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Abstract,

The ain of this research uas to investigate
the validity of the predictions,obtained by the
glectric analogue technique, regarding the perform-
ance of turbulent flames with high chemical loading.

An axi-symmetric analogue model was made}
and 1ts predictions vwere compared with the real flame
stability data that could be found in the lierature,
augnented by some results obtained during the course
of this investigation. The types of flame-holders

tested weres

1. Annular Baffles,

2+« Central Disc Baffles,
3. Hemi-Spherical Baffles,
4L, Conical Baffles.

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

results, ware noted in the case of the first two



types of baffls; while the lack of detailed fiame
stabllity data prevented a final conclusion to be
reached in the case of hemi-spherical and conical
baffles. The avallable data, however, point to a
general agreement regarding the influencezzhe
baffle base diameter on the extinction character-
igtics of the flames stabllised in the wakes of
such baffles.



CHAPTER ONE.

THECRY OF TUE FIECTRIC ANATOGUE.
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lptroduction..

In the first paper on the subject of the
electric analogue for the study of steady-state
turbulent flame phenomena(Ref.l), Professor
D.F.Spalding indicated the aims and general prin-
ciples of the technicue. It was realised that most
engineering combustion ecuipments were expensive
to builld and test, and yet difficult to design from
first principles. He stressed the need for the re-
duction or elimination of the expensiée téial—and-
error developrent process largely used in practice.
Even full-scale testing does not give all the inf-
ormation thatthe designer needs, because of the
¢ifficulty of probimg very hot gases assoclated with
high~-intensity combustion.

The aim of the analogue, set forth in Ref.1l,
1s to reduce the time and cost of combustion chamber

ﬁevélopment, 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 reacfion; instead the reaction is simlated
ty electrical heating. The absence of high temperat-
ures makes the analogue easy to bulld and modify;
vwhile the observation of the details of the sirul-
ated flame is faclillitated by the low temperatures
involved, and the fact that chanrges proceed in
slow motion.

This tvpe of analogue 1s concer;ed with
steady-flow combustion equipment of the tvpe used
-in aircraft gas-turbines and ram-jet engines; but
not with combustion chambers where the chemical _
joading is very low, as in the case of steel-furnaces,
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 heatinr rates are aimed for. In such
chambers of high 16ading, the chemical processes are
therefore of pgreat 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 combusFion

chamber which it endeavours to sirulate.
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Notation.

X,¥y2 = space rectanguler coordinates,
D = a characteristic dimension of the
combustion chamber,
U,vyWw = Velocity components in the x,y, and
z 6irections respectively,
uo = velocitv of gases approaching the

~combustion chamber,

X,YyZ2 = the space rectangular coordinates
divided by D,
U,VyW = the velocity components divided by uo,

§ = gas censity,
k = thermal conductivity,
M = absolute viscosity,

Cp = ssecific heat at constant pressure,
T = temperature,
DJ = diffusion coefficient of the gaseous

species J,

3
e
]

fractional concentration of species §,



"

Pe
Rn
Pr

1l

volumetric rate of material generation, due
to chemical reaction,

volumetric rate of heat release due to

‘chemical reaction,

maximum volumetric heat release rate,
‘ifd’/fr:: heat release function,

suffix indicating reference conditions,
suffix indicating unburnt inlet conditlons,
suffix indicating completely burnt conaitions,-
(T - Tw)/(Tb - Tu) = reactecness,

Tb = Tu = temperature rise due to complete
adlabatic combustion,

heat of combustion,

the Peclet Number,

the Reynolds Numter,

the Pranctl Number,

the loading factor.
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The Differential Eguations.

The similarity conditlons and the
theoretical basis for the use of the elect:ic
analogue depend on consideration of the basic
equations for the conservation of mass, energy
and momentum for steady-étate 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,
topether with brief notes on their component parts.

Under certain conditions, the equations
for the conservation of mass and energy become quite
similar. This similarity 1is made clear when these
equations are expressed in terms of the species
fractional concebtration and rate of generation on
the one hand, and in terms of temperature and volur=-
etric heat release nn the other. The momentum equation
is the same for the system with and without the ‘.
chemical reaction.

The conservation ecuations can be obtained

by considering the conditions prevailing in a small
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elemental volume, whose dimensinns are: © X,S y
and %-z, in the x,y andz directions respectively.
For a point ( x,v,z ) the three perpencicular
velocity components are given the syrbols u,v ané
w respectively. The cohservation ecuations are
discussed below:
1. Conservgtion of 'ass.

The chanres in the fractional concentration
( mj ) of species J, are due to a balance between
diffusion, convection ané generation by chemical
reaction. In the small elemental volume, the species

J is being diffused at the rate of:

dva Py dwm; I
[20552) o) + 00’ ] 5K 8=

it 1s convected away from the element at. the rate of:

oM Y m; Iy ]
[ § 5— +vus S5y WS T; | 5x8y5z |
and ‘it is chemically generated at a volumetric rate
N

designated by: Aan

A mass balance in the elemental volume leads to the

equation for the conservation of mass, viz.,
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2. The Conservation of Energy.

The changes in temperature in the
€lemental volume are cdue to conduction, convection
and heat peneration due to chemicai reaction. Heat

is transferred to the element ty conduction at the

rate of: |
[n(& )*'33({*;1-\"'3:.(& 1315352 ’

the rate of heat transfer by convection is:

qu.q,%-rgwcrin fwcf J Sx 8y S=

an® the volumetric rate of heat release by chemical
. .[b
veaction 1s deignated by: (1,- .
A heat balance under adiabatic steady-state concitions

leaés to the equation for the conservation of energy,
vié. 2
» [2EI+HETY + 3w T ]

-—[S’ufpax-q—swq. -rf”‘r')—.'zl.,,??:o ceraerenreen(2)
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2. The Conservation of Momentum.

wWhile mass aﬁﬁ eEnergy are scalar

guantities, momentum is a vector quantity, and there-

fore its conservation has to te expressed by three
equations - one in the direction of each of the rect-
angular axes x,y 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 renerally called
the Navier-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:

aw pYT _ 2P
-fu~ %~ + S¢ 3-0-3\»9—5:; ._'—"“'-i-"‘(r),,

+ )J(r 3‘3) "‘)z(f" _____________ (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.,

2F W G e
-t TSR A e R) 2@
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Remarks on the Lguations.

Inspection of the mass and energy
conservation equations, (1) and (2) , shous a
degree of similarity - particularly 1if it is
noted that the volumetrle rates of species and

heat generatlon are related by the equation :
R ad

4 = Hy mj ____________5

where :

Hj = heat of combustion of speciles 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 nne another, and to the thermal
diffusivity of the mixture, i.e.,
pj=ocl =% /cCcpf .

b. The chemical reaction always proceeds by

the same path.,
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"These éonditions do not always ohtain, but they
ar? approximately obeyved under certaln conditinnsg
ahﬂ, since their assumption makes the equatinns
of‘mass and energy'identical,all the necessary
paramefers fbr the description of the performance
of the flow svstem with chemical reaction may bé
obtained from consideration of the energy and
mowentuﬁfeqnatioﬂs. Such paraméters are‘obtaihed
by exbressing the two equatinons in a dirensinnless

form. This is done in the section following.

&

.Dimensionless Form of the Energv and l"omentum Egquations.

»The various p?Operties contained in the
energy and momentum equations are'expressed in a
dimensionless form by the use of reference values.
These are given as follous:

Coordinates: a characteristic dirmension D,

thus:
X = x/D,
Y= y/D,
Z = z/D.



Velocities: inlet mixture approach velocity, uo,

thus:
U = u/uo,
Vv = v/un,
d = vi/uo.
Nensity, " | values at inlet cnnditinns,
Tiscosity, riven suffix o,
Sp. Heat, thus:
Therrmal Cond- T =5/%,
netivity, A =M/ Mo
E—— C = Cp/Cpo,
K = k/ko,

———

Toluretric rnaxiriurm volaretric heat release

eat Telease rate, thus:
N N/7]
Tate: YV =9 7/ %m .

Terperature is mace dimensinnless by transformine it

into the reactecness, “T , riven bty:

T =(r - 1)/ (76 - 10)



where:
T = terperature,
b = suffix cdenoting corpletely hurned
conditions,
o = inlet, or unturnt conditinns.

vv1th these transforrmatinns, the enersy and momentun

equations becone:

27 2T
Ll (k). 2 (2T ]
B [QX QX)'*W( ;32 +az (K Z)

-}
- b’C[U LRV BY +W_I +-- V=0 -.-ee..(6)

and:
W bu 2V W
s[udg +Viy +wB ] =slug v
| W NV
k[ HOF) 5039+ 50%)] e @)
vhere:
FPe = the Feclet lumber = o S_OCpoD

¥o

L = the loading factor= uoSo Cpo(Th - To)
. G% D

i

the FTeynolds Nurter = 8o uo D

/10

Iin
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parameters for the Description of Combustion Chamber
Performance.

In Equations (&) and (7), one notes that
the terms K, ¥, Cy A depend only on temperature,
and so, if the heat release function ¥ is explicit
in temperature, then Equation (6) will give the
tempeiatyreuﬁattern in thé'combUStion'chamber in
terms of Rn, Fe and L. The conditions under which
‘Wmay be a function of:tenperatﬁre:alone?are-dis-
cussed by Spalding; ( Fefs. 3 and 9 ).}These are
triefly indicated later in this sectinn. However,
it.isvsﬁfficient here to:state that this might‘hblé
for the“adiabatic oné-sﬁzém tvpe of combustinn ‘@/<
chamber. Such a’chamber is one 1n which the air ahd ::
fuel enter already mixed.

The ratilo pf the Feclet lumber to the
‘Leynolds Number, which is equal to the Prandtl Ifurber,
- §BxeR i1s effectively constant for gaseous systems.

Thus the performance of an adiabatic steady-state



one-stream combustion system may be characterized

| Ey the parameters L and Rn. In fact, if the flow.

is fully turtulent, the Keynolds Number loses its
influence due to the fact that the viscous stresses
tecome nepligible in comparison with the inertia
stresses. The perfdrmance.Of-a one-stream corbustion
chamber 1s thereforg mainly characterized by the
loading factor L. This is the sixth of seven Useful -
Half Truths formulated by Professor D.B. Spalding

( Ref.6 ). These "U.H.T."s are Statements " which are
sufficiently compact to he memorable, sufficiently
general to cover most situations, and suificiently
near,the truth to forr useful approximations to
realitv.” ( Ref.6 ). The sixth, or the one-stream .
U;H;f@ actually states that the state of a one-stream
steady flarme in a given chamber depends only on its

dimensionless loading, L. Symbolically,
Flame State ='F(t$. .000.00010.000(8)0

In the preceding cdiscussion, reference uas

- made to the conditions unfer which the voluretric
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heat‘reléase rate ( g™ ) in a one-stream combustion
chamber may be considered as an expliecit funetlon of
local reactedness (T ). This relatioh betveen (h"‘)v
and () is in fact the fourth U.H.T. ( Ref.6 ). The
requirements for its validity, and a theoretical
analvsls relevent to the chemical conditions are given
in Refs. 6;9 and 10. The flow 1s required to be
adiabatic and turbulent, though the ".H.T. 1s still
valid for laminar flow where the ciffusion is
"normal", i.e., where the diffusion coefficients of
the various chemical specles present can be assumed
equal to each other and to the thermal diffusivity
of the nixture. Furthermore, the chemical reaction,
is assumed to e controlled by one of the following
categories:

1. Single~step reactions,

2. Chain reactions obeying the T.Von Karman
and S.Fenner steadr-state approximation,
vhich assumes that the local radical
concentration is determined only by

opposed production and destruction reactlons.
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3, Chain-branching reactions where the
chain reaction is very fast coﬁpared
with the radical generating and chain

treaking reactions.

yzodelling of the Combustion Chamber.

The conclusion of the previous section sugrests
that.under fully turbulent conditions, similarity
retvieen a one-stream cohbustion.chamber and a model
of it will obtalin if the loading factor is the same
in the tuo systems. Furthermore, if the density changes
consequent upon cortustion are neglécted, the above
discussion will dlso hold for a semi-cold model of
the combustion chamber, provicded that we introduce
into the mocdel working section a heat release rate
function dependent on the local temperature in a
manher 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=-
c0ld mocel. In it the heat release funct10n,/<( is %&
produced bty 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
workibg section. The detalls of heaters and thermo-
couples distribufion, and the form of the heat release

function, are discussed in Chapter Two.

Similarity Conditions.

The Equation (6) of the conse*vatlon of
energy will be valid for both moﬁel and orivinal
when the concditions mentioned in the \previous dis-
cuésion are applicable. Its solutinn gives the
teﬁpérature or reactedness distribution, and hence
some of thé characteristics of the flame unfer invest-
igation. For example, extinctioh 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 btriefly enumerate the conditions necessary
for similarity to obtain betueen the original
combustion chamber and the analopue model. These
conditions are the assumptions and requirements
stated, dr tacitly assumed in the previous discussions,
and are as follows: ,
l. Geometric similarity must obtain
between the corbustion chamber and .
its analbgue model,
2. Douyancy and corpressibility effects
must be negligible. These require a
low Mach llumber, and a high~Frou6e
Number. Such conditions are often'ful-
filleé in the type of combustion chamber
with whieh the anaiOgue is concerned.
3. Gas dynamic effects, such as pressure
.. vaves, ancé screechiphg, must be absent.
The analogue is not designed to study such

effects.
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Only gaseous materlals are assuﬁed'to be
present in the corbustion chamber. In

the present work we have only considered
one-stream chambers into which the air
and the fuel enter already homogeneously
mixed.

The Levnolds lumbters in the original and
in the analogue must be equal. This
equality is not necessary if the flow is
fully turtulent - that is, when the
viscous stresses in it are greatly out-
velghed by the inertia stresses.

The flow is assumed a@iabatic;.thus the
effect of heat losses rust te negligible.
The effects of cdensity changes due to
corbustion are nepglected.

In both the original and its analorue ﬁoﬁel,.
similar relations rmust obtaih betvueen the
volumetric heat relezse rate and the local

reactedness.



In examining these similarity conditions, vie:
note that the first four are fulfilled by ~esign,
because the analogue model is rade geometricélly
- similar to the charber uncer investigation, and
recause it is not made to study chambers where app;
reciable effects of bouyancy, cormpressirilitv,
screeching or fuel drpplets are present. If such
effects are appreciable in the original chamber,
then the comparison of its perforrance with the
analogué predictions is not valid. TFurthermnre, in
consicdering the analoruve predictinons, or corparing
ther vwith flame results, care rust Te taken to
ensure that the flow is actually in the regime satis-
fving the requirements of either fullyv-develnped
turhnlenée or equal Fevnolds Ilurters. In the
cortustion charhbers with which e are here concerned,
the requirement of_fully-ﬂevelopeﬁ turtulence is
usually the more relevant.

The lacl of fulfilrent of the adiakatic
flow condition is one of the crawtacks of the analogue
technigue. It is expected that the discrepency

etvieen the performance of the originzl charber and
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the precictinns of its analoéue mocdel becores,

cue 40 this efiect, more serious vhen low pressures
aTe involved than at atmospheric pressures. This
expectation is tased on the results obtained by
#“€lss ané Spalding, and their associates. The first
( Ref. 7 ), discovered by experiment that even
édrastic larging of alcan reaction zone ¢did not
greatly ihfluence the stability characteristics

of the flame ther stucdied; vhile Spalcdine et alia,
( Ref.8 ), found kv theoretical analysis, *that the
effedts of radiation heat losses increase as the
pressure cecreases. The resnlts rirht be taken

to surrest that the lack of fulfil-ent of the
sixth sirilarity condition is nont very important.
Howewer, this and the fact that no appreciable
densit  chanres nrcur in the analogue, constitute
the chief sources of c¢iscrepency tetween the znalogue
and the original chamber perforrance. On the other

hanf, they are the main simplifyinc factors in the



use of the analogue technigue. One of the aims of
this work is, therefnre, to investigate the maghi-
tude of the discrepancy, ané to ascertain its effect
on the validity of the analorue technioue.
As far-as the curves nf the voluretric

heat release rate apainst the local reactedness
are concerned, their sirmilarity in both the arirsinal
and the analopue mofel can thenretically te achieved
regarcless of their corplexity. In the present work,
a simple curve is introduced into the analnsue for
reasons of experimental convenience. This sirpli=-
fication introduces an error, which is , houéver,
of secondary importance. The form of this simple
curve, and the error involved, are ciscussed in
later Chapters.

| The remaining part of this Chapter will be
devoted to further discussion of the energy

equation, and its relevence to the electric analogue.



