inclined at 45° to the
direction of flow. The flame anchored on a loop in the wire
was again used as the pilot flame. In this case, provided
that a flame remeined aﬂchored on the pilot, there was always
visible evidence of a flame behind the stabiliser. The
stabiiity limits of the pilot are plotted in Fig. 22, On
the weak side, these limits lie considerably beyond the
stability limits of the normal stabiliser, even when it was
provided with a pilot.

. These experiments were hampered by the small stability
range of the pilot, and. . they show the importance
of an independent flame pilot system.

An interesting, and possibly important, phenomenon was
observed when the "Ionisation Probe™ was used to study the
flame propagating from the inclined test wire. The
Ionisation Probe is discussed later in paragraph 4.41, but in
the tests here it was used only to indicate the presence of
a flame between the probe wire and the stabiliser test wire,

or pilot 1loop. The output from the probe was connected to

an Oscilloscope to allow observation of the manner in which

the probe signal varied with time. A flow velocity of
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40 ft/sec. was used for these tests. As the weak limit was
approached, with the probe wire placed in the flame
propagating from the test stabiliser, the oscilloscope
indicated that for an appreciable fraction of the total time
there was no flame present between the probe wire and the
stabiliser wire. TUnder the same conditions the probe wire
was placed in the flame emanating from the pilot loop itself,
and no periods of flame absence were otserved. Hence the
instantaneous gaps in the flame behind the test stabiliser
appear to be due to a failure in the process of flame
spreading along the wake of the wire.

o No cérresponding failure in the flame spreading
mechanism was observed at the rich extinction limit.

4.34 Influence of preliminary experiments on the burner

design,

The experiments described above have shown that

a source dimension of 0.03 inch, or less, must be used in
order that a flame will not be self-anchored at flbw velocities
of 60 ft/sec. This result has led to the proposed use of
electrical energy instead of flame gases as a means of
supplying energy to the scurce.

It has also been shown in the preliminary experiments
that the performance of a stabiliser which is placed obliquely
across the main stream will be considerably influenced by the

presence of a steady pilot flame at the upstream end of the

wire,
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A vurner has teen designed and constructed, using the
experience gained in these preliwminary experiments. It has
a test section of cross-sectional dimensions 2 x 1 inch. The
stabiliser wire, which may be electrically heated, is placed
either normally across the stream, or at an inclination of 300
to the stream, the wire traversing the 2 inch dimension of the
cross-gsection. A small pilot flame, in which an independent
suprly of premixed air gnd butane is burned, surrcunds the
upstream end of the stabiliser wire.

The preliminary experiments have also influenced the
design of the ionisation Probe, one of the instruments to be
used with the burner described above. Circuits have been
added to the amplifier which will give a quantitative measure
of the fraction of the total time that the Probe signal is
less than a predetermined value. This instrument should be
able to supply useful information on the apparent failure in
the flame spreading mechenism which was observed in the
preliminary experiments using an inclined stabiliser provided
with a pilot flame. The details of this circuit, and of the
Ionisation Probe, are given below in paragraphs 4.41, 4.42
and 4.43.

4,4 EBxperimental technigues.

Two experimental techniques have been developed to
study the propagation of a flame from the source. These are
the Tonisztion Probe, and gas sampling and analysis using an

Infra Red Gas Analyser.
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4,41 Tonisation Probe,

The Tonisation Probe is intended to be a means
of locating a flame front.

The operation of the Probe depends on the presence
within the flame front of ions, or charged particikes (Thomson
and Thomson, 1928, p.399). Karlovitz, Denniston, Knapschaefer
and Wells (1953) show that the ion concentration rises
rapidly from zero as the unburned gases enter the flame zone.
As the gases leave the flame zone the ion concentration drops
again to a fairly constant value. If two probe wires at
different potentials are introduced into the flame zone, the
ions act as carriers, 2nd a small current flows., The voltage
distribution between the two electrodes in such a system has
been studied by Wilson (1931), who found that the major
portion of the voltage drop between the electrodes takes place
close to the negative electrode. This result suggests that,
when the electrodes are only partially immersed in the flame,
the amount of current fleowing depends principally on the
flame conditions around the negative electrode.

To test this conclusion, some preliminary experiments
- were carried out using the apparatus and simple eircuit
outlined in Fig. 23. In these experiments a probe which could
be moved through the flame front was used as one of the

electrodes, the burner, at earth potential, acting as the

second electrode. The results are shown in Fig. 24 of two



7€,
traverses made using oprosite polarities of the moving probe,

In a second experiment, a wire similar to the
traversing probe wire was immersed in the flame in a fixad
position. Then this wire was used in place of the burner as
the second electrode the results obttained with a negative
potential on the traversing probe were unchanged from those
shown in Fig. 24. With a positiye potential on the
traversing electrode the maximum signal only reached the
maximum value that had been o»tained when the traversing
probe had a negative potential (Conductance "G", shown in
Fig. 24.)

It was observed in these experiments that, for
practical purposes, the signal was independent of the distance
between the traversing probe wire and the second electrode.

Thece results confirm that the current flowing between
the prowes depends principally on the flame conditions close
to the negative probe. Thus if the itraversing probe is given
a negative potential, the signal indicated will be a function
of the flame position relative to the position of the tip of
the traversing probe wire, provided that the second electrode,
which can be the burner itself, makes a reasonavle connection
with the flamre.

An Tonisation Probve, in which the traversing probde has

a negative potential, has veen developed by Karlovitz,

Denniston, Knapschaefer and Wells (1953). Care is taken to cool
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4

the insuvlation sround the traver

w

ing probe, otherwise the
insulation may become heated and provide a path between the
probe and earth, leading to erroneous results. Drawings of
this probe, and the associated electronic circuits were
generously given to the author by Dr. ¥arlovitz, and from these
drawings a similar probe was assembled. A sketch of the
probe is given in Fig. 25. The circuits are shown in Fig. 26,
The assembly of the electronic circuits was carried out at the
Mational Gas Turbine Estatlishment, Pyestock, and the author
wishes‘to thank those members of the staff who were
responsib;§ for this work.
' Thé average signal meter, shown in Fig. 26 measures

the time average conductance of the path between the nagative
probe and the earth return. The signal height discriminator,
and the fractional time indicator are included for the
analysis of the fluctuating signals which are encountered in
measurements of turbulent flames. These circuits are
discussed later in paragraph 4.43.

At stated above, the Ionisation Probe is intended to
be a means of rapidly locating a flame front. In the
preliminary tests it was observed that the signal obtained
when the probe was fully immersed in the flame varied
considerably with the fuel concentration. Thus it was

apparent that, bvefore the probe could be used as a means of

defining the position of a flame front, it had to be

calibrated, over a range of fuel concentrations, in flames
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whose pogition could be definsd by some other means.

4,42 Calibration of the Ionisation Probe in laminar flames.

Since the position of a laminar flame may be defined
by>schlieren or visual observation more easily than the position
of a turbulent flame, it was decided that the czlibration
should be carried out using a flat laminar flame. When the
JTonisation Probe is used as an expsrimental technidue in the
flame spreading experiments the probe will approach the
flame front from the unburned gas side, and so it appeared
advisable for the probe to be calivrated in a burner ih
which the probe traverses towards the flame from the cold gas
side. Bearing in mind these two requirements, two designs
of calibrating burners were considered. Sketches of these:
twodesigns are given in Fig. 27a and b. A two-dimensional
burner of the type shown in Fig. 27b was chosen, because
with this burner any quenching effects of the walls on the
flame will be reduced.

In the type of burner chosen the flow velocity must
exceed the velocity at which a flame 1lifts from the mouth
of the reetangular channel. When the literature was
exarined for information on flame stabilisation on
rectangular burners it was found that the correlating formula
obtained by Grumer, Herris and Schultz (1953) predicted
anomolous results for the dimensions likely to be met in the

Jonisation Probve Calibration Burner. To investigate this
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apparent inconsistency in the literature, a series of
experiments was carried out on flame blow-off from rectangular
burners. These experiments are described in Chapter 5 of
thisThesis.,

Design of Calibration Burner.

Using the results of the bloﬁ-off experiments which are
described in Chapter 5, cross-sectional dimensions of +x1
inch were chosen for the inner rectangular channel of the
calibration burner. |

When the flame is surrounded by an inert gas, such as
carbon dioxide, the critical boundary gradient for blow-aff
passes through a maximum when the butane concentration by
volume is about 3.6% (Lewis and von Elbe, 1951, p.287;

Wohl, 1953) s0. that the maximum critical gradient should not

exceed 5000 sec. *

(from Fig. 34). This gradient corresponds
to an average flow velocity in the ¥ x 1 inch channel of
roughly 8 ft/sec. The Reynolds Number at this flow rate is
920, These figures apply to the case where the surrounding
inert atmosphere is stationary. In the calibration burner
the surrounding atmosphere flows at a velocity usually equal
th the average velocity of the butane-air mixture, so that

one would expect the maximum blow-off velocity to be less than
8 ft/sec., thus giving more than a twofold range of flow

velocities within the laminar range.

