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SUMMARY 

An idealized combustion chamber is considered in which a 

fraction of the combustion products is returned through a separate pas­

sage to heat the incoming mixture. The four factors determining the be= 

haviour of the flame are recirculation, react1on, upstream conduction, 

and losses to the wallso If conduction is neglected, the equation re­

lating the remaining terms is soluble graphically to give a curve or tem­

perature against time or distanceo For given inlet conditions a crit1cal 

degree of recirculation is specified, below which combustion will not be 

maintainedo 

Experiments were carried out with jets directed upstream 

in a parallel tube to entrain combustion products and retum them to 

the pre=eombustion regiono Init1ally, increasing jet flow increases the 

jet penetration and extends the range of fuel/air ratios for which com= 

bustion is maintainedo However at higher jet nows the walls of the sur= 

rounding tube begin to have an unfavourable effect and penetration ia 

reducedo Eventually increasing jet flow leads to decreasing stabilityo 

Two refractory stabilization ducts were built in which 

burnt gases were recirculated througb a separate tube, which was cal1-

brated for now measurement in the second duct. The recirculation was 

induced and controlled by means of an ejectoro Extraneous stabilizing 

effects and material failures prevented any useful measurements being 

made. The construction of the ducts is described in detail, particular­

ly the casting of complex shapes. 

-i11-



... iv-

Reeommendations are made for the eonstruction of improved 

duets whioh might permit satisfaetory measurements of reeiroulation to 

be made.. Alternatively, it May be neeessary to use a less dire et ap­

proaeh, sueh as photographie observation of the flow patterns in eddies 

eaused by air injeetion or obstaeles in the stream. 
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1. INTRODUCTION 

Self=ma.intaining combustion consists of an exotherrnic chemicsl 

reaction proceeding at such a rate that heat is produced at least as fast 

as it is carried awayo In mixtures of hydrocarbon gases and air the re­

action proceeds so slowly at normal temperatures that the heat i6 carried 

away as quickly as it is produced and there is negligible temperature riseo 

If, however, the mixture ia heated, the reaction proceeds more rapidly 

(roughly according to exp ( - tr ), the fraction of particle collisions 

which involve a joint energy greater than [ , Ro being the gas constant 

and lr the temperature) and eventually heat is produced faster than it ia 

lost. The reaction accelerates rapidly, final~ slowing down as it ne ars 

completion because collisions between sui table particles become less fre­

quento The rapid phase of the reaction duringwhich most of the combus ... 

tible material is burnt, ia accompanied by emission of light, forming the 

visible RflameBV 0 

If the initial heating is local, heat is conducted from the region 

of combustion to the adjoining mixture, accompanied by the diffusion of 

active radicals,and the flame propagates at a speed Which depends on Many 

factors, particularlythe thermal conductivity, density,and specifie heat 

of the gases involved, as weIl as the initial and final temperatures and 

the rate of heat loss. It is generally assumed that radical diffusion can 

be allowed for by changing the numerical factor in the heat conduction 

equations, since similar lavs are followedo 

In the ideal case of combustible mixture flowing in a parallel 

tube with no heat loss or addition a flame will be stationary if the 

speed of the fresh mixture moving down the tube is equal to the speed st 

which the flame propagates upstream. In general, a flame in a moving stream 
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is said to be "stabilized" if it remains stationary relative to the environ­

ment 0 

The above type of stabilization is unattainable in practice be~ 

cause any change in the mixture speed or burning speed causes the flame to 

travel upstream or downstream with a speed equal to the difference, and 

the flame "blows back" or "blows out"o If, however, the tube has diverg­

ing walls the speed of the incoming mixture varies down the tube and the 

flame may find a location where the speeds are equalo Changing conditions 

cause the flame to fluctuate slightly upstream and downstream. This kind 

of stabilization can only exist for flow rates such that the normal flame 

speed, usually of the order one metre per second (4), is not greatly ex­

ceeded. 

At low flows a flame can be stabilized in a conducting parallel 

tube by means of heat carried upstream by the walls 0 If the wall tem= 

peratures are fixed the flame is also fixed spatiallyo 

At high flows heat cannot beconducted back by the gases, nor 

even the walls~ quickly enough to warm the incoming mixture adequatelyo 

It is then necessary to separate some of the hot combustion products, carry 

them back to the pre-combustion region, and allow them to heat the fresh 

gases in mixing wi th themo This i8 called "recirculation" 0 

Recirculation can be brought ,about in many waysg for example~ 

by inserling an obstacle in the stream to produce eddies, by directing a 

jet upstream to entrain combustion products and carry them to the cold 

region, by providing a vortex a1'ound the combustion region which when 

collapsing produces a pressure gradient directing the hot gases upstream 

along the axis, or by introducing air through openings in the side of the 

combustion tube so as to cause eddies. The latter two techniques are 
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commonly used in gas turbine combustion cham ber designo 

Stabilization on obstacles has been thoroughly investigated by 

Williams ( 12 )0 Behind such obstacles eddies exist into which hot 

gases are drawn at the downstream end to be expe11ed at the upstream end, 

heating the fresh mixture~ It was found that the stability limits are 

determined by the size of the obstacle and not the shape (except for 

streamlined obstacles, where no eddy exists). Williams reports that good 

correlation was obtained by plotting ~!~45 against air/rue1 ratio, 

where Vso i6 the blowout velocity and n i8 a characteristic dimen-

sion. 

Controlled injection of air to produce eddies is widely used. 

The holes through which secondary air enters are located by trial and 

error~ until the combustion chamber will operate over an acceptable range 

of flows and mixture ratios. The flow patterns are almost impossible te 

predicto Bailey and Figueroa (1) made a studyof a simplified form of 

this type of chamber. 'l'here ws qualitative agreement with their theoryo 

A theory relating quantity of recirculation to range of stabi~ 

lit Y would be very usefUlo Fig. l shows a model combustion chamber pro-

posed by Mordell (6). Air enters and is joined by hot rec1rculated 

gases,'then fuel is injected and vaporizes. There follows a delay period 

while the reaction builds up, and a short combustion region. Finally the 

combustion products leave the chamber, part being led back to mix with the 

entering air. 

Knowing the final temperature reaohed for a given fuel/air ratio 

it is possible to make a heat balance at the point where the recirculated 

gases are mixed wi th the !resh air, to obtain the temperature when com-

bustion begins o Then, from spontaneous ignition delay data, lt ls possible 
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Fige 10 Mordell' s Model 

to say whether or not there will be time for combustion to occur before 

the mixture reaches the end of the combustion space. In this way stabi-

lit Y limits can be determined. 

Let ~ and ~, be the mass flows of air and gas respectivelYg 

and 1AIr the red.T'culated mass flowo Let 1; be the temperature of air 

and gas at inlet to the combustion chamber, Tl the temperature aiter the 

recirculated gases have been added, and 7; the temperature when combus-

tion is completed. If A, 1.., and V are the ares, length, and volume 

of the combustion space (between the point where air, gas, And recircu­

lated products are mixed and the point where recirculation begins), 

(1.1) 

This assumes that the densi ty t> is nearly constant during the time 

that the gases take to travel through the combustion space& this is jus-

tified because the temperature rises slowly at first, Most of the com­

bustion occurring in a short time at the end. The pressure i5 assumed 

constant. Solving the above equation, 

t== 
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The final temperature T~ ia obtained from an overall energy 

balance:: 

Hers c is the mean specifie heat, YL i8 the combustion efficiency, and 

H i8 the heating value of the fuel. Introducing the fuel/air ratio 

w = W9 1.Af'Q. , 

we have T. -.!L. .iJ:L == ,+ , tw c 

The temperature Tl is found by a heat balances 

Let us define a recirculation parameter 

(The ratio of recirculation to total combustion section f10w is 

Wr 
w~+w; +w;.. - 1 + W + JL -. 

Then 

h.== 

Substi tuting for T3 

If we define 

and 

T~ 

CI + w) T, + t' T3 
1 + lA) + >~ 

from (1.,), 
wjÂ 

( 1 + W + p) T, + ( + w 
1+ w +,)-'-

ci- 1+ W+/ 

(3 WJA. rtH 
• 

1 +w c 

d.T. + f3 
ex 

e ) 
1 t fA • 

rtH 
c 

, 

(1.4) 

(1.5) 

(1.?) 

(1.8) 

(1.10) 

(1.11) 

(1.12) 

Studies of spontaneous ignition delay, eag. Mullins (7 ), show 

that when fuel is injected into heated air there is a delay while the 
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reaction slow1y accelerates before the visible f1ame accompanying rapid 

combustion appears. The delay time ,- is related to the initial tempera­

ture T2. by the equation 

109 T ==A + ~ h 

where A and B are empirical constants. 

