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Abstract.  

The aim of this research was to investigate 

the validity of the predictions,obtained by the 

electric analogue technique, regarding the perform-

ance of turbulent flames with high chemical loading. 

An axi-symmetric analogue model was made; 

and its predictions were compared with the real flame 

stability data that could be found in the lierature, 

augmented by some results obtained during the course 

of this investigation. The types of flame-holders 

tested were: 

1. Annular Baffles, 

2. Central Disc Baffles, 

3. Hemi-Spherical Baffles, 

4. Conical Baffles. 

Good qualitative and quantitative agreements 
between the analogue predictions and the real flame 

results, were noted in the case of the first two 
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types of baffle; while the lack of detailed flame 

stability data prevented a final conclusion to be 

reached in the case of hemi-spherical and conical 

baffles. The available data, however, point to a 
04. 

general agreement regarding the influencetthe 

baffle base diameter on the extinction character-

istics of the flames stabilised in the wakes of 

such baffles. 



CHAPTER ONE. 

THEORY OF TrE ETECTRIC ANALOGUE. 
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Introduction. 

In the first paper on the subject of the 

electric analogue for the study of steady-state 

turbulent flame phenomena(Ref.1), Professor 

D.P.Spalding indicated the aims and general prin-

ciples of the technique. It was realised that most 

engineering combustion equipments were expensive 

to build and test, and yet difficult to design from 

first principles. He stressed the need for the re-

duction or elimination of the expensive trial-and-

error development process largely used in practice. 

Even full-scale testing does not give all the inf-

ormation thatthe designer needs, because of the 

difficulty of probing very hot gases associated with 

high-intensity combustion. 

The aim of the analogue, set forth in Ref.1, 

is to reduce the time and cost of combustion chamber 

devellopment, and to increase the understanding of the 
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detailed working of combustion phenomena. 

The analogue incorporates a model of the 

combustion chamber design which is under investi-

gation. Air flows into the model, but there is no 

chemical reaction; instead the reaction is simulated 

by electrical heating. The absence of high temperat-

ures makes the analogue easy to build and modify; 

while the observation of the details of the simul-

ated flame is facilitated by the low temperatures 

involved 2  and the fact that changes proceed in 

slow, motion. 

This type of analogue is concerned with 

steady-flow combustion equipment of the type used 

in aircraft gas-turbines and ram-jet engines; but 

not with combustion chambers where the chemical 

loading is very low, as in the case of steel-furnaces2  

for example. In such chambers the physical processes-

such as the evaporation of the fuel drops, mixing of 

the air and fuel, and the heating of the mixture to 

ignition temperature- control the performance; the 

chemical reaction taking little time in comparison 
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with the time required for the transport processes. 

In the chambers withuhich the analogue is concerned 

the transport processes are made much faster, and the 

maximum space heating rates are aimed for. In such 

chambers of high loading, the chemical processes are 

therefore of great importance, especially at critical 

conditions. 

The aim of this Chapter is to enumerate the 

theoretical bases for the use of the analogue, and 

the similarity conditions relating it to the combustion 

chamber which it endeavours to simulate. 
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Notation. 

x l y,z = space rectangular coordinates, 

P = a characteristic dimension of the 

combustion chamber, 

u,v,11 = velocity components in the x,y, and 

z directions respectively,. 

uo = velocity of gases approaching the 

—combustion chamber, 

X,Y,Z = the space rectangular coordinates 

divided by D, 

U,V,W = the velocity components divided by uo, 

= gas density, 

k = thermal conductivity, 

)4-  = absolute viscosity, 

Cp = siecific heat at constant pressure, 

T = temperature, 

DS = diffusion coefficient of the gaseous 

species j, 

mj 	= fractional concentration of species j, 
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"NA = volumetric rate of material generation, due 

to chemical reaction, 

47 = volumetric rate of heat release due to 

.11 
	'chemical reaction, 

Ion = maximum volumetric heat release rate, 

V/ = ik /%,, = heat release function, 

o = suffix indicating reference conditions, 

u = suffix indicating unburnt inlet conditions, 

b = suffix indicating completely burnt conditions, 

'Ts  = (T - Tu)/(Tb - Tu) = reacteeness, 

ZIT = Tb - Tu = temperature rise due to complete 

adiabatic combustion, 

H = heat of combustion, 

Pe = the Peclet Number, 

Rn = the Reynolds Number, 

Pr = the Pranetl Number, 

L = the loading factor. 



The Differential Eglyations. 

The similarity conditions and the 

theoretical basis for the use of the electric 

analogue depend on consideration of the basic 

equations for the conservation of mass, energy 

and momentum for steady-state gaseous systems with 

chemical reaction. These equations are discussed in 

detail by Spalding ( Refs. 2 and 3 ), and other 

workers, ( Refs. 4 and 11 ). They are here quoted, 

together with brief notes on their component parts. 

Under certain conditions, the equations 

for the conservation of mass and energy become quite 

similar. This similarity is made clear when these 

equations are expressed in terms of the species 

fractional concentration and rate of generation on 

the one hand, and in terms of temperature and volur-

etrlc heat release on the other. The momentum equation 

is the same for the system with and without the 

chemical reaction. 

The conservation equations can be obtained 

by considering the conditions prevailing in a small 
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elemental volume, whose dimensions are: 	x,S y 

and Cz, in the xly andz directions respectively. 

For a point ( x,v,z ) the three perpefficular 

velocity components are given the symbols u,v and 

w respectively. The conservation eruations are 

discussed below: 

1. Conservation of 'Vass. 

The chan7es in the frrlotional concentration 

( mj ) of species j, are due to a balance between 

diffusion, convection and generation by chemical 

reaction. In the small elemental volume, the species 

j is being diffused at the rate of: 

4 	 IWN"  

	

VvIS 	 JA 	C 
k 	4 %  1 4 k -15 

e 
 ) 	( -11,p —ST 	dX 0C)  Z 7  

it is convected away fro-,  the element at the rate of: 

[u 3
X 	kt 	 -t- 	Z 

^^A • S 	] S A S-1 S Z —  

and it is chemically generated at a volumetric rate 

de*ignated by:  

A rass balance in the elemental volume leads to the 

equation for the conservation of mass, viz., 



[ ax 'I) • 's ax  
D. s ay )1-~zl 	';-*-z "i) 

)4•n• 
— 	" 4x. 

ahoy 	"e" • 
4- i" 	+ S 

.12 

 

 

   

"I 
+ L 	/1"; • 

   

 

• . 0 	 -0) _ 

  

2. The Conservation of Energy. 

The changes in temperature in the 

elemental volume are due to conenction, convection 

and heat generation due to chemical reaction. Feat 

is transferred to the element Yy conduction at the 

rate of: 

aT, 
[ (VI ) 

) (02:) 	
)z 

S )1 SI" 5, Sz 

the rate of heat transfer 17 convection is: 

Yr 
itt.c 	sistcp5 	7.; (^, 	 sz. 

3 
and the volumetric rate of heat release. by. chemical 

.00 
reaction is deignatee by: 

A heat balance under adiabatic steady-state conditions 

leads to the equation for the conservation of energy, 

viz., 1-3:1 
L 	

tr 
‘ 1) 1 	 u% az' 

e-r 	rr 1 	4 	..... • •••••(2 ) 
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3. 	The Conservation of Momentum. 

While mass and energy are scalar 

quantities, momentum is a vector quantity, and there-

fore its conservation has to be expressed by three 

equations - one in the direction of each of the rect-

angular axes xly and z. It is sufficient for the 

present purpose to include only one equation, e.g. 

the one in the x-direction. The other two are quite 

similar ( the three equations are generally called 

the Clavier-Stokes ,equations ). A balance between the 

inertia forces, the pressure forces and , the viscous 
'forces in the x-direction under steady-state conditions 

leads to the equation: 

JL 
au- 	ay,  wt.  + 	4- S ai tl"  

4.(r ?4) Pz. (1)-'-a) 
4 

=  
ax 

•••• 	••••• •••••• 
—(3) 

The pressure term in Equation (3) may be expressed 

in terms of velocities and velocity gradients, by 

the use of Bernoulli's Equation, viz., 

az 
	

S L.  LA. 1,4  4- 0- -171  + -130 - - -- - (40 
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Remarks on the Equations. 

Inspection of the mass and energy 

conservation equations, (1) and (2) 	shows a 

degree of similarity - particularly if it is 

noted that the volumetric rates of species and 

heat generation are related by the equation : 

= H3 	_ 	_ _ 

where : 

Hj = heat of combustion of species j. 

Equations (1)and (2)in fact become identical if : 

a. The diffusion coefficients of the various 

species generated by chemical reaction are 

equal to one another, and to the thermal 

diffusivity of the mixture, he., 

DJ = 414 = 	/ Cp.? 

b. The chemical reaction always proceeds by 

the same path. 
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These conditions do not always obtain, but they 

are approximately obeyed under certain conditions; 

and, since their assumption makes the equations 

of mass and energy identical,a11 the necessary 

parameters for the description of the performance 

of the flow s7stem with, chemical reaction may be 

obtained from consideration of the energy and 

morentum
1 
 equations. Such parameters are obtained 

by expressing the two equations in a dimensionless 

form. This is done In the section following. 

.Dimensionless Form of the Energy and !4omentum Equations. 

The various properties contained in the 

energy and momentum equations are expressed in a 

dimensionless form by the use of reference values. 

These are given as follows: 

Coordinates: 	a characteristic dimension D, 

thus: 

X = x/D, 

= MD, 

Z = z/D. 
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Velocities: 	inlet mixture approach velocity, uo, 

thus: 

U = u/uo, 

V = v/uo, 

= w/uo. 

Density, 

viscosity, 

Sp. Heat, 

Thermal Cone-

uctivitY, 

values at inlet coneitions, 

riven suffix ol  

thus: 	
pp  

=.P/ Jo  

N =JAI", 

C = Cp/Cpo, 

Y = kiko. 

  

'••••••••• 

7oluret-rie 

TTrat I elease 

Tate: 

maximinm volumetric heat release 

rate, thus: 
/11 .n/ 

= 

   

Te7perature is mare eiriensinnless h transformin7 it 

into the reacteehess, 	71Yen ty: 

- Tw(Tb - To) 
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14here: 

T = terperoture, 

b = suffix denoting co7pletely burned 

conditions, 

o = inlet, or unburnt conditions. 

these transfot-ratinns, the energy and momentum 

equations become: 

all )7 Yr\ t7 E. 
Yr 	." 	 -1 I 

—ZfCLUT;.< ÷ V  r( 4-W 711 4--EY—C)  

and: 
w 	bu 	r 	by 	_NI 

u x *V Tr + 	= U.) ax 1 V TiC1"4 
1 

 

f 	- 	z. ( 	( 1-5-z n 

  

_b) 

  

   

vhere: 

Fe = the Peclet ITumber = uo SoCpoD 
ko 

L = the loading factor= uo So Cpo(Th — To) 

Bn = the Leynolds trumher = .90 uo D 

(6) 
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parameters for the Description of Combustion Chamber 

Performance. 

In Equations (6) and (7), one notes that 

the terms KI W, C I  -X depend only on temperature, 

and so, if the heat release function iris explicit 

in temperature, then Equation (6) will give the 

temperatures,pattern in the combUstion chamber in 

terms of Rn, Fe and L. The conditions under which 

Wmay be a function of. temperaturealoneHare. dis-

cussed by Spalding, ( Refs. 3 and 9 ). These are 

briefly indicated later in this section. However, 

it. is sufficient here :to: state that this might hold 

for the adiabatic one-str n type of combustion 

chamber. Such a - chamber is one in which the air abd 

fuel enter already mixed. 

The ratio of the Feclet rumber to the 

LEynolds Number, which is equal to the Prandtl Number, 

cligESE is effectively constant for gaseous systems. 

Thus the performance of an adiabatic steady-state 
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one-stream combustion system may be characterized 

by the parameters L and En. In fact, if the flow. 

is fully turbulent, the Reynolds Number loses its 

influence due to the fact that the viscous stresses 

become negligible in comparison with the inertia 

stresses. The performance of a one-stream combustion 

chamber is therefore mainly characterized by the 

loading factor L. This is the sixth of seven Useful 

Half Truths formulated by Professor P.D. Spalding 

( Ref.6 ). These "U.H.T."s are statements " which are 

Sufficiently compact to be memorable, sufficiently 

general to cover most situations, and sufficiently 

neat.the truth to form useful approximations to 

realtty." ( Ref.6 ). The sixth, or the one-stream 

U.114. actually states that the state of a One-stream 

steady flame in a given chamber depends only on its 

dimensionless loading, L. Symbolically, 

Flame state -'F(t). 	(8). 

In the preceding discussion, reference was 

made to the conditions under which the volumetric 



heat release rate ( es) in a one-stream combustion 

chamber may be considered as an explicit function of 

local reactedness (r). This relation between (r) 

and (1) is in fact the fourth U.H.T. ( Ref.6 ). The 

requirements for its validity, and a theoretical 

analysis relevent to the chemical conditions are given 

in Refs. 6,9 and 10. The flow is required to be 

adiabatic and turbulent, though the U.H.T. is still 

valid for laminar flow where the Ciffusion is 

"normal", i.e., where the diffusion coefficients of 

the various chemical species present can be assumed 

equal to each other and to the thermal diffusivity 

of the mixture. Furthermore, the chemical reaCtion, 

is assumed to be controlled by one of the following 

categories: 

1. Single-step reactions, 

2. Chain reactions obeying the T.Von 'Carman 

and S.Fenner steady-state approximation, 

which assumes that the local radical 

concentration is deermined only by 

opposed production and destruction reactions. 



3. Chain-branching reactions where the 
chain reaction is very fast compared 

with the radical generating and chain 

breaking reactions. 

;, odellirlf_of the Combustion Chamber. 

The conclusion of the previous section. supPTSts 

that under fully turbulent conditions, similarity 

between a one-stream combustion. chamber and a model 

of it will obtain if the loading factor is the same 

in the two systems. Furthermore, if the density changes 

consequent upon combustion are neglected, the above 

discussion will also hold for a semi-cold model of 

the combustion chamber, provided that we introduce' 

into the model working section a heat release rate 

function dependent on the local temperature in a 

manner similar to the .dependance of the heat release" 

rate on. the local temperature in the combustion 

chamber. 
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.The electric analogue is such a semi— 

cold model. In it the heat release function, 	is 

produced by means of electric heaters distributed 

throughout the working section. Their rate of heat 

generation is controlled from the outside in.accord—

ance with the local temperatures measured by thermo—

couples which are also distributed inside the analogue 

working section. The details of heaters and thermo—

couples distribution, and the form of the heat release 

function, are discussed in Chapter TWo. 

Similarity Conditions. 

The Equation (6) of the conservation of 

energy will be valid for both model and original 

when the conditions mentioned in the ,previous dis—

cussion are applicable. Its solution gives the 

temperature or reactedness distribution, and hence 

some of the characteristics of the flame under invest—

igation. For example, extinction will be the, condition 

when there is no non—zero solution to the Equation (6). 

The form of the solUtion of this equation is the subject 
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of the next part of the present Chapter; but first 

we shall briefly enumerate the conr'itions necessary 

for similarity to obtain betueen the original 

combustion chamber and the analogue model. These 

conditions are the assumptions and requirements 

stated, or tacitly assurer in the previous discussions, 

and are as follows: 

1. Geometric similarity must obtain 

between the combustion chamber and 

its analogue model, 

2. DOuyancy and compressibility effects 

must be negligible. These require a 

low Mach Number, and a high Froude 

Number. Such conditions are often ful-

filled in the type of combustion chamber 

with which the analogue is concerned. 

3. Gas dynamic effectS, such as pressure 

.waves, and screechilig, must be absent. 

The analogue is not designed to study such 

effects. 
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Only gaseous materials are assumed to be 

present in the combustion chamber. In 

the present work we have only considered 

one-stream chambers into which the air 

and the fuel enter already homogeneously 

mixed. 

5. The Yeynolds numbers in thF original and 

in the analogue must be equal. This 

equality is not necessary if the flow is 

fully turbulent - that is, when the 

viscous stresses in it are greatly out-

Weighed by the inertia stresses. 

6. The flow it assumed adiabatic; thus the 

effect of heat losses rust be negligible. 

7. The effects of density changes due to 

combustion are neglected. 

8. In both the original and its analogue model, 

similar relations must obtain between the 

volumetric heat release rate and the local 

reactedness. 
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In examining these similarity conditions, we 

note that the first four are fulfilled by r'esign, 

because the analogue model is rude geometrically 

similar to the chamber under investigation, and 

because it is not made to study chambers where app-

reciable effects of bouyancy, compressibility, 

screeching or fuel drpplets are present. If such 

effects are appreciable in the original chamber, 

then the comparison of its performance with the 

analogue predictions is not valid. Furthermore, in 

considering the analogue predictions, or comparing 

them with flare results, care rust le taken to 

ensure that the flow is actually in the regime satis-

fying the requirements of either fully-developed 

turbulence or equal 1.eynolds Purbers. In the 

comtustion chambers with which we are here concerned, 

the requirement of fully-developed turbulence is 

usually the more relevant. 

The lacl- of fulfilment of the adiabatic 

flow condition is one of the drawbacks of the analogue 

technique. It is expected that the discrepency 

Isetween the performance of the original chamber and 
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the predictions of its analogue roeel becores)  

due to this effect )  more serious when low pressures 

are involved than at atmospheric pressures. This 

expectation is based on the results obtained by 

,eiss and Spalding, and their associates. The first 

( 	)) discovered, by experirent that even 

drastic larging of a can reaction zone did not 

greatly influence the stability characteristics 

of the flame the7 studied; 1,hile Spalding et anal  

( 1tef.8 )) found btu theoretical analysis)  that the 

effedts of radiation heat losses increase as the 

pressure decreases. The results right be taken 

to suggest that the lack of fulfil-ent of the 

sixth sir'ilarity condition is not very important. 