Solution of the Energ Fguation.

The dimensionless form ofvthe equation
for the. conservation of energy vas given by
Equation (€). Analytical solution of this eouation
is theoretically possitble e knowledge of the dis-
tribution of ¥ ,C,U,V,W ist availatle throughout
the chamber volume. This is very difficult to obtain,
however, an¢ even when nbtained, the mathematics
and computations involved wpuld be prohibitive. It
is therefore more profitatlé¢ to endeavour to design
some experimental techniqueg that will vield
solutions for the cesired feiitures of the {lame under
study. One such technique, advanced by Spalding, is
the influence coefficient approach, ( Ref.6 ).

& form vhich the $olution to I'cuation (€)
might take (Spalding) is piven in inteeral terms in
Ecquation (9): |

ol vk
T :-}_—f ESIRY TR )
[\ g




vhere:

T

reactedness at a pnint j in the chamber
volure,

Y = the value at a point k of the heat
release functinn ?’,

a dimensionless function, containing

}l};’ﬂg
the aerodynamic effects betiveen the ponints

J and k in the chamber vnlure.

( This function is cesignated as the
influence coefficient lietueen the tuo
points J and k, and is given the
syrtol OLJK R

volume over which the interration

<
1]

is carried, i.e., the volurme of the
considered working section,

vk the elerental volume associated viith

the ponint k.

The integral forrm of the solution (9) is

transformed into the summation:

AU
1 —_—
7 :TZK ik e <5 -eemeee=e10)



or, introducing a "welpghted influence coefficient",

@K s £lven by:

Louation (10) is transformed into:

WA S B Yk oo ()

This form of the solution ( DEquation 12 ) is
guite adaptable to experiment. ilhat is now required
is to obtain sets of ﬁ&x for suffilecient numbers
of palrs of points J and kj; and to compute, by an
iterative procedure, thé highest value of L vhich
'allbows the"ﬁ’&to have non-zero values. This value
of L would then be the extinction loading factor,
Lext.

Determination of éag.

'In certaln cases, where a simplified
flow pattern may be postulated, sets of 831: can
be calculated, but in general they have to be.
measured experimentally. This may be done for a

pair of polnts j and k, either by injecting a
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tracer gés at the ponint 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,temperéture rise at the poiﬁt 5o o
The first technigue was used for both hot and c¢old
flous at Messrs. T1ltman langley and Co. in
collaboration with Professor D.B. Spalding.’ The
second technique is used iﬁ the electric analogue.
Only temperature rise will therefore be considered
in this discussion. However, the argument for tracer
injection technique is quite parallel. The derivation
of fgjk from the measured temperature rise at J,
DT3, 1s as follous:

The loading factor 1is re-defined to include

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

. , o
L =mn CPAT/ Ck"‘ Vs

where:

]

m mass flow rate of mixture into combustion

charter,

volume of the combustion chamber,

maxirun volumetric heat release rate,

v
-y
Yo
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AT

Cp = specific heat at constant pressﬁre.

adiabatic combustion temperature rise,

With this definition of L, substituted in Equation
(10) ve get a relation for ATJ, viz.,

ATj = T3 - Tu = $k Shik gg,_ ceerenensea(13).

h Cp

vihere:
gk = é;"'K 7 S @ L5 I8
So, if heét is released only at a point k at the
rate of gk then the temperature rise at j will te
given by:

ATJ = A,‘jk g.k ' ‘;;60000000000000000(15)0
m Cp

.

This equation also gives the influence coefficient:

| ik = ﬁ«.cSkAzj ceecsscessrsccccssesl(16),

Equation (1€) shows how the influence coeffieient

can be calculated from ATJ for any pair of polints
j ané k in the control volume. The weighted influence

coefficients can then be calenlated from Egquatfon (11).

. _BJK :d\JKf A%:K ........F-....'--.(“)‘



golution of the infiyence Eduation (12).

The set of simultaneous influence
equations (12) 6an nov be solved by an iterative'
procedure, 1f a heat release function Y explicit
" in reactedness can be assumed. A "reallistic"
function ( Spalding - Ref.6 ) used f;r this purpose
1s that given hy E§uation (17) below; ( plotted 1in
Fig. 1 ). '

v t49 T TS o)

In view of the necessity forvhaving a
‘reasonatly good coverage of the control volume,
a larre number of influence coefficients has to
be measured, giving rise to a corresﬁondingly
large numter of influence eounations. llence a comp=-
uter vas ceveloped for the purpose hy lMessrs.
Tiltman & Langley Co. Itd. This computer has teen
used to solve a few sets of influence eguations in

the course of this investigation.
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y = M(1-T),
(Ref.6.)
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The Electric Analogue.

In the electric analogue,'the influence
coefficients cany of course, be measured for various
pairs of polnts § and k. What the analogue coes,
hovever, 1s both to measure the influence coefficients
and also tn solve the set of influence equatibns
withoﬁt the aid of the computer. In other vords,
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 thé

subject of the next Chapter.



CHAPTER TWO,

AFPARATTIS AlI'D EXFPEKIMENTAL PROCEDURE.

=000~
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1 oductione.

~ The 1deal electric. analogue for turbulent
fla-mes was first described by Spalding in Ref. 1.
A summary of that deseription will now be given.

A geometrically similar model of the com=-
bus tion chamber design under investigation is con-
étrudted. Air flows through this model in a manner
similar to that of the working fluld which would
flow through the original combustion chamber.
Electrical heating elements are evenly distributed
throughout the model volume. Each one can bg
individually supplied with electric current, the
amount of which ray be controlled from outside the
analogue working section. A thermocouple is assoc-
iated with each'heater, and measures a réprésentative

‘air temperature in thé volume elemenf gerved by
the heater. The heaters, thermocouples, and their

supports, are sufficiently fine to have no appreciable
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effect on the flow pattern in the analogue model.

The thermocouples are connected to the
external controls, whiéh operate so that the rel-
ation between the rate of heat input from any
.heater and the local air temperature is similar %o
the relation between the heat release rate and the
local gas‘temperatufe in the original combustion
éhamber.

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 voiumetric heat release rate
function dependent explicitly on the local temperature
or reactedness. When the controls are adjusted so
that the heat input rate 1s related to the temp-
erature everywhere in accordance with this vy -
functinn, the temperatures in the analogue are the
non-zero solutions of the sét of influence
equatinns, and are therefore the analogue predictions

of the flame state which would prevail in the



gimulated combustion chamber. The absence of any
non-zeré temperature differences above the air
inlet temperature, indicates the prediction of
the extinction condition.
| The detalls of the‘ﬁesign,and
cdnstruction of a simple axi-symmetric analogue
model forms part of the subject of this Chapter.
The other parts give a brief description of:
l. A more complex anélogue model
built by J.Iucas & Co. Lid.
(Designated as the Iucas model).

e A flame stability apparatus from
vhich some flame extinction measurements
were obttained during of this invest-

igation. -

3. The experimental procedures for
running the analogue and the flame

stability apparatus.’
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The Sirmple Axi-Symmetric Analogue Model.

This electric aﬁalogue model 1s
intended to simulate a simple cylindrical
combustion chamber with baffles of the bluff
bodyltype, symmetrically disposed about the axis
of the chamber, and normal %o the flow cdlrection.
This analogue 1is here referreéd to as the "present
ana}ogue mocdel". The princibal difference hetveen
thié model and the 1deal electric analogue des-
cribed in the previons section, is the shape of
the heat release function. This shape has, in fact,
been used in all the previnusly constructed analorue

modelsy and is described relou.

The Heat Release Step-Function.

For purposes of simplicity of con-
struction, instrumentation, and operation, a step-
function is used instrad nf the more realistie

continuous heat release function of Fig.l. This
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step-function 1s shovn in Fig.2. The vnlumetrie
heat release rate is taker to bte at its maximum
value ( é;;) vihen the local reacteéness prevailing
in the elermental volure serﬁed by a heater is
tetueen M and 13 and 1s taken to be zero when
the reéctedness is between zero and Ti . The
value of T is chosen to give a reasnnaktle app-
roximation to the " realistic " heat release
funetion. A value of 0.7 is given to T in
thils investigatinn. The step-function is easily
produced bty an on-off temperature-controlled
switeh, which may be ope}ated ranually, or by
'an autométic abpafatus.

overall Features of the Present Analogue !‘odel.

The present analogue model was “esifned
to study the stabilization characteristics of
flames in the vake of annular and central baffles
in an axi-symmetric comtustion chamber; and to

ensure the inclusion,in the unrking sectinn,
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of the entife recirculation zone which lies
behind each bvaffle. The working. section is
cylindrical in shape, with an inside diameter
of G.% inches, and a length of 32 inches. It
is comprised of sixteen elements, each having
an axial length of 2 inches, and incorporating
six heatérs, and six thermocouples, together
with their supports. The walls of the adjacent
elements fit into one another to form the whole
length of the working section. Baffles are placed
normal to the chamber axls at a fixed distance
from the heaters of the first element. These
overall features are shown in Fipg.3, while the
detaliled construction of the components of an

element are discussed below.

The Wall and Carriers.

Fip.4t shouws a sectinn through the wall

of one element of the analogue. The edges of the

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

nf the analopue working section. TFig. 4 does

not indicate the ranner in whieh the carriers

of heaters and thermocnuples are held in pos-
ition. This is shown 1n Fig.5, which gives a
diagram of part of a sectinn through the vwall
ané one of the carriers, in particular 1t

shows the cut in the wall where one of the
car}iers 1s placed. There are six of these cuts
in every element, each accormodating nne of the
six carriers. The éuts are'disposed at equal
angular intervals arnund the wall. There are
seven small holes in each carrier. Through the
one nearest the centre of the model passes a
'circulér metal ring which hnlds the six ecarriers
nf the elerment firmly in position. Through each'
nf dhe nther six hnles passes one nf the six
circulaf heater wires. The heaters are fixed to
the carriers at the points nf enntact. The con-

struction ensures that the arrangerment is firm,

- and able tn stand the pressure exerted by the
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passing air over the whole range of air-flow
rates of interest in this investipatinn. 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 vworking section.
The two ends of one heater are silver-soldered
to copper wires, and similarly led along the
carriers towards the outside nf the analonue;
The carriers vere made of " Tufnol;" - a hard

insulating material.
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The Heater Ilements and theilr Distribution.

There are ninety-six heaters in the

analogue uworkins sectionj six in each one of
the sixteen elements. A1l these heaters are
made nf nickel=chrome vires of equal resistances
( 6.7 Ohms ); but of lengths and gauges differ-
ing according to their radial position in the
element. This radial position is given by (rm,
the radius of the cirele that the nth. heater
" has to deserite. The suffix n takes the values
1 = 6 from the centre of the elerent towards
1ts wall. The value of (rm is calculated on the
basis that the element is considered to he divided
into six concentric parts, each teins called a
" cell ". The cells are made equal in volure,
and each one is served tv a heater and a thermo-
couple.

A segment of the element, showing the

radial boundaries of a cell, is given in Fig.€.
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The outer radius of the nth. cell is given bhy:

F:mchA/m/é o--ooo-o.o-o-o--.ooo(la)o

where:

Em = outer radius of the mth. cell,

"Ke inner radius of the analogue charber.

The heaters are placed in one plane normal to

the charber axisj each one teing along the centre

of area of the cross-section nf the cell at that
plane. This arrancerent is sketched in Fir.7; the
s0li¢ 1lines teing the cell toundaries, while the
dotted lines represent the positions of the heaters.
The radius of the mth. heater, rm, is ohltained

ty taking moments about the centre, thus:

Rees
2% dx -1, W (R*«\- @«i.\) ------ -(19)

Rt
This leads to:
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The Thermncouplese.

The therrmocnuples are of the copper-
constantan type, with a linear electro-motive
force / terperature characteristic at the ranpge
of temperatufes'involved in the analorue experiments.
The output e.m.f.'s of the thermocouples are
measured by a potentinometer. At the entrance of the
analogue working section, a thermocouple, called
the " reference thermﬁcouple " is placed to measure

the temperature of the air approaching the analorue,

As shoun in Fig.c, the reference therro-
cnouple is connected to each one of the thermn-
cnuples inside the analorue workine sectinn.
Thus, there is actually a syster of Aifferential
thermoenupless so that when a *hermoenuple (J)
is in-the potentiometer - therroecouple circuit,
the reading of the potentinmeter is a measure of

the temperature difference ( T§ - Tu ), where:

]

T3 = temp. at roint j in the working section,

Tu = temp. of the air approaching the analogue.
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The Electric Circult.

The electric circuit is recuired
to provide low voltage alternating current to
ninety-six electric resistors inside the analpgue
viorking sectlion. The voltape has to be kept
constant, regardless of the number of heaters
that are suitched on. As a refinement, there is
o Cisplay panel of red lirghts to show whieh
heaters are on, and which are off. This panel
shous the pattern'of the stable flame predicted
tv the analorue for a particular loading.

'The norral working voltage is 12
volts. It is fed tn the heaters from the 230
volts A.C. mains via a step-doun transforrer.
L variable auto-transforrer ( Varisec ) is placed
betvieen the mains and the step-doun transforrer,
to enable any adjustrent whieh ripht e macde
necessary ty anv fluectuation in the mains voltare.
The circuit of each heater resistance alsn con-

tains an on-off switeh, and a red 1lirht bulb in



the display panei. As the number of heaters
switched on varles from one 1nadling to another,
the output voltage of the step-douwn transforrer
+111 also vary. Rallast heaters are acdced tn the
circuit to offset this voltage variation. To
each heater in the working section, there is a
corresponding tallast heater nutsife, eoual to
it in resistance, and so arranpged that when the
heanter is off, the tallast heater 1s on, and
vice-versa. The electric clrcuit is shown in

. Fir.9.

Alr Supply and Flow Measurement.

Alr 1is passed throurh the analogue
working section hy a Blackman hlover, vhich is
driven by a 20 amps. - 240 volts D.C. motbr.
The air flow rates thrnugh the arparatus can te
varied by means of a throttle-valve in the
suction side of the Tlower. These flow rates

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

pritish Standards Specifications, Ref.l2.

The Baffles.

Annular and central baffles have leen
tested in the analorue. The.geometrical range
covered is given below:

a. Annular Baffles:.
d/D ratio from 0.112 to 0.89,

6 being the baffle hnle diameter.

b+ Central Circular Dises:
d/D ratio from.0.325 to 0.89,
d being the dlarmeter nf the disc.

c. Hemi-spheres &

d/D ratio from 0.385 to 0.720,

d. Cones:
d/D ratio from O.415 to 0.689,
@ , the cone apex angle, from 40" to 120°
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fzhe‘Lgcgg Angnlogue Model.

" This model was described in Refs. 1 and |

13. It has anaaxi—symmstfic‘working section, with
_s primary and a“secondafy baffle. The'psimary baffle'
. 1s conieal 1ﬁ}shase, and fixed ihydimepsions;fwhere-
as the'secondary baffle 1s 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, 1t is designed on the same
principles as the nodel built for this investig-
ation ( the ".present.analogue model " Y.

| The procedure of operation for both
eiectric analogue modeis is also similar. Ths
| Lucss ﬁode1 was usedsin the early'sfagés of |
this research to}study the effect of the second-
ary bafflé hole diameter on' the extinction loading

of the chamber. The results are- reported in Chapter

' ;Three.
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The Flame Stakilit~ Apparatuse.