Th the experiments described below it was found that the
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FIG, 29. TYPICAL SCHLIEREN IMAGE CP A LAMINAR FLAMS,
SHOWING TIP OP IONISATION PROBE.

Plow velocity 15 ft/sec.
Butane concentration 3+*5% toy volume.

STABIUSE&

PIG. 30. COMPARISON OP DIRECT AND SCHLIEREN IMAGES OP
A LAMINAR FLAME.

Interrupted schlieren image superimposed on direct
visual image.
Plow Velocity 15 ft/sec- Butane concentration 3*5%
"by volume.



TABIE 5. »

CALIBRATION OF IONISATION PROBE IN TANINAR FIAMES -

RANGES OF CONDITIONS.

Flow Butane Conc. Probe Height
Velocity
ft/sec. . % inches.
7 - B 2.5 L 6 0013
2.6 - 6 ~0.13
15 )
) 3¢5 0.07 - 0.32
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raxirur blow-off velocity in an ecual velocity carbon
dioxide atmosphere was less than 7 ft/sec.

Calibration_ experiments.

The Tonisation Probe was calibrated by traversing the
probe through the flame and noting the average signal meter
reading for various positions of the probe tip relative to
the region of maximum schlieren deflection in the flame.

A photograph of the ITonisation Probe, the calilration burner,
and the lantern and knife gdge of the schlieren system, as
they were used in the calibration experiments is given in
Fig. 28, Not included in the photograph are the two 12 inch
diameter mirrors and the screen on-to which the schlieren
image of the flame was projected. The parallel light test
gection, in which the laminar burner was placed, was formed
between these two mirrors.

A typical flame schlieren image, as it was projected
¢n to the screen, is shown in Fig. 29. When the probe wire
was moved through the flame front the shadow of the probe
wire crossed the schlieren image of the flame. This can be
seen taking place in the photograph. The position of the
probe when the tip appeared at the centre of the image was
faken as the reference position for the traverse.

The ranges of flow velocities, fuel concentrations
and probe heights within which traverses were made are given
in Table 5 (the probe height is taken as the distancebetween

the centre line of the stabiliser wire and the centre line of
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the probe wire). The traverses gave results similar to those
shown in Fig. 24, ‘

The probe signal, which was measured by the average
signal meter, was also fed into a cathode ray oscilloscope.
The oscillcscope traces showed that the signal was quite
steady, a result one would expect.

It was found that the results of the traverses were
virtually independent both of the heating current flowing
within the stabiliser wire, and of the velocity of the
Jjacketing carbon dioxide stream.

As a first attempt at correlating the results of the
tfaverses, a characteristic signal value was selected, and
the distance from the schlieren image to the point on the
traverse where this signal was given, was plotted for each
of the traverseé. Tt was found that when a low value of
characteristic signal, 5 divisions (corresponding to é
flame conductance of 6 x 10~10 ohmflj was chosen, a good
cofrelation was obtained, the "characteristic point" for each
of the traverses except two being within 0,02 inch of the
s8chlieren flame front. This correlation is shown in Fig. 31.
The two traverses which give least satisfactofy agreement with
the correlation were made in flames burning in mixtures in
which the fuel concentration was at its maximum and minimum
values. It is seen that the influence on the results of
velocity, and of probe height, is small. In view of the

limitations of the apparatus this correlation seems to be as
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satisfactory ws can be obtained.

These experiments show that, by choosing a signal
meter reading of 5 divisions (corresponding to a flame
conductance 6f 6 x 1010 ohm™1), the Tonisation Probe can
locate a laminar flame front to within 0.02 inch of the
position of the schlieren image. The method is applicable to
butane concentrations ranging from 2.8 to 5.54 by volume.

The diameter of the probe wire used in these experiments
was 0.028 inch. A wire of this diameter does have a slight
effect on the shape of the laminar flame, although the
influence on the results described above is not thought to be
appreciable. Since these experiments were carried out, tests
have been reported (Summerfield, Reiter, Kebely and Mascolo,
1955) in which a probe of diameter 0.0055 inch was used.

While the results obtained by Summerfield and his associates
were similar in nature to those described above, it might be
useful to repeat some of the above traverses using a smaller

diameter probe wire.

Position of the schlieren image relative to the direct

visual image.

Since the definition of the "position of flame front"
in terms of the schlieren image is to some extent arbitrary
it is interesting to compare the positions of the schlieren
and direct visual images. The results of a typical test are
shown in Fig. 30; Tn this photograph an interrupted

schlieren imagé is superimposed on a direct visual image of
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the same {larme. It is seen tkat the schlieren image lies
to the right {the unburned gas side) of the visual imege of
the flame front by about 0.02 inch (after correcting for
magnification factor of 2.1). This observation is
guantitetively in fair agreement with the results %;egroeze

(1949) and others.

4,43 Tonisation Probe measurements in turbulent flames.

When the Ionisation Probe is used in turbulent
flames the oscilloscoﬁe shows that the signal is not steady
but fluctuates considerably. Typical traces of these
fluctuating signals have been published by Summerfield,
Reiter, Kebely and Mascolo.(1955); Summerfield and his
colleagues argue that, since these traces show a large number
of intermediate values of gignals, rather than only high and
low values, the probe cbservations support their conception
of a turbulent flame as a zone of distributed reaction, as
opposed to Xarlovitz's model (1954) of wrinkled laminar flame
fronts. While the wrinkled laminar flame front model is
probably of only limited application, the author feels that
this model is not necessarily dispfoved in Summerfield's
éxperiments. The traverses through laminar flames which are
described in paragraph 4.42 show that the probe has to move
a distance of roughly 0.05 inch before the maximum signal is
reached., Also it is possible, according to Karlovitz's model

for the laminar flame front at the traversing point to be
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instantaneously inclined towards the probe wire, rather than
normal to it. Thus, if a turbulent flame consists of
fluctuating laminar flame sheets, it is quite possible for
the TIonisation Probe to indicate intermediate values of signal.

To aid the z2nalysis of fluctuating signalé, two
additional instruments have been incorporated in the circuits
of the Ionisation Probe which were described in paragraphs
4,41 and 4.42 above. Theseare the Signal Height
Discriminator end the fractional Time Indicator. These two
instruments are used in conjunction, the Fractional Time
Indicator measuring the fraction of the total time that the
signal is less than the value set on the Signal Height
Discriminator. These instruments should prove particularly
valuable in investigating the type of flame spreading failure
encountered in flames propagating in weak mixtures from
behind inclined stabilisers (c.f. paragraph 4.33).

4.44 Gas Analysis.

The second experimental technique which has been
developed for use in the flame spreading experiments is
gas analysis.
B Analyses giving local, or overall combustion efficie ncies
would be very useful, but, using methods such as the

Gravimetric Train (Iloyd, 1948), or the Haldane Apmratus,

the time reguired to analyse each sample would be considerable.

To provide a rapid means of analysing samples an Infira Red

Gas Analyser was purchased.
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In this instrument there are two optical paths, each
having an infra red light source at one end, and a detection
cell containing the gag to be analysed at the other, The
two detection cells are separated by a diaphragm. The
test cell, through which the sample to be analysed is passed,
is placed in one of the optical paths. If the constituent,
whose concentration is to be measured, is present in the
sample a2s 1t passes through the test cell, this gas absorbs
~some of the radiationfwhich has a wavelength within the
characteristic absorption band of the gas. Thus less
radiation remains to be abksorhed by the detection cell at
the end of the optical path contzining the test cell. This
causes a reduction in the heating effect within this cell,
and, to maintain the pressure balance between the two
detection cells, the diaphragm moves. This movement alters
the capacity of a condenser, allowing the movement to be
magnified.electronically to give a deflection on a scale.
The instrument can measure the Eoncentration of either
carbon dibxide, carbon monoxide, or methane. Two detecting
condensers are used - one containing carbon dioxide for the
carbon dioxide analysis, and the other containing a mixed
filling of carbon monoxide and methane. To analyse for
methane the second condenser is used, and carbon monoxide
‘is passed through a filter cell placed in the same optical

path as the test cell. "hen analysing for carbon monoxide

the same condenser is used, but methane is passed through



the filter c=ll., For ezch of the three gases which can
be analysed, three concentration ranges are available, full
scale deflection being given by either 3%, or 14% or 100%
by volume of the test gas.

With this instrument, analyses for one particular
constituent, for example carbon dioxide, should be obtained
fairly rapidly, the only delay being the time required to
flush thé test cell.‘, However, if it is wished to change
from measuring one coﬂstituent to measuring another, some
time must be allowed to elapse before readings are
recommenced.

4.5 Summary .
' Suitable air and fuel supplies have been provided for
use in small scale flame spreading experiments.

Vethods of measuring air and fuel flow rates have been

investigated. For reasuring the mein eir flow rate, a
British Standard Orifice is used. Capillary meters are

used for measuring fuel flow rates and for measuring the rate
of flow of auxiliary air.