However )  this and the fact that no appreciable 

densit• changes orcur in the analogue )  constitute 

the ;chief sources of discrepency between the analogue 

and the original chamber perforrance. On the other 

hang?, they are the main simplifyinr factors in the 
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use of the analogue technique. One of the aims of 

this luork is, therefore, to investigate the magni-

tude of the discrepancy, and to ascertain its effect 

on the validity of the analogue technique. 

As far as the curves of the volumetric 

heat release rate against the local reactedness 

are concerned, their similarity in both the original 

and the analogue model can theoretically be achieved 

regardless of their col-plexity. In the present work, 

a simple curve is introduced into the analogue for 

reasons of experimental convenience. This slmpli- 

fication introduces an error, which is 	ho,eiTer, 

of secondary importance. The form of this simple 

curve, and the error involved, are discudsed in 

later Chapters. 

The remaining part of this Chpter will be 

devoted to further discussion of the energy 

equation, and its relevance to the electric analogue. 
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Solution of the Energv Equation. 

The dimensionless form of the equation 

for the conservation of energy was given by  

Equation (6). Analytical solution of this equation 

is theoretically possible if knowledge of the dis— 

tribution of tc ,C,U,V,W 	available throughout 

the chamber volume. This is very difficult to obtain, 

however, and even when obt[iined, the mathematics 

and computations involved wpuld be prohibitive. It 

is therefore more profitabl to endeavour to design 

some experimental techniques. that will :•ield 

solutions for the desired feltures of the flame under 

study. One such technique, advanced 13y Spalding, is 

the influence coefficient approach, ( Ref.6 ). 

A form which the Solution to louation (6) 

might take (Spalding) is given in integral terms in 

Equation (9): 

L 	f(Y.; 0-6() 4°k 
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where: 

= reactedness at a point j in the chamber 

volume, 

44: = the value at a point I: of the heat 

release function 1), 

6,Yk) = a dimensionless function, containing 

the aerodynamic effects between the points 

j and k in the chamber volume. 

( This function is designnted as the 

influence coefficient Letween the two 

points j and k, and is given the 

symbol 04-)K ). 

v = volume over which the interration 

is carried, i.e., the volume of the 

considered working,  section, 

vk = the elemental volume associated with 

the point k. 

The intecral form of the solution (9) is 

transformed into the summation: 

Ak.5`k 
Tc ------ - - - -(io) 
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or, introducing a "weighted influence coefficient", 

IL, given by: 

---------
-- 4WD MN (11 

Equation (10) is transformed into: 

This form of the solution ( Equation 12 ) is 

quite adaptable to experiment. What is now required 

is to obtain sets of 6,4  for sufficient numbers 

of pairs of points j and k; and to compute, by an 

iterative procedure, the highest value of L which 

thelj Sto have non-zero values. This value 

of L would then be the extinction loading factor, 

Lext. 

Determination of 134X. 

In certain cases, where a simplified 

flow pattern may be postulated, sets of gSk can 

be calculated, but in general they have to be 

measured experimentally. This, may be done for a 

pair of points j and k, either by injecting a 
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tracer gas at the point k, and measuring consequent 

concentration of the tracer at the point j; or by 

releasing heat at a known rate at the point k, and 

measuring the, temperature rise at the point J. 

The first technique was used for both hot and cold 

flows at Messrs. Tiltman Langley and Co. in 

collaboration withPrOfessor D.B. Spalding.' The 

second technique is used in the electric analogue. 

Only temperature rise mill therefore be considered 

in this discussion. HoWever, the argument for tracer 

injection technique is quite parallel. The derivation 

of gijk from the measured temperature rise at j, 

ISTj, is as follows: 

The loading factor is re-defined to include 

the volume of the chamber in its denominator,i.e., 

,n, 
L= Cp46T/ v, 

vhere: 

m = mass flow rate of mixture into combustion 

chamber, 

v = volume of the combustion chamber, 

M
= maximum volumetric heat release rate, 

t% ' 
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QT adiabatic combustion temperature rise, 

Cp = specific heat at constant pressure. 

With this definition of L, substituted in Equation 

(10) me get a relation foriNTj, viz., 

ANTj = Tj - Tu = gk okik 
prp 

 

(13). 

 

where: 

	

= (ink Avk 	(14). 

so, if heat is released only at a point k at the 

rate of Ilk then the temperature rise at j mill be 

given by: 

	

= atilt 	k 	;444 	(15). 
Cp 

This equation also gives the influence coefficient: 

aLjk =  m CpATJ  
dk 
	(16). 

Equation (16) shows how the influence coefficient 

can be calculated fromANTj for any pair of po\ints 

j and. k in the control volume. The weighted influence 

coefficients can then be calculated from Equation (11). 

	

.7-ckjK , 	
cr 
	 . . . • - • 
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Bollition of the Influence Equation (12). 

The set of simultaneous influence 

equations (12) can now be solved by an iterative 

procedure, if a heat release function tv explicit 

in reactedness can be assumed. A "realistic" 

function ( Spalding - Ref.() ) used for this purpose 

is that given by Equation (17) below; ( plotted in 

Fig. 1 ). 

2 '  
= 149 	U 
In view of the necessity for having a 

reasonably good coverage of the control volume, 

a large number of influence coefficients has to 

be measured, giving rise to a correspondingly 

large number of influenCe equations. Hence a comp-

uter vas developed for the purpose by Yessrs. 

Tiltman & Langley CO. Ltd. This computer has been 

used to solve a feu sets of influence equations in 

the course of this investigation. 

(11) 
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The Electric Analogue. 

In the electric analogue, the influence 

coefficients can, of course, be measured for various 

pairs of points j and k. What the analogue does, 

hovever, is both to measure the influence coefficients 

and also to solve the set of influence equations 

without the aid of the computer. In other mords, 

it is both a model and a computing machine at the 

same time. 

The construction and experirental pro-

cedure of the electric analogue form part of the 

subject of the next Chapter. 
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CHAPTER TWO. 

Al PARATTTS AND EXPER MENTAL PECCEDUR.E 

o0o— 



Introduction. 

The ideal electric. analogue for turbulent 

fla—mes was first described by Spalding in Ref. I. 

A summary of that description will now be given. 

A geometrically similar model of the corn—

bus tion chamber design under investigation is con—

structed. Air flows through this model in a manner 

similar to that of the working fluid which would 

flow through the original combustion chamber. 

Electrical heating elements are evenly distTibuted 

throughout the model volume. Each one can bp 

individuallysupplied with electric current, the 

'amount of which may be controlled from outside the 

analogue working section. A thermocouple s assoc—

iated with each heater, and measures a rOpresentative 

air temperature in the volume element Strved by 

the heater. The heaters, thermocoupleo, and their 

supports, are sufficiently fine to havi no appreciable 



effect on the flow pattern in the analogue model. 

The thermocouples are connected to the 

external controls, which operate so that the rel-

ation between the rate of heat input from any 

.heater and the local air temperature is similar to 

the relation between the heat release rate and the 

local gas temperature in the original combustion 

chamber. 

In terms of the parameters used in Chapter 

One, such an arrangement of heaters and thermocouples 

makes possible the introduction throughout the anal-

ogue volume, of the volumetric heat release rate 

function dependent explicitly on the local temperature 

or reactedness. When the controls are adjusted so 

that the heat input rate is related to the temp-

erature everywhere in accordance with this W -

function, the temperatures in the analogue are the 

non-zero solutions of the set of influence 

equations)  and are therefore the analogue predictions 

of the flame state which would prevail in the 



simulated combustion chamber. The absence of any 

non-zero temperature differences above the air 

inlet temperature, indicates the prediction of 

the extinction condition. 
• 

The details of the design and 

construction of a simple axi-symmetric analogue 

model forms part of the subject of this Chapter. 

The other parti give a brief description of: 

1. A more complex analogue model 

built by J.Lucas & Co. Ltd. 

(Designated as the Lucas model). 

2. A flame stability apparatus frot 

which some flame extinction measurements 

were obtained during of this invest-

igation. 

3. The experimental procedures for 

running the analogue and the flame 

stability apparatus. 



The Simple Axi—Symmetric Analogue Model. 

This electric analogue model is 

intended to simulate a simple cylindrical 

combustion chamber with baffles of the bluff__ 

body type, symmetrically disposed about the axis 

of the chamber, and normal to the flow direction. 

This analogue is here referred to as the "present 

analogue model". The principal difference between 

this model and the ideal electric. analogue des—

cribed in the previous section, is the shape of 

the heat release function. This shape has, in fact, 

been used in all the previously constructed analogue 

models, and is described below. 

The Heat Release Step—Function. 

For purposes of simplicity of con—

struction, instrumentation, and operation, a step—

function is used instead of the more realistic 

continuous heat release function of Fig.l. This 



step-function is shown in Fig.2. The volumetric 

heat release rate is taken to be at its maximum 
to 

value (9,,,h ) when the local reactedness prevailing 

in the elemental volume served by a heater is 

between 1% and 1; and is taken to be zero when 

the reactedness is between zero and 11 . The 

value of if is chosen to give a reasonable app-

roximation to the " realistic " heat release 

function. A value of 0.7 is given to '11 in 

this investigation. The step-function is easily 

produced by an on-off temperature-controlled 

switch, which may be operated manually, or by 

an automatic apparatus. 

overall Features of the Present Analogue yodel. 

The present analogue model was r'esigned 

to study the stabilization characteristics of 

flames in the wake of annular and central baffles 

in an axi-symmetric combustion chamber; and to 

enure the inclusionsin the working section, 
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of the entire recirculation zone which lies 

behind each baffle. The working. section is 

cylindrical in shape, with an inside diameter 

of (4  inches, and a length of 32 inches. It 

is comprised of sixteen elements, each having 

an axial length of 2 inches, and incorporating 

six heaters, and six thermocouples, together 

with their supports. The 1}a7ls of the adjacent 

elements fit into one another to form the whole 

length of the working section. Baffles are placed 

normal to the chamber axis at a fixed distance 

from the heaters of the first elerent. These 

overall features are shown in Fig.3, while the 

detailed construction of the components of an 

element are discussed below. 

The Wall and Carriers. 

Flg.4 shows a section through the wall 

of one element of the analogue. The edges or the 

wall are made to enable the adjacent elements to 
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fit into each other, forming the 'hole length 

of the analogue workinr section. Fig. 4 does 

not indicatr the manner in which the carriers 

of heaters and thermocouples are held in pos—

ition. This is shown in Fig. 5, which gives a 

diagram of part of a section through the wall 

and one of the carriers, in particular it 

shows the cut in the wan-uhere one of the 

carriers is placed. There are six of these cuts 

in every element, each accormodating, one of the 

six carriers. The cuts are disposed at equal 

anglilar intervals around the call. There are 

seven small holes in each carrier. Through the 

one nearest the centre of the model passes a 

circular metal ring which holds the six carriers 

of the element firmly in position. Through each 

of ehe other six holes passes one of the six 

circular heater mires. The heaters are fixed to 

tht carriers at the points of contact. The con—

struction ensures that the arrangement is firm, 

ane able to stand the pressure exerted by the 
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passing air over the whole range of air-flow 

rates of interest in this investigation. Each 

one of the six carriers also holds in position 

a thermocouple corresponding to one of the 

heaters. The thermocouple wires are led along 

the carrier, and through the cut in the wall 

to the controls outside the working section. 

The two ends of one heater are silver-soldered 

to copper wires, and similarly led along the 

carriers towards the outside of the analogue. 

The carriers were made of " Tufnol."'- a hard 

insulating material. 
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The Heater Elements and their Distribution. 

There are ninety-six heaters in the 

analogue 1.ork:inr section; six in each one of 

the sixteen elements. All these heaters are 

made of nickel-chrome mires of Fqual resistances 

( 6.? Ohms ); but of lengths and gauges differ- 

ing according to their radial position in the 

element. This radial position is given by (rnb, 

the radius of the circle that the nth. heater 

has to describe. The suffix n takes the values 

1 - 6 from the centre of the element towards 

its uall. The value of (r1.4 is calculated on the 

basis that the element is considered to be divided 

into six concentric parts, each being called a 

" cell ". The cells are made equal in volume, 

and each one is served by  a heater and a thermo- 

couple. 

A segment of the element, shoving the 

radial boundaries of a cell, is given in Fig.E. 
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A SEGMENT OF AN ELEMENT SHOWING THE 

OUTER BOUNDARIES OF TI4E CELLS. 

FIG. 6. 



ThE outer radius of the nth. cell is given by: 

= Rc Arm77 	(18). 

1.;here: 

P.m = outer radius of the mth. cell, 

'Re = inner radius of the analogue chamber. 

The heaters are placed in one plane normal to 

the charter axis; each one being along the centre 

of area of the cross—section of the cell at that 

plane. This arrangement is sketched in Fig.7; the 

solid. lines being the cell boundaries, vAille the 

dotted lines represent the positions of the heaters. 

The radius of the nth. heater, rm, is obtained 

ty taking moments about the centre, thus: 

2 Tr ->c! 
R„.. 

This leads to: 

(19) 

2 
3 

Z 

Revvt—% 	K6M-1 
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The Thermocouples. 

The thermocouples are of the copper- 

constantan type, with a linear electro-motive 

force / temperature characteristic at the range 

of temperatures involved in the analogue experiments. 

The output e.m.f.'s of the thermocouples are 

measured by a potentiometer. At the entrance of the 

analogue working section, a thermocouple, called 

the 'I reference thermocouple " is placed to measure 

the temperature of the air approaching the analogue. 

As shown in Fig.&, the reference therro-

couple is connected to each one of the thermo-

couples inside the analogue working section. 

Thus, there is actually a system of differential 

thermocouples; so that when a thermocouple (j) 

is in the potentiometer - thermocouple circuit, 

the reading of the potentiometer is a measure of 

the temperature difference ( Tj - Tu ), yhere: 

Tj = temp. at point j in the working section, 

Tu = temp. of the air approaching the analogue. 



A  Rer MENGE 
egtA0C0UPLE 

J 
	• 

?ormiT•otAanfk. 

- 57 - 

<Z. 	  

      

      

        

        

- -4 

-megmocOUPLES 	I SWITCHES 

THE THERMOCOUPLES CIRCUIT. 

FIG. S. 



-58- 

The Elprtrin Cirpuit. 

The electric circuit is required 

to provide low voltage alternating current to 

ninety-six electric resistors inside the analogue 

working section. The voltage has to be kept 

constant, regardless of the number of heaters 

that are switched on. As a refinement, there is 

a display panel of red lights to show which 

heaters are on, and mhich are off. This panel 

shows the patterns of the stable flame predicted 

1:7 the analogue for a particular loading. 

The normal working voltage is 12 

volts. It is fed to the heaters from the 230 

volts A.C. rains via a step-down transformer. 

A variable auto-transformer ( Variac ) is placed 

between the rains and the step-down transformer, 

to enable any adjustment which right he made 

necessary ly any fluctuation in the mains voltage. 

The circuit of each heater resistance also con-

tains an on-off switch, and a red light bulb in 



the display panel. As the number of heaters 

switched on varies from one loading to another, 

the output voltage of the step-down transformer 

will also vary. Ballast heaters are adr',e0 to the 

circuit to offset this voltage variation. To 

each heater in the woring section, there is a 

corresponding ballast heater outside, equal to 

it in resistance, and so arranged that when the 

heater is off, the ballast heater is on, and 

vice-versa. The electric circuit is shown in 

Fir.9. 

Air Supply and Flow Measurement. 

Air is passed through the analogue 

viorking section by a Blackman blower, vhich is 

driven by a 20 amps. - 240 volts D.C. motor. 

The air flow rates through the apparatus can he 

varied by means of a throttle-valve in the 

suction side of the blower. These flob rates 

are measured by the pressure differentials across 
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a standard orifice plate, in accordance with the 

British Standards Specifications, Bef.12. 

The Baffles. 

Annular and central baffles have been 

tested in the analogue. The geometrical range 

covered is given below: 

a. Annular Baffles:, 

d/D ratio from 0.112 to 0.89, 

d being the baffle hole diameter. 

b. Central Circular Discs: 

d/r) ratio from.0.325 to 0.89, 

d being the diameter of the disc. 

c. Nerd-spheres 

din ratio from 0.385 to 0.730, 

d. Cones: 

d/T)  ratio from 0.415 to 0.6899  

2  the cone apex angle, from 401:I to 120. 
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;he Lucpp Ananlogue  

This model was described'in Refs. 1 and 

13. It has an axi-symmetric working section, with 

a primary and a 'secondary baffle. The primary baffle 

is conical in shape, and fixed in dimensions; where-

as the secondary baffle is flat and annular, with 

a variable hole diameter. Fig.lO shows a view of the 

working section. Apart from the geometrical con-

figuration of this model, it is designed on the same 

principles as the model built for this investig-

ation ( the " present analogue model " ). 

The procedure of operation for both 

electric analogue models is also similar. The 

Lucas model was used in the early stages of 

this research to study the effedt of the second-

ary baffle hole diameter on the extinction loading 

of the chamber. The results are-reported in Chapter 

Three..  
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The Flame Stalilit- Apnaratus. 

A schematic diagram of this apparatus 

is given in Fig.11. The combustion chamber is 

cylindrical in shape, with a diameter of 2.0 inches, 

and a length of 4.5 inches. Air was supplied from 

the Imperial College's nem compressed air unit at 

a constant gauge pressure of 42 ( or 60 ) p.s.i. 

Before entering the coMbustion chamber, the air is 

mixed with commercial propane supplied by three 

bottles in a water-bath. The flow rates of air 

and propane mere measured, before mixing, by 

means of two B.S.S. orifice plates ( Ref.12 ). 

The flow rates, and hence the composition 

of the mixture, mere controlled by means of coarse 

and fine needle-valves, the latter being used 

near the extinction condition of the flame. 

Extinction loops were obtained for four 

central circular discs, and the lean portion of 

the loops for a similar number of annular baffles. 

The results are reported in Chapter Four. 



AIR. 
VALVES 

COMBUSTION 
CRAMMER. 