(1.13) 

The stability limit is obtained by identirying this delay time 

with the time taken for the gases to flow through the combustion section, 

equation (102). Substituting from equations (102),(1010) and (1.12), 

1°9 [ ~~,. d.ïj ~(3 ] = A + 01. Ii + (3 
(1014) 

This can be solved to give the inlet mass flow ~ at extinction as a 

funetion of the fuel/air ratio w and the recireulation parameter JA SI 

which are contained in the variables ot and. ~ 8 

(1015) 

Given an air mass fiow and fuel/air ratio, this equation can 

be solved (graphieally) for the required reeirculation. When this . cal ... 

culation i8 carried out for a Rolls-Royee "Dart" combustion ehamber 

operating at a kerosene/air ratio of 0.055, ~ is found to be 0.46, and 

the ratio of recireulation to· total flow is 
, 

~= 0.32 , 

which is not unreasonable. However, with a fuel/air ratio of 0.027, 

near the weak operating limit, the required recirculation is much largerg 

)A- = 1.85$1 or )1"= 0065, whieh does seem excessive. 

This theory assumes that no combustion oceurs until the recir-

culated gases have mixed with the incoming air and fuel. In an actual 
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combustion chamber it is almost certain that at least some of the gas and 

air would be mixed before being joined by the recirculated flow. As soon 

as mixing began, some of the fresh mixture would b~ heated greatly, almost 

to T3 , and would begin to bum. The flame would then spread through the 

remaining mixture. Thus only enough recirculation to hest up a small part 

of the mixture would be required, and the fraction of the total fiow re­

circulated could be much smal1ero 

It is evident that experimental investigations are required to 

provide some insight into the mechanism of stabilization by reciroulation. 

Rogers ( 8 ) used an arrangement in whicq a jet of air was b10wn upstream 

towards the incoming air (into which gaeeous fuel vas injected), Fig.2a, 

with the object of entraining combustion producte and carrying them to the 

pre-combustion ragion. Actually, because of poor mixiug and unsteady 

flow patterns, the combustion took place right at the gas jeta, indicating 

that sma.1l eddies were producing the stabilization. The apparatus was 

modified, Fig. 2b, so that separately burnt gases were supp1ied close to 

the gas jets. With this arrangement it vas found that increasing "recir­

culation" 1ed to greater stability, over most of the range investigated. 

The objection to this method la that the recirculated products ahould 

come from the actual reacting gases so as to have the sarna temperature 

and composition. 

Sorne further investigations of thls nature were carried out 

(Section 3), but it became apparent that stabi1ization by jets is a cam­

plicated process, and attention was turned to a more positive method of 

measuring recirculation. 

If a combustion chamber could be made similar to the idealized 

model in Fig. 1, but with the fuel and air pre-mixed, it shou1d be pos-
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Fig. 2. Rogers' apparatus 

sible 'to measure the amount of recirculation required to stabilize the 

flame. The e8sential point i8 that the recirculated combustion products 

must be delivered to the incoming mixture at the same temperature they 

had when they were taken from the exhaust, or as near to it as possible. 

Otherwise, their effectiveness will be greatlyreduced, particularly in 

the light of the exponential effect of temperature. This means that the 

duct walls must be very near the flame tempe rature (say 2200 K). This 
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rules out met al construction, and leads to the use of refractorieso 

The difficulties in the construction and operation of such a 

combustion duct are large, but it ws considered that an attempt should 

be made o This was not very successfulo Much trouble was encountered with 

extraneous stabilizing effects and with local failures of the refractory 

at high temperaturese However, experience was gained in the handling of 

castable refractories and recommendations are made for subsequent worko 



2. THIDRY 

Some idea of the behaviour of the type of duct employed can be 

obtained fram the following discussion, which makes use of the concepts 

introduced by Mallard and Le Chatelier ( 5 ) 0 Pre=mixed fuel and air enter 

at a maSB rate W with temperature Te; and speed 1To , Fig .. 3&.. When the 

mixture ts heated to the ignition temperature Ti, by recircu1ation and 

conduction, combustion occurs in a thickness ~ , the final temperature 

being Tb .. 
A mass f10w W; is' recircu1ated and mixes wi th the incoming 

mixture at a constant rate so that mixing is complete after a distance L 

(Figo . 3b) 0 Therefore at a distance 1 after miXing begins, a fraction 

" = L of the recircu1ated gas has been addedo (A similar argu-

ment can be followed on a time basis; distances are easier to visualizeo) 

Conduction is assumed to be significant only in a short distance neg1i= 

gible compared wi th L 0 At the distance 1, the t.empera ture Tr ls found 

by heat balanceg 

(w + t Wr)Tr (2.1) 

We May define a recircu1ation parame ter .. Then 

To + Tr (2 .. 2) 
1 + 

The heating by conduction is, per unit area, 

where C 1s the specifie heat and k may be greater than the thermal con­

ductivity if there i8 turbulent f1owo Substituting Tr from (202), 

- f v: C [TI - Tot).p7i J 
- 0 0 ,', 1 + ;À~ , 
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b 
Fig. 30 Proposed ducto 

Ti, _ To + >-p Te 
1 + 'À,)L 

We have assumed that ~ and)A- are such that the f1ame is stationaryo 

This need not be so, in which case the flame speed will have sorne other 

value Vf ,given by 

"Ir _ k 1 
vf - t.e T T,', - To +- >-.JL 7k 

1 + Â)J-

Since J-i
o 

is greater than one, To t). )A.T!. -
" J+X.r -

(205a) 

increases as f..jJ- increases o The denorninator in (2.5&) i6 therefore re-
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duced,9 and the flame speed increases, as expeetedo 

r or the flame to be sta tionary, "/" nnst have a fixed value /' III 

determined by (2.5). (In particular,9 if conduction is neglec't,ed.ll i.e. k = 0,9 
Tl, - T. 
Tb - Ti, 

0) For any given recirculation, 
... 

À = )A. 
jJ-

i.eo the location of the flame is determinedo As JA' is decreased,9 )... must 

increaseo However.ll ~ is limited. 

(a) À. cannot be greater than 10 Therefore if r is decreased 

below JA'«' the flame will b10w out. 

Cb) The space avai1able may be 1ess t.han L 0 If the flame 

Maves downstream of the reeircu1ating duet entrance the recirculation of 

heat stops, or ia aharply reduced ll sinee the temperature i8 lower. A1so L 
"P* 

i8 a function of -tr", Tc, Tb , at leasto Then when )l'..c:::: À".OJ( 

the !lame will blow outo 

Suppose the flarne to be igni ted upstrearn. The flarne speed 1Jf 

18 less than the mixture speed Vo 11 sinee À)A- i8 small or zero. 

Therefore the flame moves downstream unti1 ÀJ" reaches the value jl-* co1"­

responding to ~, and 1!f bec ornes equal to V;. If the required value 

of riIA is 1ess than 0, 1Jf is greater than 110 and the flame b10ws backo 

If' , (2.5a) becomes 

~ - Ti, 

Ma1lard and Le Chatelier9s equation for the flame speed o 

(2 0 6) 

The chief faults in this the ory are - 1" uniform heating of the 

mixture is assumedj 2. the ignition tempe rature is nota constant, and. 

30 the f1ame thickness ~ is unknown" Nevertheless, it does give a quali-

tative pieture. 

Ignition temperature and flame thickness can be avoided by the 
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introduction of the reaction rate. The rate of heat release in unit volwne 

c:an be written 

C:r is a factor dependent on the fuel/air ratio~ the heating value of 

the fuel, the composition of air, etc. The frequency of colli~ion between 

euitable particles ie proportional to ;On VlP g the densi ty f ia a 

measure of the concentrations of particles, n is the number of ' energy 

tarms associated with the reaction (called the "order" of the reaction).o 

and ViF allows for the average velocities of the particles. Of these col-

lisions, only a certain fraction will involve a joint energy greater than 
*11-1 

E ~ the energy required for reactiono This fractio~ ia (R: T) ~) 
(Hinshelwood ( 3»G The denominator was included in Cr in (2 0 7). 

For a simple bi=molecular reactionj) ri equals 2 and (20 7) reduces 

to 

No allowance has been made here for the consumption of the re= 

acting materialsg the concentrations are assumed constanto Thus equa­

tion (2.7) applies only to the initial stages of combustiono However it 

is these initial stages with which we are concerned in studying the fac= 

. tors controlling a fianieo Once the initial heating has taken place, the 

reaction proceeds so rapidly that it occupies relatively little spa ce or 

time. 

Let us consider a mixture of air and gas flowing through a paral­

lel tube of croas sectional area A ~ and let us suppose that heat ia added 

by recirculation, beginning at a fixed point. Then we May consider an 

element of gas at a distance J downstream from here~ of thickness dl. 
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Its volume is A LI., and the mass contained in i t is fA r:U.. The total 

rate of heat increase in this volume ia the sum of the heat added by re-

circulation, heat released by reaction, and heat conducted upstream 

through the gas, 1ess the heat 10st to the wa11s. 

i.e. ~ 
(2.8) 

The temperature rise ia given by 

, 
~,r%~R e~ral~ b~ ~tt~P. 