A schematic diagram of this apparatus
is given in Fig.1ll. The combustinn chamber is
cylindrical in shape, with a diameter of 2.0 inches,
and a length of 4.5 inches. Air was supplied from
thé Imperial College's new compressed alr unit at
a constant gauge pressure of 42 ( or 60 ) p.s.i.
Before entering the combustion chamber, the air 1is
mixed with comrercial propane supplied by three
bottles In a water-bath. The flow rates of air
and propane vwere measured, before nixing, by
means of two B.S.S. orifice plates ( Ref.12 ).

The flow rates, and hence the compnsition
of the mixture, uere controlled tv means of coarse
ané fine needle-valves, the latter being used
near the extinction condition of the flame.

Extinction loops viere obtained for four
central circular discsy and the lean portion of
the loops for a similar number of annular baffles.

The results are reported in Chapter Four.
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Experimental Procedures.

a. The Electric Analogue:

The procedure for a test on

a particular baffle in the electric analogue

is as follovs:

1

S

The btaffle is placed in pnsition at the

entrance of the analogue working section.

The blover is started, and sufficient

time is allowed to elapse for steady-

state éonditions to obtain; all the heaters
being off at this stage.

The pressure differential across the B.S.S.
orifice plate is recorded, giving the air-

flov rate through the analogue.

An equal vonltage 1s supplied to all the

heaters in the working section.

The readings of all therrocounles are

recorded



10.

In the lover range of the measurements
recorded in 5, a particular value is chosen

for Ti ( See Fig.2 ).

All the heaters with associated thermo-
couple readinegs below the temperature

chosen in 6, are switched off.

A higher value is chosen for Ti, and 7 is

repeated.

Step 8 is repeated until all the heaters

‘are switched off, signifying the extinction

condition.

The whole procedure is repeated for ofther

values of air-flow rate.

The atove procedure provides the

data necessary for the calculation of the Heynolds

Number, the loading factor, and the analogue pre-

dictions for the combustion efficiency. Thess para-

meters are cdefined for the analogue in the next Chapter.
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be. Flame Stability Apparatus:

The aim of the experiments on
the flame stability apparatus was to obtain
stability loops, 1.e. to obtain the flow rates
and the fuel-air ratio fnr the conditinn at
which extinction ocecurs . The procedure wvas,
therefore, to establish a stakle 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
flov lines of both air and fuel, made it possible
to effect small ad justments, 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 aeross, the B.S5.5. orifice

plates in the air and fuel flow lines respectively.



-69-

CHAPTER TFEREF.

AVALOGUE PREDICTIONS.

=000~



-70-

Introduction.

This Chapter contains the results
obtained tv using the electric analogue models
cescribed in Chapter Two. These results are
mainly comcerned viith the analogue predictions for
the 1oadings atonve which extinctinn of the flame
in the sirulated chamber will neccur. The flame
holders investigated here are of the hluff-hody
kind; the baffle geometry tvpes being:

1. Annular Baffles,
2. Central Circular Discs,
2. Central Hemi-Spherical Baf{les,

Ye Central Conical I'affles

The parameters used in the present-
ation of the results are thnse discussed in Chapter.

Oney and are given in the follouing Wotation,



- Notation.

Bn

e

Cp

AT
AT
Ti
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the Reynolds Number = uDS’/}L ’
average approach‘velocity of’air
upstreamvofubaffle,-

inside diameter of analogue chamber,
density'of_approaching air,

absolute viscosity of approaching air,
loading factor tased on chamber volume,
nCp AT/, vy

mass flow rate of air into the analogue
chamber,

specific heat at constant pressure

of the approaching air,

ATL (1/0.7),

T4 - Tu, |

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,( see Fig;z.),

temperature of the approaching air,
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the maximum volumetric rate of heat
release, from the anaiogue heaters,
volume of the analogue chamber, ( in

the case of the Lﬁcas analogue model,

v is the volume of the chamber downstream

of the annular secondarv baffle),

= loading factor based on a characteristic

. length of the chamber,

<
n

N osv
"

vSCp AT/""':,, D,

average veloclty of the air past the
baffle,

diameter of the analogue ch-~mber,
length of éhamber,

apex angle of a conical baffle,

analogue'prediction for combustion efficiency,

suffix added to indicate values at the

extiction condition.
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Predictions of the ILucas Analogue “'ndel - Annular

Secondaryv Paffles.

that

The hecessity to verify&the flow rate
into the charmter is in the regime vhere the
Feynolds Number ceases tn have an im?ortant
influence on the extinctinn characteristics, vas
¢iscussed in Chapter One. The influence nf the
Ternolds MNurber on the extinctinon 1leadings factor
predicted bv this analosue mncdel vas therefore
established for |gekch nne nf the haffles testerd.
Tvpical pgraphs are plotted in Fig.1lZ7. This shows
the variation of the extiction loacing factor
based nn the chamber volume cownstream the sec-
ondary taffle, Lv, with the apprnach stresr
Leynolds Numker, Fin. The parameters Lv and kn
have teen defined in the preceding notatinn.

The flow rate was varied from small values to the
may imum value attainable bv the tlower in use.
Fig.l2 indicates that in the regime of low Leynolds

lNumbers, the extiction loading factor Fecreases as
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the Tevnnlds Mu~ter is increased. A ~inirmm is
reached at a Tevnnlds "Mmrer walue nf atnut
1.5 ( based on the fiareter and an averarge
velocity upstream the secondaryv +affle ). The
extinctioh loading factor then rises with the
I.eynolds lumter, until a regime 1s reached where
this has no more appreciable ef ect on the ext-
inction loading factor. The last feature fis auite
clear in the case of taffles with larpge hole Aia-
meterssy the maxirmur flow rates attainzble with the
srallest hole ciameter baffle seem to be on the
verme of the regime where the Feynnlds Murher is
of no further Influence on the extinectinn lnadinp
factor. It is thourht, however, that nn arpreciable
chanres in the extinectirn 1nacding factor umld
talre place if the flou rate viere further increaseqd.
IFrom rraphs sueh as those in Fip.l12Z,
the extinctinn loading factor at the maxirum
Feynolds Numbers are obtained anc plotted in Fip.13,
against the ratio ( /D ) of the baffle hole dia-

meter to the diameter of the analogue chambér.
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Fig.13 shovs that the extinction loadine factor
decreases as the ratio /D is increasec.

4 further point of interest noted during
the experiments on the Iucas analopue model, 1s the
gradual contraction of the regions within the chamber
vhere a stable flame exists as the loacding factor
is pradually increased. This contraction is
illustrated by the series of sketches contained in
Fig.1l4. The loadins factor is smallest in Sketch (A),
and hirhest in Sketch (D), uwhere it is indicated
that the only region vhere there 1s still a persist-
ant flame is in the vake of the secondary annular
baffle., This result was noted with all the tests

carried out on the Iucas analopue model.
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Predictions of the Simple Axi-Symmetric Analogue
Model.

This model is the circular cylinﬁricgl
model described in cetail 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 béffle, while the
present model has only the baffles indicated
belovw. Four types of baffle were tested, and the
results are given in the next four sections of

this Chapter.
l. Annular Baffles.

The experirents carried out on annular

btaffles are reported below:

a. Combustion Efficiency.

The aforementioned procedure for orteining
the extinction loading factor for a particular
baffle,.and with a particular flow rate, approaches
the extinction condition thfough a succession of

stable " flames ", characterized by a nurber of
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heaters being left bn in the analogue working
section. Thus, below the ‘loading that causes
extinctiony a graph may be plottéd showing the
variation with loading , of the ratio tetween

the number of heaters left on in a stable " flame "
and the total nurmber of heaters in the analogue.
This ratio is given the symbol €. It is to be
noted that €a represents the ratio retween 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.1l5 contains samples nof the var-
iations of €a ulth a parémeter proportional to
the loading factor based on the chamher volume.
The three samples are for three annular haffles
with different hole dlameters at the maximum
attainable flow rates. These graphs shou that €a
decreases as the loadins factor is increased.

"When it reaches a value of htetueen 0.65 and 0.85



w8le

( depending on the geometry of the baffle )

then any further 1ncrease'in the loading factor
'requirés all the}remaining heaters to'be switched
offy indicating the sharp drop of the éfficiency
to zero, l.e. the extinction of the " flame ".
The loading factor at which the combustionveff-‘
iciency drops to zero is the extinction loacding

factor.

b. Effect of Heater Voltage.

Tests vere carrled out on the analogue
to establish the influence on its predictinns due
to changes in the voltage applied to the heater
elements. for a given vaffle and air flow rate, the
voltage is changed 4, and the extinction temperatufb
rise AW is recorded. Fig.l€ shous some typiéal_results
plotted as ATe against the squaie of the heater vol-
‘tage, ﬁhe latter being prppo}tional to the ﬁeét;;
input rate. The Figure indicates that the ejtincs

tion temperature rise is proportional to the heat



input rate. This reans that the e: tinction ‘oading
factor 1s incdependent of %the heater voltage in
the ranpe covered Lv these tests. The voltare

which was usually chosen in the analogue experi-

ments vias 12 volts.
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Cc. The Effect of Reynolds lNumber.

The effect of the Reynolds Turber on
the extinction loading factor for each one of the
annular baffleé tested has been established. Some
of the results are plotted in Filg.l7, vhere the
extinction 7oacins factor based on the chqmber
volume, is plotted agalnst the Tieynnlds Murler.
The loacing foetor and the Tieynnlds furber are
given hy:

Lv

iy

m Cp AT/ q v , and
u.fD/}*-,

the symbols being as defined in the nntation.

1

hn

I'ig.1l?7 shous that the baximum.atﬁainahle
rnass flow rates are sufficient in all cases to
produce flow repgimes in which the loadins faetors
at extinction are independent of the lLernolds umber.
The taffles whose hole cdiameter is not larger than
2.5 inches, are seen to show an increase of the

extinctinn loacing factor with the Ieynnlés TTurmkter,



the former beconming ultimately constant at the
hirhest flow rates. The graphs for larger hole
dlameters shou only the constant part of the
curves, and mav be presuwed to have 51w11ar trends

at the Jower values of flow rates.

6. The Baffle lole Diareter Effect.

This effect is consicdered at the
hirhest attainable lieynolds Nurbers. FPir.l8
indicates the variation of the extinction loading
factor at the'highest.Reynolds Murber, uwith the
ratin of the taffle hole diameter tn the dimmeter
of Ehf chamber. The values of Lv ext. uere ottained
for gach baffle from the graphs nf ﬁig.l?.

| It is seen {rom Fig.l8 that, s
the taffle hole dlareter is increased, tBe g&tinc-
tioh loading factor decreases, except in the region
whére the ratio /D is roughly betveen O.60?and
0.75. In this region, the loading factor dofis nnt
appreciably change with the taffle hole digrieter;
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| vihile beyond 1t, the ¢rop in L ext. is rather
sharp. The results of Fig.1l8 will nov be compared
"with the results predicted by the Iucas analogue
ﬁodel for annular taffles. ‘This comparison is
sucgested by the fact that the geometry of the
primary taffle in the Iucas model is fixed, and
the beﬁaviour noted Adurine extinction tests on
the Lucas mocelyviz., the fact that the last
regionlwhere the flare persists is in the uake
of the secondary annular taffle, and not hetueen
the primary and secondary taffles, ( see Fir.1ll ).
For this comparison,y Fig.19 1s pre-
sented containing the predictions of toth analogue
rmodels for the varlation of the extinction loading
factor with the hole dimameter of the snnular taffles.
'The}tWO sets of results are scen to e so close to
each other, that nne 1s justified in consiﬂéring
-thém to form a sinrle curve viith some experimental

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

i indicated to be constant, 1lies in the Terion
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vhere the scatter is largest in Tig.19. It was
therefore consicered necessary to obtain more
predictinns from the present analncue rocel for
sore intermediate values of baffle hnle ciameter.
These vere obtoined at the hirhest attainalle
flou rates, which have alreadv reen proved to
prnduce Tievnnléds lurmters hirh enough to make the
extinectlon Mnading factor independent of therm.
The reults for the interrediate points are super-
imposed in Fir.20 on the results previrusly
n:tained {rom the tun analorue mofels. This Fipure
shows also the results obtaine® fror the present
snalopue model when it has reen fitted with a
primary and a seconﬁéry baffle, in a rmanner similar
+0 that nf the Tuczs cnalorue hnﬁel,

rig.c0 confirms the Tucas analorgue
preéictions, ané shous that the twun rodells ﬁreéict
sinilar results as far as the effect nf ﬁhe change
in the hnle Adiameter of the annular Laffle fs con-.

cerned. The trend of the analogue predictions for

the variation of the extinctinn 'oading facter with
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the 4/D ratio, is clearly fefined in Fig.?O;
It is this curve which will be used in Chapter

Six for comparison with the flame stability

results.
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2e Central Circular Disc raffles.

In the presentation of the. analogue
predictions for central discs, the Reynoléds
TMumber and the loading factor are defined as
follows:

The Feynolds Number:

This is taken as the approach stream
Keynolds Mumber. It is based on the average
velocity and conditions of the air approaching
the analogue, together with the Ffiareter of the

analogue chamber, ilece.,

RO = U D /Y ceceecconcacanenncenssal(2l).

vheres
| u = average velocity of air upstream of
raffle,
D = dilameter of analogue chamber,
Y = kinematic viscosity of air at inlet

temperature and pressure.



The Loading Factor:

The 10aéing factnr is fefineé in terms
of a characteristic velocity and a linear cdim-
ension. In the correlation of data for flame
stabilization in the wake of blﬁfffbody flame-
holcders, 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 derands
the inclusion of a linear dimension in the deno-
rinator of the loading factor. The diameter of the
analogue chamber is taken for such a linear dim=-

ension. The loacding factor is therrfore defined
Ly

~

L=V£Cp AT/q.:" Do0....00.00.0....&0.(24).

vihere:
V = average velocity of air past the bhaffle,
£ = density of air approaching analogue,

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

are as follows:

a. Heater Voltace Lffect.

The effect of the voltare applied to
the analogue hraters on the extinctinn Ioadine
factor predictedé Ty the analogue for éises with
varlious diameters and at various flow rates, was
found to te similar to the effect noted in the
case of annular baffles. Within the voltage range
of interest in the analbgue experiments, the
vpltare was again found to have no noticeable

effect on the analogue predictinns.

b. The ltevnolds lNurber Effect.

The variatinn of the extinction '0ad-
ing factor predicted bty the nnalorue wuith the app-
roach stream Reynolds Humber has teen established
for discs uith Adiameters of 2.0, 2.5, 3.0, 4.0,
4.5y 5.0, and 5.5 inches. It is seen in Fig.21

that the extinction loading factor increases as



the Revnolds Murter is increased, until a flow
rate is reached where the ertinction loacding
factor rermains unchanred. The graphs indicate

a stronger Ierynonlds Humbér effect at Tow flou
repimes uith the larper cises than thev do with
the smaller c¢iscs.

The shape of the graphs in Fig.Z1l
makes it reasonable to conclude that the maximum
flow rates attainable by the hlover in use are
high enough, uith all these " iameters within the
rance covered ty Fig.21, to make neplirible the
keynolds urter effects on the extinction ldading

factore.

Ce The Disc Diameter Effect.

Fig.z2 shouws the analogue predﬁctions
for the variation of the extinction loading factor
with the disc diameter under turbulent conditiions.
The loading factors are obtained from the graphs

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

tests at the highest attainable flow rates on fliscs
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with intermediate dlameters within the range

covered in Fig.21l.