\r/ AIR 
METER 

PRoPAE1NE 1 	
PROPANE earTLES 

VALVES 

--0- PRof'ANE 
GUISE 

VALVES 
METER 

 

 

WATSR BATH 

— 4. 6 — 

RuPTuitil  
Di SC. lk  	   FROM COMPRESSEA AIR MAIN 

FLAME STABILITY APPARATUS. 

FiG. 11 . 

• 



-66.- 

Experimental Procedures. 

a. The Electric Analogue: 

The procedure for a test on 

a particular baffle in the electric analogue 

is as follows: 

1. The baffle is placed in position at the 

entrance of the analogue working section. 

2. The blower is started, and sufficient 

time is allowed to elapse for steady— 

state conditions to obtain; all the heaters 

being off at this stage. 

3. The pressure differential across the B.S.S. 

orifice plate is recorded, giving the air—

flow rate through the analogue. 

4. An equal voltage is supplied to all the 

heaters in the working section. 

5. The readings of all ther7ocouples are 

recorded 
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6. 	In the lower range of the measurements 

recorded in 5, a particular value is chosen 

for Ti ( See Fig.2 ). 

7 • 	All the heaters with associated thermo—

couple readings belom the temperature 

chosen in 6, are switched off. 

8. A higher value is chosen for Ti, and 7 is 

repeated. 

9. Step 8 is repeated until all the heaters 

are switched off, signifying the extinction 

condition. 

10. The whole procedure is repeated for other 

values of air—flow rate. 

The above procedure provides the 

data necessary for the calculation of the Reynolds 

Number, the loading factor, and the analogue pre— 

dictions for the combustion efficiency. These_ para—

meters are defined for the analogue in the ne*1 Chapter. 
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b. 	Flame Stability Apparatus: 

The aim of the experiments on 

the flame stability apparatus was to obtain 

stability loops, i.e. to obtain the flow rates 

and the fuel-air ratio for the condition at 

mhich extinction occurs . The procedure was, 

therefore, to establish a stable flame, and then 

to extinguish it by gradually increasing the 

flow rates of the air, or of the fuel. The avail-

ability of fine as well as coarse valves in the 

flow lines of both air and fuel, made it possible 

to effect small adjustments, and thus to avoid 

sudden or big changes in the fuel-air ratio at the 

critical points near the extinction condition. 

The flow rates of air and fuel at extinction are 

calculated from the pressures upstream of, and the 

pressure differentials across, the P.S.S. orifice 

plates in the air and fuel flow lines respectively. 
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CHAPTER THREE . 
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Tntroductl_on. 

This Chapter contains the results 

obtained 17 using the electric analogue models 

eescribed in Chapter Two. These results are 

mainly ancerned vf_th the analogue predictions for 

the loadings above which extinction of the flame 

in the sirulated chamber vill occur.. The flame 

holders investigated here are of the bluff-body 

kind; the baffle geometry types being: 

1. Annular Baffles, 

2. Central Circular Discs, 

Central Herri-Spherical Baffles, 

4, 	Central Conical Daffles 

The parameters used in the present-

ation of the results are those discussed in Chapter. 

One, and are given in the follming TTotation. 
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Notation. 

Rn = the Reynolds Number = u. DY/p. 

u = average approach velocity of air 

upstream of baffle, 

D = inside diameter of analogue chamber, 

.S.  = density of approaching air, 

fr4 
= absolute viscosity of approaching air, 

Lv = loading factor based on chamber volume, 

= Cp AT/il  v,. 

= mass flow rate of air into the analogue 

chamber, 

Cp = specific heat at constant pressure 

of the approaching air, 

AT = LI.Ti (1/0.7), 

= Ti - Tu, 

Ti = the point on the abscissa of the step 

heat release rate function at which 

the heat release rate increases from 

zero to its full value l( see Fig.2.), 

Tu = temperature of the approaching air 
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96 = the maximum volumetric rate of heat 
release, from the analogue heaters, 

v = volume of the analogue chamber, ( in 

the case of the Lucas analogue model, 

v is the volume of the chamber downstream 

of the annular secondary baffle), 

L3, = loading factor based on a characteristic 

length of the chamber, 
4N 

= VSCp QV% D, 

V = average velocity of the air past the 

baffle, 

D = diameter of the analogue chr.mber, 

= length of chamber, 

= apex angle of a conical baffle, 

C.ct  = analogue prediction for combustion efficiency, 

ext.= suffix added to indicate values at the 

extiction condition. 
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Predictions of the Lucas Analogue 'yodel - Annular 

Secondary Paffles. 

tat 
The necessity to verifyAthe flog; rate 

into the chamber is in the regime uhere the 

Leynolds Number ceases to have an important 

influence on the extinction characteristics, vas 

discussed in Chapter One. The influence of the 

T.eynolds Number on the extinction loading factor 

predicted by this analogue model vas therefore 

established for 	h one of the baffles tester'. 

Typical graphs are plotted in Fig.12. This shovs 

the variation of the extiction loading factor 

based on the chamber volume downstream the sec-

ondary baffle, Lv, \Atli the approach strep,,-

heynolds Number, En. The parameters Lv and Ln 

have been defined in the preceding notation. 

The flog; rate vas varied from small values to the 

maYirum value attainable by the blower in use. 

Fig.12 indicates that in the regime of low Eeynolds 

Numbers, the extiction loading factor decreases as 
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the Feynolds 	increased. A minimum is 

reached at a Teynoles '''Ir0)-61-  value of abort 

1.5 	( based on the eameter and an average 

upstream the secondary baffle ). The 

extinction loading factor then rises with the 

Ieynolds 'lumber, until a regir"e is reached where 

this has no more appreciable efect on the ext-

inction loading factor. The last feature his nuite 

clear in the case of baffles with large hale dia-

meters, the maximum flow rates attainable with the 

smallest hole diameter baffle seem to be on the 

verge of thr regime where the Reynolds rumber is 

of no further influence on the extinction loading 

factor. It is thought, however, that no a!'treciable 

changes in the extinction loading factor urr,ld 

take place if the flow rate were further increased. 

From graphs such as those in Fir.12, 

the extinction loading factor at the raximum 

F:eynolds Numbers are obtained ant' plotted in Fir.13., 

against the ratio ( e/n ) of the baffle hole dia-

meter to the diameter of the analogue chamber. 
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Fig.13 shoms that the extinction loading factor 

decreases as the ratio 0/D is increased. 

A further point of interest noted during 

the experiments on the Lucas analogue model, is the 

gradual contraction of the regions uithin the chamber 

mhere a stable flame exists as the loading factor 

is gradually increased. This contraction is 

illustrated by the series of sketches contained in 

Fig.114. The loading factor is smallest in Sketch (A), 

and highest in Sketch (P), there it is indicated 

that the only region ;here there is still a persist—

ant flame is in the wake of the secondary annular 

baffle. This result as noted uith all the tests 

carried out on the Lucas analogue model. 
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Predictions of the Simple Axi-Symmetric Analogue  

yodel. 

This model is the circular cylindrical 

model described in detail in Chapter Two. It is 

to be remembered that this analogue model differs 

• from the Lucas model in that the latter has a 

primary baffle and a secondary baffle, while the 

present model has only the baffles indicated 

below. Four types of baffle were tested l'and the 

results are given in the next four sections of 

this Chapter. 

1. Annular Baffles. 

The experirents carried out on annular 

baffles are reported below: 

a. Combustion Efficiency. 

The aforementioned procedure for obt-vtining 

the extinction loading factor for a particular 

baffle, and with a particular flow rate, approaches 

the extinction condition through a succession of 

stable " flames ", characterized by a number of 
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heaters being left on in the analogue morking 

section. Thus, below the .loading that causes 

extinctions  a graph nay be plotted showing the 

variation with loading , of the ratio between 

the number of heaters left on in a stable " flame " 

and the total number of heaters in the analogue. 

This ratio is given the symbolfm. It is to be 

noted that Ea represents the ratio between the 

heat input rate at a particular loading, and the 

maximum possible heat input rate. It is therefore 

a measure of the efficiency of combustion pre-

dicted by the analogue. 

Fig.15 contains samples of the var-

iations of Cm with a parameter proportional to 

the loading factor based on the chamber volume. 

The three samples are for three annular baffles 

with different hole diameters at the maximum 

attainable flow rates. These graphs show that Ea 
decreases as the loading factor is increased. 

When it reaches a value of between 0.65 and 0.85 
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( depending on the geometry of the baffle ) 

then any further increase in the loading factor 

requires all the remaining heaters to be switched 

off, indicating the sharp drop of the efficiency 

to zero, i.e. the extinction of the " flame ". 

The loading factor at which the combustion eff—

iciency drops to zero. is'the extinction loading 

factor. 

b. Effect of Heater Voltage. 

Tests uere carried out on the analogue 

to establish the influence on its predictions due 

to changes in the voltage applied to the heater 

elements. For a given baffle and air flow rate, the 

voltage is changed , and the extinction temperaturle 

rise 	is recorded. Fig.16 shows some typical results 

plotted as 61k against the square of the heater 4',,al— 

tage, the latter being proportional to the heat 

input rate. The Figure indicates that the etinc4 

tion temperature rise is proportional to the heat 



input rate. This means that the e:. tinction Mading 

factor is independent of the heater voltage in 
..1P 

the range coveree .1:7 these tests. The voltare 

uhich 1.1as usually chosen in the analogue e),:peri—

rents ':ins 12 volts. 
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C. The Effect of Reynolds Number. 

The effect of the Reynolds Thurber on 

the extinction :loading factor for each one of the 

annular baffles tested has been established. Some 

of the results are plottrd in Fig.17, where the 

extinction loadinFr factor based on the chamber 

volume, is plotted against the Leyno2ds 7nr-ler. 

The loading factor and the Txynolds Trumber are 

given by: 

Lv=m Cp T / q v , and 

En = u D 

the symbols being as defined in the notation. 

Fig.17 shows that le raximum attainable 

mass flow rates are sufficient in all cases to 

produce flow regimes in which the loading factors 

at extinction are independent of the Leynolds 7umber. 

The baffles whose hole diameter is not larger than 

3.5 inches, are seen to show an increase of the 

extinction loading factor with the Leynolds iTum1Ter, 



the former becoming ultimately constant at the 

highest flow rates. The graphs for larger hole 

diameters show only the constant part of the 

curves, and may be presumed to have similar trends 

at the lower values of flow rates. 

d. The Baffle Hole Diameter Effect. 

This effect is considered at the 

highest attainable Reynolds Numbers. Fig.18 

indicates the variation of the extinction Toading• 

factor at the highest heynolds Number, with, the 

ratio of the baffle hole diameter to the diameter' 

of ith:f chamber. The values of Lv ext. were. Obtained 

for /ach baffle from the graphs of Fig.17. 

It is seen from Fig.l8 that, as 

thebaffle hole diameter is increased, the e,Xtinc- .. 

tiob loading factor decreases, except in the region

the ratio d/D is roughly between 0.60 .and 

0.1'75. In this region, the loading factor dogs not 

appreciably change with the baffle hole di4-reter; 
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while beyond it, the drop in L ext. is rather 

sharp. The results of Fig.18 will no be compared 

with the results predicted by the Lucas analogue 

model for annular baffles. This comparison is 

suggested by the fact that the geometry of the 

primary baffle in the Lucas model is fixed, and 

the behaviour noted during extinction tests on 

the Lucas rodel lviz., the fact that the last 

region where the flame persists is in the %Ore 

of the secondary annular baffle, and not between 

the prirary and secondary baffles, ( see Fig.14 ). 

For this comparison, Fig.19 is pre—

sented containing the predictions of both analogue 

models for the variation of the extinction loading 

factor with the hole diameter of the annular baffles. 

The,two sets of results are seen to 	so close to 

each other, that one is justified in consieering 

them to form a single curve vith some experimental 

scatter. The part of the curve in Fig.18 Lhere Lext. 

J. indicated to be constant, lies in the region 
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where the scatter is largest in Fig.19. It was 

therefore considered necessar:' to obtain more. 

predictions from the pyesent analorue model for 

some intermediate values of baffle hole diameter. 

These were obtained at the hir.hest attainable 

floe: rates)  which have already been proved to 

produce Leynoles ;'umbers high enough to make the 

extinction load in factor ineeperv'ent of them. 

The reults for the intermediate points are super-

imposed in Fir.20 on the results previ,usly 

obtained from the tuo analo-ue morels. This Firure 

shows also the results obtained from the present 

analogue model when it has been fitted with a 

primary and a secondary baffle )  in a manner similar 

that of the Lucas analorue model, 

Fig.20 confirms the Lucas analogue 

predictions)  and shows that the two modells predict 

similar results as far as the effect of th'e change 

in the hole diameter of the annular baffle s con- 

cerned. The trend of the analogue predictionp for 

the variation of the extinction loadinr factO mith 
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the d/D ratio, is clearly refined in Fig.20. 

It is this curve uhich will be used :In Chapter 

Six for comparison pith the flame stability 

results. 



2. 	Central Circular Disc Taffies. 

In the presentation of the, analogue 

predictions for central discs, the Reynolds 

Number and the loading factor are defined as 

follows: 

The Reynolds Number: 

This is taken as the approach stream 

Reynolds Number. It is based on the average 

velocity and conditions of the air approaching 

the analogue, together with the diareter of the 

analogue chamber, i.e., 

Rn = u D/4) 	(21). 

there: 

u = average velocity of air upstream of 

baffle, 

D = diameter of analogue chamber, 

= kinematic viscosity of air at inlet 

temperature and pressure. 
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The Loading Factor: 

The loading factor is refined in terms 

of a characteristic velocity and a linear dim-

ension. In the correlation of data for flame 

stabilization in the wake of bluff-body flame-

holders, the velocity past the baffle is usually 

employed. Thus the average velocity of the air 

past the disc is used here in the definition of 

the loading factor. The use of a velocity demands 

the inclusion of a linear dimension in the deno-

minator of the loading factor. The diameter of the 

analogue chamber is taken for such a linear dim-

ension. The loading factor is therefore defined 

. 	LY: 

L = VICp 	P 	(22). 

lAhere: 

V = average velocity of air past the baffle, 

X.,.= density of air approaching analogue, 

Other symbols being as indicated in notation. 
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The tests carried out on central disc baffles 

are as follows: 

a. Heater Voltage Effect. 

The effect of the voltage applied to 

the analogue heaters on the extinction 7oading 

factor predicted by the analogue for discs with 

various diameters and at various flou'rates, was 

found to be similar to the effect noted in the 

case of annular baffles. Within the voltage range 

of interest in the analogue experiments, the 

voltage was again found to have no noticeable 

effect on the analogue predictions. 

b. The 1.evnolds Number Effect. 

The variation of the extinction Thad-

ing factor predicted' by the analogue mith the app-

roach stream Reynolds Number has been established 

for discs with diameters of 2.0, 2.5, 3.0, 4.0, 

4.5, 5.0, and 5.5 inches. It is seen in Fig.21 

that the extinction loading factor increases as 



the Reynolds T'Tumber is increased, until a flow 

rate is reached where the ertinction loading 

factor remains unchanred. The graphs indicate 

a stronger Le7nolds Number effect at low flow 

regimes with the larger discs than they do wjth 

the smaller discs. 

The shape of the graphs in Fig.21 

makes it reasonable to conclude that the maximum 

flow rates attainable by the blower in use are 

high enough, with all these diameters within the 

range covered by Fig.21, to make negligible the 

heynolds :Tumber effects on the extinction lOading 

factor. 

c. 	The Disc Diameter Effect. 

Fig.22 shows the analogue predtictions 

for the variation of the extinction loading factor 

with the disc diameter under turbulent conditivions. 

The loading factors are obtained from the grates 

of Fig.21 at the maximum Reynolds Numbers, and. from 

tests at the highest attainable flow rates on 1-1\iscs 
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with intermediate diameters within the range 

covered in Fig.21. 

When the disc diameter is made smaller 

than 1 inches)  the extinction loading factor 

( based on the chamber diameter and the velocity 

past the disc ) predicted by the analogue, suddenly 

drops almost to zero from a value of more than 5.0 

in the case of the disc with a 2.0 inches diameter. 

This drOp is due to the distribution of the heaters 

in the elements of the analogue working section; 

the heater nearest the axis having a diameter of 

about le inches. Thus, with discs having diameters 

below this .size, the analogue has no means of 

simulating the heat release in the recirculation 

zone behind the baffles. The very small values of 

Lext. for discs with diameters smaller than l inches)  

must actually be regarded as an experimental error 

( a negligible one ) due to the fact that the thermo—

couples are actually downstream of the heaters, which 

are all switched on at the beginning of the tests. 
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It can therefore be concluded that the 

analogue results for discs with a diameter of 

less than 2.0 inches, may be ignored. These 

results are joined by a broken line in Fig.22. 

For discs having larger diameters, the results 

predicted by the analogue ( indicated in Fig.22 

.by an unbroken line ) show that the loading factor 

at extinction increases with the disc diameter. 

The curve is rather shallow at its left—hand end, 

and becomes steeper for larger d/1) ratios. 

The unbroken line of Fig.22 is the curve 

which will be used in Chapter Six for comparison 

with the flame stability results. 
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3. 	Hemi-Spherical Baffles. 

The Reynolds Number and the loading 

factor are defined for the hemi-spherical baffles 

in a manner similar to that used in the case of 

the central circular discs. The results are also 

presented in a similar manner. Fig.23 shows the 

dependence of Lext. upon the Reynolds Number. 

The extinction loading factor increases with the, 

Reynolds Number, until the latter reaches values 

where the first becomes independent of it. This 

trend is seen to be clearly established in Fig. 

23 for the hemi-spherical baffles with dip ratios 

of 0.385, 0.507, 0.618, and 0.730. 

Three more hemi-spherical baffles with d/10 

ratios between 0.385 and 0.730, were tested at 

the highest flow rates attainable by the blower. 

Inspection of Fig.23 suggests that these flow rates 

are high enough to justify the assumption that the 

extinction loading factors predicted by the analogue 

for these three baffles are in the regime of neg-

ligible Reynolds Number effect, and could thus be 
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considered together with the results of Fig.23. 