. Cf, == ,/' A di, c 11-: . 
Siriêe the'itotal mass 'now 1s 

W"-~AI 
th1s becomes 

) (2.10) 

• (2.9a) 

The heat gain by conduction upstream is 

(2.11) 

The heat 1088 to the walls will be mostly by convection. Spiers 

( 10) gives the heat transfer coeff.icient 

h 0<: C C(-v)o.s 6°'" , 

or, trom· (20 10) --h ~ c(AW)O.8D-o.~ 

Therefore ~L C><:: C (1{ t,BDO/J., TTD dL (T - T-w-) 

where T-w- i6 the wall te:mperature. D 1s the hydraulic mean diameter. 

Introducing a proportionali ty factor Ct., 



(
W)O.80.8 

~L = CL li: D (T - Tw) J.J. • (20 12) 

The recirculation is difficu1t to expresso However, let us as-

sume ~that recirculated gases at the final temperature ~b, which will 

depend on the mixture being burnt and an estimate of the overall heat 10ss, 

are added to the unburnt mixture at a constant rate, and that a total re-. . 

circu1atéd mase flow "fJ/fo w.:l.l1 have been added after a time t 0 • De-

. LUro 
fining fA' 0 - -ur and ~ as the amount that has been added at 

time t, 

(2.13) 

and 

We can make a heat balance for the recirculation el -w;. added in time rJ.k 3 

~nce, neglecting the product of differentia1s, 

'W dT 

or JT == (Tb - T) 1f • J..t 

From (2.13&), this becomes 

dT == (Tb - T) 7-riZ , 
and 

~ (Tb~T)/f; c tA J1 

Remembering that (2.7) ws per unit volume, the whole equation 

(2.8) becomes 



If' we re~rrange this, divide by kA dl. , and substitute J:) = L 9 we 
1 RT 

obtain 

d'LT T C 0,8 D.a P "Ti T 
1 /J'a. - ,JdL. L.4n = -!::.... (W') D ·(T - T....,.) - s;....l!! _. h-
~ A k ax k A A k . to R T 

n J.n-I 

- Cr (-.f.) (~): ert~) k R RD T FI - 1 (2.17) 

For a given duct, gases, mixture,and pressure level, new constants can be 

introduced8 

ft~ -KjJ = LCT-Tw-)-MibTT -R :;f~--fr) , 
or d1.T K JT 

ll'a. - dI 

This type of' equation ia solved by introducing a new variable 
JT ~ ' f = n ' plotting -p against T for various values of' dT' 

and tracing out a linethrough the grid formed by the lP versus ~ 

lines and the slopes jf which are marked on them. When an actual 

example is tried, it is found that unless the initial temperature is 

very high the proportions of the graph are such that thls cannot be done. 

When appreciable heat ls added by other means, for example by 

recirculation, the effect of conduction can usually be neglected. If WB 

put k = 0 in (2.16), divide 'by "tA/" C d...l and substitute as before 

for t ' we obtain 
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JJ 

Introducing constants, 

..,17-

dT 
-;u: =M/~-T +R'ex~(-;b) T T (n-I) 

or 1f == 1;' (r) 
The solution of this ia 

and the flame position is 

l' == 

T 

1 dT 
~'(T) 

T. 

{2.22} 
• 

(2023) 

, (2.24) 

T
, 

where is defined as that temperature beyond which further incraase 

in 1 May be neglectedo 

In some cases it is preferable to have the temperature as a 

function of timeo Thus if we use (209) instead of (2.9a), still i~or­

ing conduction, (2.16) becomes 

in-I 

fAdQc~ = (Tb-T)focfAdi + CrfnVf(b) exp(-rfT)Adi 
0.8 0.8 

- CL (A) ]) (T - T-w) cil . (2.25) 

Dividing by fAcJJ and substituting for t 9 

n-I 1"'" ~ 
dT =~. (Tb-T). + .k (J:.) IL). exp (- R.T) 
dZ tll C R r Ro T t n - ~ 

C QS 0.8 

- -:A r;:) D f·T(T-Tw). (2.26) 
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W~th new constants, 

JI =M'(71-T)+R';lrC~b) -C T(T-T..,.) , 

or JI = P"(T) (2.28) 

The solution is 

fT dT 
t - ).., ~"(T) (2.29) 

To 
Reference has been madé to spontaneous ignition delay data. In 

these experiments, fuel is injected into a stream of hot air. The re .. 

action proceeds rapidly enough for the heat production to exceed the rate 

of loss, and therefore the mixture becomes hotter and the reaction accele-

rates • . No recircu1ation is involved: the flame is located at a distance 

from the fuel injector dependent on the delay time and the flow speedo 

The heating byreaction is large enough so that the heat gained by con­

duction can be neglectedo If we also neglect the losses (it may be noted 

tbat conduction and losses have opposite effects, and both increase as 

the , tempe rature rises), equation (2026) becomes 

FI-/ t,,-I é E) 
tA T == ...fL. (-.L) f.ï) exp:- fT 
d.t c R t Ro Tir. -

, 
and (2.29) gives / 

t,,-I ft-'l T ~ f 
,. = Cr (t)(~ .T"-e.xpCt-r)JT , 

where ï is written for the delay time. 

In actual practice, the de lay distance is measured, and the time 

calculated from an estimatE!d velocity. The delay distance could be calcu-

lated directly, using (2020) instead of (20 26). 
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t fl-I 
( ~) k..A. (L)(~)n exp- ~T 

c 1)/ Ro R J ri ln-I 

ffl-I niT' '"fAr C R ~(rH) E -=== - (:..&\(-J T exp(--") (jl • 
Cr El PI R.T 

o 

(2.30a) 

(2.31a) 

Equation (203la) allows for variable area o 

The power of T in the integral makes little difference, being 

sw.ampe d by the exponential.. Therefore the order n of the reaction can 

be determined from the relation between delay t"ilOO a.nd pressure.. For ,ex-

ample, Mullins (7 ) found tha t the delay time for kerosene was inversely 

proportional to the pressure, at the temperaturB level used in these ex-

periments (around 1000 K). Therefore n = 2. , and (2.31) beeomes 

r = ~r ~ L~teXP(R~T) dT . (2.32) 

This presents a method of measuring the quantities Cr and ~ • 
R. 

Let us defL~e a function 
-x,. , 

-&Cx.) = Li.'/;: exp(+) dx. • 

Then letting Xo = ~ , 
'l 

T === ~r ~ ([)~ !(x.) · 
Two points are chosen on the experimental delay time versus ini-

tial tempe rature curve, (To, 1i 
, , ) and ( ~2..> 7;. ).. Now we choose 

an X 0' • From (2.34), \Te know that Xo~ = _To~ Xo' (2.36 ) 
TOI • 

From (2.33) ~ieh can be plotted for an appropriate range, we then know 

o These must satisty the relation 



.IA.. 
T, 

which follows !rom (203,). We plot the ratio against X OI , 

and obtain the vaJne of XOI for which (2.37) i5 satisf'ied. 

Then l Toi (2.38) 
Ro "t.., 

~ 

t(XO/) and Cr c JL ( ~o)~ (2.39) p T, 
, 

!rom (2.34) and (2.3,) respectivelyo 

This calculation was carried out for the f'ollowing pair of pointa 

To 
1100 K 

1200 

T 

. 000166 sec 
. 

. 00 0031 

taken t'rom Mullins' curves for kerosene at atmospheric pressure ( 7). The 

results were 

== '2. 5, BOO K 

and c t X(1.086)( Io's ~~ l par sec). 

Having obtained these quantities we may carry out a solution of 
. " 

equation (2.26) to obtain a curve of temperatu~e against time. (A cune 

of tempe rature versus distance could be obtained !rom equation (2.20).) 

" R" 

II " 
Since n = 2, the reaction constant R becomes 

Cr P 
cR 

If we take the mass flow 1$ to be 0.01 kg ·per sec, the cross sectional 

A -4 
area 0.12)( 10 m2., and hydraulic Mean diameter D 0.03, m, 

values typical of the size of stabilization duct to be built, the loss 
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factor L i8 

L' = 0.0084 per detj .sec. 

The recirculation coefficient lVl* is siDply ~ t. • rf we 

assume that an average pre-combustion velocity of 1 metres per second 

will give a mi:x.ing distance of 0 0 1 metre, the time to until the recircu­

lated gases are al1 added is 1403 millisecondso Let us choose a rec1rcu-

lation parame ter /. '= 0 . .50. Then the ratio of recirculation to total 

flow is 

0.33 

The coefficient ia 

0.50 35 0.0145 == pe.r sec 

rf the wall temperature ,-~ 1s taken to be 300 K and the 

post-cornbustion temperature 11 2000 K, 

..t" 15 S)(Pt l5.6OQ) 
\j:I(T) = 35 (2000 -T) + 1.0B6xlO ~ =ft 

- 0.0084 T(T -300) • (2 0 4,) 

The reciproeal of this, '/~'tT) ,is plotted against T in 

broken lines in Fig. 4. Time is given by the ares below this curve "" 

equation (2.29) = and isplotted as a solid line. If Fig. 4 is viewed 

from the left, it becomes a plot of temperature against time. When t = 14.3 

msee the recirculâted gases are used upo From then on the recirculation 

;I\"'T) term rrmst be removed from ':t L , which beeomes negativei that i~ to 

say, heat is lost to the walls faster than it is produeed by reaction. To 

keep time increasing, dT mst beeome negative, and the temperature drops. 