When the disc diameter is macde smaller
than 12 inches, gLe extinction loading factor
( based on the chamber diameter and the velocity
past the disc ) predicted by the analogue, suddenly
érops 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 vworking sectionj
the heater nearest the"axis having a diameter of
about 12 inches. Thus, with discs having dilameters
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 Aiameters smaller than 1% inches,
must actually be regarced as an expefimental 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
ahalogue results for discs with a diameter of
less than 2.0 inches, may be ignored. These
results are joiﬁed by a broken line in Fig.Z22.
For discs having larger dlameters, the results
predicted by the analogue ( indicated in Fig.22
by an unbroken line ) shou that the 1lnading factor
at extinction increases with the disc diameter.
The curve is rather shallow at its left-hand end,

and becomes steeper for larger d/D ratios.

The unhroken 1line 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 ménﬁer similar to that used in the case of
the central circular discs. The rqsulfs are.also
presented in a similar manner. Fig.23 shous the
dependehce of Lext. upon the}Reynolds Number.

The extinction loading factor increases with the
Reynnlds Number, until the latter reaches values
where the Tirst becomes independent of it. This
trend is seen to be clearly established in Fig.
23 for the hemi-spherical baffles with d/D ratios
of 0.385, 0.507, 0.618, and 0.730.

Three more hemi-spherical baffles with a/D
ratios between 0.385 and 0.730, were tested at
the highest flow rafes attainable by the blovwer.
Inspection of Fig.23 supgests that these flow rates
are high enough to justify the assumption that the
extinction loading factors predicted ty 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 pf'Fig.23.

| The analogue predictions for the var- .
jation of the extinction loading factor with th;'
hemi-spherical baffle diameter is shown in Fig.2W,
This variation is here éoﬁéiﬁered at the highest
Reynolds Numbers., The unbroken lines in Fig.24
conhect the analogue prediction points for baffles.
with /b 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'alﬁost tovzero. The explanationvfor this
was given in the prcsentatipn_of the analogue pre-
_éictions for central disc baffles.

The curve drawn throuph the points

joined by unbroken lines in Fig 2k, indicates the
trend that the extinction loading factor for flames

in the wake of hemi-spherical baffles, increases

with the baffle diameter.



- 104 -

2
o A-t——e—0]730
v
. < »/, *-'-‘ . o:bl%
4 P - O w—
[ ~Z e
- P /.
jﬁ ” .’,
y
1
»
8
'—_.-‘-"——‘—o-ﬂg.o'sov
.”‘.ar
-
~ . _L B-3.19
-
a2 -
4 .
b 0 14 8 a2 2.6

-+
0 %X RV‘\-—-—

VARIATION OF EXTINCTION LOADING FACTOR WITH
APPROACH STREAM ReYNoLDS NUMBER

0“'
PREDICTIONS 8Y THE Lo = VS CpAT / Y D
PRESENT ANALOGUE |
MODEL ~ HEMI-SPAERICAL | ~ Rnz 4m [TD
BAFFLES. '

Fia, 23,



- 105~

s
1‘— o
45
. |

/]
S #
, )
/
/.
/
RSP A
(o]
o 02 o4 b 03 o
.q. B ot
b
VARIATION OF EXTINCTION LOADING FACTOR  °
WITHR BAFFLE DIAMETER

PREDICTIONS BY THE Lba V8. CPAT

PRESENT ANALOGUE A c‘: 5

MODEL ~ HEM|-SPHERICAL ™

RAFFLES.

Fic. 24.



-106-

4, Conical Baffles.
8 Reynolds Number Effect:

It has already been established

'-that in the cases of the cenfral discs and hemi-"
spherical baffles, the maximum flow rates of air
that could ba"passgd.through‘the analogue by the
blower 1@ use uqfe‘sufficiently high to produce

a Reynolds Number at which the extinction loading
factor 13 1ndepéndent of it. It 1is gherefore-
'reasonable té assume that thg same is true in the
: caée of conicél baffles. Thus, from all the conical
_bafflés tested in this series of experiments, onl&
three were fully tested from the point of view Qf
the Reynolds»Numper cffeéf.,The resﬁlts, plotted‘
in Fig.25, justify the aforementioned assumption,
and the test b:oéadure addpted'in.the present.
series.

This procedure is to find the extinction .
loading'fa‘etor for each baffle at a small number of
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flow rates on and near the upper limits of the
keynolds 'umber, and to take the average as the
snalogue preciction of Text. for the particular
baffle. The differences in these measured values
of Iext. are as small as those noted at the higher
flow regimes in Fligs.Zl and 23 for central discs

ané hemi-spherical baffles respectively.

be 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 heml-spherical

baffles, namely,

L =V.?uCpAT/é:\D,
with the symbols having the same significance as
refore. The conical baffles tested had apex angles
of 40, 60, 80, 100, and 120 degrees, but Fig.z6
also contalins results for cone angles of 180 derrees.
These last points are the analogue predictions for

central discs taken from Fig.22.
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| It 1s seen from Fig.26 that the analogue -
predicts a dedrease in the extinction loading
factor as the cona angle 15 1ncreased. A straight
line correlates the ‘analogue predictions to a

good approximation for the various base diameters

tested.

ce Effect of Coné'Basb Diamétérs ' ,
The base diameter effect on the
extinction loading factor is indicated in Fig.27,
whieh is based on the results of Fig.26. The '
loading factor at extinction 1s seen to 1ncrease
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 a/m when the apex angle is small.
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The Flow Criterion, Kf.

In addition to Informatinn about the
performance of a given combustion system from the
reaction point of view, which 1s choracterised by
the loadlng factor, the designer of the system also
‘requires information about the pressure drops enc-
ountered vhen a certain mass of vworking f1luid
passes through the combustion chamber. A relatinn
is therefore needed to connect the pressure crop
Apsy with the mass flow rate fy, and the othar
factors that will influence it.

Spalding ( Ref.5 ) used the theory bdf
dimensions to obtain such a relation. The factors
included in the analysis wuere:

l. The air inlet temperature, T¢ ,

2. The outlet gas temperature, T2 ,

3. Atypical dimension of the chamber, X,
4. The initial air density, §

5. The initial sonic velocity, ay ,

6. The initial air viscosity,/pq .



~113-

The relation obtained by dimensional analysis

is given by Equation 23 below:

.2 - . '
o f[ I Sl S B S ereene(23)
2P § 9 X ol SL % ot

where:

go = the constant in Newton's Second Law

of Motion ( 22.2 lbm. ft. / 1lbf. sec. ).

Inspection of the three terms in the
risght-hand side of Equation Z3, reveals that the
first term has the nature of a Reynolds Number;
but since with fully turbulent flows, the influence
of thils parameter on the flow pattern is negligible,
this first term may be ignored. i/hen discussing the
second term in the I.H.S. of Equation 23, Spalding
sucgested the relegation of the group ( T2-Ty ) / Ty
to a second level of interest, since the actual
range of variation of this rroup is small in
practical combustion chambers, and 1its effect is

similar for nearly all desirns.
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Thus the ratio of the temperature rise to the
initial temperature 1s also neplected. The third
group in the R.U'sS. of Ecuation 23 has the same
significance as the !‘ach Nurmber: it represents
the influence of compressibility effects. In the
systemé where this efiect is small because of the
low Mach llumber, this group may also be ignored.

Equation 23 thus becomes:

F;f = m = ---___-----u__(24)
AP K

where:
K¢ =the flow crilterion, the term 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.
Tor example, the volume, v, may be chosen. This

changes the definition of the flow criterion into:

.2

K¢, - —20 I ¥
Sv AP 31 30 \;73 ( )
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| The suffix (v), added to the flow criterion indicates
that the volume is the characteristic geometrical
factor. This form of the flow criterion 1s being
used below to present measurements made on the
analogue model with annular baffles. The total
pressure drop suffered by the ailr in passing
through the analogue chamber was measured for
various flow rates. The fact that the heaters
vere either on or off was seen to have no appre-
ciable influence on the meésured pressure drops.
The variation of the flow criterion
with the approach. stream Reynolds Number, is
negligible for a given‘chamber configuration. The
averaged Kg, values are plotted against the baffle
hole diameter in Fig.27a, which shous that the
flou criterion improves as the haffle hole diameter

is increased.
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inctio oading F (o) d the Flow Criterion.:

Ag previously stated,-thc,designer
of aicombustion system needs to view the5performance
from both the reaction and the flow viewpoints. He
requires high values for both the extinctioﬁ loading
factor and the flow criterion,‘but~findsltha% these
requirements are not compatible, as illustralted
by Fig, 20 and Fig. 26. A more useful way to con-

- sider the results would be a plot of:
Text, ~~ Kf\} .

According to the requirements of the
system, the designer can chose the maxirmum Kf" ’
thereby having a measure of ﬁhe Lext. associagted
with this flow criterion. The predictions by the
present analogue model for annular baffles are

plotted in this manner in Fig. 27b.’
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Introduction.

The air of this Chapter is to intreoduce
and cdiscuss snme data on the stabilization of
flames in the walce of bluff todies. The relevant
cata are to be used in Chapter Six for comparison
vwith the predictions by the electric anzlogue for
similar systems. It is therefore necessary to Yeep
this comparison in mind when ¢iscussinsg any avail-
atle flare stab-1lity results. These resnlts ore
usually presentec¢ as plots of velocitv, or rass
flou rate at the extinction eondition, arainst the
nverall fuel/air ratio, or the ecuivalence ratioj
the latter being equal to the fuel/air ratio
civided by the stoichiometric fuel/air ratin. Sonre
vorkers, hovever, present their results in terrs of
correlations involving the velocity, a linear dimen-
sion, and the pressure. For exarple, ‘‘estre ( Tef.1lh4 )
correlated his results for discs, cnnes and heni-

spheres in a rectangular charber ty a plot of:

\
3 o~ Ale (26



vihere:
V = velocity past the baffle,
D = a linear dimenslon,being the base ciameter
of the baffle,

4L/C air-fuel ratio.

DeZubay ( Lef.15 ), on the other hand, correlated
his results for fiscs in a cylindrical chamber by

& plot of:

w5 L] e

vihere:
“l’[ f/ p :A

VD = velocity throurh aunular area,

mass fuel-air ratio,

forred by test duct and disc,
P = nressure in rlane of disc,
D = disc diameter,

f.h = exponents used in the. correlation.

Such correlations, hnuever, are of no

¢irect use for the purpose of comparison with the
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predictions of-thé electric analogue. This applies
to any preéentation of-flame stabllity 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-
éideration in Chapter Three, when the ana10gue“
predictioné were presented in terms of the extinction
1oa61ng factor at a Reynolds Number high enough to
make the extinction loading factor independent of it.
- The~f1am£ stébility resultsvmuét therefore
first be shown to satisfy thls indepencence con-
dition before comparing them with the analogue pre-
dictions. Similarly, any analogue predictions must
be taken to be relevant only to systéms vhere the
extinctién loading factor 1is independent of the
FPeynolds Number. The available flame stbility
results are dlscussed in the present Chapter, wilth

speclial regard to the fulfilment of this condition.

More data were obtained during this research to



augment the data of other torkers. The results

Giscussed

1.

(¥'S)

in this Chapter are as follous:

DeZultav's results for discs in a circular
burner,

Author's results for dises in a ciréular
turner,
ifartin and iiebb's results for a burner
vith a fixed primary baffle, and a
secondary annular baffle with a variable
hole ¢iameter,

llartin and Rushton's results for

annular taffles in a circular burner,
Author's results for annular htaffles

in a circular burner,

llestre's results for hemi-spherical
baffles in a rectanrular burner,

l.esults of Farrere and llestre for
conical ané disc taffles in a rectanpgular

corbustinn charber.
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Jjotation.

Ly = loading factor tased onn burner diameter,

-~
V& Cp AT / gm D,

V = velocity of fuel and air mixture past

the bafile,

Su = density of the mixture at inlet conditions,

Cp = specific heat at constant pressure,
AT = adiabatic combusti~n terperature rise,
= Tb - Tu,
T = terperature,
u = suffix denoting unburnt conditions,
b = suffix dennting corpletely turnt conditinns,
5~ = voluretric heat release rate,
m = suffix denoting the maxirur,
D = diameter of burner,
d = Adiameter of baffle,
En = the Leynolds l'urber,
FAR = fuel/air ratio,
¢ = equivalence ratio,

ext. = extinction conditions.



1., Flame Stabkility Results - Central Disc Baffles.

Ae. DeZubav's Results.

These results are reported in lLefs.
15 and 17. The first reference contains flame
stability curves plotted as blow-out velocity
versus the fuel/air ratio, for three circular
discs having dlameters of 0.7%, C.50, 2nd 1.00
inches, placed norrmal to the flow direction in
a circular duct of 2.75 inches cdlameter. The
fuel used contained at least 955 propane, and
not more than 5. Lutane and/or ethane. The pre-
mixed fuel and air enter the chamlrr at a temp-
erature of abnut ?50° Rs vwhile the pressure uas
varied betveen atmospheric and 3 psia. 411 the

results vere found to correlate when plotted as

14
FAR = F{?r;-ss- f oo (26)



The second refrrence contains *he results of the
first, plus acditional data obtained with the same
apparatus anéd fuel, tut with cdisecs of ciameters
1.50 and 7.00 inches. The correlation (26) is
also used, and the smooth best line is craun
throurh the experirmental pnints. Iin incdication
is given of the various pressures, as in the case
of the results of Fef. 17. It is therefore nnt
possible tn analyse the results for the 1.50 and
the 2.00 inch discs in the same manner as the
results nr the other discs.

The velocities and fuel/air ratios at the
blou=out condition are used for each disc to cal=-
culate the extinction loading factor, Lpext., uhich

is defined by:

VQx{, .?\LCP AT
L, = Yol e e(27)
2xt ., qm D
vihere:
V = averare velocity past the disc,
D = duct diameter,

other svmbnls as cdefined in the nntation.
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The method of calculation nf the loading factor

is described in Appendix 2. The resultant variation
of the extinction loading factor uith the ecuiv-
alence ratio, ¢ , is indicated in Fig.ZC. The
actual experimental points vere taken f{ror the
rraphs of hef.l5 as the basis for the calculation
of Fir.2t.

This figure indicates that for discs with
diarmeters nf 0.25 and 0.52, the extinction lInading
factor increases continuonusly with the eculvalence
ratio, although the increase for the half-inch
cisc is nont larpe uhen ¢ is Letueen 0.75 and the
stoichiometric ratin. In the case of the 1.00 inch
discy only fevw points are available, and the trend
of the results is not clear.

The significance of plots such as Fir.28,
1ies in the fact that ¢ mav be consicdered as an
indication of the lievnnlds Nurmber. In the veak

fuel/air ratio regime, for example, a bigrer @
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is associated with a larper Leynolcs Tumber.
The absence nf a horizontal strairht line in
Fir.7{,y therefore incicates that the results of
DeZubay for the two smallest discs are not independ-
ent of the Reynolés l'umber, while the results for
the 1.00" cdisc are not conclusive, Thus, these
results cammot be used for éomparison uith the
electric snalorue precictions for central discs.

The correlatin~ curve reported in Fip.
of RNef.17 for the résults nf all five discs tested
by DeZubay will now be used to construct a rraph
sinilar to those of T'ir.28, for a particular |
pressure and cdisc dia~eter, e.p.,

Fressure = atrospheric

I'ise é¢iareter = 1.00 inches (/D = 0.363).