The analogue predictions for the var-

lotion of the extinction loading factor with the 

hemi-spherical baffle diameter is shown in Fig.24. 

This variation is here considered at the highest 

Reynolds Numbers. The unbroken lines in Fig.24 

connect the analogue prediction points for baffles 

with 	ratios.in the range of 0.385 to 0.730. 

When , a baffle of 1.5 inches diameter was tested, 
the loading factor at extinction was seen to have 

dropped almost to zero. The explanation for this 

was given in the presentation of the analogue pre-

dictions for central disc baffles. 

The curve drawn through the points 

joined by unbroken lines in Fig.24, indicates the 

trend that the extinction loading factor for flames 

in the wake of hemi-spherical baffles, increases 

with the baffle diameter. 
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Conical iafflep. 

a. Reynolds Number Effect: 

It has already been established 

that in the cases of the central discs and hemi-

spherical baffles, the maximum flow rates of air 

that could be passed through the analogue by the 

blower in use were sufficiently high to produce 

a Reynolds Number at which the extinction loading 

factor is independent of it. It is therefore 

reasonable to assume that the same is true in the 

case of conical .baffles. Thus, from all the conical 

baffles tested in this series of experiments, only 

three were fully tested from the point of view of 

the Reynolds Number effect.. The results, plotted 

in Fig.25, justify the aforementioned assumption, 

and the test procedure adopted'in the present 

series. 

This procedure is to find the extinction 

loading fattor for each baffle at a small number of 
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flow rates on and near the upper limits of the 

Eeynolds I7umber, and to take the average as the 

nnalogue prediction of Text. for the particular 

baffle. The differences in these measured values 

of Text. are as small as those noted at the higher 

flow regimes in Figs.21 and 23 for central discs 

and hemi-spherical baffles respectively. 

b. Cone Angle Effect: 

The above averaged measurements of the 

extinction loading factor are plotted in Fig.26 

against the cone apex angle. The loading factor 

is defined as for central discs and hemi-spherical 

baffles, namely, 

L 	= V ItCp Q T/ or, DI  

with the symbols having the same significance as 

before. The conical baffles tested had apex angles 

of 40, 60, 80, 100, and 120 degrees, but Fig.26 

also contains results for cone angles of 180 degrees. 

These last points are the analogue predictions for 

central discs taken from Fig.22. 



1- 

- 109 - 

"..., s••••- jot  

....... "....... 
.... ...i....  "••••.„ 

*--.. 	--4--- ...ft...A  

‘...... 

*"••••• ... 

oi---- ...... 

••..........i.... 

A,....... 
-...., .......... 	....,,... 

-....,, 

'....... 	.....* 

—4..., ..., -... 
.....,..:-.,... 

--... 	--4......... --.. 

....... 

.., ...... 
...., 

....... 

"•-... 
..., ---... 

--...$2 

0 20 4o Go 	loo 120 too 1(70 iSo 200 

e 
VARIATION OF EXTINCTIDNI LOADING FACToR 

WITH CONE Aeax ANGLE. 

PREDICTtoNS by THE 
PA:ISE:NIT ANALoGUE. 

MobeL —cEATRAL 
CANICAL 6AFFLES. 

L. C= V Sy- 9)11Tici b 

Key x CI 0  A 

AA) -689 -08 .507 -445 

FIG.. 2.6. 



-110— 

It is seen from Fig.26 that the analogue 

predicts a dedrease in the extinction loading 

factor as the cone angle is increased. A straight 

line correlates the analogue predictions to a 

good approximation for the various base diameters 

tested. 

c. Effect of Cone Base Diameters 

The base diameter effect on the 

extinction loading factor is indicated inFig.27, 

which is based on the results of Fig.26. The 

loading factor at extinction is seen to increase 

with the cone base diameter. Within the range 

covered by Fig.27, there seems to be a tendency 

for the curves to be less steep at the higher 

values of d/D when the apex angle is small. 
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The Flow Criterion. Kf. 

In addition to information about the 

performance of a given combustion system from the 

reaction point of view, which is characterised by 

the loading factor, the designer of the system also 

'requires information about the pressure drops enc-

ountered when a certain mass of working fluid 

passes through the combustion chamber. A relation 

is therefore needed to connect the pressure drop 

Op, with the mass flow rate 6, and the other 

factors that will influence it. 

Spalding ( Bef.5 ) used the theory bf 

dimensions to obtain such a relation. The factors 

included in the analysis were: 

1. The air inlet temperature, T1 

2. The outlet gas temperature, T2 4  
3. Atypical dimension of the chambler, 

4. The initial air density, 

5. The initial sonic velocity, at 

6. The initial air viscosity, p.i 
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The relation obtained by dimensional analysis 

is given by Equation 23 below: 

2 
trn 
	  1

.  
5°  X 

.1{ A41
ern  

x j)-1 	T 	31  x a1 *****  

where: 

go = the constant in Newton's Second Law 

of Motion ( 32.2 ibm. ft. / lbf. sec. ). 

Inspection of the three terms in the 

right-hand side of Equation 23, reveals that the 

first term has the nature of a Reynolds Number., 

but since with fully turbulent flows, the influence 

of this parameter on the flow pattern is negligible, 

this first term may be ignored. ;Ihen discussing the 

second term in the E.H.S. of Equation 23, Spalding 

suggested the relegation of the group ( T2 - T1 ) / T1 

to a second level of interest, since the actual 

range of variation of this croup is small in 

practical combustion chambers, and its effect is 

similar for nearly all designs. 
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Thus the ratio of the temperature rise to the 

initial temperature is also neglected. The third 

group in the F.P.S. of Equation 23 has the same 

significance as the ach Number: it represents 

the influence of compressibility effects. In the 

systems where this effect is small because of the 

low Mach Number, this group may also be ignored. 

Equation 23 thus becomes: 

.2 

 

KS  fly)  
4 

r cy 

 

where: 

 

K; =the flow criterion, the tern given to 

the group in the L.H.S. of Equation 23, 

and is approximately constant for a 

given chamber design. 

It is, of course, possible to choose 

other factors to characterize the chamber dimensions. 

For example, the volume, v, may be chosen. This 

changes the definition of the flow criterion into: 

- 	4,3  
Ai' Si 20 

Ks. 
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The suffix (v)ir added to the flow criterion indicates 

that the volume is the characteristic geometrical 

factor. This form of the flow criterion is being 

used below to present measurements made on the 

analogue model with annular baffles. The total 

pressure drop suffered by the air in passing 

through the analogue chamber was measured for 

various flow rates. The fact that the heaters 

were either on or off was seen to have no appre—

ciable influence on the measured pressure drops. 

The variation of the flow criterion 

with the approach: stream Reynolds Number, is 

negligible for a given chamber configuration. The 

averaged Kk values are plotted against the baffle 

hole diameter in Fig.27a, which shows that the 

flow criterion improves as the baffle hole diameter 

is increased. 
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gz_tinction LoadinE Factor and the Flow Criterion. 

As previously stated, the designer 

of a combustion system needs to view the.performance 

from both the reaction and the flow viewpoints. He 

requires high values for both the extinction loading 

factor and the flow criterion, but finds thA these 

requirements are note compatible, as illustrhted 

by Fig, 20 and Fig. 26. A more useful way to'con—

sider the results would be a plot of: 

text. r' K50.  . 

According to the requirements of the 

system, the designer can chose the maximum K;10  

thereby having a measure of the Lext. associated 

with this flow criterion. The predictions by the 

pre'sent analogue model for annular baffles art 

plotted in this manner in Fig. 27k.' 
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Introduction. 

The ai- of this Chapter is to introduce 

and discuss some data on the stabilization of 

flames in the wake of bluff bodies. The relevant 

data are to be used in Chapter Six for comparison 

with the predictions by the electric analogue for 

similar systems. It is therefore necessary to !Peep 

this comparison in mind when discussing any avail-

able flare stability; results. These res,,lts are 

usually presented as plots of velocity, or mass 

flow rate at the extinction condition, against the 

overall fuel/air ratio, or the eouivalence ratio; 

the latter being equal to the fuel/air ratio 

divided by the stoichionetric fuel/air ratio. Some 

workers, however, present their results in terms of 

correlations involving the "riocity, a linear dimen-

sion, and  the pressure. For example, -estrr ( :ef.1)-4 

correlated his results for discs, cones and hemi-

spheres in a rectangular chamber ly a plot of: 

5- 	A/c __ 	 -(26) 
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V = velocity past the baffle, 

D = a linear dimension,beinr the base Ciameter 

of the baffle, 

A/C = air-fuel ratio. 

peZubay 	Lef.15 ), on the other hand, correlated 

his results for c1scs in a cylindrical chamber by 

plot of: 

Vel)  
WS /WA =f 	 f 

 6 1 
PD D 

   

(26) 

   

   

where: 

Wf/a. = mass fuel-air ratio, 

VD = velocity throurh rinnular area, 

forred by test duct and disc, 

p = pressure in plane of disc, 

D = disc diameter, 

f,h = exponents used in the,  correlation. 

Such correlations, however, are of no 

direct use for the purpose of comparison with the 
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predictions of-the electric analogue. This applies 

to any presentation of flame stability data which 

does not indicate the independence of the flame 

performance of the Reynolds Number. This question 

was discussed in Chapter One, in the section dealing 

with similarity conditions; and was taken into con-

sideration in Chapter Three, when the analogue 

predictions were presented in terms of the extinction 

loading factor at a Reynolds Number high enough to 

make the extinction loading factor independent of it. 

The flame stability results must therefore 

first be shown to satisfy this independence con-

dition before comparing then with the analoguejire-

dictions. Similarly, any analogue predictions must 

be taken to be relevant only to systems where the 

extinction loading factor is independent of the 

Reynolds Number. The available flame stbility 

results are discussed in the present Chapter, with 

special regard to the fulfilment of this condition. 

More data were. obtained during this research to 



augment the data of other uorkers. The results 

discussed in this Chapter are as follm:s: 

1. PeZubay's results for discs in a circular 

burner, 

2. Author's results for discs in a circular 

burner, 

3. martin and l ebb's results for a burner 

Lith n fixed primary baffle, and a 

secondary annular baffle with a variable 

hole diameter, 

1Tartin and Eushton's results for 

annular baffles in a circular burner, 

r. Author's results for annular baffles 

in a circular burner, 

E. l'estre's results for hemi-spherical 

baffles in a rectanrular burner, 

7. Lesults of arrere and Hestre for 

conical and disc baffles in a rectangular 

combustion charber. 



-121+ - 

qptation.  

L n  = loading factor based on burner diameter, 

= vik Cp LET/qri, D, 

V = velocity of fuel and air mixture past 

the baffle, 

= density of the mixture at inlet conditions, 

	

Cp 	= specific heat at constant pressure, 

	

OT 	= adiabatic combustir,n tcrperature rise, 

= Tb — Tu2  

	

T 	= terperature, 

	

u 	= suffix denoting unburnt conditions, 

	

b 	= suffix denoting completely burnt conditions, 

.40 
q = volumetric heat release rate, 

= suffix denoting the raxirur, 

D = diameter of burner, 

d = diameter of baffle, 

	

Rn 	= the Reynolds Uut,ber, 

	

FAR 	= fuel/air ratio, 

= equivalence ratio, 

ext. = extinction conditions. 



1. Flame Stability Results - Central Disc Baffles. 

A. DeZubay's Results. 

These results are reported in Refs. 

15 and 17. The first reference contains flame 

stability curves plotted as blow-out 1,rlocity 

versus thf fuel/air ratio)  for three circular 

discs having diameters of 0.7 1  C.50, and 1.00 

inches, placed normal to the flow direction in 

a circular duct of 2.75 inches diameter. The 

fuel used contained at least 95,: propane, and 

not more than 5;" butane and/or ethane. The pre-

Mixed fuel and air enter the charier at a temp-

erature of about r501̀)  R; while the pressure :as 

varied between atmospheric and 3 psia. All the 

results were found. to correlate when plotted as 

FAR 	V.95 '83  
P 

 

-----(2G) 
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The second reference contains the results of the 

first, plus additional data obtained with the same 

apparatus and fuel, but with discs of diameters 

1.50 and 2.00 inches. The correlation (26) is 

also used, and the smooth best line is eraun 

through the experimental points. No indication 

is riven of the various pressures, as in the case 

of the results of Ief. 17. It is therefore not 

rossitle to analyse the results for the 1.'M and 

the 2.00 inch discs in the sable manner as the 

results for the other discs. 

The velocities and furl/air ratios at the 

blo1,-oitt condition are used for each disc to cal-

culate the extinction loading factor, LD ex t., which 

is defined by: 

LT) Vem.. AT cp   
. 

111, 

'where: 

V = average velocity past the disc, 

P = duct eiameter, 

other symbols as defined in the notation. 
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The method of calculation of the loading factor 

is described in Appendix 2. The resultant variation 

of the extinction loading factor Lith the enuiv-

alence ratio, 45 , is indicated in Fig.ZE. The 

actual experimental points were taken from the 

graphs of ief.15 as the basis for the calculation 

of Fir.a. 

This figure indicates that for discs with 

diaretrrs of 0.25 and 0.0, the extinction 7oading 

factor increases continuously with the eruivalence 

ratio, although the increase for the 1-11f-inch 

Fist is not large Lhen 	is letween 0.75 and the 

stoichiometric ratio. In the case of the 1.00 inch 

disc, only few points are available, and the trend 

of the results iS not clear. 

The significance of plots such as Fig.28, 

lies in the fact that 0 may be considered as an 

indication of the Reynolds Number. In the ';eak 

fuel/air ratio regime, for example, a bigger 0 
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is associated with a larger Leynolds ?'umber. 

The absence of a horizontal strairht line in 

therefore indicates that the results of 

DeZubay for the two smallest discs are not independ- 

ent of the Leynolds 	;,hile the results for 

the 1.00" disc are not conclusive. Thus, these 

results cannot be used for comparison with the 

electric analorue predictions for central discs. 

The corre]atin- curve reported in Fig. 

of Fef.17 for the results of all five discs tested 

by DeZubay will now be used to construct a graph 

similar to those of Fir.28, for a particular 

pressure and disc diameter, e.r., 

Fressure = atmospheric 

Disc diareter = 1.00 inches (d/n = 0.363). 

The calculated variation of the extinction loading 

factor, LD ext., with the eruivalence ratio, 

for this particular example, is given in the graph 

of Fig.29. This graph shous that the L ext. is 

costant for values of 0 in the range between the 
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stoichiometric ratio and about 0.75. Outside this 

range, the extinction loading factor increases 

with the equivalence ratio. 

In order to show the Reynlods Plumber effect, 

the points of Fig.29 are presented as a plot of 

LD ext. against Rn in Fig.30, Rn bring the Reynolds 

Number based on the approach stream velocity and 

conditions, and on the disc diameter. Fig.30 shoos 

that the extinction loading factor increases 

with the Reynolds Dumber for weak mixtures, until 

a Reynolds Number is reached above which the 

loading factor at extinction is independent of it. 

For rich mixtures, LD ext. decreases(Lith increased 

Reynolds ITumber)towards the constant value reached 

by the weak mixtures. 

The comparisons with the electric analogue 

are only valid for the part of the weak regime 

in which Lb ext. is independent of En. However, 

because of the considerable experimental scatter 

around the smooth curve on which Fig.30 is based, 
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it was decided to obtain more experimental 

flame results with discs of larger disc/duct 

ratios than DeZubay's 1.00 inch disc. These 

results are reported in the following section. 
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b. Author'sjesults. 

The apparatus used in obtaining the 

flame stability results of this section 1,.as des-

cribed in Chapter Two. The four circular discs 

tested had diameters of 0.7"), 1.00, 1.25, and 

1.50 inches; the duct diameter being 2.00 inches. 

on-rercial propane was used as fuel. It entered 

the conbustion chamber pre-mixed with air, at 

room temperature . The results of the tests 

on the four discs are plotted in Figs.11, 32, 

33, and 34, as the mass flow rate at blow-nut 

against the enuivalebce ratio. The actual experi- 

rental points of these ,,raphs are used,in the 

manner described in Appendix 2,to calculate the 

extinction loading factor. This is defined by: 

L _ Vat*. 	 T 
,'H - 	-(21) 

txt.
c- 
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where: 

Vext. = the averare velocity past the disc 

at the extinction condition, 

D = duct diameter, 

other synt-oTs as defined in notation. 

The resultant calculated loading factors 

arc plotted in Fig.36 for the weak rixtures, and 

in Fir.37 for the rich rixtures, arainst the 

equivalence ratio. ( ITot many rich extinction 

points were obtained, rainly due to the expectation 

that the results would not be of direct use for 

corparison with the electric anolorue predictions. 

This Las surrested 17 the analysis of DeZubftyls 

results in the previous section, and confirred 

even by the feu points ol- tained during these tests.) 

Fir.36 shows that the loading factor at 

extinction Terains constant for the four discs 

tested then the rixtures are weal', and ulth an 

eruivalence ratio higher than about 0.77. On the 
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other hand, Fig.37 shows that when the mixture is 

rich, there seems to be no region of constant 

extinction loading factor. To the right of the exp—

erimental scatter for each disc in Fig.36, there 

is an arrow indicating an approximate average of 

the constant values of the loading factor. These 

values are plotted against the disc diameter in 

Fig.38. 

The Reynolds rurber has a negligible effect 

on the points of Fig.8, and therefore this curve 

is the one that will be used in Chapter Six for 

comparison with the predictions of the electric 

pnalogue for circular disc baffles. 
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2. Flame Stability Results - Annular Baffles. 

All the data analysed in this section 

were obtained by students at the Imperial College 

of Science and Technology, under the supervision 

of Professor D.B.Spalding. The analysis is again 

concerned in providing possible basis for the 

comparison of flame stability results with analogue 

predictions for annular baffles in axi-symmetric 

combustion chambers. 

a. ghe Results_ of Martin and Webb. 

These results are reported in Ref.18. 