There 1s insutficient recirculation to stabilize the flameo In fact, sinee 
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combustion does not proceed j the recirculated gases are cool and the inc~ 

ing mixture is not heated even ~his IIlU.chg the whole process dies out. 

Let us choose a larger recirculationg/ o = O.BO /:=0. 44 • 

Then 

56 par.s ec • 

The same process is carried out, Fig. 5, with ,the mixture heating more 

quickly ~ time increasing less rapidly with temperature. When 14.3 msec 

,.1\1'(T~ have passed and ~ 1 is modified it is still positive, and the te~ 

perature continues to rise, though slowlyo Eventually the reaction acce­

lerates ~ so that the name ,occurs when t equals about 22 milliseconds. 

If the recirculation is still larger, say,/o = 1.00 >/0'= o~ôO) 
Mil = 70 , the flame appears before the reclrculation ls used up~ 

Figo 69 . and there is no break in the curves. 

The rate of temperature rise decreases at fiTst as the los ses 

become larger, but later increases rapidly as reaction becomes signifi-

cant. 

The heat conductedupstream at any point is k A 1[- . 
This could heat the incoming flow ~ an amount ~ T given by 

wc6T kA il" . Now 

ao 

-' riT.A...f. 
-~1AfR 

~"(T) 
T 

1 
T' 

(2.46) 

Even at 1600 K, this works out to Iess than 0.2 Kelvin degree~ so the ef-

fect of conduction iscertainly negligibleo 

It is evident from Figs. 4 and 5 tbat sorne intermediate degree 
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of recirculation would bring the gases to a critical temperature Tc at 

which 'the heat produced by reaction just balances the heat lost tothe 

walls. 

(2.47) 

When this equa tion 1s solved graphically S) Te i8 round to be 1110 K for 

this particular set of conditions. If the recirculation is surficient 

to heat the mixture above this temperature, combustion will proceed. If 

not, the gases will cool down again. 

Since the 1eft band side of (2.47) is small for tempe ratures 

be10w Tc. ,we may write equation (2 0 27) approximately as 

-f. (Tb - T) (2.48) 



Theref'ore 
t. 

~1d.Z t. 
f) 

and 

ITcJT 

T
o 

TI - T 

2.303 109 }b- Tc 
Te-Tc 

) 

, 
which is inde pendent of t., since we have neglected los ses and reaction. 

Thus for our case, 

)).0 - 2 30":l 1 lQ:lO , .300 - 0 72 
/ -. ...J 09 2.0DO - 1/70 -. ) 

0.72 
1.72 0.42. 

This figure seems highg the theory still assumes that the fresh mixture is 

heated uniformly' by the recirculated gases. Still more reoirculation would 

be required if the recirculated gases were cooled during their circuit, 

lowering the effective value of Tb • 

So far it has been assumed that the combustion "chamber is long 

enough for combustion to take place before the point where the recirculated 

gasea are withdrawn. If this is not so, a further limitation on the sta-

bilityexista. The distance to the name can be detennined roughly by as~ 

suming a mean tempera ture for the pre..oeombustion regiom 

l' - W" t' - "1V R 1 
.A - fA - A p Tm' t , (2.53) 

orelse ~ can be obtained as a function of 1 in the f'irst place. 

The reaction constant Cr and the final tempe rature Tb depend 

on the ruel/air ratio, so it would be possible to obtain° cUrves of required 

recirculation against fuel/air ratio for constant inlet mass n~s, for a 

given combustion chaMber. 



· 3. STABILIZATION BY AN AIR JET 

An effort was made to obtain rurther data on the stabilization 

produced by a jet of air directed upstream. The apparatus used, Figo 7, 

was similar to that of Rogers (8) except that the air and gas, in this 

case propane, were mixed berore entering the Vycor glass outer tube, and 

there was no extraneous recircu1ation caused by enlargement of section. 

The jets were made !rom hypodermic need1e tubing, curved 50 that the 

si1ver-soldered joints were out of the hot gas stream. A heavier surround­

ing tube gave support and some protection from the flame i however, combus­

tion could onl1 be a110wed to continue for about 15 seconds at a time. The 

jet tubes reached temperatures around 1450 K, according to the optica1 

pyrometer. 

The Vycor tube had an inside diameter of 34 mm, and 2 m wa1ls. 

The jet gauges and inside diameters, measu'red wi'tih a vernier microscope,!) 

were as follows: 

16 gauge 

18 

20 

22 

1.20 llII1 

0.87 

00 59 

0.42 
It must be noted that because of expansion, distortion, and formation of 

sc ale the diameters were far trom constanto 

A three dimensiona1 traversing geaI' permitted centering of the 

jet and removal for maintenance but during combustion the tip often 

lifted because of the jet tube being heated more on the upstream side. 

A pair of pointers straddling the glass tube and slidab1e -on the travers­

ing carriage permitted the distance of the f1ame apex from the jet t1p 

to be measured just befere extinction, which was brought about by weaken­

ing the mixture. Rich extinctions cou1d not be done because the excese 
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AIR JET 
- PROPANE-

_ _ - -- -- AIR 
--o(~-

- - - MIXTURE 

( ....... / ?' /' /' /' ? ? ? é é 

Fig. 70 Stabilizing jet within outer tube 

fuel would burn outside the end of the glass tube, endangering the rwae 

hood which collected the exhaust gases. In any case they would not be 

valid (unless the jet were of propane) becauae the jet air · would promote 

combustion itself. 

In making the observations, the jet flow varied greatly from one 

nioment to the next; in particular i t dropped rapidly during combustiono 

Therefore the main air flow was held at fixed values, as nearlyas possible, 

and in Fig. 8 the jet mass flow WJ is plotted against fuel/air râtio . 

for constant inlet velocities v-. , with a separate set of 

curves for each jet of diameter d • The mean inlet velocities used, 

wi th their standard errors, were 

-v Standard errer 

3.79 metres per sec .08 

ù.90 .08 

6.13 .11 

8.34 .24 

10.50 .23 
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FIG.8 
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FIG. 9 
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The approximate jet velocities ~ are shown on the right=hand side of 

each graphe 

It is seen that while increasing jet f1.ow initially extends 

the range of stability, a maximum is soon reached after which the sys-

tem becomes less stable. This may be accounted for by spreading of 

the relatively stagnant region where the jet f1.ow meets the main nov, 
so tha t incoming m.:i.xt.ure has to go through a smaller space near the 

outside of the glass tube, and is therefore accelerated. The jet mass 

flow for maximum stability is greater tor higher inlet velocit1es. 

As the jet diameteris reduced, the points of maximum stabili­

ty occur at lower jet mass flows, but higher jet velocities. The effect 

of inlet velocity on range of stability varies markedly from one jet to 

another, but not very systematically. It is greatest for the 16 gauge 

tube, wh1ch gives the lowest jet velocities. 

It was found that the jet mass flow for maxinnun stability, 'UIj'" 

(gm per sec), could be correlated with jet diameter d (mm) and inlet 

velocity -rr (metres per sec), as followss 

... d1 == 0.0/73 vi. 

The value Ofw/obtained from this equation 1s show on each constant 

veloci ty curve in Fig. 8 • 

From each graph in Fig. 8 a plot was made of inlet velocity 

against fuel/air ratio for instant values of -w;/ J:~ • These are 

presented in Fig. 9. The curvefor no jet flow gives the velocities 

at whieh a f'lame, stabilized on a jet, blows back upstream. The lines 

of constant 'Wj/~ lie on a surface, as sketched on each graphe The 

twisting of the lines relative to the fOId follows fromthe 'dependence 
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of ïPJ / (ft upon the inlet ve10city 1f 0 . The range of maximum stabi­

lit Y does not vary greatly with jet diameter. 

When a jet is directed upstream against a now of air emerging 

from a large tube, a toroida1 vortex is formed which recirculates hot com­

bustion products to ignite the fresh mixture - see Fig. 10. It had 

been hoped that this would a160 be the case when the jet was within the 

large tube and the flow paths could be determined or estimated. Then 

it might be possible to calculate the amount of entrainment of combus­

tion products ,bya method similar to that of Goff and Coogan (2 ), based 

on Tollmein's theory (11). However, this was not the case. When con­

fined wi thin the tube the name aSSUl'lEd a sharp paraboloid shape, as in 

Fig. 7 , the name appearing to start in the stagnation region at the 

end of the jet penetration. 

The distance X. from jet tip to flame apex is plotted against 

jet now ~ for constant inlet velocities in Figo 11 .. As the jet flow 

increases the jet penetrates farther at first, then the penetration 

reaches a maximum and decreases again, finally turning to increase slowly. 

This may be accounted for by the blockingof the large tube referred to . 

earlier, with consequent speeding up of the fresh mixture. Also the vay 

in which the jet spreads may change. At high jet flows thefiame front 

becom~s much flatter, almost forming a transverse disc across the tube. 