The calculatecd variatinn of the extinetion Tnacing
factory Lp ext., with the ecuivalence ratio,
for this particular example, is given in the rraph
of Fir.29. This graph shnus that the L ext. is

costant for values of ¢ in the range betvieen the
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stolchiometric ratio and about 0.75. Outside this
range, the extinction loading factor increases
with the equivalence ratio.
In order to show the Neynlods I'umber effect,
the points of Fipg.29 are presented as a plot of
Lp ext. against Fn in Fig.30, Rn being the Ieynolcs
Number based on the approach stream velocity and
conditions, and on the disc diameter. I'ig.30 shous
that the extinction loading factor increascs
with the Reynolds Humber for weak mixtures, until
a Reynolds Nlumber is reached above which the
loading factor at extinction is independent of it.
For rich mixtures, Lp ext. decreases(uith increased
Feynolds HNurmber)towards the constant value reached
by the weak mixtures.
The comparisons with the eclectric analogue
are only valid for the part of the weak regire
in which Lp ext. is independent of Rn. However,
because of the considerable experimental scatter

around the smooth curve on which Fir.30 is based,
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it was decided to obtain more experimental
flame results with disecs 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's Kesults.

The apparatus used in obtaining the
flame stability results of this sectinn vas des-
cribed in Chapter Tuo. The four circular cdiscs
tested Had diameters of 0.77, 1l.00C, l.25, and
1.50 inches; the cduct cdiameter belng Z.00 inches.
Comrereial propane vwas used as fuel. It entered
the conmbustion chamber pre-mixcd with air, at
room temperature . The results nf the tests
on the four ciscs are plntted in Firs.21l, 22,

23, and 34, as the mass flow raote at blou-out
against the equivalence ratin. The actual experi-
rental points nf these sraphs are used,in the
mamer described in Appendix 2,to calenlate the

extinction 1lnading factor. This is defined by:

LD = wlt. !MQ’AT

.

ext, q’ m D

e e o2 (27)
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vhere:

Vext. = the sverare velocity nast the Aisc

at the extinction condition,

duct Adiameter,

o
]

other symbols 2s defined in nntation.

The resultant calculated loacdine factors
ore plotted in Fig.36 for the veal rixtures, and
in Fir.37 for the rich mixtures, arazinst the
equivalence raotio. ( "ot many rieh extinetion
roints vere obtained, rmainly due to the expectstion
that the results would not be nf direct use for
corparison vwith the electric analopue predictionse.
This vas surrested hy the analysis of DeZubay's
results in the previous section, and confirred
even ty the few pnints ottained ~uring these tests.)

Fir.236 shous that the 1nading factor at

extinction remains constant for the four discs
tested wvhen the rixtures are vealr, anﬁ.with an

ecuivalence ratio hicher than about 0.77. On the
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other hand, Fig.37 shous that vhen the mixture is
rich,y there seems to be no region of constant
extinction loading factor. To the risht of the exp-
erimental scatter for each disc in Fig.26, there

is an arrow indiceting an approximate averapge of
the constant values of the loading factor. These
values arc plotted arainst the disc diameter in
Fig.38.

The Peynnlds I'urber has a neglirible effect
on the points of Fir,28, and therefore this curve
is the one that will be used in Chapter Six for
comparison with the predictions of the electric

~nalorue for circular disc baffles.
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2+ Flame Stability Results - Annular Baffles.

All the data analysed in this section
were obtalned bty students at the Imperial College
of Sclence and Technology, under the supervision
of Frofessor D.B.Spalding. The analysis 1s again
concerned in providing possible basis for the
comparison of flame stability results with analogue
predictions for annular baffles in éxi-symmetric

combustlion charbers.

as The Results of Martin and lletbh.

These results are reported in Ref.lE.
The burner used is geometrically similar to the
Lucas analogue model which was described in Chapter
Two.The dlameter of the burner is Z.0inches, and
the diameter of the hole of the secondary annular
baffle was varied between 0.625 and 1.500 inches,
but the reported flame stability limits praphs
for baffles with small hole dia-meter, show a shift

towards the rich mixtures region. This 1ndicates
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that there was an appreciable entraimment of ambient
alr by the jet 1ssuing from the hole of the second-
ary haffle. The reported flame results for these
pbaffle sizes were therefore excluded from the present
discussion. Only the reéults 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 Fef.18, show little scatter. The smooth line
through the experirental pnints has therefore teen
taken here as the basis for calculating the variation
of the extinction loading factor with the inlet
mixture equivalence ratin. The definition of the
| loading factor used in the present seétion is similar
to that used in the presehtation of the analogue

predictions for annular baffles in Chapter Three,

namely,
Ly =m&®aT  _____....(28)
where: o V0
m = mass flow rate of the fuel and air mixture,
v = volume of combustion chamber, - other symbols

as in notation.
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Fip.39 represénts the vériation of the ext-
inction loading factor with the weak equivalence
ratio near the stoichiometric conditiony and 1t
reveals that for all the three baffles, there is a
region where the loading factor at extinetion is
independent of the equivalence ratin. This 1In fact
means that the influencé of the Reynolés MNumber
on the stabilization characteristics of the baffle
may te ignored.vThe constant values of Lext. in
‘Tig.39 are plotked apgainst the ratio of the bhaffle
hole diameter to the burner cdiameter in Fig.hO,
showing the cdecrease of the extinection loading
factor as the annular baffle hole diameter is
increased. |

It 1s the graph in Tig.40 vhich uill bé
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 répofted in Ref;19.
The burner used was a simple Eylindrical;dﬁct 6f
1.5 inches diémeter; and, 7.5 inches in. length.
The fuel used vwas comrercial propane premixed with'
alr at room'temperéturé. Three annular'baffles
were tested, the'ratio bf their ﬁéie diameter to
fhe diamcter of the dﬁct.being 0.54 0.74 and 0.8,
The flame stability 1irits presented
fn this section have been calculated according to
the British Standards Specificatiﬁns,from the ‘basic
measurements of pressure differentiais,across the
B.S.S5. orifice plates reported in Ref.19. THe results
are plotted in Fig.tl as the mass flow rate of the
fuel and air mixture at the extindtion‘conﬁiﬁion
apainst the mixture equivalence ratio. The griaph
for fhe baffle with 4/D ratio of 0.5 is seen to’
be shifted bodily into the rich regime, sugpqsting

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

Fig.hz contains the results for the other
two baffles, plotted as the extinction 1oading
factor against the weak equivalence ratio. A'region
is seen to exist ihere thé loading factor is indepﬁn-
dent of the equivalence ratlio near the stoichilo-
metric condition. This again Indicates that the
loading factor is independent of the Keynolds
Number,

Fipg.4Z is taken to give the following
result: | '
Annular baffles with 4/D ratiosbbf 0.7 and

0.8,

Lv = O. 4k,
ext.

This result 1s 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 Pesults.

During this investigation, an attempt
wvas made to get flame stablity rgsults for anpnular
baffles with d/D ratio of less than 0.70, in a |
chamber similar to the one used by Martin and
Rushton. Four annular baffles uere tested.in'a
burner having a 2.06 inch diameter. Only the weak
part of the {lame stability lirits were obtained,
and plotted in Fip. 43 as the rmass flow rate at
extinction versus the mixture equlvalence ratio.
The figure indicates that the results for the
baffle with 4/D ratio of 0.50 have shifted into
the rich regime, while those for the baffle with
3/D ratio of 0.625 have shifted towards this region.
This sugéests entrainment of ambient air by the
burning jet, the effect being larger for the baffle
with smaller ﬁole 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 a/D ratins of 0.750 and 0.875 cannot be used
for comparison with the analngue predictions.

The reason for this is shown in Fig.44, where these
results are plntted as the extinction loading
factor versus the weak equivalence ratin. Thé
1oading factor at extinction is seen to increase
vwith the vieak egulvalence ratio at the hiegh values
of the latter, indicating that there is still a
Reynolds J'umbrr effect on the extinction loading.
It wads therefore decided to confine the comparison

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

Results of Mestres

The ava;lable dafa on the stabiliza-
tion of flames in the ;ake of hﬁmi-spherical baffles
‘due to Mestre, reported in Ref,lh, were obtained
in a combustion cﬂamber rectangular in cross-
section. The fuel used was kerosene, which entered
the chamber already well mixed with air, at an inlet
temperature of 573° K. The diamete}s of the hemi-
spheres tested uere 15, 20, and 25 milLﬁ%etres; é;//
the chamber cross-sbct&on dimensions being
100 x 150 millemetres.

The flame stability limit curves

reported in Ref.llt are not complete; the weakest
rich point having an air/fuel ratio of about 12.5
and thé richest weak point having an air/fuel ratio
6f about 18.5. These air/fuel ratios correspond to
equivalence ratios of about 1.18 and 0.80 resp-
ectively. In thls section, attention vwilll again be
‘confined tno the weak stability limits..The éxtincficn
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loading factor was calculated for the experi-
mental points of Ref.ll4, and the results are plotted
against the mixture equivalence ratio in Fig.45.

-The loading factor is defined as follous:
Il ' ,
LD = Vfucp AT /qu o‘o'oooooooooo(27)o

where: the symbols have-the significance given
in the notation.

Fig.hs may be taken to suggest that in the
range of air/fuel ratios covered, the highest was
not enough to makégthc extinction loadihg factor
independent of the Reynolds Nurber. Thus‘the results
Qf Fig.45 cannot be used quantitatively for the
purpose of comparison with the electric analogue
, prcdiétions for hemi-spherical baffles. However,
it may be surmised from Fig.45 that, under fully
turbuleht conditions, the extinction loading factor

Increases wlth the hemi-spherical baffle diameter.
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Y. Flame Stahility Results_ = Conical Raffles.

The data available under this
heading are those of LKefil6é due to Mestre. The
combustion charber used in obtaining the results
for the hemi-spherical baffles was also used to
obtain cata for the stabilization of flarmes in
in the wake of Cifcular discs and rirht-angled
congs. The diameters of the discs and cones tested
weée 15, 20 and 25 millemetress; while the dimensions
of the chamber rectangular cross-section uere
10Q x 150 millemetres. The results are corrélated
in hef.16, in terms of the ratio of the gas velocit-
to taffle ciarmeter against the air/fuel ratio. fut
there is no means of separating the extinction |
points for incividual discs or cones. These results,
cannot therefore be analysed in terms of the loading
factor and the influence on it due to the Reynﬁlds

Number. Data of Ref.1l6 for cones and discs are copiled,

in Fig.46.
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CHAFPTER T'IVE.

THEORETICAL ANALYSIS OF FIAME STABILIZATION
IN
THE WwAKE OF AN AITULAR BAFFIE.

. =m000=
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Introduction.

The performance of a burning flow system
is the result of the interactinn betueen the
physical ané chemical processes associated with it.
In a one-stream systerm, the physical proéésses are
characterized by the flow patterny while the
cherieal processes'may be représented by local
volumetric heat release rate. It is primarily
the corplerity of the flow pattern which is the
nrain obstacle to the prediction nf the performance
of the svstem by means of theoretical analysis.
in certain cases, however, this probler has been
solved. For example, Spalding ( 1'ef.20 ) analysed
a simple two-dimensional recirculation system, the
-spherical reactor used by Longwell and Weiss in
their determination of heat release rates ( Ref.Z21 ),
and the diffusion-controlled spherical reactor.
Spalding also sugrested an analysis of the

flame stabilization in the wake of annular baffles
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in an axi-symmetric chamber. The ‘etails of this

analysis, and the solution of the resulting diff-

erential ecuations, make the subject of this Chapter.
A flow pattern in the wake »f the annular

baffle is first postulatec, and found to be a

reasonable approximation to reality by comparing

its cdnsequences in terms of influence coefficients

with those measured on the electric analogue app-

aratus. The suggested flow pattern is then used

in conjunction vith an assured heat release r-te

funection, to derive equatinns the solutinn of which

gives the perforrmance of the svstem in terms of

the 1oading factor, the corbustion efficiency, and

a parameter related to the geometry of the combustion

chamber.

The_Fostulated Flouw Fattern.

The following are the features of the
flow pattern, which is assured to obtain in the

vake nof an annular baffle placed normal to the
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axls of an axl-symmetric combustion chamber:

1.

The system 1s regaréded as adiabatic, and the
flow as being fully turbulent.

The premived fuel and air enter the chamber
through the hole of the baffle at the rate

of m 1lbs. per sec., forming a jet which
spreads in a conical shape symmetrical abnut
the chamber axis. The jet merets the wall of
the chambter at a gliven distance downstream

the baffle. At that point, a proportion of the
pases sre reversed into the recirculation

zone, as indicated in Fig.u7,

The temperature of the gases entering the
recirculation zone is the same as the temperature
of he gases continuing to flow in a streame

Wwise direction. Thils temperature is here
characterised by ATe ( the temperature.rise

above that of the entering rixture ).
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POS TULATED FLOW PATTERN

Fig. 47
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The recirculating gases are entrained by the

jet as suggested by the arrows in Fig.L47.

As far as the rate of entrainment and the flow
in the jet are concerned, the laws of free
Jjets are assumed to apply. In particular, the
mass rate of Jet flow at a distaﬁce b. dowh-

stream the baffle is given by the approximation

e
M =kf(‘§;":) i ARt (29)
wWwhere;
k = a constant emperically determined .
from free jet data, |
d
i ) 8 = densities of the burning jet fluid

the baffle hole diameter,
and the incoring pas mixture resp-

ectively.

Equation 29 way be written as:

MG = R AN oo (30)



-1€9-

vhere: ' Y
A $\
e (—_{t:) >
r 3

-
R is designated as the recirculation parameter,

.2 is the length of the jet up to the place where
it hits the chamber wall.

yalidity of the FPostulated Flow Fattern.

Before using the flow pattern as a basis
for analytical study of the system, it is necessary
to confirm its volidity as a reasonable approxim=-
ation to reality. This is cdone by comparing
measured influence coefficients between pairs of
points behind the annular baffle, with the values
given by calculatioﬁs tased on the postulated flow
pattern.

a. Calculation of Influence Coefficientse.

It was shown in'Chépter'Oné 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:

; AT
Ljx =MCP. g -------—-------.(Bl)
i .
where: -
ATJ = temperature rise at the point j,
G = heat input rate at the pdint k,

other symbols as before.

In an adiabatic chamber, ATe (defined

above ) 1s given by:

. .
AHTe = e e e m- mm————
e ~:EP (32)
Louations 31 and 32 glve the following definitiop

for the influence coefficient:

‘r.'
k=D )

Egquation 33 affords a means for calculating the

influence coefficient ffom the postulations made’
about the flow pattern. For the purpose of %this
calculation, the chamber volume betueen the baffle
and the point where the Jet meets the wall, is |
divided into six parts, as shown in Fig.W4?7. These
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parts are rnade up by dividing the chamber into
three equal sections along its axis. Volumes 1,

c and 3 are thus in thejet, and volumes 4, 5, and
6 are in the recirculation zone. The first three
parts entrain gaées from their corresponding recirec-
ulation zone parts at the rates determined by
Lquation 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 risey, A Te, beings taken as the
temperature rise in part 2 of the chamber. Table
(3) contains the resulting calculated ol jk values

for an annular baffle with a hole to duct diameter

ratio d/D = O.l+05.

Measurement of Influence Coefficients.

The measurements are performed on the
present model of the analogue. This is consiféred
to be divided Into six sectinns, as in Fig.u?7,

where a sectinn 1s 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 Jj, ATJ, is likewise the average of temi)-
erature rises recorded by thermocouples in the
section j.

In addition to ATJ, the other cuantity
that has to be measured in order %o obtain the
influence coefficient, oljk, is the exit temperature
rise, ATe, This is taken as the average temperature
rise recordec by the six thermoenuples of the first.
analogue element dounstream the plane whefe the
jet hits the wall of the analopue chamber. The
influence conefficient is then calculateé from the

formila:
ik = ATS / ATe.

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 piven in Tables (4), (5) and (6). These are
all for a baffle with a similar 4/D ratio of 0.405,
but for mass flow rates of 0.37, O.41% and O.465

lbs./sec. respectively.

Comparison Between Measured and Calculated Influence

Coefficients.