The burner used is geometrically similar to the 

Lucas analogue model which was described in Chapter 

Two.The diameter of the burner is 2.Oinches, and 

the diameter of the hole of the secondary annular 

baffle was varied between p.625 and 1.500 inches, 

but the reported flame stability limits graphs 

for baffles with small hole dia—meter, show a shift 

towards the rich mixtures region. This indicates 
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that there was an appreciable entrainment of ambient 

air by the jet issuing from the hole of the second—

ary baffle. The reported flame results for these 

baffle sizes were therefore excluded from the present 

discussion. Only the results for the remaining baffles 

are here presented. These had hole diameters of 1.00 

1.25, and 1.50 inches. 

The results for these baffles, as reported 

in Ref.18, show little scatter. The smooth line 

through the experimental points has therefore been 

taken here as the basis for calculating the variation 

of the extinction loading factor with the inlet 

mixture equivalence ratio. The definition of the 

loading factor used in the present seotion is similar 

to that used in the presentation of the analogue 

predictions for annular baffles in Chapter Three, 

namely, 

L. 
_ 	T Ce A 
— 

where: 

= mass flow rate of the fuel and air miXture, 

v = volume of combustion chamber, — other symbols 

as in notation. 
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Fig.39 represents the variation of the ext—

inction loading factor with the weak equivalence 

ratio near the stoichiometric condition, and it 

reveals that for all the three baffles, there is a 

region where the loading factor at extinction is 

independent of the equivalence ratio. This in fact 

means that the influence of the Reynolds Number 

on the stabilization characteristics of the baffle 

may be ignored. The constant values of Le t. in 

Fig.39 are plotted against the ratio of the baffle 

hole diameter to the burner diameter in Fig.140, 

showing the decrease of the extinction loading 

factor as the annular baffle hole diameter is 

increased. 

It is the graph in Fig.40 which %/ill be 

used, in Chapter Six, for comparison with the 

predictions of the electric analogue for annular 

baffles. 
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b. The Results of Martin and Rushton. 

These results are reported in Ref.19. 

The burner used was a simple cylindrical duct of 

1.5 inches diameter, and, 7.5 inches in length. 

The fuel used was commercial propane premixed with 

air at room temperature. Three annular baffles 

were tested, the ratio of their hole diameter to 

the diamcter of the dUct being 0.5, 0.7, and 0.8. 

The flame stability li its presented 
in this section have been calculated according to 

the British Standards Specifications,from the -basic 

measurements of pressure differentialst across the 

B.S.S. orifice plates reported in Ref.19. The results 

are plotted in Fig:41 as the mass flow rate of the 

fuel and air mixture at the extinction condition 

against the mixture equivalence ratio. The graph 

for the baffle with d/D ratio of 0.5 is seen .to' 

be shifted bodily into the rich regime, sugg4stitig 

a considerable entrainment of surrounding 	by 
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the burning jet. The results ,for this baffle are 

therefore discarded. 

Fig.42 contains the results for the other 

two baffles, plotted as the extinction loading 

factor against the weak equivalence ratio. A'region 

is"seen to exist there the loading factor is indepen—

dent of the equivalence ratio near the stoichio 

metric condition. This again indicates that the 

loading factor is independent of the Reynolds 

Number. 

Fig.42 is taken to give the following 

result: 

Annular baffles with d/D ratios of 0.7 and 

0.8, 

Lv 	= 0.44. 
ext. 

This result is to be included in the comparison 

of the electric analogue predictions with the real 

flame data in Chapter Six. 
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c. Further Results. 

During this investigation, an attempt 

was made to get flame stablity results for annular 

baffles with d/D ratio of less than 0.70, in a 

chamber similar to the one. used by Martin and 

EushtOn. Four annular baffles 'ere tested in a 

burner having a 2.00 inch diameter. Only the weak 

part of the flame stability limits were obtained, 

and plotted in Fig.43 as the mass flow rate at 

extinction versus the mixture equivalence ratio. 

The figure indicates that the results for the 

baffle with d/D ratio of 0.50 have shifted into 

the rich regime, while those for the baffle with 

d/D ratio of 0.625 have shifted towards this region. 

This suggests" entrainment of ambient air by the 

burning jet, the effect being larger for the baffle 

with smaller hole diameter Increasing the length 

of the duct downstream the baffle was found to 

cause rough burning. Even the results for the baffles 
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with d/i) ratios of 0.750 and 0.875 cannot be used 

for comparison with the analogue predictions. 

The reason for this is shown in Fig.44, where these 

results are plotted as the extinction loading 

factor versus the weak equivalence ratio. The 

loading factor at extinction is seen to increase 

with the weak equivalence ratio at the high values 

of the latter, indicating that there is  still a 

Reynolds Yumbrr effect on the extinction loading. 

It was therefore decided to confine the comparison 

to the results discussed in sections (a) and (b). 
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3. Flame Stability Results Hemi-Spherical Baffles. 

Results of Mestre: 

The available data on the stabiliza-

tion of flames in the wake of hemi-spherical baffles 

due to Mestre, reported in Ref.14, were obtained 

in a combustion chamber rectangular in cross-

section. The fuel used was kerosene, which entered 

the chamber already yell mixed with air, at an inlet 

temperature of 573°  K. The diameters of the hemi-

spheres tested were 15, 201  and 25 millbetres; 

the chamber cross-section dimensions being 

100 lc.  150 millemetres. 

The flame stability limit curves 

reported in Ref.14 are not complete; the weakest 

rich point having an air/fuel ratio of about 12.5 

and the richest weak point having an air/fuel ratio 

of about 18.5. These air/fuel ratios correspond to 

equivalence ratios of about 1.18 and 0.80 resp-

ectively: In this section, attention will again be 

confined to the weak stability limits. The extinction 
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loading factor was calculated for the experi—

mental points of Ref.14, and the results are plotted 

against the mixture equivalence ratio in Fig.45. 

The loading factor is defined as follows: 

L D  = V Si.Cp AT / 	D 	 (27). 

where: the symbols have the significance given 

in the notation. 

Fig.45 may be taken to suggest that in the 

range of air/fuel ratios covered, the highest was 

not enough to make:  the extinction loading factor 

independent of the Reynolds Number. Thus the results 

of Fig.45 cannot be used quantitatively for the 

purpose of comparison with the electric analogue 

predictions for hemi-spherical baffles. However, 

it may be surmised from Fig.45 that, under fully 

turbulent conditions, the extinction loading factor 

increases with the hemi-spherical baffle diameter. 
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14. Flame Stability Results - Conical Baffles. 

The data available under this 

heading are those of Lef.16 due to Mestre. The 
combuotion chamber used in obtaining the results 

for the hemi-spherical baffles was also used to 

obtain data for the stabilization of flames in 

in the wake of circular discs and right-angled 

cones. The diameters of the discs and cones tested 

were 15, 20 and 25 millemetres; thile the dimensions 

of the chamber rectangular cross-section here 

100 x 150 millemetres. The results are correlated 

in Ref.16, in terms of the ratio of the gas velocit-

to baffle diameter against the air/fuel ratio. Dut 

there is no means of separating the extinction 

points for individual discs or cones. These results, 

cannot therefore be analysed in terms of the loading 

factor and the influence on it due to the Reynolds 

Number. Data of Ref.16 for cones and discs are copied, 

in Fig.46. 
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CHAPTER FIVE. 

THEOF:ETICAL ANALYSIS OF FLA1E STABILIZATION 

IN 

THE :SAKEOF AN AUTTIAR BAFFLE. 

-000•- 



Introduction. 

The performance of a burning flow system 

is tV, e result of the interaction betw•;een the 

physical and chemical processes associated with it. 

In a one-stream system, the physical processes are 

charaqterized by the flow pattern; while the 

cheripal processes ray be represented by local 

volumetric heat release rate. It is primarily 

the comple7ity of the lac* pattern which is the 

Main obstacle to the prediction of the performance 

of the system by means of theoretical analysis. 

In certain cases, however, this problem has been 

solved. For example, Spalding ( Lef.20 ) analysed 

a simple two-dimensional recirculation system, the 

spherical reactor used by Longwell and Weiss in 

their determination of heat release rates ( Ref.21 ) , 

and the diffusion-controlled spherical reactor. 

Spalding also suFrested an analysis of the 

flame stabilization in the ;Jake of annular baffles 
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in an axi-symmetric chamber. The retails of this 

analysis, and the solution of the resulting diff-

erential equations, make the subject of this Chapter. 

A flow pattern in the wake of the annular 

baffle is first postulated, and found to be a 

reasonable approximation to reality try comparing 

its consequences in terms of influence coefficients 

with those measured on the electric analogue app-

aratus. The suggested flow pattern is then used 

in conjunction with an assured heat release r.,te 

function, to derive equations the solution of which 

gives the performance of the system in terms of 

the loading factor, the coTbustion efficiency, and 

a parameter related to the geometry of the combustion 

chamber. 

• 

The Postulated Flow Pattern. 

The following are the features of the 

flow pattern, which is assumed to obtain in the 

wake of an annular baffle placed normal to the 
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axis of an axi-syrnrnetric combustion chamber: 

1. The system is regarded as adiabatic, and the 

flow as being fully turbulent. 

2. The premised fuel and air enter the chamber 

through the hole of the baffle at the rate 

of m lbs. per sec., forming a jet which 

spreads in a conical shape symmetrical about 

the chamber axis. The jet meets the wall of 

the chamber at a given distance downstream 

the baffle. At that point, a proportion of the 

gases pre reversed into the recirculation 

zone, as indicated in Fig.47. 

The temperature of the gases entering the 

recirculation zone is the same as the temperature 

of he gases continuing to flow in a stream-

wise direction. This temperature is here 

characterised by ATe ( the temperature.rise 

above that of the entering mixture ). 
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a) 

( b) 

POSTULATED FLOW PATTER N 

FIG.41 
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4. The recirculating gases are entrained by the 

jet as suggested by the arrows in Fig.47. 

5. As far as the rate of entrainment and the flow 

in the jet are concerned, the laws of free 

jets are assumed to apply. In particular, the 

mass rate of jet flow at a distance x down-

stream the baffle is given by the approximation 

ik  • 

	

ny 	_ 	;17 	&vs 	ptyw 	-------- - - - (29) 

Maeret 

k = a constant emperically determined . 

from free jet data, 

d = the baffle hole diameter, 

	

, S. 	 densities of the burning jet fluid 

and the mooring gas mixture resp-

ectively. 

Equation 29 way be written as: 

( 30) 
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where: 

.\V2  
R AA. 

R is designated as the recirculation parameter, 

I, is the length of the jet up to the place where 

it hits the chamber wall. 

Validity of the Postulated Flow Pattern. 

Before using the flow pattern as a basis 

for analytical study oft* system, it is necessary 

to confirm its validity as a reasonable approxim-

ation to reality. This is done by comparing 

measured influence coefficients between pairs of 

points behind the annular baffle, with the values 

given by calculations based on the postulated flow 

pattern. 

a. Calculation of Influence Coefficients. 

It was shown in Chapter One that the 

influence coefficient between a pair of points 
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j and k, when heat is released at the point k, 

is given by: 
h;r, Gp 

= 	 (31) 
where: 	

6VIC 

LiTj = temperature rise at the Point j, 

= heat input rate at the pdint k, 

other symbols as before. 

In an adiabatic chamber, ATe (defined, 

above ) is given by: 

ATe = 4 k 	(34 'Act, 
Equations 31 and 32 give the following definition 

for the influence coefficient: 

4 °tilt 
11 
Te. •••••••••• =Nom 	•••• - 	( 33) 

Equation 33 affords a means for calculating the 

influence coefficient from the postulations made' 

about the flow pattern. For the purpose of this 

calculation, the chamber volume between the baffle 

ane the point where the jet meets the 10.11, is 

divided into six parts, as shown in Vig.47. These 
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parts are made up by dividing the chamber into 

three equal sections along its axis. Volumes 1, 

2 and 3 are thus in thejet, and volumes 4)  5, and 

6 are in the recirculation zone. The first three 

parts entrain gases from their corresponding recirc—

ulation zone parts at the rates determined by 

Equation 30, which was assumed to hold for the jet 

issuing from the hole of the annular baffle. The 

calculation of the influence coefficients is now 

only a matter of heat balance considerations; the 

exit temperature rise,A Te l  being taken as the 

temperature rise in part 3 of the chamber. Table 

(3) contains the resulting calculated dijk values 

for an annular baffle with a hole to duct diameter 

ratio d/D = 0.405. 

Measurement of Influence Coefficients. 

The measurements are performed on the 

present model of the analogue. This is consii'ered 

to be divided into six sections, as in Fig.47, 

where a section is called " the source point k ", it 
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means that the heaters in this, part of the analogue 

working section are switched on. The heat input 

rate at the point k is thus the rate of heat gen—

eration by these heaters. The temperature rise at 

a point S, ATj, is likewise the average of temp—

erature rises recorded by thermocouples in the 

section S. 

In addition to ATj, the other nuantity 

that has to be measured in order to obtain the 

influence coefficient, atjk, is the exit temperature 

rise, ATe, This is taken as the average temperature 

rise recorded by the six thermocouples of the first 

analogue element dounstream the plane where the 

Set hits the wall of the analogue chamber. The 

influence coefficient is then calculated from the 

formula: 

aft = 4aTj / LTe. 

The measured influence coefficients that correspond 

to the values given by Table (3), which was cal—

culated on the basis of the postulated flow pattern, 
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are riven in _Tables (4), (5) and (6). These are 

all for a baffle with a similar d/t) ratio of 0.405, 

but for mass flow rates of 0.37, 0.414 and 0.465 

lbs./sec. respectively. 

Comparison Between Measured and Calculated Influence  

Coefficients. 

This comparison is carried out by ins—

pection of Table (3) on the one hand, and Tables 

(4), (.5) and (6) on the other. The former contains 

the calculated values of the influence coefficients, 

while, the latter contains the measured values. It 

is seen that the values of cijk measured for the 

various flow rates differ from each other, and 

from the calculated influence coefficients by less 

than 225 of the calculated values, In view of the 
crulde sub—division of the chamber for the purposes 
of calculation and measurement, this proximity may 

be taken to indicate: 

1. That the flow rates used during the 
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measurements of of fkare high enough to make 

these almost independent of the Reynolds Number. 

2 . That the postulated flow pattern is a reas-

onable approximation to reality. 

The first of these conclusions is con-

firmed by refer/nee to Fig.17, where it is seen 

that the extinction loading factor becomes inde-

pendent of the Reynolds Number when the latter 
4 

exceeds a value of about 8 x 10, for a baffle with 

d/I0 ratio of 0.405. The Reynolds Number corresp-

onding to the flow rates of Tables 4,5,and 6,are 
4 	4 	4 

8-2 x 10,9-2 x 10, and 10-3x 10 respectively. 

The second conclusion justifies the use 

of the postulated flow pattern as a basis for an 

approximate theoretical analysis to predict the 

performance of the flames in the wake of annular 

baffles. This is done in the next section of 

,this Chapter. 
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Theoretical Analysis. 

In this analysis, the reaction in the jet 

is neglected to simplify the computations necessary 

for the solution of the resulting equations. This 

approximation will be kept in mind when using the 

results of this analysis for comparisons in the 

next Chapter. The following sections will now be 

devoted to the derpstion and solution of the 

differential equations governing the performance 

of the system: 

The Equations. 

An element of the volume at a distance x 

from the baffle, and having a thickness dx, will 

be considered. Some of the symbols used are shown 

in Fig.48. A heat balance for the shaded part the 

elemental volume gives: 

mix Cp dT = q Ax dx 	(34) 

where: 

T= temperature of recirculating gases at, x, 
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nix  = mass rate of flow of recirculating gases 

at a distance x from baffle, 

cim  = local volumetric rate of heat release, 

Ax = shaded area shown in Fig.48. 

With the introduction of the heat release function 

4. , and the dimensionless temperature and dist-
ance ( 1r and it&  ) Equation 34 becomes: 

( 	) 

41A 	L (Rp. —I) 

where: 

ir= (T-Tu)/(Tb-Tu) , 
.,0 

441  = q /q max. , 
IL  - xAt 

L= m Cp A T/ q max. v= loading factor, 

(11V4) D )e = the volume 

k A. /d 	= recirculation parameter. 

The heat balance carried over the whole chamber 

volume gives the equation : 

t „ 
Mn cri, 	 Ax 	••=•••• 	 ) 

Te being the exit temperature. 

( 35 ) 
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Equation 36 may be transformed into the non-

dimensional form given by: 

< 	y 	 - 

The simultaneous equations that have to be • 

solved are Equations 35 and 37. The term - which 

CenotFs the reactetness of the gases at the exit 

plane, may be taken as the combustion efficiency. 

This is seen from the definition of 

-re = ( Te - Tu ) / ( Tb - Tu )1 4rs- 

which is the ratio between the actual temperature 

rise of the gases in passing through the combustion 

chamber, and the temperature rise for complete 

combustion. 

Solution of the Equations. 

The heat release function 9/ to be used 

in the solution of Equations 35 and 3?, is given by:.  

8 	2 
149 "1" 	

- _ 	 (38) 



-183— 

EqUation 38 is plotted in Fig.l. 

The procedure followed in the solution 

is as follows: 

1. Equation 35 is considered as a finite difference 
equation, 1.e., 

07 = 	
L(t94-1, 	(39) 

2. The length of the chamber is divided into ten 

equal parts, thus: 

/40= 0, pi= 0.1, )42= 0,2 	= 1.0, 

or, o,= 0.1. 

3. For a given recirculation parameter (11), and 

loading factor (L), a value is assumed for the 

exit reactcdness ire. This reactedness is for 

"4.= P.o = 1.0. 

4. From Equations 39 and 38, Alr is calculated for 
=,1.0. 



From steps 3 and 	a value is obtained for 

rat ,u= 0.9. 

6. Steps 4 and 5 are repeated until ¶ values 

are obtained for all the?, values. 

7. The Simpson Rule for the calculation of area 

under a curve is used to calculate the E.IT.S. 

of Equation 37. 