A burner has been constructed in which the source is
£lectrically heated. This burner incorporates an indépendent
flame pilot.

An Tonisation Probe has been calibrated in laminar

flames for use in locating flame fronts. Instruments have
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been added to the circuits to 2id the analysis of
measurements taken in turbulent and in "intermittent®
flames.
A quick method of analysing for carbon dioxide,

or carbon monoxide, or methane, has been provided.
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FIAVE BILOW-OFF FROM RECTANGUIAR BURNERS.
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5.1 Introduction,

In the design of the burner which was used in the
calibration of the Tonisation Probe, described in the
preceding Chapter, information was required on the blow-off
of laminar pre-mixed flames from rectangular burners.
Formulae published in the literature predicted anomolous
results ﬁhen they were applied to the range of dimensions likely
to be met in the calibrating burner. To correct this
discrepancy in therliterature, and to provide the necessary
design information, a series of flame blow-aff experiments
Wés carried out.

These preliminary calculations based on the published
formulae, and the experiments which were carried out to
clarify the literature are described in this Chapter.

5.11 Prediction of blow-off.

It has veen shown for circular bﬁrners of
different diameters that the stebility limits can be
correlated by the boundary velocity gradient calculated for
flow without combustion (Tewis and von Elbe, 1943, and others;
¢.f. paragraph 1.31 of Chapter 1 of this thesis). Grumer,
Harris and Schultz (1953) have investigated blow-off and
flashfback in non-circular ports, and they conclude that neither
the boundary velocity gradient at the centre of one side, nor

that at a corner, as calculated for flow in the absence of a
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BLOW~-OFF VELCCITIES PREDICTED BY METHEOD OF

Rectangular burner of cross-sectional width 0.125 in.

GRUNER AND CQ-ORKERZ (1953)

2% Butane mixture.

data 400 sec.”t

Critical "g" from circular burner

(rohl, 1953)

T 1 !
Burner crossgw-
sectional 0.063 | 0.125| 0.25 | 0.50 | 1.0 [2.0
length. in.
Average
v8locity at 0,17 | 0.42 | 0.58 | 0.50 | 0.31]0.16
blow-off., .
ft/sec.
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flame, can be used to correlate the sitebility limits of non-
circular burners. It is thought by Grumer and his aséociates
that this is due to flame thrust causing a redistribution of
the velocity regime compared with that observed in flow when
no flame is present. However, they claim that, in the
laminar range, the stability limits of non~circular channels
are correlated with circular channel stability limits by using
the appropriate relationship for the friction coefficient,x s

in the eguation =~

ANV N
4 = —'———Bg ono..-ooEqno 501
27 a3
For square channels
: A - _ZELE'—_ .-......Eqn. 5.2
N’ lcll
Re
and for rectangular channels
- 6
A= ——lzlg;- eeeeeesssBgn. 5.3
NRe [) .

where g is the boundary velocity gradient for comparison with
circular ﬁurner stability data, V is the volume flow rate,
Np.g is the Reynolds Number = F 1 @/Y' , and 4 is the
equivalent hydraulic diameter = 4 x area/perime ter.

5.12 An anomaly,

) Equations5.1 and 5.2 above were used to predict the
velocities at which flames will "blow-off" from rectangular
burners of cross-sectional width 0.125 inch and cross-sectional

lengths varying from 0.063 to 2 inch. The results of these

calculations for a 2% bubane in air mixture are given in Table 6.
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The calculations show that the method proposed by Grumer,
Harris and Schultz predicts that, for this cross-sectional
width, as the cross-sectional length increases beyond about
0.5 inch and tends to infinity, the average velocity at
blow-off decreases and tends to zero, a results which one
would not expect. For a burner of finite cross-sectional
width and infinite cross sectional length, i.e. neglecting

end effects, one would expect the average velocity at blow-

off in laminar flow to be given by =~

1
a = .g bg unoooooanqn. 5.4

where b is the half cross-sectional width, and u is the
average velocity. For a burner of cross~sectional width
0.125 inch this expression gives an average velocity at blow-
off of 0.7 ft/sec.

Thus the literature appears to be misleading on this
subject. In view of this discrepancy a series of
experiments has been carried out on the blow-off of butane-
air flames from rectangular ports.

In the experiments én which the relationships of
Grumer, Harris and Schultz are based (equations 5.1 "to 5.3
ébove), the minimum value of the ratio of channel cross-
sectional width to cross-sectional length was 0.28. It should
be noted that the anomolous behaviour indicated above occurs

at values of this ratio which are less than 0.25.
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5.2 Experimental

5.21 Apparatus.
Blow-off 1limits were obtained for burners of

the following cross-sectional dimensions:~ 0.07 x 0.13 inch,
0.13 x 0.13 inch, 0.25 x 0.13 inch, 0.51 x 0.13 inch,
1.0 x 0.12 inch and 2.0 x 0.13 inch. The burners were not
water-jacketed, but it is thought thet the blow-off limits
would not have been appreciably altered by water-jacketing,
as it was observed frém several tests that a blow-4ff limit
taken irmediately after a flame was lighted on a cold burner
was in agreement, within experimental error, with the limit
taken after the flame had been 2light orn the burner for some
time,

In each burner the approach length was greater than
the Transition Length for a cylindrical channel of similar
equivalent hydraulic diameter, and in which the flow Reynolds
Number is 2000. The Transition Length, X, is given by
(Prandtl, Tietjens, 1934, p.22) -

X = 0.065 4 Np, ceeesesss BEqn 5.5

The Transition Iength is the length of channel
required to change an initially flat velocity profile into
one in which the velocity at the centre of the channel is
within 1% of the central velocity in Poiseuille flow.

Equation 5.5 has been experimentally confirmed only for flow

in cylindrical channels.



PIG. 32. BLAME BLOW-OPP PHOTOGRAPHS

2.00 x 0.125 in. Rectangular Burner.

a. Plow Velocity 9,6 ft/sec, b. Plow Velocity 9%6 ft/sec
Butane Cone, 3*9~7 Butane conc. 3

c. Plow Velocity 9*%6 ft/sec.
Butane conc. 3®64"
Pinal Blow-off at Butane conc

d. Plow Velocity 0*9 ft/sec, e, Plow Velocity 0.9 ft/sec.
Butane conc. 2.33% Butane conc. 2,23/£
Pinal Blow-off at Butane conc. 2,16%
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The butane and air flows were measured by capillary

meters, within an estimated accuracy of 3%.
5.22 Flame lifting.
The flames did not always lift simwltaneously

from all parts of the burner port, as can be seen from Fig. 32
which shows flames anchored above the 2.0 x 0.13 inch burner.
(The photographs were taken in a direction normal to the long
side of the burner port). At the flow velocity of 9.6 ft/sec.
the flame 1lifts first from the centre of the long sides of
the burner port (Fig. 32a, b and c¢), and at the flow velocity
of 0.9 ft/sec. incipient flame 1lift occurs at the corners of
the port (Fig. 32d and e). The existence of these two forms
of blow-off may be due to the influence of flame thrust on
the flow distribution, In Poiseuille flow in the
rectangular channel of the burner the wall velocity gradients
are lowest at the corners (Smith, Edwards and Brinkley, 1952).
However, when a flame is anchored above the turner, the
flame pressure will cause a spreading of the flow lines which
will increase the velocity gradients at the corners. It 1is
estimated (Wohl, Kepp and Gazley, 1949) that this spreading
of the flow lines is proportional to the term (Su/ﬁ)z, where

Su is the laminar burning velocity. F_At the conditions
ig.
corresponding to the flames shown in/32a, b and ¢ this term

has the value 0.02, and at the conditions corresponding to

the fiames shown in Fig. 32d and e the term has the value 0.73.
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The greater tendency for flow redistribution at the lower
velocity may be the cause of the incipient flame 1lift from
the corners of the burner port shown in Fig. 324 and e.

The type of blow-off shown in Fig. 32a, b and ¢ was
only observed with the three largest burners (viz., those
having dimensions 0.51 x 0.13 inch, 1.0 x 0.12 inch and
2.0 x 0.13 inch), and that shown in Fig. 32d and e was only
observed with the 2.0 x 0.13 inch burner. On all other
occasions the flame lifted from all parts of the burner port
at the same flow condition.

5.23  Flash-back.

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

5.24  DPressure gradient.

In addition to the blow-off and flash-back
observations, the pressure gradient along each of the burner

channels was measured over a range of flows.