This comparisnﬁ'is carried out by'ins-
pection of Table (3) on the one ﬁand,vanﬁ Tabhles
(%), (5) and (€) 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 .ljk measured for the
variosus flow rates differ from each other, and
from the calculatéﬁ influence coefficlents by less
than 25% of the calculated values, In view of the
crude sub-division of the chamber for the purposes
of dalculation and measurement, this proximity may
be taken to indicate:

1. That the flow rates used during the
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measurements of ol Jk .are hipgh 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#%ce to Fig.17, vhere it is seen 4%///
thét the extinction loading factor becomes inde- '
pendent of the Reynolﬁs Number when the latter
exceeds a value of about 8 x 18; for a baffle with
d/D ratio of O.405. The Reynolds Number corresp-
onding to the flow rates of Tables 4,5,and 6,are

8.2 x 16, 9.2 Xx 16, and 10-3 % 13 respectively.

The second conclusion justifies the use“
of the poétulated flou pattefn 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 &4nalysis.

In this analysis, the reaction in the jet
i1s neglected to simplify the computatipns 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 der?vation and solution of the
gilfferential equations governing the performance

of the system:

The Egquations.

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:

. d
"m'[x Cp dT = qAX dx ...A.cooooo.oso(3)‘+)

whele:

= temperature of recirculating rases at x,
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Myx = Mass rate of flow of recirculating gases
at a distance x from baffle,

d‘ = local volumetric rate of heat release,

AX = shaded area shown in Fig.uS8.

with the introduction of the heat release function
'y , and the dimensionless temperature and dist-

ance ( T and/u_), Equation 34 becomes:

a7 _ w14

an L(Rp - cetrecancnsenas .(35)
where:

T = (T=Tu)/(Tb=Tu) ,

Y = f]"'/dnmax. ’

) = x2 ,

L=mcCp AT/ E?m'ax. v = loading factor,
v = (L) ﬁz = the volume,
R, = kA&/d = recirculation parameter.

The heat balance carried over the whole chamber

volume gives the equation :
L
wne® = [ 4 A dx e (30

Te being the exit temperature.



-182-

Equation 36 may be transformed into the non-

dimensional form given by:

!
A T Sy ———c )
o L )
The simultaneous equatinns that have to be -
solveéd are Lquations 35 and 27. The term  ° which
cenotes the reactedness of the pases at the exit
plane, may be taken as the combustion efficiency.

This is seen from the definition of ¢ , viz.,

1Je =(Te=Tu)/(Tb-"Tu),<

which 1s the ratio bhetween the actual temperatufe
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  to be used

In the solution of Eguations 35 and 27, is given by:

¢ o149 TUT) e eeee - (38)
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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, i. e.,
v (1 z)
AT = - X =22 A/& T TS ¢ $ )
L(gp-1)
2e

The length of the chamber is divided into ten

equal parts, thusﬁ

Po= 0y = 0.1y J2= 0e2ecrcees Jio = 1.0,
ory &m = 0.1.

3« For a given recirculation parameter (R), and
loading factor (L), a value is assumed for the

exit reactedness T e. This reactedness is for

M= M= 1.0,

4. From Equations 39 and 38, AT is calculated for

M = 1.0,
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7

8.

10.

-18%-

From steps 3 and 4, a value is obtained for

T at m= 0.9.

Steps 4 and 5 are repeated until 4 values
are obtained for all the)u,values.

The Simpson Rule for the calculation of area
under a curve is used to calculate the R.E.S.

of Fquation 27.

The L.H.S. of Equatinn 37 is calculated from

the assumption of step 3.

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.

The procedure is repeated for other values of

L and R.
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The procedure c¢oes not converge vhen a

certain value of L is exceecded for a particular
R. This value of L 1s the extinctinn 1oadingvfactor.
vinen 1% convefges, the procedure gives values of
the combustion efficiency {or particular loading
factors and recirculatioh parameters. The solution
also rives the variation of the reactedness in the
reclrculation zone with the distance from the chamber
entrance. The computed results are givem in Figs.
49 and 50, From the former, a graph ( Fig. 51 ) is
crosszplotted for the variation of the extinction
‘loading facﬁor vwith the recirculation parameter.
This graph shous that the extinction loading factor
increases with the recirculation pargmeter. Since
Lext. 1s zero when R 1is zero, the Proken line of
Fig. 51 is drawn as an extension to the computed
part of the curve. |

Consideration of the definttion of the
recirculation parameter allows a cross=-plot to -

be made from Fig. 51 in-terms nf the extinction



«186=

loading factor and the annular baffle hole diameter,
the latter being expressed as the ratio d/D. Such a
plot i1s given in Fig.52, which indicates the decrease
of Lext. as d/Dils increased.

To complete the picture of calculations
for the system with annular baffles, Appendix Three
4s added on Page 239. It contains calculated values
of the flow eriterion 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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CHAFPTER SIX.

COMPARISONS AND CONCLUSIONS.
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Introduction.

' The data presented and discussed-in Chapters

Three, Four and Five included:

l. The analogue precdictions for the flame extinction

in the wake of a variety of baffles,

2+ Some real flame extinction data,

4

3« The results of an approximate theoretical
analysis of the stabilization of flames in

the wake of annular traffles.

In this Chapter, the-validify of the
analogue precdictions 1s investigated by comparing
:the resultant trends and when possible, thé mage
nitude of the parameter characterising the berfOrm-
ance of the one-stream corbustion chambers fitted

with the various baffle types.
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'Hemi-Spherigal and Conical Baffles.

The analogue predictinns for the
variation of the extinction loacing viith the
geometry of btaffles of the hémi-Spherical and
conical types, under fully turbulent conditions,
were presented in Chaﬁter Three. The author knous
of no publisheé flame stability data corresponding
to geometrlcally simllar combustion systems.

The available data, included in Chaptef Four,
were obtained in combustion chambers with}a rect-
angular cross-section. It is therefofe impossible
to carry out a detailled quantitative comparison
between the analogue predictions and the flame
stability results. The comparison has'to;be con=-
fined,to the_generaliénd qualitative aspects of

the resuits.

‘Hemi-Spherical Baffles.

The analogue predicts ( Fig. 2% ) that

the loading factor at the extinction condition
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increases with the hemi-spherical baffle diameter.
The ﬁagnitude of the loading factor lies between
5 and 12 when defined as: '

Lp =V Sucp AT/E;:D
the symbols having the signifidancé stated in
Chapter Th{Fe;

”

¢-°

Fig..%S, on the other hand, shows the
results of Mestre (Ref.l% ) plotted in terms of
the extinctlon loading factor and the weak equi-
valence ratio. It is to be noted that the graphs
of Fir. 45 do not suggest that the loading factor
recomes independent of the equivalence ratio when
this has high values below the stoichiometric,
This means that the loaﬁing factor 1s still depencent
on the ﬁeynolds Humber, and therefore the resulfs
cannot be directly compared with the analogue pre-
' dictions. Nevertheless, Fig. 45 cleérly sugrests |
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

'

A further point that might be noted is

predicted by the analogue.

that the extinction loading factors have the same
orders of magnitude in both the anaIOgue preﬁiétions
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 Mestre uas rectangular
in cross-section, vhile the analopue chamber had a

circular cross-sectinn,
Conical Baffles.

The analogue predictions and the available
real flame results for the extinction of flames
in the vigke of conical haffles, were Iintroduced
in Chapters Three and Four respectively. One trend
surrested by the electric analogue is that under

fully turbulent conditions, the extinction loading
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factor cdecreases as the baffle apex ahgle is |
increased vhile keeping . the base diameter of

the taffle constant. Another trend sugpgested is

that for a siven apex angle, the extinction loading
factor increases with the base diameter. The
geometric rénges covered by the analﬁgue'experiments

ere:

a. Apex angle between 30 and 180 degreés,
b. FRatio of base diameter to chamber diameter

approximately between 0.4 and 0.7.

As far as the change of extinction loading
with the base diameter 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 flamé results. On the other hand, the
charige of the extinction loading with the cone |
apex angle is not clearly established in the case

of the real flame results. Yestre's results might
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be taken to sugrest that the dlsc 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:

l. The chamber used by Mestre had a rectangulaf

3.

cross-section, while the analopgue chamber vas

axi-symmetric.

The range of the weak mixtures covered 1n 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‘~
incependent of the Reynolds I'umber. This is

. surgested by the analysis of the flame results

for central discs and hemi-spherical baffles 

~in Chapter Four.

The baffles tested dufing the flame extinction
experiments were too small, and fall outsidé

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

of base diameter to duct diameter of approximately
between O.4 and 0.7; while the corresponding
equivalent range in the case of the flame experiments

vas between 0,125 and 0.208.

4. There is a considerable amount of scatter in

the real flame resultse.

Thusy as far as the effect of change in
the cone anple 1s concerned, no conclusion can be
safely drawn from the comparisgn between the ana-
logue predictions and the real flame results.
Further éetéiled flame extinetion tests are reguired

vefore such a conclusion may be reached.

Cosh
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Central Discs.

The comparison nof the analogue prcdictinps
for central dises with the real flame'rcsults, is
carried out under fully turbulent conditions.
when such conditions prevail,the performance of the
flaﬁe, and the analogue simulatinn of 1ty is indepen-
dent of the lieynolds Number. The flame results and
the analogue predicfions have already been given
in previous Chapters; the former in Fig. 38, and
the latter in Fig. 22. These two figures contain
griaphs shoulng the variation of the extinction
loading factor with the ratio of disc-to-duct
Giameteré; the loading factors heing at the flou
, regime where they tecome inﬁépenﬁent nf the Reynoldé
Number. The two graphs are plntted together in Tig.
53 for the purpose of the present comparison. The

features to e noted in Fig. 53 are:

1., Qualitatively, the analogue predicts that the

extinction loading factor increases with the
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disc dilareter. This agrees vwith the trend shnun

by the flame results.

€. Guantitatively, the analogue predictinmns and
the real {lame results have the same orcer of

magniture.

2. The analogue precictions are higher than *he

real flame results.

4., The magnitude of the quantitative difference
Yetween the analorue precictions ond the real
flame results cdecreases as the disc-to-duct
diameter ratio teconmes higher, until the Tatter
veaches a value of about C.G. For 4/D ratins
higher than this, the discrepancy becomes
almnst congtants; the analopue predictions
beins then about 25% higher than the real flame

results.

5. Below the d/D ratin of 0.€, 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 resultse.

Thus it is seen that the analogue predicts
the performance of central cises as flame stabll-
izers to a good degree of approximation, except
in the case of small disc dlameters. This insens-
itivity of the analogue predictions to chonpes of
disc diameter at small /D ratios may be expl#ined
by reference to the ~istribution of the heaters in
the elements of the analogue vorkine section which
was described in Chapter Tvio. 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 1n Fig. 53. The 1ine marked " first

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

" gixth 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 btetween the analogue precictinns and‘
the real flame results , occurs in a range »of disc
to duct diameter ratios where there are not mnore
than tuo hieaters from each element inclucded in the
recirculaticon zone behind the ¢iscs. The reason for
the ﬁeterioration of the analogue predjctions for
the smaller disc Gilareter range is, therefore,‘the
crufe sub=-division of the analogue viorking sectinn.
It may thus be expected that a letter agreenent
betveen the analngue precicticns and the real flare
results would be achieved with a finer sub-division.

The conclusions to be drawn from the dis-
cussion of this sectir~n, are that the analongue can
successfully predict the perforrance 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 analogué<working section.
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Annular Baffles.

The results being compared in this section
vere obtained under fully turbulent conféitions.
This has been ascertained in the discussions con-
cerned with these results in Chapters Three and
Four. The analogue precdictinns for the variation
of the extinction 1nading factor with the ratio
of the annular baffle hnle diameter to the diameter
of the chamber, were given in Fig. 20. The corresp=-
onéing real flame results viere recorfed in Fips.

40 znd 42, Both the analogue precictions anf the
real flame results are plotted together in Fir.
5k,

A pood qualitative agreement is secen between
the analogue .and the real flame results . The
analogue predictions are seen to be sorme 30 - LU
higher in magnitude than the real flame results.

It i1s to be noted that this percentagé discrepancy
is somewhat hirgher than that found in the case of

central disc baffles. The reason for this increase
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in. the magnitude of the Adiscrepancy may be dJue to

the nature of the real flame results, rather than

an inherent analogue tendency towards more accurate
predictions in the case of central baffles, than

in the case of annular baffles. Where annular baIfles
are concerned, the real flame results may suffer
from a small amount of entrainment of surrounding

air by the jet issuing from the hole of the baffle.
The Tesults which suffer from rreater and rore
serious entrainment effects have already been dis-
carded during the analysis of the available flame
stability data in Chapter Four. With central bhaffles,
on the other hand, the entrainrent effects are nnt

as important as with annular baffles; partly because
there is no jet in the case of central taffles, and
partly because thé recirculation zone is longer in
the vake of the annular baffle than in the uake 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 betueen
the analogue predictions and the real flame results.
Keeping in mind this entralnment effecf,
and the similarity conditions which are lIgnored by
the analogue technique, both the qualitative and
" the cuantitative agreements betueen the analorue
ané flame results, may be consicdered satisfactory
in the ranpge of annular baffle hole diameters
covered by the flame stabllity tests presented in
Chapter I'our. |
With the air supply capacity available,
1t vwas possible to cover a wider range of hole
diameters in the tests on the electfic anaiogue.
So, in order to provide further basis for comparison
with the analogue predictions, -the approximate
theoretical analysis of Chapter Five will nou be

used in the discussions following.
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Theoretical Analysis and Reasl Flame Results.

The available data of flame stability
for annular baffles cover a range of d/D ratio
of between 0.5 and 0.8, vhile the range covered
ty the electric analogue for similar systems is
ruch wider, especially in the lower values of 4/D.
Attempts to obtain flame stability results for
baffles with smaller hole diameters have failed
in the available flame stability apparatus des=-
cribeé¢ in Chaptef Two. Hence the theoretical
analysis of the system giver in Chapter Five.
Eut before comparing the results of this anélysis
vwith the predietions of tﬁe analogue, it is
necessary to compare the analytical results'uith
those of real flames. This compargson is carried
out in Fig. 55. It is seen thap the two curves are
almost parallel to each other vwhen they cover the
same 4/D ratio, indicating a gond qualitative

agreement.
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Quantitatively, however, the flame stability
results are higher than the analytital results
by a factor of 1.5 to l.6. This differencevis to
be expécted, since the analysis ignored the reaction
in the jet issuing from the hole of the annular
paffle. The magnitude of the effect of the reaction
in the jet on the extinetion loading, may be estim-
ated by the following Echriment on the electric

analogue:

Experiment.

‘The usual proéedure for an extinctipn test
on the electric'analogue was described in Chapter
Two. All the heaters in the vorking sectinn are
sWwitched on at the beginning of the procedure. The
present experiment, however, i$ started with only
the heaters in the recirculation zone switched on.
The boundaries of the recirculation zone are taken
accorcding to the requirements oftthe postulafed

flow pattern, which was the basils of the analysis.
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Fig. 56 contains the results of this experiﬁcnt.
The points marked " La " are the extinction loading
factors predicted by the analogue at the maximum
attaingble Reynolds Numbers, thése points being taken
from Fig. 20, The points marked " Ib " are the ana-
logue'predictions at the same Reynolds Numbers,
obtained with only the heaters in he recirculation
zone being switched on at the start of the experi-
ment, The extinction loading factors La and Lb are
both based on the volum§ 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 1s seen that this ratio has values
be tween 1.6 and 1.8; the aﬁarage being about 1;7.
Thusy a value of 1.7 may be taken as a constant
value for the ratio la/Ib,

This result may be taken to indicate the
magnitude of the effect of the reaction in the jat
on the results.or the theoretical_analysis. From
it may be drawn the conclusion that thié approxi-
mate analysis gives an under-estimation of the
extinctlion loading factor by about 1 to l.7. It
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gshould 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 ( 1/1l.5 ) to ( 1/1.6 Yo
This factor is close to the factor suggested by
the éxperiments ignoring the redction in the jJet.