8. The L.H.S. of Equation 37 is calculate( from 

the assumption of step 3. 

9. If the results of steps 7 and 8 coincide, then 

a solution has been obtained; otherwise the 

procedure from step 3 onwards is repeated until 

a solution is reached. 

10. The _procedure is repeated for other values of 

L and R. 
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The procedure does not converge when a 

certain value of L is exceeded for a particular 

R. This value of L is the extinction loading factor. 

aen it converges, the procedure gives values of 

the combustion efficiency fot. particular loading 

factors and recirculation parameters. The solution 

also gives the variation of the reactedness in the 

recirculation zone with the distance from the chamber 

entrance. The computed results are given in Figs. 

49 and 50. From the former, a graph ( Fig. 51 ) is 

crossalotted for the variation of the extinction 

loading factor with the recirculation parameter. 

This graph shows that the extinction loading factor 

increases with the recirculation parameter. Since 

Lext. is zero when R is zero, the broken line of 

Fig. 51 is drawn as an extension to the computed 

part of the curve. 

Cdnsideration of the definition of the 

recirculation parameter allows a cross-plot to • 

be made from Fig. 51 in terms of the extinction 
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loading factor and the annular baffle hole diameter, 

the latter being expressed as the ratio d/D. Such a 

plot is given in Fig.52, which indicates the decrease 

of Lext. as d/Diis increased. 

Calciation Of The Pressure Loss. 

To complete the picture of calculations 

for the system with annular baffles, Appendix Three 

is added on Page 239. It contains calculated values 

of the flow criterion Kfv, introduced in Chapter 

Three. The resultant Kfv values can be used in 

conjunction with the results of the theoretical 

analysis of this chapter to complete the inform-

ation about the performance of the combustion 

chamber. 
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Introduction. 

The data presented and discussed'in Chapters 

Three, Four and Five included: 

1. The analogue predictions for the flame extinction 

in the' wake of a variety of baffles, 

2. Some real flame extinction data, 

3. The results of an approximate theoretical 

analysis of the stabilization of flames in 

the wake of annular baffles. 

In this Chapter, the 	of the 

analogue predictions is investigated by comparing 

the resultant Ye0,s and when possible, the mag-

nitude of the parameter characterising the perform-

ance of the one-stream combustion chambers fitted 

with the various baffle types. 
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Herai-Spheriaal and Conical Baffles. 

The analogue predictions for the 

variation of the extinction loading with the 

geometry of baffles of the hemi-spherical and 

conical types, under fully turbulent conditions, 

were presented in Chapter Three. The author knows 

of no published flame stability data corresponding 

to geometrically similar combustion systems. 

The available data, included in Chapter Four, 

were obtained in combustion chambers with a rect-

angular cross-section. It is therefore impossible 

to carry out a detailed quantitative comparison 

between the analogue predictions and the flame 

stability results. The comparison hns to be con-

fined to the general and qualitative aspects of 

the results. 

Hemi-Spherical Baffles. 

d-7  
The analogue predicts ( Fig. 21+ ) that 

the loading factor at the extinction condition 
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increases with the hemi-spherical baffle diameter. 

The magnitude of the loading factor lies between 

5 and 12 when defined as: 

LT, = V Su Cp AT / 	D 

the symbols having the significance stated in 

Chapter Three. 

Fig. 45, on the other hand, shows the 

results of Mestre (Ref.14 ) plotted in terms of 

the extinction loading factor and the weak equi- 

valence ratio. It is to be noted that the graphs 

of Fig. 45 do not suggest that the loading factor 

becomes independent of the equivalence ratio when 

this has high values below the stoichiometric. 

This means that the loading factor is still dependent 

on the Reynolds Number, and therefore the results 

cannot be directly compared with the analogue pre- 

dictions. Nevertheless, Fig. 45 clearly suggests 

that the trend of the flame stability data is that 

the extinction loading factor increases with the 
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baffle diameter. This is the same as the trend 

predicted by the analogue. 

A further point that might be noted is 

that the extinction 7oading factors have the same 

orders of magnitude in both the analogue predictions 

and the flame stability results."However, this 

point is not necessarily significant in view of 

the fact that the flame stability 'results Were not 

obtained under fully turbulent conditions, and that 

the combustion chamber used by l!estre was rectangular 

in cross-section, while the analogue chamber had a 

circular cross-section. 

Conical Baffles. 

The analogue predictions and the available 

real flame results for the extinction of flames 

in the wake of conical baffles, were introduced 

in Chapters Three and Four respectively. One trend 

suggested by theelectric analogue is that under 

fully turbulent conditions, the extinction loading 
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factor decreases as the baffle apex angle is 

increased while keeping the base diameter of 

the baffle constant. Another trend suggested is 

that for a given apex angle, the extinction loading 

factor increases with the base diameter. The 

geometric ranges covered by the analogue experiments 

were: 

a. Apex angle between 30 and 180 degrees, 

b. Eatio of base diameter to chamber diameter 

approximately between 0.4 and 0.7. 

As far as the change of extinction loading 

with the base diamet.er is concerned, the very fact 

that the real flame results of Mestre could be 

correlated in terms of V / D suggests that the trend 

predicted by the analogue is the same as the trend. 

of the real flame results. On the other hand, the 

change of the extinction loading with the cone 

apex angle is not clearly established in the case.  

of the real flame results. estre's results might 
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be taken to suggest that the disc has a hirher 

extinction loading than the right-angled cone, 

while the analogue predicts the reverse. The 

points that make the flame results doubtful as 

a basis for comparison with the analogue may be 

summarised as follows: 

1. The chamber used by Mestre had a rectangular 

cross-section, while the analogue chamber was 

axi-symmetric. 

2. The range of the weak mixtures covered in the 

real flame experiments lies between equivalence 

ratios of about 0.6 and 0.8. It is unlikely 

that the loading , factors in this range will be 

independent of the Reynolds Number. This is 

suggested by the analysis of the flame results 

for central discs and hemi-spherical baffles. 

in Chapter Four. 

3. The baffles tested during the flame extinction 

experiments were too small, and fall outsidh 

the range covered by the analogue experimehts. 
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The cones tested by the analogue had a ratio 

of base diameter to duct diameter of approximately 

between 0.4 and 0.7; while the corresponding 

equivalent range in the case of the flame experiments 

was between 0.125 and 0.208. 

4. There is a considerable amount of scatter in 

the real flame results. 

Thus, as far as the effect of change in 

the cone angle is concerned, no conclusion can be 

safely drawn from the comparison between the ana—

logue predictions and the real flame results. 

Further detailed flame extinction tests are required 

before such a conclusion may be reached. 
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Central Discs. 

The comparison of the analogue predictions 

for central discs with the real flame results, is 

carried out under fully turbulent conditions. 

When such conditions prevail l the performance of the 

flame, and the analogue simulation of it, is indepen—

dent of the Reynolds Number. The flame results and 

the analogue predictions have already been given 

in previous Chapters; the former in Fig. 38, and 

the latter in Fig. 22. These two figures contain 

graphs showing the variation of the extinction 

loading factor with the ratio of disc—to—duct 

diameters; the loading factors being at the flow 

regime where they become indepeffent of the Reynolds 

Number. The two graphs are plotted together in Fig. 

53 for the purpose of the present comparison. The 

features to be noted in Fig. 53 are: 

1. Qualitatively, the analogue predicts that the 

extinction loading factor increases with the 
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disc diameter. This agrees with the trend shown 

by the flame results. 

2. Quantitatively, the analogue predictions and 

the real flame results have the same order of 

magnituce. 

3. The analogue predictions are higher than 'he 

real flame results. 

4. The magnitude of the quantitative difference 

between the analogue predictions clid the real 

flame results decreases as the disc-to-duct 

diameter ratio becomes higher, until the latter 

reaches a value of about (.6. For d/D ratios 

higher than this, the discrepancy becomes 

almost constant; the analogue predictions 

being then about 25% higher than the real flame 

results. 

5. Below the d/11) ratio of 0.6, the analogue 

predictions show only a small change of 
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extinction loading factor with disc diameter. 

Bigger changes are noted in this region in the 

case of the flame results. 

Thus it is seen that the analogue predicts 

the performance of central eiscs as flame stabil-

izers to a good degree of approximation, except.  

in the' case of small disc diameters. This insens-

itivity of the analogue predictions to chnnges of 

disc diameter at small d/D ratios may be explained 

by reference to the r'istribution of the heaterd in 

the elements of the analogue working section which 

was described in Chapter Two. It was stated there 

that in each analogue element there are six heaters, 

forming six concentric circles in one plane normal 

to the axis of the analogue. The ratios between the 

heater circles diameters and the inside diameter of 

the analogue chamber, are indicated by the vertical 

dotted lines in Fig. 53. The line marked " first 

heater " corresponds ,to the heater nearest the 
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axis of the analogue chamber, while that marked 

" sixth heater " corresponds to the heater near-

est the wall of the analogue. The remaining dotted 

lines indicate the four intermediate heaters. 

Fig. 53 shows that the increase of the 

difference between the analogue predictions and 

the real flame results , occurs in a range of disc 

to duct diameter ratios where there are not more 

than two :,eaters from each element included in the 

recirculation zone behind the discs. The reason for 

the deterioration of the analogue predictions for 

the smaller disc diameter range is, Therefore, the 

crude sub-division of the analogue working section. 

It may thus be expected that a l'etter agreement 

between the analogue predictions and the real flare 

results would be achieved with a finer sub-division. 

The conclusions to be drawn from the dis-

cussion of this secti,n, are that the analogue can 

successfully predict the performance of central 

discs as flame stabilizers under fully turbulent 
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conditions that the agreement is both qualitative 

.and approximately quantitative; and that the app-

roximation may be improved with a finer sub-division 

of the analogue working section. 
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Annular Baffles. 

The results being compared in this section 

were obtained under fully turbulent conditions. 

This has been ascertained in the discussions con—

cerned with these results in Chapters Three and 

Four. The analogue predictions for the variation 

of the extinction loading factor with the ratio 

of the annular baffle hole diameter to the diameter 

of the chamber, were given in Fig. 20. The corresp—

onding real flame results were recorded in Figs. 

40 and 42. Both the analogue predictions and the 

real flame results are plotted together in Fig. 

54. 
A good qualitative agreement is seen between 

the analogue .and the real flame results,. The 

analogue predictions are seen to be some 30 — 4Q: 

higher in magnitude than the real flame results. 

It is to be noted that thl.s percentage discrepancy 

is somewhat higher than that found in the case of 

central disc baffles. The reason for this increase 

• 



in the magnitude of the discrepancy may be due to 

the nature of the real flame results, rather than 

an inherent analogue tendency tomards more accurate 

predictions in the case of central baffles, than 

in the case of annular baffles. Where annular baffles 

are concerned, the real flare results may suffer 

from a small amount of entrainment of surrounding 

air by the jet issuing from the hole of the baffle. 

The results which suffer from treater and more 

serious entrainment effects have already been dis-

carded during the analysis of the available flame 

stability data in Chapter Four. With central baffles, 

on the other hand, the entrainment effects are not 

as important as mith annular baffles; partly because 

there is no jet in the case of central taffies, and 

partly because the recirculation zone is longer in 

the make of the annular baffle than in the make of 

the central baffle. 

This entrainment effect causes a decrease 

in the magnitude of the extinction loading factor, 
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when this is calculated on the basis of the inlet 

fuel and air flow rates and conditions; hence the 

increase in the magnitude of the difference between 

the analogue predictions and the real flame results. 

Keeping in mind this entrainment effect, 

and the similarity conditions which are ignored by 

the analogue technique, both the qualitative and 

the quantitative agreements between the analogue 

and. flame results, may be considered satisfactory 

in the range of annular baffle hole diameters 

covered by the flamestability tests presented in 

Chapter Four. 

With the air supply capacity available, 

it was possible to cover a wider range of hole 

diameters in the tests on the electric analogue. 

So, in order to provide further basis for comparison 

with the analogue predictions, the approximate 

theoretical analysis of Chapter Five will now be 

used in the discussions following. 



Theoretical Analysis and Real Flame Results. 

The available data of flame stability 

for annular baffles cover a range of dip ratio 

of between 0.5 and 0.8, while the range covered 

by the electric analogue for similar systems is 

much wider, especially in the lower values of din. 

Attempts to obtain flame stability results for 

baffles with smaller hole diameters have failed 

in the available flame stability apparatus des-

cribed in Chapter Two. Hence the theoretical 

analysis of the system given in Chapter Fil7e. 

But before comparing the results of this analysis 

with the predictions of the analogue, it is 

necessary to compare the analytical results uith 

those of real flames. This comparison is carried 

out in Fig. 55. It is seen that the two curves are 

almost parallel to each other when they cover the 

same MD ratio, indicating a good qualitative 

agreement. 
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Quantitatively, however, the flame stability 

results are higher than the analyti6a1 results 

by a factor of 1.5 to 1.6. This difference is to 

be expected, since the analysis ignored the reaction 

in the jet issuing from the hole of the annular 

baffle. The magnitude of the effect of the reaction 

in the jet on the extinction loading, ma:,,  be estir-

ated by the following experiment on the electric 

analogue: 

Experiment. 

The usual procedure for an extinction test 

on the electric analogue was described in Chapter 

Two. All the heaters in the working section are 

switched on at the beginning of the procedure. The 

present experiment, however, is started with only 

the heaters in the recirculation zone switched on. 

The boundaries of the recirculation zone are taken 

according to the requirements oftthe postulated 

flow pattern, which was the basis of the analysis. 



_2i2 - 

O 
••••••••=.= 	 ••••••••• Av.11644_141.6 

korr,0 
••••••••. 

1•S 

).. 	La. 
••• 	1----AN AL OA 0 t PIOLDICT I or4 S •... A 

-,.. ..... 	UT sexILAilloeb. 
1.0 

AN At..o (le fitgaD Wrio 

laT 61.1,A-LuaaIt 

4 • 2 

at  ID 

Aril-  to Or RC ACT ON ins THE JET ON 1-o•Osiv4 rAcT04. 

pt i njuLAR, GPiacolts) 

(ZESuLTs 0  F exPeRAMeNT 

014 	 u a • 
	 L 

F-16r. 5 6 . 



-213- 

Fig. 56 contains the results of this experiment. 

The points marked " La " are the extinction loading 

factors predicted by the analogue at the maximum 

attainable Reynolds Numbers, these points being taken 

from Fig. 20. The points marked " Lb " are the ana-

logue predictions at the same Reynolds Numbers, 

obtained with only the heaters in be recirculation 

zone being switched on at the start of the experi-

ment. The extinction loading factors La and Lb are 

both based on the volume of the chamber downstream 

the annular baffle. The ratio La/Lb for the various 

baffles tested in this experiment, are also plotted 

in Fig. 56. It is seen that this ratio has values 

between 1.6 and 1.8; the average being about 1.7. 

Thus, a value,of 1.7 may be taken as a constant 

value for the ratio La/Lb. 

This result may be taken to indicate the 

magnitude of the effect of the reaction in the jat 

on the results of the theoretical analysis. From 

it may be drawn the conclusion that this approxi-

mate analysis gives an under-estimation of the 

extinction loading factor by about 1 to 1.7. It 
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should be remembered here that the magnitude of 

the discrepancy between the approximate analysis 

and the real flame results, was previously found 

to be a factor of about ( 1/1.5 ) to ( 1/1.6 ). 

This factor is close to the factor suggested by 

the experiments ignoring the reaction in the jet. 

In fact, this point is further confirmed 

by the solution of the sets of influence equations 

by the computer mentioned in Chapter Five. For a 

baffle with 6/D ratio of about 0.4, the extinction 

loading factor given by the computer ( when this is 

fed by a set of influence coefficients calculated on 

the basis of the postulated flow pattern ) is about 

0.9. Such a value of extinction loading factor lies 

very close to the curve drawn through the results 

of the real flame extinction tests. This is indicated 

in Fig. 57, which contains plots of text. versus the 

d/D ratio obtained as follows: 

1. The predictions by the electric analogue - 

2. The real flame extinction tests results - 
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3. The results of the approximate theoretical 

analysis - 

4. The computer solution to a set of influence 

equations; the influence coefficients being 

calculated on the basis of the flow pattern 

suggested in Chapter Five - 
5. The average of the computer solutions of sets 

of influence equations; the influence coefficients 

being measured on the electric analogue at various 

flow rates - 

The heat release rate used in the analogue experiments 

was given by the step-function of Fig. 2, while the 

more realistic function of Fig.] was used both in the 

computer and in the solution of the equations result-

ing from theoretical analysis. 

The general picture that emerges from Fig. 5?, 
and from the preceding discussions of this section on 

annular baffles, is summarised in the following 

remarks: 

1. The same trend of variation of the extinction 
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loading factor with the annular baffle hole diameter, 

is shown to be the same by the results of the approx—

imate theoretical analysis, the results of real flame 

extinction tests, and the predictions of the electric 

analogue. This conclusion is, in itself, a positive 

point with regard to the validity of the analogue 

predictions. 

2. The magnitude of the quantitative difference 

between the results of the theoretical analysis 

and the real flame results, is explained by the 

approximation involved in the analysis, namely, 

the fact that it ignored the reaction in the jet. 

PoL) 

The computer solution based,on the calculated 
J. c_t-,;,ezr 	(,,, 

influence coefficients, is very close both to the 

real flame results, and to the results given by 
,7 

the theotetical analysi 	ltiplied by the factor 

deduced from the experiment described on Page 211. 

4. The average computer solution based on the measured 
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influence coefficients, is just below the results 

predicted by the electric analogue for the part 

icular baffle. The difference in this case is 

due to experimental error, and to the shapes of 

the heat release functions used. The magnitude 

of the discrepancy due to the shape of the heat 

release rate fUnction is discussed later in this 

Chapter. 