This suggests that the mechanism of mixing has changed, with turbulence 

becoming important. 

The jet flow for which the penetration is a maximum i~ practi­

cally independent of main stream velocity for any given jet size. It 

can be related to jet diameter as followsg 
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) ~ - __ '2 ;Z Z 

JET __ - PROPANE-AIR 

~:::---.~ 
MIXTURE 

<2 ;p z< 

Figo 10.. Stabi1izing jet outside 
~.I' ff 
(/ 0.03/ 

Likewise the maximum penetration x· (cm) is related to the jet diameter 

cl (mm) and the inlet velocity ;f (matres per sec) by-

18.3 
vi 0.3) 

This being so, was p10tted against 
x 1/1 
d t for a1l the observed 

extinctions, Fig" 12. No attempt is made here to identify the points~ 

on the original plot co10urs were used to distinguish 20 symbo1so There 

vas no apparent systematic trend in the scatter about the curWo 
lit ("a · 4-

The ratio T = 00 0)1 or ~) = 9.6 X 10- for maximum 

penetration corresponds to a constant momentum flux 

0.4) 

4 -3 
of .1 X 10 kg matres per sec per . sec, which i5 equivalent to a force 

-3 
of 4.1X 10 newtons (0.42 gm force). 

An attempt was made to make co1d air flow observations with the 

aid of smoke produced by mixing ammonium hydroxide and hydrochloric acid 

fUmesoWhen both were introduced into the jet air supp1y the salt co1-
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FIG. Il 
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Fig. 13. Flame stabilized 
outside large tube 

Fig. 14. F1ame stabi1ized 
inside large tube 

Fig. 15. Apparatus for upstream jet measurements 



-36-

lected in the j oints of the connections', blocking the air flow and clogging 

the j et tube. When one was introduced into the jet air and the other into 

the main air supply, smoke vas formed at the meeting surface, but only at 

extremely low flows. At higher flows the smoke did not have time to appear 

until the vapeurs had leftthe mixing zone. This vas therefore abandoned. 

A very large enclosing tube might reduce the wall effects and 

permit the type of stabilization srown in Fig. 10 to be obtainedo A large 

air supply would be requiredo 



4. STABILIZATION DUCT III DESIGN AND CONSTRUCTION 

Most of the research was taken up with the investigation of the 

type of' recirculating combustion tube referred to earlier, in which .. 

portion of the combustion products is led back through a separate duct 

to join the incoming fresh mixture. As a preliminary, it was d~cided to 

build a very simple unit to try out the use of' castable ref'ractory for 

construction and the principle of forcing the recirculation by meana of 

an ejector. Stabilization Duct l was therefore ,designed and built. 

Fig.16 illustratee the paths of the gas-air mixture and cam-

bustion products. A mixture of commerc~al propane gas and air entered 

the combustion duct through an ent17 section 205 cm square.. It was joined 

by hot combustion products to initiate combustion through heating and 

iritroduction of' active radicals. Combustion took place in a section 2.5 

by 4.0 cm, about 1, cm long. 

Part of' the combustion products entered the recirculattng 
. . 

loop while the remainder vas discharged into the room. The recircula ted 

portion was joined by a jet of air whose ejttctor action increased the 

recirculatory fiow and provided some control. over ito Theae hot ~ase8 

then joined the incoming fresh mixture near the entrance. 

A retractile stainless steel bafns plate vas provided at the 

entrance to stabilize the flame when starting up. J. spark plug excited 

by an oil bumer ignition transformer formed the ignitore 

Small holes (visible in Fig •• 17 and 19) in the duct valls 

permitted a limited view of the !lame and the opposite valls. Four 

platinum, platinum - la,t; rhodium thermocouples vere inserted into four 

of these holes 50 that the junctions were flush with the- inner surfaces 
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of the walls, at the locations indicated in Fig. 160 These measured the 

wall temperatures, which were only a rough indication ot the adjacent gae 

temperatures. 

The recircu1ated gases were taken !rom the bot tom of the 

duct and returned at the top to reduce the like1ihood of the same gasee 

circulating al1 the time. The inclination of the main and recircu1at~ · 

sections permitted the duct to be cast in only four parts (Fige. 17 and 

'18)0 (The smaller pieees vere removable p1ugs to fit into the recir­

culating tube, so that cold air could be substituted for the combustion 

products if desired.) 

The duct was cast of Sternson Chromepour, a chrome aggregate 

with se1f=bonding agent which sets at room temperature. It ie recommended 

for temperatures as high as 2l00K (3300F)0 The sections were cemented 

together with Sternson No. 60Si1achrome cement, recommended for tempera­

tures up to 2l50K (3hOOF). Molde vere buil t up of balea wood directly 

on the b1ueprints, and then varnished and greased before pouring the 

Chromepour. No difficul ty ws encountered in casting these sections, 

presumably because of their large size and simple design. 

The duct ns covered with Bird...Archer Bacite insulating cemënt, 

recommended for temperatures as high as 1370K (2000F)o At higher te~ 

peratures it hardens and blackens. Some of the Bacite next to the co~ 

bustion tube walls f'ueed, forming a glassy reeidue j it had trebably ~eached 

temperatures around l600K. 

The stabilization duct ws connected by a Metal tube and a 1ength 

of heavy rubber tubing to a glass tube used for demonstrating various types 

of stabilization. Originally the air was metered by the pressure drop 

across an 11.10 mm diameter thin~plate orifice. A 2.48 mm orifice w&s 

used for the propane gas and a h.98 mm orifice for the air supply to the 



Fig o 170 Stab. Duct I~ 
main sec-tion castings 

Fig. 19. Stab. Duc"t l, 
assemb1ed 

Fig. 18. Stab. Duct I: 
recirculating section 

castings 

Fig. 20. Stab. Duct l, 
installed 
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ejector jet. These were later enlarged to 19.74 mm, 4.36 mm, and 8.,80 mm 

respectively. The main air and propane were mixed in a mixing chamber 

visible in Fig., 200 Pressure differentials were read on water manometers, 

and upstream pressures on mercury manometers o 

The thermocouples were connected to a millivoltmeter pyrometer. 

Compensating leads and selector switch were arranged so that the cold 

junction was at the terminals of the indicatoro 

It was round necessary to cool the metal entry tube with air 

jets because, while the incoming gas~ir mixture kept it cool when 

running~ upon shutting down heat was conducted back from the duct to the 

rubber tubingo (The air was tumed off immediately combustion vas ended 

because too rapid cooling might lead to cracking of the refractoryo) 

A mirror was located in line with the main air path through 

the duct about 80 cm fram the exhaust end and was oriented so that the 

operator could see straight up the combustion tube from the control posi­

tion. This mirror was cooled on both surfaces by air jetso (Fig., 20 

shows an earlier arrangement in which the mirror was closer to the exhaust 

and uncooled., The backing and silvering disappeared very quickly.) 



5. STABILIZATION nueT Ii RESULTS 

AIR FLOW TESTS 

To get some ideaof the air flow characteristics of the duct, 

total and static pressure measurements vere taken for various main and 

jet air flows at room temperature. Becauee of the low velocities (Iees 

than 30 Metres per second), the velocity distributions vere poor, and 

mass flows calculated from them did not agree well vith each other and 

with metered flows. However it was considered that detailed velocity 

traverses would not he justified becauae flow conditions would be mnch 

different when the duct was running with combustion. 

As had been expected i t vas found that the main air flow in­

duced a considerable recirculation even vhen there was no jet flov. The 

jet influenced the recirculation mors than did the main air now, and 

a given increase of main air flov increased the recirculation less at 

high recirculatory 1~ows than at lov ones o 

For example, with no jet flow the recirculated air flow was 

3.0 gm per sec compared vith a combustion section flow of 13.5 gm per 

sec. With a jet now of 1.3 gIn per sec · the recirculated flow increased 

to 6.6 gm per sec. With no main flow the same jet atrength induced a re­

circulation of 505 gm per sec. 

TEMPERATURE TFSl'S 

A nuMber of tests were made to find out how well a duct of this 

construction would withstand operation at high temperatures. It vas found 

that the stabilizing baffle was unnecessary for starting ... the flame would 

stabilize from the spark-plug. After a few seconds, while the wall next 

to the flame became red, the flame would stabilize without the spark-plug. 
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The main ~ection of the duct gradually became red hot and eventually 

orange. 

However, the recirculating duct lagged far behind. In the ini-

tial tests it only reached a temperature of 940K after 30 minutes runningo 

This was one reason for en1arging themetering orifices and increasing the 

flows.After this had been done, a temperature of l500K was reached. The 

temperatures of the four thermocouples during a typical run are p10tted 

against time in Fig. 21. The temperature at Thermocouple l dropped when 

the main fiow was increased from 10.7 to 15.9 gm per sec, presumab1,. 

because the flame moved farther downstream, so that the thermocouple was 

coo1ed by the incomiTlg mixtureo When the jet was reduced from 5.0 to 

2.0 gm per sec, 13 rose, because 1ess cold air waa being introduced. Like­

wise, T, rose slight1yo 

If, !rom cold air f10w measurements, we assume that a jet flow 

of 5 gm per sec. gives a recirculating total flow (inc1uding jet air) of 

20 gm per sec, a rough heat balance can be made to find the gas tempera­

ture T before the introduction of the jet airg 

2.0 T3 = 5To + /5T 

where T~ is the jet tempe rature (: 30Œ). Thus when 73 i$ l30OK, 

T = Zox/~OO -5 X 300 . 
/5 

1630 k. , (5.2) 

which agreee well with T;. (1610K). A more efficient ejector, with smaller 

primary flow, would reduce the cooling. 