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 /D ratio of about O.lk, 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 ) 1s about
0+.9. S8uch a value of extinction loading factor lies
- yery close to the curve drawn through the resuits
‘of the real flame extinction tests. This is indicated
in Fig. 57, which contains plots of laxt. versus the
/D ratio obtained as followss |
le The prediétions by the electric analogue -

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

L. The computer solution to a set of influence
equations; the influence coefficients being
calculated on the basis of the flow pattern
sugpgested in Chapter Five - 4

5. The average of the computer solutions of sets
of influence equations; the influence coefficients
being measured on the electriec analogue at various

flow rates -

The heat felease rate used in the analogue experlments
was given by the step-function of Fig. 2, while the
more realistic funection of Fig.l was used both in the
computer and in the solution of the equations result-
ing from theoretical analysis. ‘

The generél picture that emerges from Fige. 57,
and from the preceding discussions of this section on
annular baffles, 1s summarised in the following

remarkss

l, 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 bf the approx=-
imate theoretical analysis, the results of real flame
extinction tests, and the predictions of the electric
analogue. This conclusion 1s, 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 tﬁe theoretical anglysis
and the real flame results, is explained by the
approximation involved in the analysis, namely,
the fact that it 1gnored the reaction in the jet,

3. The computer solution based on the calculated
TN SO S N S (A AT
influence coefficients, is very close both to the
real flame results;)and,tp the results given by
2 7
the theotetical analysi 1tiplied by the factor

deduced from the experiment described on Page 211.

4, The average computer solution based on the measured
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influencé coef{ficlents, is just below the results
predicted by the electric analogue for the parte
fcular baffle. The difference in this case is

due to experimental error, and to the‘shapes4of
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
exfinction characteristies of turbulent

flames in the wake of anmalar baffles,

be The magnitude of the extinction loading
factors predicted by the énalogue are
about 35% higher than the real flame

resultsg.
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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,
1t 18 to be noted that the latter may suffer from
a small amount of entralinment of surrounding air.
8uch 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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om 0 ween Real Flame Result
ogue Pred 1ong fo Disc qa
Annu1§: BQ:; l!! .

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 252 in the case of central dise
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 funetion may be obtained
by considering the extreme case of a hohogeneous
reaction zone, in uhich the volumetric rate of heat

releasge is represented by:

as The step-function, |
V=o 0 <T<K07

Y <1 0.7 T<K\0

b. The more realistic continuous function,

8 2
Y o= 1497 (-7 )
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Using the usual notation, a heat balance of such
a homogeneous reaction zone under adiabatic cone

ditions givess

N N G B R o

ory in dimensionless form

v s LT (4N

where:

L
L = the loading factor = m Cp AT/q, Ve

Equation (%1) 1s represented by straight
lines through the origin of a (vl~17ﬁ graph. The
slope of these lines increases with the loading factor,
and each line is called a " heat demand line " ( Ref.3)
ory ¥ the line representing the eﬁthalpy.change of
the gas supply " ( Refs. 1l and 22 ). ‘

The equilibrium, or stable flame, con-
ditlon 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
tangeﬁtial with the heat release rate curve. The
gslope of the heat demand line then gives the ex-
tinection loading factor. | -

Fig. 58 shous tﬁe heat release rate funcé-
jons (a) and (b),-together with their respective
tangential heat demand lines. The slopes of these
two lines are ( l.43 ) and ( 1l.27 ) respectivelyxvv
their ratio being ( 1.12 ). Thus, the step-function
1s responsible for an ovcr-estimation; of about
12% in the value pvaext. above the value that would
"be obtained if the realistic heat release ratg‘
function were used. | |

Apart from this factor, due to the shape of
the analogue heat input curve, absolute quantitative
agreement between the analogue predictions and the
reai flame results are not to be expected because of
the approximations discussed in’Chaptei One. The
fact that all the abproximations made caused no more

disérepancy than about 20%, may be taken to affirm
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the valldity of the analogue technique in the pre-
diction of the stability characteristics of flames

1n'the vake of central discs and annular bafflese.
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OF
FIAME STABILITY PARAMETERS.
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The reocuired data for the calculation of
flame stability parameters, are the velocity of the
fuel and alr mixture at the extinetion condition (V),
the product of the adiabastic combustion temperature
rise and the specific heat at constant pressure ( Cp)
and the maximum volumetric heat release rote D P

These vere taken as follous:

1. The Velocity, (V).

This vas coneidered to be the average velocity
past the taffle. In the case of central taifles, for
example, its product with the mixture density up-

stream the baffle, vas taken as:

V Su = Y € T)
2
= (v-d)
wvhere:
m = mass flov rate of mixture into the chamber,
D = diameter of the combustion chamber,
d = dlameter of central baffle.
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2+ The Product Cp & T,

This was calculated from the lower
calorific value of the fuel, using the following

symbolst

n;3_= mass flow rate of fuel,
w = mass flow rate of air,

o

ICV = louer calorifie value of fuel.

The rate of heat release due to adiabatic combustion
is given by h&- x ICV. The Lavw of Conservation

of Enerpgy therefore gives:

Q\i«&\k\__cv) - (nk\} A aml) G OT oo (2.2)

Equation (22) assumes the same specific heats for
the air, the fuel, and the mixture; and for propane
as fuel, it leads to:

G o' = 707{(2 + 0.0638) --- -- "(2-3)
ICV was taken from Ref.Z3, and Equation 23 1s plotted
in Fig.21 as Cp A T versus O .



=236

3. The Maximum Volumetric Heat Release Rate.

The data of Longwell and Weiss (Ref.Zl),
for iso-octane 1n a spherical reactor, were taken as
the basis for the calculation ofdi;.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.

TFigeac showsﬁﬁhat 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 ﬁ with the inlet temperature Tw.

ﬁgis defined below, using the symbols of Ref.21l:

6 (N/Vpp Jmax. at inlet temp. Tu’K

(N/V p )max. at inlet temp. 400 K

where:

N = molal flov rate of air,
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it

V = volume of the combustor in litres,

p = pressure in atmospheres,

Tu= mixture inlet temperature in degrees K.

T'ipgs.a2 and 23 allow the maximum volumetrie
heat release rate to be estimated for a particular

mixture inlet tempersture and fuel/air ratio.
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APPENDIX THREE

CAICUIATION OF THE FLO4 CRITERION.
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The flow criterion, Kfv, is defined by 1

2 4/
K,c":m'f\ /AP fm%"‘}
( the notation is the same as in Chapter Three.)
7he stagnation preesure drop, APy is assumed to be
relatad to the average velocity of the gases
entering ths combustion chamberj namely, being
equal to one veloclity head. The flow eritericn

then becomes 3
4
Kfv = 0.099 (d/D)

This is plotted in Fig. 3.1, as Kfvy v. d/D.
Now Fig.52 gava the results of the theoretical
analysis of the system, in terms of the extinction
loading factor and the d/D ratio. From Figs.3.1l
and 52, a graph may be constructed showing the
variation of Lext. with Kfv. This 4s drawn in
Fig.3.2. The curve here has the expected shape 3
4t 1s 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 impiicit in the use of
the electric analogue technique is that the heaters, th:rmo-
couples, and their supports inside the analogue working s~ction
have a negligible effect on the flow pattern of the gases passing
through the analogue chamber, It is therefore n=cessary to
demonstr=te the validity of this assumption for the analogue
model. Convincing ~vidence of the correctness of the assumption
would be th closen~ss of influence coefficients, OLJK\ ’
memsured for pairs of points j and k inside the working section,
under the following conditionss

a., With the wiress and their supports in position,
b. With the wires removed fromthe working section.

" Th~ definition, 2nd procedur~s for the measur~ment of.the
influence coefficients are given by Spalding in R-f.6., and
are quoted in the thesis in Chapters One and Five. |
4 However, th» only measurements made on the pr~sent
axi-symmetric ~nalogue model with the effects of the wires in
mind, are the measurcments of dynamic and static pressure drops
across a length of th- working section, with and without th=
wires =nd their supports. These measurements are given later in
this discussion. It is nonetheless appreciated that such
measurements cannot provide a conclusiwe test of the validity
of the assumption about the influence of the wires in the analogué.
Together'with the other data discussed below, they can only be

taken as pointers in the abs-once of conclusiv= proof.



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 th- working
sectionof the present analogue model with and without the wires.

c. Static pressure drops along the wall of the present

‘analogus 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. Thr~ working sections
of these two modelﬁ are described in Ref.13. and the thesis
respectively. Despite these 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 amalogue chamber diameter, as pre-
dicted by the two analogue models. The predictions were at
flow rates high enough to make th ~xtinction loading factors
indépendent of the Reynolds Numb-r. The Figure reveals th~ close-
ness of the predictions made by the two models. The relation
b>tween the extinction loading factor and the influence coefficients
is discussed by Spalding in R~f.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 closencss of influence coefficients can
signify one of two points: _
l. That in both modrls the wires and their supports
have negligible influence on the flow pattern,
2. That the influence on th- flow pattern is similar

in the two models.

Further data are n=cessary to establish which of
those two points is valid: but because of the differences in the
size and disposition of the wires and thormocouplas 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 diamet~r was placed in position:’ffand Fa
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 thr analogue
elementss the other ~nds being connccted to the two legs of a
manometer whose pressure difforential measures the dynamic

pressure drop, A R

Fig.A2. shows th~ variation of A& with h, th-
pressure differential across the British Standard Orifice
measuring the air flow rate through the working section. This
quantity, h, is'prOportional td the square of the mass flow rate

as shown in point 2 of this Addendum,
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+ 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 b~ 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 dy
these experimen¥s. ( This is the msame 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 H, are two taps, 24 " apart, with
H, at a distance of 1 " downstream ths annular baffle. H, and H,
are connected by rubber tudbing to a manometer which therefore
measures the difference in static pressure at the points H, and
H, yARw . Fig.Ad. shows the variation of & Fsw with h ( defined
before ). In this Fig: '
4+ denotes values measured with the heaters and thermo-
couples in position, and
. denotes values measured with the hraters, etc. removed

from the working section.

( it is to be noted that the static pressure at H, was always
.higher than that at H, , and thus

AJ%MJ-: static pressure at H, - static pressure at K Ye

Fig.A4. indicates that the premsence of the heaters,
thermocouples, and their supports, have a negligible effect on

A FSW .
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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 i#
negligible. Nevertheleas, 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 b~low under two headings:
a, British Standards Requirements,

Th~ measuring device was an orifice plate with
D and D/? 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 analogme apparatus.
The pipe diameter, D = 6.75"
Orifice inside diameter, d = 4.25"

the area ratio, m = ( 4/D f':; 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.T. of the above reference to be about six
pipe diameters, i.e., S, = 6D =40.5" . This requirement is
met by the available 41" upstream the orifice ( Fig.A5 ).
The straight pipe requirement downstream the orific~ is almo
given in the above ref~rencej it is S; = 5D = 33.7". The
available pipe length is 36" , which also me ts the B.S.S.

requirements,
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b. Formula for Plow Rate Calculation.

wheres

=

The formula given on p.12 of the above reforence is

° _
L.3ssoagczd e Jh Jw

mass flow rate in lbe/hr,

coefficient of discharge,

a combined multiplier: the product of three separately
specified multipliers for viscosity, pipe size, and
expinsion,

orifice diameter in inches,

‘velocity of approach factor,

W=

area ratio = ( 4/D ;;

differential pressure in inches of water,

density of fluid in 1lbs/cu.ft.

( W has be-n given the constant value of 0.075 1bs/cu.ft.,
neglecting the small changes in ~mbient air temperature

and barometric pressure. )

C and Z are obtainable from graphs in the data

shests of the above reference. The resulting formula for the

mase flow rate of air through the analogue chamber is approx-

imately

N_\.n: 0.33 ,,/A. ~ 1bs/sec.
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3.' Application of the Thring-N-wby Similarity Criterion.

a. Introduction. -

The similarity conditions between a turbulent jet
diffusion flame and a cold model of it were studied by Thring
and Nowby ( Ref. 24. ). The result is here quickly derived
following a method suggested during the or~1 examination for the
particular case represented in Fig. A6. The figure shows a
diagrammatio representation of a jet issuing into a chamber of
diameter D, th- diameter of the orifice ( or the hole of the
annular baffle ) being d. In th- figure Vir and Ju  are
the average velocity and density of the gases entering the
cha@bér, SL 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 th~ chamber ( plane X in the figur=s ).

The momenta at the baffle plane and the plane X are
Td S V. mnd TYR&v .
Th-se must bear the sam~ ratio fod the model and the proto-
type respectively. For th~ amount of recirculation to be
similar in both prototype and coid model, the ratio V "
must be kept constant, R
i.e.,dz S /]; SL * should be constant,

. A J
] < [AfF
\k-ﬁf;\:‘lmobet. I

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

the criterion becomes

4 _ A [S.
L#Y,. <[s%]
MeDEL

PROTGTYPE
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Now S@,j? fL Y .

[%]nwa_ is greater than the corresponding ( d/D ) ratio
of the prototype by a factor of /.i./JL o
i.e.y the predictions of the cold model obtained for a

particular [ 4/D ), 0.
of a smaller d/D ratio, in fact to a ratio equal to -

&), x [

The aim of this point of the Addendum is to apply
this crtiterion to the comparison betwsen the electric analogue

v ratio refer to a prototype condition

predictions and the real flame results in the case where the

flamesholder is an annular baffle.

b. Application to Analogue Predietions,

Fig.54. ( p.?07 of th~ thesis ) comparecs the
analogue predictions with the real flams results forthe
extinction of flames in th- wak~ of annular baffles in an
axi-symmetric combustion chamber. The data in the figure are
plotted in terms of the extinction loading factor,tht.,
and the ratio d/D-. The abscissa shows the actual 4/D ratios
used in the analogue and the real flame tests. The Thriﬁg—

- Newby Similarity Criterion was not taken into consid-ration
in Fig. 54. of the thesis.

‘ We shall now consider whether the application of
this criterion improves the'agreenent 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 accordamce with the criterion stated in
the previous part of this section. Th= 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
{él * ‘gb/f\-\.

D JnobEL
thus we must multiply the abscissa of the analogue predictions
curve by a factor of A = Fb[ﬁ~ to make the comp=rison in
accordance with the Thring-N-wby criterion.

The inlet temperature of the gases used in the real
flame tests was about 290o K, and an approximate value of the flame
temperature is about 2000° K ( Ref.?. ). And since at constant
pressure the density is inverscly proportional to the absolute
temperature, the value of the factor )\ will be

}\: 22_70000 = 0.3%37y
For th new comperison Fig. AT is constructed. It shows:
1. The real flame results as in Fig. 54 of the thesis,
' ( Graph A ).

2. Ths analogue predictions plott=d against an
effective hole to duct dismet=r ratio equel
to the 4/D ratios of Fig. 54 multiplied by 0.378,

( Graph b ).

3. Also reproduced in this figure is the graph of the
analogue pr=dictions as plotted in Fig. 54 of the
thesis. This is done to show how thr application
of the Thring-Newby criterion affects the comparison

between real flame results and analogue predictions.

¢. Discussion.

It is seen from Fig. AT that the use of the Thring-

Newby criterion does not improve the agre~ment between the
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analogue predictions and the real flame results. A better
agreement is obtained by comparing fhe’predictions and the
flam= results in accordance with the requirements of geo-~
metric similarity. Two r-asons 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 loadin@ 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 between
prototype and cold model. The electric an- logue,
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 stated that the valuse
taken for the flame temperature ( 2000° K ) is too high
in view of the chemieal loading in the combustion chamber
of the flame experimentss and that for the snalogue, the
ratio g“/%l is somewhat higher than unity.