5. The general conclusions which may be drawn from 

the present section, ares 

a. Qualitatively, the electric analogue 

successfully predicts the influence 

of the baffle hole diameter on the 

extinction characteristics of turbulent 

flames in the wake of annular baffles, 

b. The magnitude of the extinction loading 

factors predicted by the analogue are 

about 35% higher than the real flame 

results. 
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6. With regard to the magnitude of the discrepancy 

between the analogue predictions for the ext-

inction loading and the available flame results, 

it is to be noted that the latter may suffer from 

a small amount of entrainment of surrounding air. 
Such an entrainment is not present in the elec-
tric analogue, and therefore it may be responsible 
for part of the discrepancy. 
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Aummary of Comnarisops Between Real Flame Results 

And Analomie predicqons1oy centrp.1 Dijcs aid  

Annular Bafflei. 

The preceding remarks on the comparisons 

for discs and annular baffles may be taken to indi-

cate the following: 

1. That the analogue predictions are qualitatively 

similar to the real flame results. 

2. That the magnitude of the extinction loadings 

predicted by the analogue is higher than the 

real flame results by: 

a. About 25% in the case of-central disc 

baffles, 

b. About 35% in the case of annular baffles. 

3. Because of the small entrainment of the ambient 

air by jets issuing from the holes of annular 

baffles, the magnitude of the difference may be 
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taken as being approximately the same with both 

annular and central disc baffles; perhaps in 

the order of 30%. 

This quantitative difference between the 

analogue predictions and the real flame results is 

partly due to the shape of the heat release rate 

function used by the analogue, namely the step-

function. Some indication of the approximation 
involved in the use of this function may be obtained 

by considering the extreme case of a homogeneous 

reaction zone, in which the volumetric rate of heat 

release is represented by: 

a. The step-function, 

ty = 0 	0 <-rcizo 
<1.'<k.o 

b. The more realistic continuous function, 

S 	2 

i49 	(1-'r ) 
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using the usual notation, a heat balance of such 

a homogeneous reaction zone under adiabatic con-

ditions gives: 

cr (T-114.) 

or, in dimensionless form 

 

(4o) 

 

9) 	

• • • • • • 	• .m• • ow. 	 ea. ...•••• 	alm• ••• 	(41) 

where: 

L = the loading factor = M Cp ta/qm  v. 

Equation (41) is represented by straight 

lines through the origin of a (4, ...,11 graph. The 
slope of these lines increases with the loading factor, 

and each line is called a " heat demand line " ( Ref.3) 

or, " the line representing the enthalpy change of 

the gas supply " ( Refs. 1 and 22 ). 

The equilibrium, or stable flame, con-

dition in the zone is determined by the right-hand 
intersection of the heat demand line with the curve 
representing the heat release rate function. Extinc-
tion of the flame is reached when the loading factor 
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has increased until the heat demand line becomes 

tangential with the heat release rate curve. The 

slope of the heat demand line then gives the ex-

tinction loading factor. 

Fig. 58 shows the heat release rate funct-

ions (a) and (b), together with their respective 

tangential heat demand lines. The slopes of these 

two lines are ( 1.43 ) and ( 1.27 ) respectively1 

their ratio being ( 1.12 ). Thus, the step-function 

is responsible for an over-estimation, of about 

12% in the value of text. above the value that would 

be obtained if the realistic heat release rate 

function were used. 

Apart from this factor, aue to the shape of 

the analogue heat input curve, absolute quantitative 

agreement between the analogue predictions and the 

real flame results are not to be expected because of 

the approximations discussed in Chapter One. The 

fact that all the approximations made caused no more 

discrepancy than about 20%, may be taken to affirm 



the validity of the analogue technique in the pre—

diction of the stability characteristics of flames 

in the wake of central discs and annular baffles. 
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APPENDIX TWO. 

DATA FOL THE CALCULATION 

OF 

FLAME STABILITY PARAMETERS. 
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The required data for the calculation of 

flame stability parameters, are the velocity of the 

fuel and air mixture at the extinction condition (V), 

the product of the adiabatic combustion temperature 

rise and the specific heat at constant pressure ( CO 

and the maximum volumetric heat release rate (C ). 

These were taken as follows: 

1. The Velocity. IV). 

This was considered to be the average velocity 

past the baffle. In the case of central baffles, for 

example, its product with the mixture density up-

stream the baffle, was taken as: 

where: 

m = mass flow rate of mixture into the chamber, 

D = diameter of the combustion chamber, 

d = diameter of central baffle. 
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2. 74-le Product Cp a T. 

This was calculated from the lower 

calorific value of the fuel, using the following 

symbols: 

mass flow rate of fuel, 

mass flow rate of air, 

ICV = lower calorific value of fuel. 

The rate of heat release due to adiabatic combustion 

is given by m x WV. The Law of Conservation 

of Energy therefore gives: 

LA;4^4.) LL") 	^;.# 	gal 61- 

Equation (2.2) assumes the same specific heats for 
the air, the fuel, and the mixture; and for propane 

as fuel, it leads to: 

Cp  flT 	107(( -1is• t 0-og) 	- 	- - (2-3) 

ICV was taken from Ref.23, and Equation 2-3 is plotted 

in Fig.21 as Cp L1 T versus 0 . 
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3. The Maximum Volumetric Heat Eelease Rate. 

The data of Longwell and Weiss (litef.21), 

for iso-octane in a spherical reactor, were taken as 

the basis for the calculation of ctc,,, at a given inlet 

temperature and equivalence ratio. These data have 

been used because of the lack of detailed similar 

information for the other fuels used in the reported 

flame stability results. 
'a 

Fig. c2 shows] at inlet temperature 

of 400°  K. This has been calculated from the above 

data by Bragg and Holliday (Ref. 4). Fig.23 shows the 

variation of a factor 13 with the inlet temperature Tu.. 

is Oefined below, using the symbols of Ref.211 

(N/Vpp )max. at inlet temp. Tu g  K 
p _ 	  

(N/V p )max. at inlet temp. 400°K 

where: 

N = molal flow rate of air, 
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V = volume of the combustor in litres, 

p = pressure in atmospheres, 
Tu= mixture inlet temperature in degrees K. 

Figs.2,2 and 2.3 allow the maximum volumetric 

heat release rate to be estimated for a particular 

mixture inlet temperature and fuel/air ratio. 
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APPENDIX THREE 

CALCULATION OF THE FLOd CRITERION. 
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The flow criterion, Kfv, is defined by s 

- 
	

/46 Sit& 	(9' 

13  

( the notation is the same as in Chapter Three.) 

Ths stagnation pressure droplAp, is assumed to be 

related to the average velocity of the gases 

entering the combustion chamber; namely, being 

equal to one velocity head. The flow criterion 

then becomes s 

4 
Kfv = 0.099 (d/D) 

This is plotted in Fig. 3.1, as Kfv v. d/D. 

Now Fig.52 gave the results of the theoretical 

analysis of the system, in terms of the extinction 

loading factor and the d/D ratio. From Figs.3.1 

and 52, a graph may be constructed showing the 

variation of Lext. with Kfv. This is drawn in 

Fig.3.2. The curve here has the expected shape s 

it is impossible to combine good combustion chara-

teristics (high Lext.) with low pressure loss 

(high Kfv.) 
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1. Influence of Wires on the Flow Pattern. 

One of the assumptions implicit in the use of 

the electric analogue technique is that the heaters, thermo—

couples, and their supports inside the analogue working section 

have a negligible effect on the flow pattern of the gases passing 

through the analogue chamber. It is therefore necessary to 

demonstrate the validity of this assumption for the analogue 

model. Convincing evidence of the correctness of the assumption 

would be th closeness of influence coefficients, 04•J K  , 

measured for pairs of points 3 and k inside the working section, 

under the following conditions; 

a. With the wires and their supports in position, 

b. With the wires removed fromthe working section. 

The definition, and procedures for the measurement of-the 

influence coefficients are given by Spalding in Ref.6., and 

are quoted in the thesis in Chapters One and Five. 

However, the only measurements made on the present 

aai—symmetric nnelogue model with the effects of the wires in 

mind, are the measurements of dynamic and static pressure drops 

across a length of the working section, with and without thn 

wires and their supports. These measurements are given later in 

this discussion. It is nonetheless appreciated that such 

measurements cannot provide a conclusive test of the validity 

of the assumption about the influence of the wires in the analogue. 

Together with the other data discussed below, they can only be 

taken as pointers in the absence of conclusive proof. 
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The data used here consist of the following: 

a. Predictions by two axi—symmetric analogue models whose 

working sections contain wires and carriers of different sizes. 

In the thesis, these models were referred to as the " Lucas " 

and "present " analogue models. 

b. Dynamic pressure drops along the axis of the working 

sectionof the present analogue model with and without the wires. 

o. Static pressure drops along the wall of the present 

analogue model with and without the wires. 

a. Predictions By The Axi—Symmetric Models. 

The sizes of the heating wires and the means by which 

they, and their corresponding thermocouples, are connected to 

the controls outside the analogue working section, are different 

in the Lucas and the present analogue models. Tho working sections 

of these two models are described in Ref.13. and the thesis 

respectively. Despite those differences, the two models give 

similar predictions for the extinction of flames in the wake of 

annular baffles. 

Fig.20. ( p. 92. in the thesis ) shows the variation 

of the extinction loading factor with the ratio of the annular 

baffle hole diameter to the analogue chamber diameter, as pre—

dicted by the two analogue models. The predictions were at 

flow rates high enough to make th extinction loading factors 

independent of the Reynolds Number. The Figure reveals the close—

ness of the predictions made by the two models. The relation 

between the extinction loading factor and the influence coefficients 

is discussed by Spalding in Rof.6. Accordingly, Fig.20. may be 



taken to indicate similar influence coefficients in the wake 

of annular baffles with equal hole/duct diameter ratios in 

the two models. This closeness of influence coefficients can 

signify one of two points: 

1. That in both models the wires and their supports 

have negligible influence on the flow pattern, 

2: That the influence on the flow pattern is similar 

in the two models. 

Further data are necessary to establish which of 

thse two points is valid; but because of the differences in the 

size and disposition of the wires and thermocouples in the two 

models, the first point is perhaps the more likely. 

b. Dynamic Pressure Drops Along the Analogue Chamber. 

Fig.Al. indicates the experimental set—up. An annular 

baffle of 2.5" hole diameter was placed in position; I1  and 

being two Pitot tubes placed at distances of 1" upstream and 25" 

downstream the baffle respectively. As shown in the figure, the 

small arms of the Pitot tubes are at the axis of the analogue 

elements; the other ends being connected to the two legs of a 

manometer whose pressure differential measures the dynamic 

pressure drop, QA 

Fig.A2. shows th- variation of Arlo with h, the 

pressure differential across the British Standard Orifice 

measuring the air flow rate through the working section. This 

quantity, h, is proportional to the square of the mass flow rate 

as shown in point 2 of this Addendum. 
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In Fig. A2s 

+ denotes values measured with the heaters and 

thermocouples in position, and 

denotes values measured when the heaters and 

thermpcouples were removed from the working section. 

It may be concluded from Fig. A.2. that the increase in the 

dynamic pressure drops, between the two points at the axis of 

the elements,'  due to the presence of the heaters and thermo—

couples is negligible for the range of flow rates covered by 

these experiments. ( This is the same range used in the analogue 

extinction tests reported in the thesis. ) 

c. Static Pressure Drops along the Wall of the Analogue Chamber. 

In Fig.A3., H, and Hz  are two taps, 24 I,  apart, with 

H, at a distance of 1 " downstream the annular baffle. Ht  and Hz  

are connected by rubber tubing to a manometer which therefore 

measures the difference in static pressure at the points H, and 

Hz  ,Prs4. Fig.A4. shows the variation of t 	with h ( defined 

before ). In this Figs 

+ denotes values measured with the heaters and thermo—

couples in position, and 

• denotes values measured with the heaters, etc. removed 

from the working section. 

( it is to be noted that the static pressure at H2  was always 

higher than that at HI  , and thus 

61'514 = static pressure at Hz  — static pressure at HI ). 

Fig.A4. indicates that the presence of the heaters, 

thermocouples, and their supports, have a negligible effect on 

ViSw 
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d. Conclusion. 

The available data regarding the influence of the wires 

on the flow pattern are not conclusive. They do not however 

suggest the invalidity of the assumption that this influence id 

negligible. Nevertheless, measurements of influence coefficients 

with and without the wires are still necessary to reach a 

conclusion on this point. 

2. Measurement of Air Flow Rate. 

Th- measurement of Air flow rate in the analogue 

apparatus is discussed blow under two headings: 

a. British Standards Requirements. 

Th-,  measuring device was an orifice plate with 

D and D/2 taps made in accordance with the British Standards 

given in B.S. 1042: 1943. Fig A5. is a diagrammatic represent— 
ation of the metering part of the analogime apparatus. 

The pipe diameter, D = 6.75" 

Orifice inside diameter, d 	4.25" 

the area ratio, m ( d/D f=7_ 0.395, is within the require— 
ments of the B.S.S. 

The straight pipe requirement upstream of the orifice plate 

is seen from Fig.7. of the above reference to be about six 

pipe diameters, i.e., Su. = 6D =40.5" . This requirement is 

met by the available 41" upstream the orifice ( Fig.A5 ). 

The straight pipe requirement downstream the orific- is also 

given in the above reference; it is S4 = 5D = 33.7". The 
available pipe length is 36" , which also me is the B.S.S. 

requirements. 
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b. Formula for Plow Rate Calculation. 

The formula given on p.12 of the above ref'renoe is 
2 

L = 3 S 9 C Z 	E: jr- "Ft; 

where: 

L = mass flow rate in lbs/hr, 
C coefficient of discharge, 

= a combined multiplier: the product of three separately 

specified multipliers for viscosity, pipe size, and 

expansion, 

d = orifice diameter in inches, 

E = - velocity of approach factor, 

= 	2 
m = area ratio = ( d/D ), 

h = differential pressure in inches of water, 

w = density of fluid in lbs/cu.ft. 
( W has be-n given the constant value of 0.075 lbs/cu.ft., 

neglecting the small changes in ambient air temperature 

and barometric pressure. ) 

C and Z are obtainable from graphs in the data 

sheets of the above reference. The resulting formula for the 

mass flow rate of air through the analogue chamber is approx—

imately 

ivy). 	O. 3 3 	 lbs/sec. 



Application of the Thring—Newby Similarity Criterion. 

a. Introduction. 

The similarity conditions between a turbulent jet 

diffusion flame and a cold model of it w"re studied by Thring 

and Newby ( Ref. 24. ). The result is here quickly derived 

following a method suggested during the or'l examination for the 

particular case represented in Fig. A6. The figure shows a 

diagrammatic representation of a jet issuing into a chamber of 

diameter D, the diameter of the orifice ( or the hole of the 

annular baffle ) being d. In the figure Vv- and L. 	are 

the average velocity and density of the gases entering the 

chamber, Si, is the density of the burnt gases, and V is 

the average velocity of the gases at the plane where the jet 

strikes the wall of the chamber ( plane X in the figure ). 

similar in both prototype and cold model, the ratio 

must be kept constant, 

i.e., et 	/1) 	should be constant, 
z 

or 	

r8A 	[ 
11C 	01•E 

P20-r 0 -A-  yeE 

But since there is no change of density in the cold model, 

the criterion becomes 

The momenta at the baffle plane and the plane X are 

"Tr of 	end 717  3?- .t6 V2 • 
4 

These must bear the same ratio fot the model and the proto—

type respectively. For the amount of recirculation to be 

VAL  

A.,  

01 et_ 
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Now ,LA. SL 

talouelL  is greater than the corresponding ( d/D ) ratio • [A. 

of the prototype by a factor of A/S-/A, 

i.e., the predictions of the cold model obtained for a 

particular Cd/D-A o 	ratio refer to a prototype condition rpet. 
of a smaller d/D ratio, in fact to a ratio equal to 

BL51
x S'A. 

fl 

The aim of this point of the Addendum is to apply 

this ertiterion to the comparison between the electric analogue 

predictions and the real flame results in the case where the 

flameeholder is an annular baffle. 

b. Application to Analogue Prediutions. 

Fig.54. ( p.207 of th,,,  thesis ) compares the 

analogue predictions with the real flame results forthe 

extinction of flames in th- wake of annular baffles in an 

axi-symmetric combustion chamber. The data in the figure are 

plotted in terms of the extinction loading factor,Ltxt., 

and the ratio d/D . The abscissa shows the actual d/D ratios 

used in the analogue and the real flame tests. The Thring-

Newby Similarity Criterion was not taken into consideration 

in Fig. 54. of the thesis. 

We shall now consider whether the application of 

this criterion improves the agreement between the analogue 

and flame results. For this consideration the abscissa of 

either the analogue predictions or the flame results needs 

to be adjusted in accordance with the criterion stated in 

the previous part of this section. Thy analogue is of course 

being taken as the cold model. It was stated above that the 
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predictions of the cold model obtained for a particular 

ratio refers to a prototype condition of a baffle hole to 

duct diameter ratio of 
al 	x S's/f, 

- 

thus we must multiply the abscissa of the analogue predictions 

curve by a factor of 	16/L, to make the comparison in 

accordance with the Thring—N-wby criterion. 

The inlet temperature of the gases used in the real 

flame tests was about 290 K, and an approximate value of the flame 

temperature is about 2000
0 
 IC ( Ref.2. ). And since at constant 

pressure the density is inversely proportional to the absolute 

temperature, the value of the factor "N will be 

z000 = o• 37? 

For th new comparison Fig. A7 is constructed. It shows: 

1. The real flame results as in Fig. 54 of the thesis, 

( Graph A ). 

2. The analogue predictions plotted against an 

effective hole to duct diamet-r ratio equql 

to the dID ratios of Fig. 54 multiplied by 0.378, 

( Graph b ). 

3. Also reproduced in this figure is the graph of the 

analogue predictions as plotted in Fig. 54 of the 

thesis. This is done to show how the application 

of the Thring—Newby criterion affects the comparison 

between real flame results and analogue predictions. 

c. Discussion. 