5.3 Correlation of blow-off results.

5.31 Local boundary velocity gradients.

As stated in the Introduction (paragraph 5.11),

the wall velocity gradient has been used successfully to

correlate blow-off limits for circular burners. The
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applicarility of this correlation 4¢ rectangular burners

has been examined with reference to the lifting of a flame
from the centre of the long side of the burner port, using
the results of the experiments described in paragraph 5.2
above. In calculating the wall velocity gradients
corresponding to the flows at which the flame lif ted (and in
predicting from the critical gradients the velocities at
which the flames will 1ift) it was assumed that Poiseuille
flow occurs at the burner port, and that the velocity profile
is unaltered by the pfesence of a flame, With these
assumptions the velocity u at a point having co-ordinates
(x, y) relative to an origin on the axis, is given by the

following expression which is derived in Appendix IV -

2
1 4 5 32b
. = SB[ (b2 - y°) X
27 a4z 73

i

0
Z (-1)%*1 gosh (2n ;:bl)’/T‘x Cos (2n gbl)Tr y_}

(2n + 1) a
2b

n = o (2n + 1)3cosh
vee.Ban.5.6
where dp/dz is the pressure gradient in the direction of flow,
7{15 the absolute viscosity, a is the half cross-sectional
Aength and b is the half cross-sectional width.
- The average velocity u is obtained by integrating the

above expression over the cross-sectional area -



FIG. 33 BLOY-OFF FROM RECTANCULAR BURWERS

Average velocity at blow-off from .
burners of port width 1/8 inch.
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. VALUES OF FUNCTIONS P AND @

0.2

o | 0. | 0.3 0.4 0«5

! P 3.00{ 3.20 3.43 3.67 '3.88 4,07
Q | 0.0104 0.5118 0.01314 0.0143 { 0.0153 { 0.0161
b/a | 0.6 0.7 0.8 0.9 | 1.0

P 4,23 4,38 4,52 4,66 4:80
Q - |0.0167 | 0.0171 |0.0174 |0.0175 |0.0176
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i

5 u_ dx dy cesesseBan. 5.7

u -

®

X =0 y=o0
The wall velocity gradient at the centre of the long side,
8as is given by -

gc : - ( u) .l..l'Eqn; 5.8
oy _
X =2 0,y =D

Substituting equation 5.6 in equations 5.7 and 5.8 and

combining gives =

gc = P —%— ..-....Eqn. 5.9
where >0
8 Z ) (2n « )7 a
p=z 31 ‘:;2 ~_ (2n + 1) “secn b
ngo . Eqh.5,.10
_192 2 5 (on 4 1) Oram {20 r 1)7e
" 5% a <= 2b

The series used in equation 5.10 have been summed by
Smith, Edwards and Brinkley (1952) for various values of the
ratio b/é. Prom their results the function P has been
calculated and is given in Table 7.

Test of hypothesis.

The critical velocity gradients obtained from blow-off
tests on circular burners for butane concentrations of 3, 4,
5, 7 and 9% were taken from Fig. 16 of Wohl (1953), and
substituted in equation 5.9. In this way, values of the
group 4/b were obtained for various values of the ratio béa.
The group G/b was then plotted against the burner poiiﬁﬁzr a

burner port width of 0.125 inch, giving the lines indicated
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as "Theoretical", in Fig. 33. The experimental points

at the corresponding butane concentrationz shown in this

Fig. were obtained by interpolating the experimental
observations, 1lift from the centre of the long side being
taken as the flaﬁe stability criterion, since this is the
point at which the wall velocity gradient is vaiculated.

& 1line corresponding to a Reynolds Number of 2000 is drawn in

the Figure. It is seen that there is good agreement between

the blow-off velocitieé predicted by this hypothesis and the
experimental results where the Reynolds Number is less than
2000 but at higher Reynolds Numbers agreement ceases to exist.

This limitation on the application of equation 5.9 is to be
expected, because the relationships from which it is derived
are applicable only to laminar flow. In channels of

rectangular cross-section, as in circula; chamnels, laminar

flow breaks down at a Reynolds Number of about 2000

(Mcadams, 1942, p.124).

In view of the success, shown in Fig. 33 of the
application of the wall velocity gradient correlation to
blow-off from rectangular burners the boundary velocity
gradient has been calculated using equation 5.9, for all the
observations of flame lifting from the centre of the long
side for which the Reynolds Number was less than 2000. The

resulting values of the gradient, gg, are plotted in Fig. 34.



100.
The solid curve drawn in Fig. 34 represents the correlation
obtained by Wohl (1953) for blow-off from circular burners.
There is again seen to be good agreement between the blow-off
limits of the various rectangular burners and the blow-off
correlation for circular burners;'indicating that the wall
velocity gradient correlation of flame lifting may be
extended to rectangular burners, at least within the range
tested.

The flash-back iimits which were obtained are also
rlotted in Fig. 34, whére they are compared with the flas -
back limits obtained in a 0.4 inch bore tube by ¥Wohl, Xapp
and Gazley (1949). That the rectangular burners were not
water-Jacketed may be the reason for the wall velocity
gradients at flash-back generally being higher in the
rectangular burners than in the cifcular hurner.

5.32 Blow-off from an infinite slit in turbulent flow,

In circular burners in which the flow is turbulent
the wall velocity gradients at blow-off have been calculated
by several groups of workers using values of the friction
coefficient relevant to turbulent flow (Wohl, XKapp 2nd Gazley,
1949 '; Bollinger and Williems, 1947). Their results are
in agreement with the correlation obtained from the stability
limits taken in laminsr flow. Treating the 2.0 x 0.13 inch

burner as a rectangular burner of infinite cross-sectional

length and 0,13 inch cross-sectional width enabled the average
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Plow-off wvelocities in voth the laminar and turbulent ranges
to be prédicted from the critical velocity gradients published
by Wohl (1953). This theoretical blow-off 1limit is plotted
in Fig. 35 where it is compared with' the experimental results.
The few experimenta}ilﬁmits'taken in the turbulent region

are in fair agreemeg%;the theoretical curve. The agreement
between the observed velocities, within the laminar range,

for flame lifting from the centre of the long side and the
theoretical velocities is excellent, as is to be expected

from the correlation already shown in Fig. 34.

5.33 Averasge velocity gradient.

The tlow-off limits of the rectangular burners
have also been correlated in Fig. 36 by the average wall
velocity gradient. The average wall velocity gradiént Eav?
was obtained from the pressure gradient measurements using the

equation -

- 1 . @dp area : . .
gav - - —--—7 dz . perimeter R Eqn. 5 11

where dp/dz is the pressure gradient in}the direction of
flow,

In the correlation shown in Fig. 36 the blow-off limit
is taken to be the condition at which the flame finally 1lifts
from the burner port. The blow-off limit for circulkr
burners which was obtained by Wohl (1953) is again drawn, as
a solid line, for comparison. The correlation is less

satisfactory than the one obtesined by using Equation 5.9 to
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calculate the thecretical boundery velocity gradient.
However, this method of obtaining the avergge wall velocity
gradient from the pressure drop along the channel is
applicable to turbulent, as well as to laminar, flows.

5.4 Correlation of Friction Coefficients.

The Friction Coefficient, A , as used here, is given

by the expression -
‘ 2

%.%'S' “ A /02(111 otn-o»‘-o‘-o-oEqnu 5012

where / is the density of the fluid.
In'steady laminar flow in a channel of rectangular
cross-section the average velocity, E, isgiven by equation 5.7

Substituting equation 5.7 in equation 5.12 leads to

_ = _1
QA Too ceseesessBgn. 5.13
where 5 0
) " D
Q= -(8”9*——6-2%-[1 - —172% Ei(zn»rl) STanh E%%M]...Eqn.s.m
/
n=0

Using the afithmetio gummations published by Smith,
Bdwards and Brinkley (1952), values of the function Q have
been calculated for various values of the ratio b/a. The
Jresults are given‘in Table 7.

Values of the friction coefficients for the
rectangular channels were calculated from the pressure gradient

‘readings, using Equation 5.12. These velues, multiplied

by the appropriate vealues of the function Q, are plotted in
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Fig. 37. Frow this grzph it is seen that the laminar flow
linesr relationship between the Friction Coefficient and the
Reynolds Number breaks down, in the four larger channels, at
a Reynolds Number of roughly 2000. However, in the two
smaller channels the transition from laminar flow appears to
begin at a Reynolds Number nearer to 10C0. For the laminar
range points there is consideranle scatter about the
theoretical line, although for the individual burners the
differences between the experimental points and the theoretical
values are consistent. It is probable that these consistent
discrepancies are at least partly due to inaccuracies in
estimating the mean dimensions of the channel cross-sections.
Por example, an error of 0.004 inch in the measurement of the
cross-cectional dimensions of the 0.13 x 0.13 inch burner
(i.e. 3%) can cause a2 consistent error of 16% in the value
of the term Q)\ calculated from the experimental readings.

Lines drawn through the laminar range experimentzl

points for the varXous burners have gradients of 4509,

confirming that the frictien coefficient for each channel is
inversely proportional to the Reynolds Number, as indicated
in Equation 5.13. This is in disagreement with the
- conclusions of Grumer, Harris and Schultz (1953) who calculated
the friction coefficient from flame stability results, using
equation 5.1, and found it to be inversely proportional to a

powér of the Reynolds Number, as shown in Equations 5.2 and 5.3.



5¢5 Conclusions.