The fuel/air ratios used in a11 these runs were within l~ of 

stoichiometric. The maximum !lov of 15 gm per sec. air plus 009 gm per 

sec gas corresponds to a Mean entry velocity of about 20 metres per 

second (65 ft, per sec). After combustion this woold ri se to 

~~~K K X 20 mpersec = J 30 m fer sec (430 ft pef"' sec) • (5.3) 
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The maximum gas fiow of 0.9 gm .• per sec· corresponds to a heat release of 

45,000 watts, or about 60 horsepower, assuming complete combustion. 

After stabilization tests the duct was taken apart for exami­

nation 0 The Chrornepour castings had cracked into about a dozen separate 

pieces which had been held together by the hardened Bacite insulationo 

In the hotte st parts of the duct (particularly the lips at entry and exit 

of th~ recirculating loop) these pieces in turn were laced with small ir­

regular cracks which however did not divide them into separate pieceso 

The inner 2 to 4 mm of the Chromepour was blackened by vitrifi­

cation, and in the case of the lips where heat came trom both sides this 

continued right througho There was also sorne distortion. 

The resistance to high temperatures was therefore not really 

satisfactory, but it was felt that it would have to doo Tt was thought 

that the cracking could be reduced by using thinner sections, thus reducing 

the temperature difference between inside and outside of the wallso Aleo 

the reduction in heat ca.pacity wou Id lead to more rapid heating up, and 

less inertia to temperature changeso 

STABILITY TESTS 

Tt had been hoped to find conditions in which the flame would 

stabilize with recirculation but not withouto Actua11y it was stable 

under almost a11 conditions. This may be exp1ained as fo1lows o With 

no recirculation the lip separating the main entra.nce from the recir­

culating duct exit acted as a bluff obstacle, producing turbulence (see 

Fig. 221) which meant there was small scale recirculation. Similarly 

turbulence resulted when the recirculation was high and the main air 

flow was low.(Fig. 22e). When the velocities matched (Fig. 22b)g there 

was a minimum of disturbance and a minimum of stability. 
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a b c 

Fige 220 Turbulence caused byvelocity mis-matching 

• 
Thus as the recirculation was increased from zero the stabi~ 

lit Y (measured by the range of combustible fuel/air ratios for a 

given velocity) would decrease, reach a minimum and increase againo 

This effect would be superposed on the stabilizing effects of the 

walls and the recirculated gaseso 

The recirculation would onlybe effective after the walls of 

the re~'rculating duct had become hot enough to allow the combustion 

products to pass through without being cooledo Thus it was decided 

to determine stab111ty limits for the duct while cold (no effective 

recirculation) andagain when hot (with recirculation), to see if 

there were appreciable differenceso The hot wall effects would in-

crease also, but would not depend in the same way on the recircula-

tory flowe 

Figo 23 shows the results of the cold measurements, obtained 

by running the duct ju st long enough to stabilize the name at I.p-

proximately stoichiometric ratio,and then altering the mixture un­

til extinction occurred, plotted in the usual wayg velocity (at 



-47-

30.---------------------------------------------~ 

20 

V 

METRES 
SECOND 

10 

Wj 
GM/SEC 

" 0.0 

x 0 

5.0 

°O~--~--~--~~--~--~--~--~--~~--~--~~ 
W,/U14 

fIG.23. STABllIZATION DUCT 1: STABILITY 
DIAGRAM 

6~--------------------------------------------~ 

4 . 

t<Ij 

GRAMS 
SECOND 

2 
.. 

0.05 w,/Wo. 

fiG. 24. CROSS-PLOT OF PREVIOUS FIGURE 



-48-

entry, from mass flow and area) versus fuel/air ratio (on a mass flow 

basie). Points are shawn for jet flows of 0 and 1.0 gm per sec to 

indicate degree of scatter. 

Fig. ~ was obtained by croBs-plotting Fig. 23, giving jet fiow 

versus fuel/air ratio. Here the minimum of range of stability refer­

red to above may be seen. As the jet was strengthened further the 

stability decreased again bec&use of the diluting effect of the air 

from the jet, weakening the mixture. This effect was responsible 

for the requirement of a minimum entry velocity for stabilization at 

high jet nows, as seen in Fig. 23. 

Two attempts were made to obtain extinction limits with the 

duct hot, however the stabilizing effect of the hot refrac~or.1 caused 

the flame to persist, though becoming thinner, at weak and rich mix­

tures, making it impossible to assign extinctio!1 limitso 

By this time the duct WB badly cracked and leaking, and 

throwing out glowing particles of cement, and it was decided that 

no further results could be obtained with it. The deBigning of a new 

rig waB begun. 



6. STABILIZATION DueT Ils DESIGN 

Stabilization Duct II was designed to avoid as far as possible 

the difficulties encountered with its predecessor. Thin sections 

were used where possible to reduce thermal stresses and inertia, a 

more effective design of ejector was incorporated, and provision 

was made for measuring the recirculated flow and for matching the 

recirculated and main flow speeds at their meeting point. 

The latter was to he accomplished by projecting parallel 

1Jght through the mixing region onto a frosted screen, so that the 

recirculated flow or the entry velocity could be adjusted to give a 

minimum of turbulence, as judged by the shadow pattern on the screen. 

Since this WQuld impose limitations on the ratio of recirculated to 

main flow, it vas proposed to use interchangeable sections with 

varied exit widths as part of the recirculating ducto 

A flame would be considered stabilized when combustion began 

just after the incoming mixture had been joined by the recirculated 

gases. A flame stabilized anywhere else would be regarded as extin­

guished as far as recirculation was concerned. 

Fig. 25 is a flow dia gram of Stabilization Duct TI. Metered 

and pre~ed propane and air were supplied to the main entrance which 

was rectangular in cross sectiOl'1.8 4.0 by 3.0 cm. There ns a com­

bustion section, 4.0 by 3.2 cm, about 12 cm long, followed by an ex­

haust section. 

The entrance to the recirculating loop was perpendicular to 

the main tube wall at the end of the combustion section. There fol­

lowed a constriction in which a ~air of small high=pressure jets 
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provided the primary fimv of an ejector to induce and control the 

recirculationo From here the gases passed through a diffusing 

section leading to a final contraction, to improve the ve10city pro­

file,ll during which they were turned through 180 degrees to join 

the fresh mixture near1y tangentially at the beginning of the co~ 

bustion section. 

The recircu1ated gases 1eft and rejoined the main stream 

on the same side,instead of opposite aides as in Stabi1ization Duct 

~because the cross=over wou1d have great1y complicated the design. 

It was fe1t that if there were a tendency for the same gases to be 

recirculated repeatedly this might not be too serious because it 

could also happen in the stabi1izing eddies in an actual combustion 

chambere 

Five pressure tapa ( ?, >).)3) +)5) were provided as shown in 

Figo 2,,Il giving three contracting or expanding sections in which 

flow m.easurem~nt.e Gou1d be made after calibrationo Thermocouples 

iNel"ë p r cv i d a d in the wall at t'Vo points to obtain 100er es­

timates of the gas temperatureo In the cent~e of the combu~tion 

Bection miS an ignitor for starlingo In case this became inoperative 

an alternative one was located farther upstream. 

A pair of Vyco~ glass windows was provided at the beginning 

of the combustion section to permit a light path through the region 

where the hot recircu1ated gases were mixing with the fresh mixture. 

Light trom a point source was made parallel by a projector lens, 

shone through the above windows perpendicularly to the flow,Il and fell 

on a viewing screen, so that the recirculating flow cou1d be ad-



justed to give smooth mixing. 

Figo 26 shows the construction of St.a.bilization Duct II in 

more detailo The parts were ca3t of Chromepour in three main unit~o 

The largest casting formed the main flow duct and the outer enclosure 

of the recirculating loop eection.. The recirculating loop was made 

in two parts, which will be re!erred to as the "ejector" and the "Un. 

These !itted into the large casting, and were removable for altera­

tions, in particular it was intended to emp10y urs o! di!rering 

outlet widths to accommodate varying recirculatory tlows, since the3e 

had to be matched to the main stream velocitieso The walls ot these 

two castings were made as thin as vas feasible to reduce the tempera­

ture difference between inside and outside, and thus the danger ot 

cracking, and to reduce thermal inerliao It ns found that the,. 

could be cast satisfactori1y about 4 mm ihicko (See section on cast­

ing o ) 

The loop was surrounded by Fiberfra.:x: insulation, a blown alue> 

minum-silicat.e fibre made by The Carborundum Companyo Cooling air 

vas passed through the centre of the loop to reduce the tempe rature 

of the refractory to a sare level. 

It was important to avoi~as far as possible, heat transter 

between the gases in the U and the !resh mixture passing along the 

wa1l near the lip, since this could lead to premature stabilization. 