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

1500° K, then )\ a éefined above, is given by
X~ [rrem = 044

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

unity of [S’u/s;l .4 then the multiplier for the ( 4/D )
Malosos
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ratios of Fig. 54 in the thesis should be

W = 0-4—4[ / “/fblANALoaUE
With the temperatures involved in the =xtinction tests on
‘the analogue, the variation of ('g*/@k ) varies slightly
from unity. A representative value is given by

/f“/fb =l.o2%
This makes W = 0.44 x 1.025

= 00450

The analogue predictions plotted against W ( 4/D )

are presented in Fig. AB which also contains the graphs of
Fig. AT to show the improvement gained by the above corractions.

4. Photographs of the Apparatus.

The description‘of the componsnts of the electric
analogus apparatus was discussed in Chapter Two of thethesis,
Four photographs are givén here to show:

1. A view of an elesment of the analogue,
2. Th= working ssction without any baffle,

3. A view of the working section with an annular
baffle placed in position,

4. A general vicw of the whole apparatus.
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3.VIEW OF THE ANALOGUE WORKING SECTION , WITH AN ANNULAR

IN POSITION,

BAFFLE PLACED



4. GENERAL VIEW

OF THE

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 oth=r workers ), the results were
plotted in terms of the éxtinction loading factor, L_kaf,
versus the equivalenee~ ratio, ¢) « For example, the aﬁthor's
results for central discs in a cylindrical chamber were thus
presented in Fig. 36 ( p. 142 ) for mixtures with werk fuel
air ratio, and in Fig. 37 ( p. 143 ) for rich mixtures. Such
a manner of presentation of flame stability data confus~s the
effocts of the fuel air ratio and of the R~ynods 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 cas=g where a quantitétive
comparison was made between the real flame results and the pre-

dictionz of the electric analogue.

The purpose of the present discussion is to
discover whether there is a fully developed turbulent flow
condition in the wak~ of the flame holders. This is important
in view of one of the criteria nscessary for similarity to
obtain between the analogue mod~1l end the real flame it endeavours
to simulate; namely that either the Reynolds Number in the
original and in th- analogue be =qual, or that th= flow is
fully turbulent. The analogue results used in the th=asis wers
shown to be independent of the Reynolds Number, but it is still
n~cessary to show that fully turbulent conditions prevailed in

the real flame rtéults.

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.7E Marble ( Ref. 25 ) established the existence of a
critical rang- of Reynolds Number about 161 based on the
characteristic dimension of the blﬁff body and the conditions
of the gases passing it. ( A similar result was also published,
a year carlier, by D.B.Spalding and B.S.Tall in Ref. 18 ).
Below this critical range, molecular transport precess=s in
the wake of the bluff body dominate the flame stabilisation
mechanism; while above this eritical Reynolde Number range,

& transition occours replacing molecular diffusion by tur-
bulent exchange processes. Above the transition Rojnolds
Number, a logarithmic plot of the maximum blow—off velocity
versus the Rrynolds Number, produc~s a striaght line with a
positive slope ( Fig. 16, Ref. 25 ) for a variety of baffle
shapss. Due to geometric differences, th- data plotfed had
different levels of blow-off velocity; but the variations of
the blow-off velocity with the Reynolds Number webe compar-
able, The slopes of the straight lines in th se plots were

similar.

According to M.V.Herbert ( Ref. 26 ), the saf-st
criterion for wake-boundary transition is presumably th- shift
of rquivalence ratio ¢‘ 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=ds but where there
is no evidence of the loop peaking far from the stoichiometric
fuel air ratio, Ref. 26 suggests that one can employ the free
stream qb at values other than unity. It is to b2 r-membered
that the shift occurs mainly with bluff bodi~s whose character-
istic dimension is so small that th- Reynolds Number falls

bélow‘thq transition valu~, i.e., the flow is mainly laminar
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in the critical range between tﬁe main stream and the hot

wake behind the bluff body. In view of the usual steep shape
of th~ 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 96 3 since if gé 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 ) conclud=d that as far as the dependence

of the blow-off velocity on the flame holder dimension is con-
cerned, the range of ¢> for which this dependence does not
appreciably change is given by ‘

Results used in the Thesis,

a. Central Discs.

The ﬁain data uscd in the comparison between the
analogue predictions and ths 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 cornfiguration, but with smaller discs, wore also
discussed. The latter rosulte 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
for th- 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 DeZuba&'s results under non-atmospheric conditions. These
results are therefore of no dirsctuse for comparison with the
elactric analogue predictions for central disc baffl-s.
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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 figur- 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-plac~d
baffles. |

The featﬁres that may be observed from Fig. A9 are
‘1. Th 1level of blow-off velocities is generally lower
for the author's disce ( Graph C ) than for the other baffles
( graph groups A and B ). '

2. The R~ynolds Numbers are g-nerally higher for the
author's discs thaﬂ 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 abov- th-

critical transition wvalue.

5. Th~ 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 b=
explained by the shape of the flame Stabiiity lodps. The loops
for the discs do not show evidence of peaking far from the
stoichiometric fuelair ratio. Thus, at ¢ = 0,85 fhe 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 bas=d on the baffle character-
- istic dimension, taken as its diameter, and th-~ gas conditions
past the baffle. The diameteré of the discs test=d in ghis
investigation are bigger than the charact~ristic dimensions

of the baffle~s whose stability d~ta 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 obtainad 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.

4 For our purpos~s, the important conclusion is that
the flow is fully turbulent in the eritical waké rogion for
all the four discs tested by the author. This is a fortunage
result ( in view of the introductory remarks about the thesis
discussion of the data ) since it mecans that the- analogue pre-
dictions can be compar=d with the flame results at the part-
icular equivrlence rstio of 0.85. The comparison of Fig. 53
( p. 200 of the thesis ) between the analogue and flame results’
will be valid at the c=quivalence ratio of 0.85. With possibly
some small differences, similar results may be expected to
obtain at higher gé valuess but more flam- data are nceded

to confirm this expectation.
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b. Annular Baffles.

The flame stability results for annular baffles
that do not seriously suffer from entrainment of ambient air
are those réported in Ref.18. They are pﬁrt 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 results in amann-r similar to that

followed with the central disc baffles. The value of the

nquivaleqce ratio chosen is 0.95.

In the case of the centrally placed baffles,
th~ R=ynolds Number was based on the diameter of the baffles
but in the case of the annular baffles we have a choice of

two dimensions

1. The baffle hole diameter, 4, or .
?« D-d, where D is the duct diameter.

In Fig. Al10 Graphs A =2nd B are those copied from Ref. 253
Graph D correlates the snnular baffles results in terms of
a Reynolds Number based on d3 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
T. Graph E has a slope which is not much different from the
slopes of the graphs A and B in Fig. Al0. This means that the
use of ( D -~ d ) &s the characteristic dimension in the
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definition of the Reynolds Number, brings the annular baffle
flame stability results in line with th~ results for the
centrally placed baffles.

The annular baffle results ( forqi = 0.95 ) being
shown to have ﬁ%en’obtained under fully turbulent conditions,
may thus be used for'comparison with the predictions of the
electric analofue. 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. Somes modification
ﬁay be necessary if the comparison i8 to be extended tc cover
the stoichiometric conditioni.
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6. “xperimental MNata.

The data used in the thesis ere given in the tables

after the present notes, The d=tails are as follows:

a. Analogue results

1.

Annular baffles I, these are the complete tests on the
present analogue model,.
Annular baffles II, tests at higlest flow rates on the
Lucas Analogue model.
Annular baffles III, t=sts on intermediate size baffiles
at highest flow rates, present analogus model.
Annular baffles IV, tests amt highest flow rates using the
presant analogue model fitted with a primary and a
secondarv baffle, as in the césa of the Lucas modrl.
Central disc baffles,

Hemispherical baffles,

Conical baffles.

b. Flame stability data

Annuler baffles I, reults of Ref. 18.
Anmular baffles II, author's results.
Annular baffles III, results of Ref. 19.
Central disc bafflesjresults of DeZubay,
Central disc baffles?%guthor's results.

Hemispheriecal baffles, Mestres's reosults,
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¢. Influ~nce coefficionts.

The tables 6f influence coefficients contain cal-
culated and measured values of ol and ﬁJK ( defined in the
thesis ) for the flow in the wake of an annular baffle with 4/D
ratio of 0.405. The raesulting influence ~guations have been solved

on the computor to establish th= extinction loading factors. The

resultant solutions are:

From calculated influence coef‘ficién’cs,L.Mt = 0,90,
From measured influence coefficients \‘L*t = 1.07.

The latter value is the average of the values obtained when fe~ding
the computor with the measurad ﬁ% in Tables I, II, and III.

( The actual respective \_L$t values ~re ahout 1.08, 1.06 and 1.07 ).

d. Formulae,

The formulese and other data used in the calculation of
the axperimental results are as follows: ( the symbols are Aefined
in the thesis )

1. Lucas Analogue model tests:

Y 5

% = 0.75 W’C\r\wISu_- ‘\gt

( voltage applied to the heaters = 4.0 volts )

—

?. Present analogue model tests:

Heater voltage — 17.0 volts
"

3
éy = 1.96 erckwlsu- J(;t'
™
Mas flow rate, neglecting the changes in ambient air temp?ratﬁr@

. and barometric prassure, is given by

o= 033 3 h b se



-22a -

SOVRCE FRINT K _ K K
V2314|156 V[ 2|13 (4 | Sk 23415 |6 Il213(49415]6
Pl v | 34]-34(°43 | S0 ¢ t| o l30|°26] 33| 55122 I |0l -28) -25] 31|59 1) 1 ol 29|28 | <2962 11
? a3 I U&7 (N [ 2{1-03 o] ba|-72]132[1-2b 2 Lodf 1-0}-S§ | 34| -22) |-24 2itod| o |52 |71 {12824
NI3 o b vy v |13i-96(t0 o ltof tolita 3193|-9¢{to |l0] 10|10 ‘| 3[-85|ap o |lo|lro| o
; 41 1 [ I B U023 B A J 4(-9493 [t-Qte22] 1-0]-98 J 41.93]-991 1o 14s: 1o | 9 d 418595 | 10 |l+eL{'83 | Qa
1S Vil ofh2g sy SIStz bt [1034] -8 | 114 LlLjlis) ot ht:il-?s l-o4 etz 2] tis| 22{1-6b 107
J b + |V | 1 |v28l1:512.97 L1948 «9 {1 178353 | | 610|993 '96(1-33]1.72|345 | 16 Iib|sa |92 |87 162|348
CALCULATED ok jK measuReDd o jk L measoren &k I MEASOSED A jk It
r = 0.37 Ibfsec i = 0414 thsec. o= Ordb4d thfsen
K K [ K K
11213 |a |5 |b 11213 |4 56 1] 234 5|6 ] 21311 5|6
t 1409 0b {100 '04]:09] 25 1409 (105 [-0lo| 03| 13/ 3n 1t |09 [0t 1 0b|-03| *f0]-27 1 [69]1:04 (o7 |03k |27
2 |:09] 47|17 0%} (7 }-25 21917 {~\S | ob|221:31 2103 7| [4 |07 203} 2169 17 {15 [0l [<21 3
3109 17]:25]09|:17]2¢ j 3168 17]-25] 0% | 17|23 J 3 1e% | ol as|oB | 7|28 V307 7251000 | 17|02
4109|1728z | 1725 4108 sl | 25|l |17 ] 22 G 0G| A7 iras) 13|17 22 41 07|is |25l 09|14 |22
S| rtr2stas {2625 5.lo |'20 [*30(s12 | “36] 28 ‘é;‘"flcra-lc; 26 413326 S0 {r20]2%]-2 |'3b{+ 206
Jl]-o2[17] 25| 12 | 2b]24 0 [08] 15 (:22] o | *37|'8 b [0 rile} 2412 33 53 o |15 |+20 |08 [:3D] .85
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7

TABLES OF CALCULATED INFLUENCE COERFICIENTS
( ANNULAR BAFFLE 1TH Y/ = 0:405)
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h represents the pressure differential across the B.S. orifice
in inches of water.
Reynolds Number:
‘ " D 4 .
F{T) :_5__;51___ — 21.7x10 am
P
Loading Factor:
a. - Based on chamber volume
-3 .
LG:5£9X]O rn BT
A T being measured in microvolts
b. Based on chamber diameter
LD = ol A AT . wheee
-3 ' 2
oA =229,1x10 / (1-(a/p) )
DeZubay's re==1 flam= results for discs:
Th= Reynolds Number is based on the disc diameter and the
conditinns of th~ gas passing the baffle, i,e,

Ry =W d S //bm

6 \/ ( both ﬁ 'nd V are given in the T=bles )

1

The author's real flame results for dises:
A similar dofinition of Reynolds Number is used here as for

NeZubay's results, but in terms of the mass flow rate, pv »

and T given in the tables.

Hemispherical baffle rasults: ( Mestre )
For these results:

Rok N N ( both Aand V are tabulated )
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7. Th= Combustion Tfficiency

On page 80, Chapter Thre- of the theeis, a parameter

called the analogue combustion efficiency was introduced and given
ths symbol < . I'or a stable flame predicted by the electric
analogue, & wés defined as the ratio betwern 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 2n overall com-
bustion efficiency 'z in a burning syvstem may be expreossed as
?:: ( actual total head temperature rise of the gases in passing
through the combustion chamber )/ ( total hesad temperaturs rise
for complete combustion ).
The numerator in the definitirn of €a may be taken =s proportional
to the actual total h-ad tomperaturq risa of the air passing tbrough
the analogue chamber: but the denominator has no similar relation to
the total head temparature rise for complate combustion. That is,
while the numerators in the definitions of &o and E% ar~ proportional
to each ofher, ther= 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 Pnalogues chamber during the existence of a predicted

stable flame.
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8, The Navier-Stokes Tauations.

Eauation 3 ( p. 17 of the thesis ) was given as the
Navier-Stokes Equation in the x-direction., The viscous term in
Tauation 3 is in fact incomplete, In their full form, thes~ eouations

ars given hy:

o w
STt

where

:gF_vP+#v2u+%fuvvw ........... (%)

= gas density,

— velocity,

= external force on unit volume of fluid,

§
w
+ = time,
F
P

= pressure,

/,\, = viscosity,

and :
A dw, dw v 3w
1t T e T T Uy Tz

CEON S S
Vo= 5t Wz

2 )2 Y2 22
- TP

Ix? )32 )

In the steady-state conditions, and in th~ abs=nce of

D W
and F ars =scual to z~ro.
PR

axternal foreces on the fluid, both



The dropping of the last term in the R.H.S. of equation x ( ser Eguation

3 of the thesis ) does not change ths conclusions of Chapter One, since
2

both /J. vowu and -3\—}/\ VY W in Touation x suggest the same

dimensionless group, namely the Reynolds Humhber.

9. Eguation 5. of Thasis.

This eouation on pag~ 186 of the thasis had a printing ~rror,

It should r=ead:
m 1774

C'[/ = > HJ/Y'Y\J.



10. R~ferences.

Some r~fer-nces ware not clearly stated in th= thesis,

This is amendead in the following list, giving these reofarences their

original numbars in the thesis, The list als~ incluf=s th= r=fsrences

used in the discussions of this Addendum.

No. Author.
6. D.B.Spalding.

LELil. B ., Thwaites.

( “ditor )
23, H.M.Spiers.,

( Editor )
24. M.W.Thring &

M.P.Newby.

R-frrenca.

Soms Thoughts on Flams Theory,
Combustion and Propulsion, Third
AGARD Colloouim, Pergamon Press,

p.269, 19%8.

Incompressible Aerodynamics,
Oxford University Press, 1960,

Pe 32.

Tecnical Data On Fuel,

Fourth Edition, 1943.

Combustion Length of Enclosed
Turbulent Jet Flames, 4th. Symposium
(International) on Combustion, p.789,

Williams & VWilkins Co., Baltimore 1953,



No.

25-

26.

_ag-

Author, Reference,
B.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,

M.V.Herbert, Aerodynamic Influences on Flame Stability,
Progress in Combustion Science and
Technology, Volume I, p.61,

Pergamon Press,
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