The experiments described above indicate that, for

the burners tested -
1. "When the Reynolds Number is less than 2000, the
limits for flame lifting from the centre of the long
side of the burner port can be correlated by the wall
velocity gradient calculated at that point, it being
assumed in calculating the velocity gradient that the
flame causes no fedistribution of the flow from the
Poiseuille velocity profile.
2., The final flame 1ift 1limits can be roughly correlated
by the average‘wall velocity gradient ovtained from the
- measured pressure gradient. This correlation can be
appliea to systems in which the flow Reynolds Number
~exceeds 2000.
3. The friction coefficient for the flow in the burner
channels is inversely proportional to the Reynolds
Number, provided that the flow is laminar., The
constants of proportionality are in fair agreement with
those predicted by the laminar flow equations.

That the blow-off limits may be directly correlated
by the theoretical wall velocity gradient is in disagreement
with the conclusions of Grumer, FHarris and Schultz (1953).
This disagreement may be due to the use by Grumer and his

colleagues of burners of larger dimencsions than those used in
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the experiwents descrived here. In the larger burnerse

the flow velocities at which the Reynolds Number is equal
to 2000 are lower, and at the lower velocities the influence
of flame thrust on the flow distribution is probably more
important (Wohl, Xzpp and Gazley, 1949). One would expect
Conclusion 1 avove to ve valid only when the flow
redistribution due to flame thrust is not significant. It
should also be noted that the conclusions of Grumer and his
associates were based largely oh flash-back limits, whereas
thexconclusions above are drawn only from flame blow=-off
observations.

The application of the results of these flame blow=-

off expériments to the design of the laminar burner used in

the calibration of the Ionisation Probe has been disfussed

in paragraph 4.42 of Chapter 4.
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CHAPTER 6,

6.1 Results of the researches.

The large scale experiments, described in Chapters
2 and 3, showed that finger type flame spreaders can produce
considerable irprovement in the combustion efficiency
performance of a high velocity combustion system. Quantitative
data, which should be useful to engine designers, have been
obtained on the influence of some geometric variables, viz.,
number, width and inclination of fingers and tailpipe length,
on the combustion efficiency of a typical Famjet system.

The experiments indicated that two important processes
involved in the operation of a finger type flame spreader
ére (2) the flow of pilot gases along the wake of the finger,
and (b) the initiation of progressive combustion in a gas
stream by a source.

A small scale apparatus (Chapter 4) has been constructed
to study process (v) - the ignition process. Preliminary
experiments were undertaken to permit a rational design of
this apparatus. These experiments also revealed an
inteiesting form of "intermittent" flame (paragraph 4.33).

“An outline of suggested experiments using the smell scale
apparatus is giyen in paragraph 6.2 below.

Two techniques have been developed for flame lacation

and efficiency measurements in the small scale experiments,

These are the ITonisation Probe and Gas Analysis. The
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Tonisation Probe has been shown to provide an accurate means

[

of locating a laminar flame front. Additional circuits have
been coupled to the probe output which should be helpful in
the study of the intermittent flame mentioned aboye, and in
locating turbulent flames.

A subsidiary research into the conditions governing
flame anchoring on rectangular burners (Chapter 5) has
developed into a very fruitful project in its own right.
Flame blow-off limits for rectangular burners have been
successfully correlated with those for circular burners.

The leading results of this thesis have been published;
Jcopies of the relevant papers are bhound in this volume.

’6.2 Suggested experiments using the small scale appesratus.

It will be recalled that the small scale apparatus
has a test section having a rectangular cross-section of
dimensions 2 x 1 inch. A wire staviliser is placed across
the test section at an inclination of either 90° or 30° to
the direction of flow of the main stream. This stabiliser
wire may be electrically heated. A pilot flame, supplied
with fuel and air flows separate from the main stream,
~gurrounds the upstream end of the stabiliser wife.

Two series of experiments are suggested using this

apparatus, the first being "stability tests" and the second

"propagation tests".
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Stability Tests,

In these tests the stability limits of flames
anchored behind the stsbiliser wire are to te observed. The
variables to be studied are flow velocity, pilot heat input,
electrical input to the stabiliser wire, stabiliser wire
diameter and stabiliser inclination.

Should "intermittent" flames (c.f. paragraph 4.33)
be observed, the Fractional Time Inﬁicator attached to the
Tonisation Probe might prove useful in indicating a stability
limit. The stability limit might be considered to be the
condition when the Time Indicator shows the flame to be absent
‘from the stabiliser for 50% of the total time.
> The stability fesults might be correlated by groups
similar to those used by Spalding (1954) and Spalding and
Tall (1954).

Propvagation Tests.

- The propagation of the flame behind fhe stabiliser may
be measured by making Ionisation Probe traverses and gas
sampling traverses through the flame at one or more planes
downstream from the stabiliser, The variables to be studied
.are the fuel concentration, flow velocity, pilot heat input,
electrical heat input to the stabiliser wire, stebiliser wire
diameter and stabiliser inclination.

These experiments should provide information on the

performance of a line source as a means of starting general
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progressive combusgtion, It zhould be noted that the

conditions affecting combustion in this low velocity system
(60 ft/sec.) may be different from those existing in a

combustion chamber in which the flow is choked at the

chamber outlet. In the high velocity chamber the mixing

processes become incfeasingly important, and the concept of
continuous

a/turbulent flame front may no longer be valid.

6.3 Other studies suggested by this work.

6.31 Flame spreading.

Bince mixing has a considerable influence on the
combustion rate (Berl, Rice and Rosen, 1955), future work
Amight fruitfully be directed towards achieving the controlled
’mixing necessary to give the optimum heat release rates.

It has been shown that finger type flame spreaders
may improve the combustion efficiency of a system, It
would be useful to know if these finger type spreaders
achieve their effect simply ve creating general turbulence,
as was the case with the orifices used by Wilkerson and Fenn
(1953). An answer to this question might be given by a
comparison of the combustion efficiency measurements taken with

a finger type flame spreader, and with an orifice giving
similar values of the pilot heat mixing factor K (c.f.
paragraph 1.46).

Since extreme rates of mixing can cause instability

of the pilot, it is essential that a piloting system be



developed vhich will he effective evern when rapid nmixing is
taking place within the chamber. The effect of heat losses
from the stebilising zone (Spalding end Tall, 1954), and the
ways in which they may be avoided, are important.

6.32 Flame blow-off from rectangular burners.

The range of application of the wall velocity
gradient correlation of flame lifting from rectangular
burners might be extended by measuring the blow-off limits
of butane-air flames sbove burners of cross-sectional
widths of more than 1/4 inch. In these larger burners the
flow will generally be turbulent. It may not be possible to

“calculate the wall velocity gradient at the centre of the
"long side from the dimensions and the average flow velocity
at the blow-6ff limit. However, an average wall velocity
gradient may be determined from the friction coefficient and,
if the hypothesis remeins valid, a rough correlation should
be obtained. The hypothesis mey be tested more accurately
by observing the limits for burners whose cross-sectional
length is at least ten times as great as the cross-sectional
width. For thése burners the wall velocity gradient at
~-the centre of the long side may be calculated quite accurately
By considering the burner to be an infinite slit.

At the high blow-off velocities which will be observed

in these larger burners, the influence of flame thrust on the

flow  distribution should be negligible.
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APTENDIY T

- &

ONE DIVENSIONAL FLOY IN A RAVJET COMBUSTION CHAMBER.

In Chapters 2 and 3 experiments are described in which
pressure readings or thrust messurements were used to
calculétevthe efficiency of combustion in a ramjet. The
relationships which were used in these calculations were
obtained by Beeton (1949), An outline of the derivation of
these relationships is given below.

Flow is considered through an idealdised combustion
system, a sketch of which has teen given in Fig. 9. It is
assumed that the working fluid passes through the following
stages. Between Stations 1 and'2 the air suffers a pressure
drop due to the baffle system. Tmmediately after Section 2
fuel is injected in 2 diréction perpendicular to the air stream
(i.e. the momentum of the fuel is not considered). Combustion
 then takes place and is completed by the time the gases reach
the exit (Station 3), at which point the flow is considered to
be choking. The cross-sectional areas at Stations 1, 2 and 3
are eéual,,the chamber walls being parallel. It is assumed
that downstream from station é there is no pressure drop due

to friction with the duct walls.

Air Specific Tmpulse,
The Air Specific Impulse, Sg, is defined by the gross

thrust per unit mass flow rate of air through the combustion

chamber.
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-..o.....Eqn. I.l

Where»P3 is the static pressure (absolute), ug is the gas
velocity, m3 is the mass flow rate of gas, all at Station 3,
and mp is the mass flow rate at Station 2. (mp is the mass
flow rate of air,rm3 includes the fuel flow rate), g is the
acceleration due to gravity, and A is the cross-sectional
area.

Applying the equation of Conservation of Momentum

between Stations 2 and 3 gives =

u
P3 A + —2m P, A
3 g 3 - —g———-—-’-:l-g. .....Eqn. Il2
my ns -8

%bere Po and u2 are the static pressure (absolute), and gas
velocity respectively a2t Station 2.