It is seen from Fig. A7 that the use of the Thring—

Newby criterion does not improve the agreement between the 
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analogue predictions and the real flame results. A better 

agreement is obtained by comparing the predictions and the 

flame results in accordance with the requirements of geo—

metric similarity. Two reasons which are likely to be the 

cause of this result are: 

1. The Thring—Newby criterion is derived for flames 

with low chemical loading, where combustion is 

determined by the rate of fuel and air mixing. 

On the other hand, the electric analogue id con—

cerned with flame conditions under which the 

chemical loading is high. Thus the criterion is 

more likely to apply in the case of furnace flames, 

for example, rather than in the case of a high 

loading gas turbine combustion chamber. 

2. The criterion refers to a similarity betweon 

prototype and cold model. The electric analogue, 

however, is not quite a cold model. It is pro—

vided with heaters which are means of simulating 

the heat generation due to chemical reaction. 

It might however be 'Anted that the value 

taken for the flame temperature ( 2000°  K ) is too high 

in view of the chemiyal loading in the combustion chamber 

of the flame experiments; and that for the analogue, the 

ratio 8̀4/14 is somewhat higher than unity. 

If the flame temperature is assumed ( as a guess ) to be 

1500 °  K then ,X a 6efined above, is given by 

= 294/Too = 6 .44" 

and if an allowance is to be made for the deviation from 

unity of VV31 	• , then the multiplier for the ( d/D ) 
MAXecue 
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ratios of Fig. 54 in the thesis should be 

VV = °' 4-  	ANALOGU E    
With the temperatures involved in the extinction tests on 

the analogue, the variation of ( s"- /SL  ) varies slightly 

from unity. A representative value is given by 

= 1.025 

This makes W = 0.44 x 1.025 

o.45. 

The analogue predictions plotted against W ( d/D ) 

are presented in Fig. A8 which also contains the graphs of 

Fig. A7 to show the improvement gained by the above corrections. 

4. Photographs of the Apparatus. 

The description of the components of the electric 

analogue apparatus was discussed in Chapter Two of thethesis. 

Four photographs are giv4n here to show: 

1. A view of an element of the analogue, 

2. Thy working section without any baffle, 

3. A vin► of the working section with an annular 

baffle placed in position, 

4. - A general 4i,,w of the whole apparatus. 
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5. The Reynolds Number and the Equivalence Ratio. 

In the thesis, discussions of flame stability 

data ( of the author and other workers ), the results were 

plotted in terms of the extinction loading factor, Le.)i+,., 

versus the equivalence ratio, 	. For example, the author's 

results for central discs in a cylindrical chamber were thus 

presented in Fig. 36 ( p. 142 ) for mixtures with week fuel 

air ratio, and in Fig. 37 ( p. 143 ) for rich mixtures. Such 
a manner of presentation of flame stability data confuses the 

effects of the fuel air ratio and of the Reynods Number. For 

along each graph in Figs. 36 and 37, the Reynolds Number is 
changing. A new discussion of the flame stability data is 

therefore given below for the cases where a quantitative 

comparison was made between the real flame results and the pre—

dictions of the electric analogue. 

The purpose of the present discussion is to 

discover whether there is a fully developed turbulent flow 

condition in the wake of the flame holders. This is important 

in view of one of the criteria necessary for similarity to 

obtain between the analogue model and the real flame it endeavours 

to simulate; namely that either the Reynolds Number in the 

original and in th-  analogue be equal, or that the flow is 

fully turbulent. The analogue results used in the thesis were 

shown to be independent of the Reynolds Number, but it is still 

necessary to show that fully turbulent conditions prevailed in 

the real flame results. 

In their study of the role of wake transition in 

the process of flame stabilisation on bluff bodies,E.E. Zukoski 
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and F.' Marble ( Ref. 25 ) established the existence of a 
4 

critical rang- of Reynolds Number about 10 based on the 

characteristic dimension of the bluff body and the conditions 

of the gases passing it. ( A similar result was also published, 

a year earlier, by D.B.Spalding and B.S.Tall in Ref. 18 ). 

Below this critical range, molecular transport processes in 

the wake of the bluff body dominate the flame stabilisation 

mechanism; while above this critical Reynolds Number range, 

a transition occours replacing molecular diffusion by tur-

bulent exchange processes. Above the transition Reynolds 

Number, a logarithmic plot of the maximum blow-off velocity 

versus the Reynolds Number, produces a striaght line with a 

positive slope ( Fig. 16, Ref. 25 ) for a variety of baffle 

shapes. Due to geometric differences, the data plotted had 

different levels of blow-off velocity; but the variations of 

the blow-off velocity with the Reynolds Number wee compar-

able. The slopes of the straight lines in th se plots were 

similar. 

According to M.V.Herbert ( Ref. 26 ), the safest 

criterion for wake-boundary transition is presumably the shift 

of equivalence ratio 0  at the peak of the blow-off loop, 

at which point stability is then best correlated. Th- tops 

of these loops are however not always cover-d; but where there 

is no evidence of the loop peaking far from the stoichiometrie 

fuel air ratio, Ref. 26 suggests that one can employ the free 

stream 0 at values other than unity. It is to be remembered 

that the shift occurs mainly with bluff bodies whose character-

istic dimension is so small that the Reynolds Number falls 

below the transition value, i.e., the flow is mainly laminar 
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in the critical range betw-en the main stream and the hot 

wake behind the bluff body. In view of the usual steep shape 

of the blow-off loop, it is necessary when using a free -

stream equivalence ratio other than unity, to guard against 

choosing too low a value of 0 ; since if 0  is too low, 

the blow-off velocity could be so small as to make the Reynolds 

Number fall below the critical transition level. Zukoski and 

Marble ( Ref. 25 ) concluded that as far as the dependence 

of the blow-off velocity on the flame holder dimension is con-

cerned, the range of 0 for which this dependence does not 
appreciably change is given by 

RPsults used in the Thesis. 

a. Central Discs. 

The main data used in the comparison between the 

analogue predictions and the real flame results in the case 

of central discs are those of the author ( Figs. 31 - 34, pp. 

135 - 139 of the thesis ). DeZubay's results ( Ref. 15 ) 

for simular configuration, but with smaller discs, were also 

discussed. The latter results were also considered by Zukoski 

and Marble at the condition of maximum blow-off velocity. 

Because of the fact that, at atmospheric pressure, the loop 

fpr the largest disc was not completed at its peak, and that 

some doubts were cast on the data for the smallest of the three 

discs tested by DeZubay, Ref. 25 concentrated its discussions 

on DeZubay's results under non-atmospheric conditions. These 

results are therefore of no directuse for comparison with the 

electric analogue predictions for central disc baffles. 
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The discs tested by the author have larger 

d/D ratios, but the stability loops of Figs. 31 - 34 in the 
thesis are not completed at their peaks. We shall therefore 

plot the blow-off velocity versus the Reynolds Number at an 

equivalence ratio of 0.85. The resulting graph is presented 

here in Fig. A9. This figure also contains a copy of Fig. 16 

in Ref. 25 which, as stated previously, contains plots of 

maximum blow-off velocity for a variety of centrally-placed 

baffles. 

The features that may be observed from Fig. A9 are 

1. Th level of blow-off velocities is generally lower 

for the author's discs ( Graph C ) than for the other baffles 

( graph groups A and B ). 

2. The Reynolds Numbers are generally higher for the 

author's discs than for the other baffles. 

3. The disc results are correlated by a straight line 

with a positive slope - just as the results for the other 

baffles. 

4. The Reynolds Numbers for all four discs at this 

particular equivalence ratio ( 0.85 ) are well above the 

critical transition value. 

5. The slope for the straight line correlating the disc 

results is somewhat higher than that for the other baffles. 

The first of the above features may 

explained by the shape of the flame stability loops. The loops 

for the discs do not show evidence of peaking far from the 

stoichiometric fuelair ratio. Thus, at 0 z= 0.85 the stability 
loops have not yet peaked. Hence the lower level of Graph C in 

Fig. A9. 
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The second point is explained by reference to the definition 

of the Reynolds Number which is based on the baffle character—

istic dimension, taken as its diameter, and the gas conditions 

past the baffle. The diameters of the discs tested in ghis 

investigation are bigger than the characteristic dimensions 

of the baffles whose stability data are presented in groups 

A and B of Fig. A9. 

The third and fourth features indicate that the flow in the 

critical region between the main stream and the hot wake 

behind the disc is fully turbulent. 

The small differences in the slope of the straight line 

correlating the disc results may be due to the fact that 

these results were not obtained under stoichiometric conditions. 

That is, the small difference of slope may express the slight 

change in the dependence of the flame stability characteristics 

on the baffle dimension, due to the change in equivalence 

ratio. 

For our purposes, the important conclusion is that 

the flow is fully turbulent in the critical wake region for 

all the four discs tested by the author. This is a fortunate 

result ( in view of the introductory remarks about the thesis 

discussion of .the data ) since it means that the analogue pre—

dictions can be compared with the flame results at the part—

icular equivnlence retio of 0.85. The comparison of Fig. 53 

( p. 200 of the thesis ) between the analogue and flame results' 

will be valid at the equivalence ratio of 0.85. With possibly 

some small differences, similar results may be expected to 

obtain at higher c6 values; but more flaw- deta are needed 

to confirm this expectation. 



b. Annular Baffles. 

The flame stability results for annular baffles 

that do not seriously suffer from entrainment of ambient air 

are those reported in Ref.18. They are part of the results 

obtained by Martin and Webb. The peak of the stability loop 

for the baffle with a 1" diameter hole was not covered. We 

shall therefore plot the resultb in amanner similar to that 

followed with the central disc baffles. The value of the 

-Auivalence ratio chosen is 0.95. 

In the case of the centrally placed baffles, 

the Reynolds Number was based on the diameter of the baffle; 

but in the case of the annular baffles we have a choice of 

two dimensions 

1. The baffle hole diameter, d, or 

2. D — d , where D is the duct diameter. 

In Fig. A10 Graphs A Pnd B are those copied from Ref. 25; 

Graph D correlates the annular baffles results in terms of 

a Reynolds Number based on d; while in Graph E the Reynolds 

Number is based on ( D — d ). Graphs D and E are both for 

equivalence ratio of 0.95. 

It is noted that the results used in Graphs 

D and E are correlated by straight lines, that the Reynolds 

Numbers ( however based ) are well above the critical tran—

sition values, and that Graph D is much steeper than Graph 

E. Graph E has a slope which is not much different from the 

slopes of the graphs A and B in Fig. A10. This means that the 

use of ( D — d ) is the characteristic dimension in the 
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definition of the Reynolds Number, brings the annular baffle 

flame stability results in line with the results for the 

centrally placed baffles. 

The annular baffle results ( for Ir. 0.95 ) being 

shown to have den obtained under fully turbulent conditions, 

may thus be used for comparison with the predictions of the 

electric analogue. The comparisons in Chapter Six of the 

thesis for annular baffles may be considered as valid for 

flame results at an equivalence ratio of 0.95. Some modification 

may be necessary if the comparison is to be extended to cover 

the stoichiometric conditiond. 
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6. experimental Data. 

The data used in the thesis Pre given in the tables 

after the present notes. The details are as follows: 

a. Analogue results 

1. Annular baffles I, these are the complete tests on the 

present analogue model. 

2. Annular baffles II, tests at higl- est flow rates on the 

Lucas Analogue model. 

3. Annular baffles III, tests on intermediate size baffles 

at highest flow rates, present analogue model. 

4. Annular baffles IV, tests ant highest flow rates using the 

present analogue model fitted with a primary and a 

secondar7 baffle, as in the case of the Lucas model. 

5. Central disc baffles, 

6. Hemispherical baffles, 

7. Conical baffles. 

b. Flame stability data 

1. Annular baffles I, reults of Ref. 18. 

2. Annular baffles II, author's results. 

3. Annular baffles III, results of Ref. 19. 

4. Central disc baffles ;,results of DeZubay. 

5. Central disc baffles author's results. 

6. Hemispherical baffles, Mestre's results. 
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c. Influence coefficients. 

The tables of influence coefficients contain cal—

culated and measured values of oiiic  and & ( definer' in the 

thesis ) for the flew in the wake of an annular baffle with 6/D 

ratio of 0.405. The resulting influence eouations have been solved 

on the computor to establish the extinction loading factors. The 

resultant solutions are: 

From calculated influence coefficients, L„t 	0.90, 

From measured influence coefficients, L mkt = 1.07. 

The latter value is the average of the values obtained when feeding 

the computor with the measured 	Pik.  in Tables I, II, and III. 

( The actual respective LL-Itt values ere about 1.08, 1.06 and 1.07 ). 

d. Formulae. 

The formulae and other data. used in the calculation of 

the experimental results are as follows: ( the symbols are defined 

in the thesis ) 

1. Lucas Analogue model tests: 
.11/ 
	 3 

Cirrn 

 = 0.25 410013 -  ClevoL. 54c• 

voltage applied to the heaters 7... 4.0 volts 

P. Present analogue model tests: 

Heater voltage -- 12.0 volts 
3 

= 	1.9 6 	G k I S 4-c 	• 

Vas flow rate, neglecting the changes in ambient air temperature 

and barometric pressure, is given by 

0.33 16)5ec. 



MeAsuP-1,76 

= 0.414 Ltdsr.r... 	I 	tM = o • 464 lLisec... 

ft1 -1,1 	 j K 
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h represents the pressure differential across the B.S. orifice 

in inches of water. 

Reynoils Number: 

yiL  Tb 	= 21.7 y, 10 

Loading Factor: 

a. Based on chamber volume 

1-0t =  5.89 x 163  n((\  

AT being measured in microvolts 

b. Based on chamber diameter 

L — o< n4n 

3 , 	 2 
0( .7- 29.1 x 10 / ( 1 — ( d/D ) ) 

3. DeZubay's reel flame results for discs: 

The Reynolds Number is based on the disc diameter and the 

conditions of the gas passing the baffle, i.n. 

Rd.  u_ sti7/,k_„ 

	

g V 	( both p end V are given in the T=ables 

A. The author's real flame results for discs: 

A similar definition of Reynolds Number is used here as for 

Pe7ubay's results, but in terms of the mass flow rate M\ 9 

and 	given in the tables. 

z 	t(C-1 

5. Hemispherical baffle results: ( Mestre 

For these results: 

= 
	( both L 	V are tabulated ) 
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7. The Combustion Efficiency 

On page 80, Chapter Three of the thesis, a parameter 

called the analogue combustion efficiency was introduced and given 

the symbol Ed . For a stable flame predicted by the electric 

analogue, Ea  was defined as the ratio between the number of 

heaters left on in the " flame " and the total number of heaters 

in the analogue working section. 

An accepted form of the definition for an overall com— 

bustion efficiency 
	

in a burning system may be expressed as 

( actual total head temperature rise of the rases in passing 

through the combustion chamber )/ ( total head temperature rise 

for complete combustion 1. 

The numerator in the definitien of ea. may be taken as proportional 

to the actual total I-ad temperature rise of the air passing through 

the analogue chamber; but the denominator has no similar relation to 

the total head temperature rise for complete combustion. That is, 

while the numerators in the definitions of eci and 	are proportional 

to each other, there is no such proportionality in the case of the 

denominators. Thus 	cannot be said to represent an analogue pre—

diction of combustion efficiency. It is in fact a measure of the heat 

input rate in the analogue chamber during the existence of a predicted 

stable flame. 



— 5-  — 

8. The Navier—Stokes Ecuations. 

Equation 3 ( p. 17 of the thesis ) was given as the 

Navier—Stokes Equation in the x—directinn. The viscous term in 

Equation 3 is in fact incomplete In their full form, these eouations 

are given by: 

g F _ 	ID 	ju. .c,-/
2 

3  JUL VU_ 	 (X) 

where 

 

	

,S) 
	

gas density, 

UL 7_ velocity, 

- 

F7  = external force on unit volume of fluid, 

P = pressure, 

	

1A- 
	viscosity, 

and 

IA_ 	‘)1 /4. 	k•A"- au  
Ti 	 1- 

) 	a) 

a 	)2 	•-L 	-a 2 
C7 	-4- ---21 -'t- 	2 

) X 2 	) 3 	az 

In the steady—state conditions, and in th- absence of 

) LA. 
external forces on the fluid, both) k. 

	
and F are eoual to zero. 



— 	— 

The dropping of the last term in the R.H.S. of equation x ( see Equation 

3 of the thesis ) does not change the conclusions of Chapter One, since 

both 
	

d2  LL 	and 3 "A_ 70U.-- in ,:quation x suggest the same 

dimensionless group, namely the Reynolds Number. 

9. Equation 5. of Thesis. 

This equation on pag,  18 of thr• tb,>sis had a printing error, 

It should read: 

H • J 
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10. R-ferences. 

Some r-fernces were not clearly stated in th,,- thesis. 

This is amended in the following list, giving these references their 

original numbers in th,,  thesis. The list also includes the references 

used in the discussions of this Addendum. 

No. Author. R-frence. 

     

6. 	D.B.Spalding. 	Some Thoughts on lelaMe Theory, 

Combustion and Propulsion, Third 

AGARD Colloouim, Pergamon Press, 

p.269, 1988. 

ha. 	B . ThwaiteS. 	Incompressible Aerodynamics, 

( 	) 	Oxford University Press, 1960, 

p. 32. 

23. H.M.Spiers. 
	Tecnical Data On Fuel, 

( Editor ) 	Fourth Edition, 1943. 

24. M.W.Thring & 	Combustion Length of Enclosed 

M.P.Newby. 	Turbulent Jet Flames, 4th. Symposium 

(International) on Combustion, p.789, 

Williams & Wilkins Co., Baltimore 1953. 
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No. 	Author. 	Reference.  

25. E.E.Zukoski & 	The Role of Wake Transition in the Process 

F.E.Marble 	of Flame Stabilization on Bluff Bodies, 

AGARD Combustion Researches and Reviews, 

1955, Butterworths Scientific Publications, 

London. p.167. 

26. M.V.Herbert. 	Aerodynamic Influences on Flame Stability, 

Progress in Combustion Science and 

Technology, Volume I, p.61, 

Pergamon Press. 
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