Therefore a cooling passage was provided as shawn in Fig. 26 • 

Tvo caver plates were cast ot Chromepour to close the large 

casting after the smaller sections were inserted. 

The ejector jets were 16 gaugs (1.65 mm oodo) stainless steel 

hypodermic needle tubing.. It was hoped that they would be cooled 
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adequately by the jet air passing through themo They were- squeezed 

somewhat oval at their outlet ends to reduce the ares., giving a crude 

nozzle~ and to more nearly resemble the narrow rectangular cross 

section of the ejector casting. 

The pressure taps were made by cementing hypodermic tubing 

into perforated Iugs cast on the ejector and"U, or into holes cored 

in the large casting (~ee Figso 27, 28, 33) 0 The thennocouple junc­

tions were cemented into holes in similar Iugs. 

The ignitor consisted of a pair of parallel platinum wires 

flush with the inner surface of the ducto A 10.9000 volt 60 cycle 

voltage wa~ applied. 



Fig. 27. Stab o Duct IIg 
U cast.ing 

Fig. 29. Stab. Duct IIg 
main casti.-rtg 
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Fig. 28. Stab. Duct II: 
ejector casting 

Fig. 30. St ab • Duct II: 
main casting 



7. STABILIZATION DUCT Ils CASTING AND CALIBRATION 

A material suitable for constructing a comb~stion duct of the 

design required would need the following properties8 

Ability to withstand temperatures as near as possible to the 

fiame temperature (about 2200K, 350OF)o 

Resistance to thermal shack. 

Ease of casting (or shaping in sorne other manner) to co~ 

plex shapes with thin wallso 

Neutrality to combustion gaseso 

Reasonable cost. Rare metals like columbium could hardly be 

considered for th~ complete duct, although small amounts might be 

used for critical parts j for example the lip at the recirculating 

loop exito They are also difficult to fabricateo 

At least enough strengthto retain its shape when hot. 

Low srœinkage to avoid crackingo 

Sternson Chromepoul' was the first refractory tried, and no 

be'tter has been .found o Attempts were made to cast sections in s1111-

manite and alumina, but these shrank and cracked upon drying» and 

lacked s~l'ength. 

Chromepour i8 mixed with water to the desired consistency and 

then pouredo It sets within 24 hours in air at l'oom temperature and 

i8 quite strong.Slrfaces are smooth, though nothing like metal or 

glasso 

Stabilization Duct l was poured in fairly simple moldsand 

no difficulty was encoW\tered. However, the more complex shapes of 
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Duct II led to many difficultieso 

The cement cannot be made too thin, or it will shrink, and 

the bond may be weakened 0 There fore i t must be rammed or prodded 

into the corners of the mold, and even then it is very hard to 

avoid entrapping air bubbleso About an hour was required to pour 

each of the castingefor Duct II. The cement is very quick-setting, 

and after 5 to 10 minutes it thickens noticeably, becoming difficult 

to pOUl"o Water was usually added but this could onlybe done once 

or twice g then a new batch of cement had to be mixed. 

Molds for Stabilization Duct II were made of balsa wood g 

shellacked and greased. The first large casting attempted had cracks 

and large air spaces. After a new mold was designed and build a 

second attempt was made, and this produced an acceptable casting. 

There were sorne small gaps which were filled with a mixture of 

Chromepour and Stemson S ilachrome cemento The Chromepour alone would 

not stick" while Silachrome sticks but shrinks8 a mixture was found 

to work fairly welle 

The recirculating loop U was attempted next. It was round 

that the thin sections desired here ( 3 to , mm ) were much more 

troublesOI!1eo They cracked, and worst of all, .the cement crumbled and 

had no strength. Mixtures of Chromepour and Silachrome were tried 

wi th no success SI the shrinkage leading to cracking. The manufac­

turers of the cement were not able to offer much advice - they did 

not recownend casting sections thinn~r than one-half inch. 

Many SIM.ll sanples were cast in efforts to find o'Ut why thin 

castings were harder to make tl.&"'\ thick ones. Eventually it was 
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found that firm castings could be obtained if they were irnmediately 

covered up or put in a container when poured, or kept sprinkled with 

water for several hours after pouring. 

Apparently thin sections dry too quickly for a good set. 

Setting may take time, or perhaps sorne of the bond is carried oft 

when the water evaporates too quickly. 

Thin sections (less than 5 mm) could not be poured from the 

edge because the small stones in the mixture clogged the mold and 

large air spaces resulted. If the stones were sifted out, the remain­

ing cement shranko Therefore the molds had to be designed so that 

the cement could be applied by plastering9 with all parts accessible 

to a knife or similar implemento 

It was originally intended to use wax cores for the recircu­

lating loop and melt them out. It was found that (a) the ~ went 

into the Cbromepour when heated, probably weakening it 9 and (b) the 

wax expanded~ cracking the castings anywayo Therefore cores were 

made of very thin balsa wood (1/64 inch)~ shellacked and greased, 

and were later burnt outo The thin wood ensured that if there were 

differential expansion effects on heating, the core would not be 

strong enough to crack the cement. 

The fourth attempt at casting the U was successfUl, the few 

small holes being patched with Silachrome9 which can be filed a few 

hours after application, berore it has completely hardenedo 

The second casting for the ejector was acceptable 9 and the 

very simple cover plates were cast in one attempt. 

AlI the castings were heatedto 10000 in the large electric 

fUmace of the Metallurgical Department, by Professor J.Po Ogilvie. 
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On being heated abave about 500c~ Chromepour castings became reddieh 

(having been gray before) and ring slightly when tappedo There ie 

also appreciable shrinking and warping. The ejector and U which had 

fitted easily into the main casting when poured now required trimmingo 

This was accomplished by filing where possible~ and cautious grinding 

where particlee of stone were at the surface. 

The main casting had Many fine hair~cracks - except on th. 

~urfaces which had been expoeed when in the moldo It may be that 

all moi~ture in the casting had to leave by these surfacee ll so they 

took longer to dry and achieved a better seto There were also a few 

large cracks 1l particularly near the window openingso 

The main casting is shawn in Figso 29 and 30. Warpage ia 

se~n as drooping of the ends and concavity of the fIat surfaceso 

The dark patches in Fig .. 29 are Silachrome used to patch the larger 

cr8.cks e 

The ejector and U had practically no hair-cracka and were in 

good condition~ except for the fact that the fIat surfaces to com­

plete the walls of the combustion section were bowed outwardo They 

are seen in Figso 27 and 28. 

It was evident that further warping when the duct was run 

would make removal of the loop sections impossible~ so it was decided 

to cement them into place ll reducing leakage and making a stronger unit, 

but preventing substitution of alternative U sectionso Fig" 33 shows 

the duct with Bacite applied and ejector and U cemented in place. 

The pressure taps, thermocouples, and jet connection are visible~ as 

weIl as sorne of the Piberf'rax insulationo 

Figso 31 and 32 show the complete installation. In Fig. 32 
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Fig. 31. puct IIg general view 

Figo 320 Stab. Duct II: General view, showing optical system 



Fige 330 Stab. Duct II, insulated, with U and ejector in place o 

~ 
, r • 

Fig. 34. Hole in exhaust 
section; Bacite removed. 

Fig. 35 0 Secondary combustion 
at mix.ing surface - rl.ch mixture 



the optical system rnay be discernedo It consisted,of a 150 \c .. p~ ', Royal 

V9Ediswa.nVi Pointolite lalll P.. a lens" a pinhole forming a, ~econdary ~ource or 

~mall sizeD a projector lenB~ and a mirror producing a 90 degree change 

of directiono A hood surrounding the viewing screen is in front of 

the window in Figo 31. 

Before cementing the recirculating loop ~ections into place 

they were calibratede A balsa jig was made to hold the ejector and 

U together in proper re1ation~ and the ejector entrance was connected 

to a supply of metered air 0 Measured air nows were then pas~ed 

through the loop (together with varlous lmown jet nows) and the static 

pressures PI) '1 ~J 4) S were observedo From 'this it was possible to 

draw curves of air flow versu~ the product of pressure difference 

and densi ty for the pairs of tapa Pt and Fi 9 P,3 and e., P4 and Ps • 
The velocity profile! in the loop were much dependent on the jet 

strength ,9 50 a separat,e curve had to be drawn for each jet flove 

The source of air was then disconnected and the ejector was 

operat~d drawing trom atmospherec A baffle prevented air emerging 

trom the U exit lip from affecting the ejector entranceo Flows 

were calculated trom the calibration curve90 In Figo 36 the induced 

flow ~and its ratio ~J'~ to the jet flow are plotted aga~nst the 

jet nov" Because of the poorly developed velocity profile~ the 

flow measurements were lacking in precision and the scatter was large. 