Applying the Continuity Equation to Station 2 gives
P2

m, =
2 RT»o

Au2 -...--.-.Eqn. 1.3

where R is the Gas Constant for air and Tp is the static

temperature at Station 2.

Comvining Bquations I.1l, I.2 and I.3 gives =

« RT 2
. Sa - ._.___.g. ( ‘l -+ 11.2 )
' u2 eRTo

. 1+ ¥ M2 1/RT2)%
M2 (g /

7

esesoBgn. I.4
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where My 1z the Mach Number at Station 2 and Y is the ratio
of the specific heat of air at constant pressure to the

specific heat at constant volume.

Also

T -

.—.g-.-t'. = 1+ L—l M22 - _II_'_J;E »-oo-o-Eqno Ios
T2 2 To

where T4 and Togy are the total temperatures at Stationsl and
2 respectively. |

Substituting Equation I.5 in Equation I.4 gives =

.y
1+ ¥ 152 R Tt 2
Sa - T—— 1 : ......Eqn. I¢6
2 E L
T M

This expression relates the Air Specific Impulse to the Mach
Number immediately downstream from the baffle system.

Baffle Tosg Coefficient.

The Baffle Loss Coefficient A is defined as the
pressure loss past the baffle system per unit inlet velocity

head - f’
u
- 11 Eqn. I.7
Py =P = A 2g ¢

where Pi, /pi‘and uy are the static pressure (2bsolute), air
.density and air velocity respectively at Statioh 1.
| Yince the flow areas at Stations 1 and 2 are equal =
Pru; = Foup  e.......Eqn. 1.8

Expressing Equation I.8 in terms of the Mach Numbers and Static

pressures gives -



Y - 1 2’?%
P, Iyt TETT
— - a— )y co--o-.ooE e I.9
Py M 2 -1 e :

where My is the Vach Number at Station 1.
When Hquation I.9 is substituted in Tquation I.7 we obtain -

2

2 My (144 (5=1)1u,2)\%
ALw :1«-—( 2 "1
271 s - eeesBgn, I.10
2 1+—;—(73a1)Mg2
This gives the relationship between the Baffle ILoss
Coefficient and the Mach Numbers at Stations 1 and 2.

Afr Specific Impulse and Theoretical Fuel/Air Ratio.

As defined in Equation I.l

S, = T34+ Eg my-

o
The mass flow rate at Station 3, m3 is related to the mass

flow rate at Station 2, mp, by the expression

1113 = m2 (l"'OL) ..-oc-oEqno Ioll
where ¢ is the fuel/zir ratio by weight.
Thus +ol 1+0) u
S, = (1r) 23 A + (1+0f) ug oo BEqu. T.12

Applying the Continuity Equation to Station 3 gives -
P
m = A u —'i— -..--Eqn. I013
3 ‘ 3 R3T3
where R3 is the Gas Constant for the combustion products at

Station 3 and T3 is the static temperature at Station 3.

Substituting BEquation I.13 in Equation I.1l2 leads to =~
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¢ = (3} R, T5 .
s, ey 2w D373 ... g, I.14
u3 /

The gas velocity, u3, is given by -

u32 = 2g JAH eeesvsBan. I.15
where J is the mechanical equivalent of heat, and AH is the
drop in enthalpy from stagnation conditions.

To calculate the Air Specific Impulée from Equations
I.14 and I.15, the enthalpy drop and the gas constant and
temperature at Station 3 must be known. Beeton (1949) has
evaluated these quantities for a hydrocarbon fuel, and using
the equations above has calculated the Air Specific Impulse
over a range of fuel/air ratios. The fuel on which the
calculations were based had a Lower Calorific Value of
10,300 C.H.U./1b. and a composition by weight of carbon 85%
and hydrogen 15%, which is a fair representation of the fuel
used in the experiments reported in Chapters 2 and 3.

The results of Beeton's calculations of Air Specific
Impulse from the fuel/air ratio assuming complete combustion
have been published by Morley (1953, p.198). |

As a demonstration of the method used by Beeton the
calculation of the Air Specific Impulse is outlined below
-for a fuel/air ratio of 0.0667 by weight, and an air inlet
temperature of 600°K.

A series of temperature and pressure levels is chosen

to cover the range between the total head conditions of the

combustion products and the conditions of choked flow at the
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tailpipe exit (Station 3). At each set of termperature and
pressure conditions the equilibrium concentration of the
products of combustion is calculated, the dissociations of
carbon dioxide to carbon monoxide and oxygen, and of water
vapour to hydrogen and oxygen being considered. The
equilibrium constants, K; and Ko, of these dissociations are

definied respectively by = 1

pCOg

un

Kl .......Eqn. 1.16

and )'%'

K s —p-g-%—-(-gg-g—-_ ooongaooEqnc 1017
Proo

”where Pco» p02’ PH2 and pHQO are the partial pressures, in

>

atmospheres, of the components indicated.

To give a typical result, it is found that, at a
temperature of 2400°K and a pressure of 1 atmosphere,
0.0lléyéols. of carvon dioxide and 0.0024 1b., mols. of water
vapour dissociate per 1lb. of fuel.

From the equilibrium composition which is then
obtained, the enthalpy and entropy per 1lb. of products, and
the mean gas constant of the products, are calculated. For

”the example quoted above, these quantities have the values
791,7 C.E.U./1b. mixture, 2.316 entropy units/1b. mixture and
98,06 ft, x 1b./1v. x °C, respectively.

FTrom these, and similar results at the other

temperature and pressure levels, an enthalpy - entropy graph
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carrying lines of constant pressure and constant temperature
is prepared for the products. A corresponding graph of Gas
Constant against entropy is also drawn.

The total head enthalpy of the products of combustion
is then calculated from the inlet air temperature and the fuel
calorific value and enthalpy at injection. For an air inlet
temperature of 600°K and a fuel/air ratio of 0.0667 by
weight, the total head enthalpy of the products is calculated
to be 787.6 C.H.U./1b. A total head pressure is then selected,
say 3 atmospheres, giving a point on the entropy charts
representing the total head conditions. An isentropic is

ﬂthen drawn through this point. The calculation now becomes
‘one of trial and error. A number of heat drops, Ah, are
chosen énd the temperature and pressure and gas constant at
Station 3 corresponding to each of the heat drops are read
from the Entropy Charts. The gas velocity u is calculated
from the heat drop (Equation I.15). These values of
®elocity, temperature, pressure and gas constant at Station 3
are then\substitutéd in Equation I.14 giving a value of the
air specific impulse, Sa, for each of the heat drops initially
~chosen. The minimum value which is obtained for the air
specific impulse is the required one, and corresponds to choked

conditions’at 8tation 3. For the example chosen, the
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minimum value of the air specific impulse is found to be
175.1 sec.

The value ¢f the air spedific impulse calculated in
this way is, for practical purposes, independent of the

value of stagnation pressure initially selected.
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APPRENDIL II.

FLOW THROUGH A CAPILLARY METER

Capillary meters have been used to measure the flow
rates of butane and air in the small scale experiments
described in Chapters 4 and 5. Expressions are derived
below which predict the volume flow rate through the meter in
terms of the meter d;fferential, the capillary tube length
and bore, and the properties of the fluid. On calibrating
these capillary meters against a standard such as a soap
bubble meter it has been found that the relations obtained
‘below may be in error by 10%5. Thus the expressions do not
‘'yet provide a substitute for the time consuming calibration
of every capillary meter against a standard. However, the
expressions are useful as a guide to the dimensions of the‘
meters necessary to cover a given flow rangea The
relationships also enable ohe to predict the influences of
pressure and temperature changes on the calibration of a
capillary meter.

Pressure changes along the capillary meter,

- As an approximation, the pressure change across a

capillary tube may be divided into the following components -

(i) Pressure drop, hy from the inlet vessel conditions

to the vena  contracta,

(ii) Pressure rise, hp in the expansion from the vena-
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contracta to the full bore of the capillary tube,
(iii) Pressure drop, h3, due to change in the velocity
distribution,
(iv) Pressure drop, hy, due to friction along the wall of
the capillary tube,
(v) Pressure rise, hg, in the expansion from the capillary
tube outlet to the outlet vessel.
The positions o: these pressure changes in a typical
capillary meter areshown in Fig. 38.
The capillary meter differential hh is equal to the
algebraic sum of the above oomponents'b
h = h1 = h, + h3 + h, - h5 seeesBgn. II.1
’ It is assumed in the treatment given below that the

‘fluid is incompressiblé.

1. Pressure drop from the inlet vessel to the vena contracta.

Applying Bernoulli's theorem between stations 1 and 2

gives =
~ 2 2 .
P1+ loul = P2 + —8—1-1—2_-_ oooooEqn. II.Z
2g 2e

where P; and P, are the absolute pressures at stations 1 and 2,
u; and u, are the velocities at stations 1 and 2, / is the
Eiuid density and g is the acceleration due to gravity.

Thus /g

- (2ﬂu2)
by =P -Pp = G- (W2 -uw

-.....Eqno IIO3
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Wow by contiauity,

ul P —-/'é‘- D2 = u2 /D ?17; d2()<- - a /O'ZZ: d2 .o-Eqno II.q'

where D is the diameter of the inlet vessel (also the diameter
of the outlet vessel), &K is the contraction coefficient to
the vena contracta, and u is the average velocity through the
gapillary tube.

Combining Equations II.3 and II.4 gives -

_2 .
hl"-‘/ogz [032 _(%}/ eeee..Eqn. II.9

For a sharp edged entry, & may be taken as 0.64

(Prandtl, Tietjens, 1934, p 52). Also, for all the meters
used (d/D)4 is less than 0.002 and may be omitted.

2
Thus - Pa
u .
: Y — .l.l..E n. II.6 .
hy 1.22 z , q
2. Pressure rise in expansion from the vena contracta to the
full bore of the capillary tube.

Between stations 2 and 3 the pressure rise is given by -

I 2 g 2 2 7 2
h2=P3~P2:Z~;é—g-'-(u2 Z—do<4-u3-4--—d)
4
2

-— ] l) ...C.Eqn. II.?

Substituting o = 0.64 gives =

2
hy, = 0.56 —fg—u— ......Eqn. II.8

3. Pressure drop due to change in velocity distribution.

The velocity profiles developed in the tube and the laws

governing the friction pressure drop are well established for
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flows for which the Reynolds Wumber in the capillary tube is
less than 2000, or is greater than 3000. In the intermediate
range of Reynolds Numbers the friction pressure drop at any
one flow rate is rather uncertain. To avoid this possible
cause of irregularities in the calibrations, capillary meters,
were never used within the range of Reynolds Numbers of 1800
to 3000.

The pressure d:ops due to the change in velocity
distribution, and due to wall friction are calculated
separately for laminar flow meters, and for turbulent flow
meters,

- (a) Ieminar flow meters.

. The Transition Length is the length of tube required
to transform an initially flat velocity profile into one in
which the velocity at the centre of the channel is within 1%
of the central veiocity for parabolic melocity distribution.,
The Transition Length X is given by (Prandtl, Tietjens, 1934,
p.22) =
X = 0.065 d Ny, ee...Ban. IT.9

where N is the Reynolds Number.
) For each of the meters used the Transition Length was
less than the length of the capillary tube, and so it may be
assumed that for each meter the flow had become parabolic at
Station 4 (Fig. 38). |

At Station 3, where the velocity profile is flat, the



flow of kinetlc energy is given by
7 42 P E
4 2g

At Station 4, where the velocity profile is almost parabolic,

the flow of kinetic energy is given by
Y-
Pud r a2Pg°
277 dy & — S u
o 4 2g 1 g

where y is the radius of an elemental ring.

Thus
4 d2 (P - P4) u = increase in flow kinetic energy
. T LT
4 2g
hence £ 2
* h3 - P3 - P4 . - 0.5 g ooooEqn. II.lO

(v) Turbulent Flow Meters.

The pressure drop due to the change from a flat velocity
profile to a fully developed turbulent profile is given by

(Prandtl, Tietjens, 1934, p.51)
2

ny = 0.042/03 eev...Eqn. IT.11

4. Pressure drop due to friction.

- As an approximation it is assumed that the actual
friction pressure drop is the same as the friction pressure
drop with fully developed flow at the inlet to the tube.

() Leminar flow meters.

Tre pressure drop due to viscous drag is given by
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ASA

(Prandtl, Tietjens, 1934, » 20) -

n . 22 VPL %
4 e 2 ....CEqn. III12

gd

where ) is the kinematic viscosity of the fluid and £ is
the length of the capillary tube.

(v) Turbulent flow meters.

The pressure drop due to friction in turbulent

flow is given by (Lees, 1914) -

pol .
- . 0.35
u £ 1
ﬁT 0.0036 + 0.31 (NRe) / eeo Eqn. IX.13

5. Pressure rise in the expansion from the capillary tube
; outlet to the outlet vessel.

, The gain in pressure in the expansion is given by -
2
s a2 42
h5 - g D2 1 = ‘:D—Q n-ouoEqnu II-14

2 2
The highest value of the multiplying factor 95 </ - §§;>
’ D

encountered in the capillary meters im 0.03 and consequently
this term may be omitted.

6. MNeter differential

The meter differential h is given by
- h: hl“h2+ h3+ h4ah5 ...-.Eqn. IIol

For laminar flog meters Equatlon IT.1 becomes

h='1.22/iﬁ_ - 0.56 f_..»,ogo _fi_t..x...*a__l)_g_!ij._

gd
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Mo

H
®
W
®

A g VLA T
b= 116 Ty 32 eyl e.e..Bqn. II.15

and for turbulent flow meters -

2 2 2
Pi o Pu2 Lat
h = 1,22 &£—=2- o . e .
= 0.56 z * 0.045 = * Ea X

4 1 0-35
Zro.oo36 + 0431 (ﬁg;

'fL? 2
i.e h z 0.70 —g— - /ig.a.é_ 0.0036 + 0,31 Nl ) 0.37
' Re e .Bqn.IT.16

7« Application of meter eguations for air and butane,

A fluid temperature of 20°C. and pressure of 76 cm. Hg.
is representative of the average conditions met in a capillary
meter. At that temperature and pressure, air and butane

have the properties given below -

Densitg Kinematic Viscosity
gn/cm cus/sec.

Air | 1.204 x 1073 0.151
Butane | 2,49 x 10%3 0.034

Substituting these properties in Equations II.15 and II.16,
and expressing the average velocity, U, in terms of the volume

flow rate, V, gives =«

Laminar range.
| -6 T -6 LV
For air h = 2,3 x 10 Ez + 7.55 x 10 —EZ eeseBgn. II.17
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"
- n-v/ <~ -
For Butane o= 4,8 x 107° gﬁ + 3.5 x 10 6 a¥ ee.Bgn. II.18

Turbulent Range

- W A -6
For A h = 1.4 _— x 10 X
ir 1.40 x 10 d44-—ag

[ / 0'35
[0.0072 + 0.29 (%) / .. .Bqn.II,19

2 1
For Butane h = 2.9 x 10-6 gﬁ + -4ZV2 x 10~6 x

[0.015 +0.35 (%) 0'35]...Eqn. II.20

8. Comparison with Benton's empirical correlation.

Benton (1919) found his results for air in laminar

flow to be correlated by -

, h=z 2,44 x 10'6 -Y-% + 7.57 x 1076 £Y Eqn. II.21

- d4 d4 Oli.ll L] [ ]
This expression is in very good agreement with the

theoretical relationship derived above for air in laminar

flow (Equation II.17).
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APTTVDIX I

THE CATIBRATION AND USE OF SOA® BUBBILE METERS,

WET CAS METERS AND DRY GAS NETERS.

It‘has been found that the calibration pf a capillary
meter given by the theoretical expressions derived in
Appendix II may be in error by about 10%. To give a more
accurate calibration the capillary meter is calibrated
against a standard meter. The atandard meters used in this
work are Soap Bubble Meters, Wet Cas Meters and a Dry Gas
Meter. Before these standards were used they were themselves
calibrated.

Calibration and use of standard meters.

1, Soap Bubble Meters.

In a Soap Bubble Meter tre volume flow rate is measured

by the time taken for a soap film, placed across the gas

flow, to travel from one scribed mark to another, the volume
contained between the two scribed marks being knowni This
volume was determined by filling the Soap Bubble Meter with
water up to the lower scribed mark, and adding water from a
burette until the water level reached the upper mark, the
';olume between the scribed marks being given by the burette
readings. The value of the volume between the scribed marks

quoted by the manufacturers was found to be accurate for most

of the meters when checked in this way. The maximum error found
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was of 0.4% in the volume of one of the smaller Soap Bubble
Meters.

When a Soap Bubble Meter is being used to measure a
gas flow rate and so calibrate a capillary meter, the gas
entering the Soap Bubble Veter generally has a relative
humidity of less than 100%. It has been found, by dew point
observations, that as the gas passes through the Soap Bubtle
Meter the relative humidity rises rapidly to a value above

90% . This causes a decrease in the partial pressure of the
dry air, and consequently the volume flow rate at the Soap
Bubble Meter is greater than that at the capillary meter.
Thus the indicated volume flow rate given by the Soap Bubble
Meter readings has to he corrected to give the true volume
flow rate at the capillary meter. Graphs giving this
correction have been prepared for various values of capillary
meter humidity, and covering a range of capillary meter
temperatures and of Soap Bubble Meter temperatures, An
average relative humidity within the Soap Bubble Meter of
90% was assumed in calculating the correction.

It is impor tant that the temperature of the gas within
the Soap Bubble Meter should be cleose to the temperature of the
gas at the capillary meter. While corrections can be made for
temperature differences when known, the difficulty exists of

estimating the average temperature within the Soap Bubble lMeter.

For this reason a Soap Bubble Meter should not be used when
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under the direct rays of the sun.
The volumes of the Soap Bubble NMeters used in this
work ranged from 5 to 2000 ml. These meters were employed to
measure flow rates ranging from 0.04 to 100 ml/sec.

2 Fet Gas Meters.

The Wet Gas Meters were used to measure flow rates
higher than those that could be measured by Soap Bubble Meters.

It has been found that, when gas flows through a Wet
Gas MNeter, the Vet Gaé Meter registers the flow of the gas when
it is at the temperature of the water within the Wet Gas Meter
and saturated with water vapour. This was shown in the
following way. A steady flow of air was passed through two
Het Gas Meters connected in series. Care was taken to ensure
that the water in both meters was at the same temperature.
Assuming that the indicated volume per revolution of the first
Wet Gas Meter was correct, the volume of gas passing per
revolution of the second meter was determined. The water in
the second Wet Gas Yeter was then drained off, and the Meter
refilled with water at a temperature about 10C°. higher than
that of the water in the first Wet Gas Meter. The air flow
connections were remade, and the revolution speeds of the two
Wet Gas Meters were again observed. The results of this
second test could only be bought into agreement with the results
of the uniform temperature test by assuming that, in each case,

the et Gas Meter measured the flow rate of air at the
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temperature of the water in the Wet Gas Meter and saturated
with water vapour.

This hypothesis that a Wet Gas Meter measures the gas
flow rate when the gas is at the temperature of the water
in the Meter, and is saturated with water vapour, was supported
by readings of thermometers placed at several positions in the
second Wet Gas Meter. These readings confirmed that the air
reached the temperature of the water in the Meter. Also,
observations of the déw point of air leaving a typical Tet Gas
Meter showed that the air was, within experimental error,
saturated with water vapour.

The Wet Gas Meters were calibrated in the following
manner . A Wet Gas Meter having a nominal volume per
revolution of 2,5 litres was selected. This Meter was
calibrated by two methods. Firstly it was calibrated against
a standard Soap Bubble VMeter by connecting the Soap Bubble
Meter to the outlet from the Wet Gas Meter and passing a
steady flow of air through both Meters. No humidity
corrections were necessary in this experiment since the air
which entered the Soap Bubble Meter had already been
saturated with water vapour in the Vet Cas Meter. The volume
of gas passed per revclution of the Wet Gas Meter was calculated
from tris calibration to be 2.484 litres. In the second

calibration test, a known volume of air, saturated with water
vapour, was displaced by water from a vessel, and passed

through the Wet Gas Weter., From the movement of the pointers,

the volume passing per revolution was calculated to be 2.476



132.
litres. The results of these two methods of calibration are
seen to agree to within 0.3%. The Meter thus calibrated was
then used tc calibrate a Wet Gas Meter having a nominal
capacity of 10 litres per revolution. This 10 litre Meter
was then used to calibrate a 25 litre Wet Gas Meter.

Then a Wet Gas Meter is being used to calibrate a
capillary meter the gas entering the Tet Gas Meter from the
capillary meter normally is not saturated with water vapour.
A correctioh has to bé applied to the volume flow rate
indicated by the Wet Gas Meter to give the true volume flow
rate at the capillary meter. Another corrrection is also
necessery if a difference exists between the temperatures of
the eapillary meter and of the Wet Gas Meter. Graphs have
been prepared from which these corrections can be read for a
range of temperature conditions, and of relative humidities
at the capillary meter.

The error which can exist in the setting of the water
level within the Wet CGas Meter imposes a limitation on the
accuracy that can be achieved with Wet Gas Meters. For
example, in the case of the 2.5 litre Wet Gas Meter, an error
.pf 0.02 inch may be present in the setting of the water level,
and this causes an error of 0.4% in the volume of‘gas passed
per revolution of the meter.

Wet Gas Meters were used for calibrating capillary

meters in the flow range 40 to 800 ml/sec.
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Dry Gas leter,

A Dry Gas Meter was used for measuring flows in the
range 600 to 1200 ml/sec.

The Dry Gas Meter was calibrated by connecting the
Meter to the outlet of the 25 litre Wet Gas Meter and passing
a steady flow of air through both meters. No evaporation
takes place within the Dry Gas Meter, and as the temperature
in the Dry Gas Meter exceeded the temperature of the water in
the Wet Gas MNeter, only temperature corrections were necessary
in determining the volume per revolution of the Dry Gas Meter.

When the Dry Gas Meter is being used to calibrate a
capillary meter the only correction required is for differences
between the temperatures of the capillary meter and of the

Dry Gas Meter.



F16.39 DiMENsIoNS OF CHANNEL HAVING RECTANGULAR
CRoSS - SECTION

l
I
|
|
N
|
I
T
|
Yn




134.

ATPENDIX T¥.

LAMINAR FLOW IN' A CHANNEI OF RECTANGCULAR CROSS-SECTION.

- The velocity distribution in fully developed laminar
flow in a channel of rectangular cross-section has been solved
by Cornish (1928). The derivation of the equation giving the
local velocity is given below. This expression was used in
paragraphs 5.3 and 5.4 of Chépter 5.

Consider flow in a channel of rectangular cross-section,
as shown in Fig. 39. Let a be the half cross-sectional
1ength{(in the x direction), b the half cross‘sectional width
(in the y direction), and U the velocity (in the z direction)
at the point (x, y).

The general equations of motion in viscous flow reduce

to:-
é i . .
?i—- 0 .....Eqn. Iv.l
é}z; = 0 eevs.Bqn. IV.2

y .
and 0P =472 3%\ ’
-—z- 1h -+ a—é- cooo-Eqno IV.3
dx y -

d ‘ : '
where ‘§F§ is the pressure gradient and 7’ is the
absolute viscosity.

T e - ~ (12 o 2
et T = 57 7;5 and u =X + 7/ (v ve)
Equation IV.3 then becomes =

2. 2.
IN L, 2T

= 0 ee..BEqn. IV.4



At the boundasry u = O tees X+ 7 (b2 - y2) =0

Along AB and DC Xz 0 cevee.. Eqn., IV.5

and along AD and BC X + 7~ (b2 - y2)=O....Eqn. IV.6
From Equation IV.5, the terms which form the fuction

x must vanish when y = ¥ b, This condition is satisfied

if X consists of terms such as & }Z/ Cos 2B ———5—,,1 Ty

where & 1is a function of 7~ only, and W is a function of
X only. m is an integer.
For simplicity at this stage, m is substituted for
m(en + 1)/2v.
Thus X = =2 € 50 Cos my.

Substituting in Equation I¥.4 gives =
: 2
_3__2%/_ - mzp = 0 ce...Bqn. IV.7
O0x
This equation is satisfied by the solution -
W = Ap Cosh mx + Bp Simh mx

where Ap and Bp are constants.

By symmetry about the y axis, B_ = O, so the solution becomes =

n
Y = Ap Cosh mx eee..Bon. IV.8
Hence X consists of terms such as €EAp CoshmxCosmy
_ 2n +1 -~ A
where m = 55—

To simplify the application of this type of term to the
second boundary condition (Equation IV.6) a new variable, 6,

is introduced to replace y, where

2b_©
77'

‘..Q‘...Eqn. Iv.9



-
, = (en + 1)7 x
Thus N = o ¢ 4y Cosh b Cos (2n + 1) e
n =0 -

oo Bgn. IV,10
Substituting Bquation IV.9 in the second boundary condition

( Bquation IV.6) gives - )

2 -
. T e (2. 2)
’X - 2 (9 - 4 ....Eqn. IV.ll
?-/ 4
Equation IV.11l must agree with Equation IV.10 when x = 7% a,

i.e, with

n_= '
- 2n + 1) 3, «
X = Z € A, Cosh { 5 ) Cos (2n + 1) @ ..Egn.
- ’ IV.lZ

Equation IV.11l may be expanded in the Fourier Series

2
X= o 3270 [0039- 1 Cos 36+ 3 Cos 50%.7 ...Eqn.IV.13
’7“3 33 53 ]

7

Comparison of the coefficients in Equationg IV.12 and IV.13

gives Ay, A, etc. whence -

. 7X AT X
X = . 327b% [ cosh TF 7y _ _1 Cosh ~2b 3Ty, ...
= 3 ppy Cos 3 378 Cos 55
r Cosh 5= 2b 3 Cosh =5%

....qu’l. IV.14'
Bringing the original terms of velocity, pressure gradient

and viscosity into Equation IV 14 gives =

: ) n+l (2n+ 1)77'X Qn+1)77’y
U= - i (b2,._ 2)1..3.2_‘9_;(1) Cosh™ 5y 2P

2 dz ( ),
7 “nFe (2nf-1)3 Cosh 2n5% 7’2

OQOOOQEqn‘ IV’lS
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This equation gives the velocity at the point
(x, y) in terms of the pressure gradient, the viscosity,
and the geometry of the channel cross—section,Aand is used

in this form in Chapter 5.
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