In parlicular the measurements at taps ~ II ~ (close artel' the jet) 

were 30 inconsistent that they were di~cardedo 

Similar curves are obtained from plots of the calibration 

data for the cases in which p, 9 the pressure at ejector inlet~ 18 
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approximately atmospheric. 

As the jet flow increasea the induced nov increases to a 

diminishing de gree and the ratio of induced to primary flow drops. 

The latter iB undesirab1e because the ama1ler this ratio, the greater 

the cooling and diluting effects of the jet. If the operating point 

is taken M 1A1 = 1.0 gm per seCt v.lFM ia about 50 Taking the 

tempemtures of jet and induced flow to be 300 and 1800K respectivel,., 

the resu1ting temperature wou1d be 

300+5x /800 
6 

a drop of 14 percento 

==/550J<. , 

After the ejector and U had been installed in the main cast-

ing.ll a run was made to Bee if' the main air flow itself would induce 

any recirculation in the loop. Such recirculation, if any, was too 

smaI1 to show on the manometers. 



8. STABILIZATION DUCT Ils · AUXILIARIES 

The schernatic diagram (Fig. 37) of auxiliary apparatus associ­

ated with Stabilization Duct II ie largely self-explanator,y. 

Propane ns supplied from 500 Ibo pigs at pressures up to 90 

psig. Low pressure air came !rom a compressor supplying 0.4 Ir per 

sec at 90to 95 psi~. Up to 0.012 lb per set . of high pressure air 

was available at 130 to 150 psig.This was used for the ejector to 

reduce the mass flow required. A cross-over valve permitted testing 

lines on high pressure air. 

Metering was by thin-plate orifices. In order to provide 

for a wide range of flows a tank was designed in which a rotating 

sector operated by a lever at the control panel brought two smaller 

orifices over the largest one, giving three ranges for each 1ine. 

The orifice diametere were approximate1y in the ratios 58 V!fs 1 to 

give flows in the ratios 253581 for a given pressure differential. 

The orifice diameters, measured with a vernier microscope were as 

followss 

Air Gas Jet 

Small 8.02 mm 1.11 2.52 

Medium 18026 3.89 8.96 

Large 40029 8096 12.75 

Inevitably there ws 1eakage past the sliding orifice platee, 

so the orifice tanks were calibrated against a set of seven standard 

orificee (diametere in ra.tio \12) discharging to atmospheric pressure 

from a large tank. The low and medium gas orifices were a1so cali­

brated against a wet-test meter of 0.25 cubic foot capacity. 
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From the calibration data a curve of discharge coefficient 

versus differential pressure was plottedfor each of the nîne ori-

fices. Fl~ were calculated !rom the formula 

w= KV~~LlP Po T (8.1) 

where W is the ms.ss flow, P is the absolute pressure upstream of 

the orifice, Po is standard atmospheric pressure, T i8 the tem­

perature of the gas or air when metered, and ~p is the pressure dif­

ferential. K i8 the calibration factor which varies with tJ. P (more 

strictly wi th the radical in the above formula for v..r to which the 

Reynolds number is proportional), and since it was determined for 

each orifice it includes the square of the diarneter 9 as weIl as a 

numerical factor dependent on the units and the standard densities 

of air and propane. 

Pressure differentials were measured by well=type water mano-

meters, whose properties were taken care of when the orifices were 

calibratedo Th~ jet flow manorneter was subject to high pressure, so 

it was made with Saran tubîng and fittings. While Saran is not very 

transparent, the level of coloured water is elearly visible through 

it. 

The upstream pressures for air and gas were measured with U-

type mereury manorneters, and a bourdon pressure gauge was used for 

the jet. Cooling air fiow was set by rneans of a pressure gauge. 

In the mixing chamber the 3/8 inch copper tube of the gas 

line projeeted into the end of the one inch air tube~ which in turn 

projected into a three inch solder tee, !rom which one inch copper 

pipe and soldered fittings led through an aireraft type flarne trap 
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and straightener to the stabilization duct, the final connection being 

made by a stainless steel transition piece. 

The pressures P, 12,3,4-,5 associated with the duct itself 

were read on a set of water manometerso The pressuree in the inlet 

and exhaust pipes were read on Mercury manometers. Each p1atinum 

thermocouple was connected to a millivoltmeter pyrometer. 

The exhaust from the duct was 1ed through a large cross section 

pipe 50 that the pressure in the duct would be at or be10w atmospheric 

and 1eakage (almost sure to exist wi th a refractory duct) would be 

small and i.Bwardo 

Since conditions in the stabi1ization duct wou1d change im­

medi.te1y upon extinction it was necessary to arrange for instantaneou8 

recording of 1.11 data. A Robot II camera with automatie film traml­

port and remote release was mounted so as to photograph the instrument 

panels. A progressive button at the control station first turned on 

the fiood1ights, then triggered the camera.To give good photographie 

contra!! t; 1.11 water manometers vere fi11ed, and Mercury manometers 

topped, vi th water co1oured black by the addition of both red and b1ue 

vegetab1e colourso 

The 3~ mm negatives were 1ater examined under a 9 power micro­

scope and the readings recordedo T~ere was a permanent record, and 

errors due to incorrect reading were avoided. 



9. STABILlZATION DUCT Ils RESULTS 

The performance of Stabilization Duct II was disappointing. 

Ignition was achieved smoothly enough at a low inlet flow, 

and the flarne jumped back and stabilized in the entrance to the duct, 

po~~ibly due te a rough spot on the refractory or to an imperfeet 

fit between the duct entry and the stainless steel connector trom 

the supply pipe. Since it would not be expected to stabilize downstream 

in the combustion section while the recirculating loop was cold, 

the flame ws allowed to remain in the entry section while the loop 

heated Upe 

In Figo.38 the temperatures T, and 72. of the two thermocouples 

in the recirculating loop wall (Figo25) are plotted against time. 

The air and jet mass flow and the calculated recirculating flow .re 
alsoshowno The latter was calculated from the prest!ure readingsj) 

and for reasons to be discu3sed later ia suspecto The propane flow 

was such as to give a stoichiometric mixture at the entranceo 

InitiallY9 the recirculatin~ loop heated up quite rapid~, 

but the temperaturea Boon leveled off at about 900 and 70OK~ in sp1te 

of the main masa flow being increased until the theoretical heat re­

lease rate was 20 kilowattso The low temperatures suggest that the 

recirculation was much less than was indicated by the pressure mea~ure­

mentso T, was higher than 7;,. This rnay have been because the jet 

had not yet spread as far as the wall. 

It was difficult to see the chanacteristic blue of the tlame 

to determine its positions the orange radiation from the refractory 

mIls was .uch brighter, and even when looldng directly through the 
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windows there was atron« ~odium radiation (Chromepour give~ ott sodium 

when hot~ Thi~ 1ight i11uminated the viewing screen making it im-

possible vo Bee any shadows at al10 The optical system w&s discarded 

tor later rune and the viewin« screen was removed~ tacilitatin« direct 

observation. 

The calculated values for the recirculated f10w -ur,. ~how it to 

be about equa1 to the main f10w ~o (The ratio of recircu1ated t10w 

to total combU!!!tion section flow i~ ure ~ in thia case 
Wr +. wo. -r w; 

about one haIt 0) The t.emperature~ reached by the recircu1ating loop 

wal1s suggest a much lover recircu1ation = indeed» les~ than the jet 

tlowo The high temperature stream tlowing paat the loop entranoe 

and exit May have disturbed the ve10city profiles in the 1ooP9 giving 

false pressure reading50 

During the run9 gas samples were taken trom the exbaust pipe 

and trom pressure tap IS in the recircuhting loop and were analyzed 

in an Or~at apparatu~9 with the assiet~nce of RoEo Chant and JoT.Rogers 

of the Gas Dynamiùs Labo These results were on a dry volume basise 

Reca1culated on a mass basis andincluding steam~ they are as followsi 

CO2 Oz co N~ H10 

Exhaust 13116% 4.8 00 0 7402 104 

~ 10 8 1102 0.2 760S 404 

If we assume that the gases -wr entering the ejector have the 

same composition as the exhauet9 and that the jet consists ot 2302% 

oxygeng 760 6% nitrogenp and 002% carbon dioxide~ we can write an equa-

tion for the oxygens 

.04 8 w; + .232 WJ - .//2 (w;. + U/j) • , 



and similarly for the othergases, except carbon monoxide, whose quan­

tity was too small to be measured with any accuracy. · Each equation 

can be solved for the ratio ~/~. The nitrogen equation WRS un­

suitab1e because the measured percentage at B was nearly that ot 

air - it gave a ratio w;/WJ of 0 0 04. The other three results wereg 

Oxygens 

Waters 

Carbon dioxideg 1031 

Mean 1.54 

These also indicate that the recircu1ation was small. 

On a subsequent .ron an effort ns made to obta.in simultaneoua 

gas samples from pressure taps Fi) &) and. ~ by displacement 

of water in sampling bottles. Large amounts of air vere obtainedo 

To investigate thi!!, propane alone was run through the rig. Again 

air ws obtained (2qg by volume), even when the lines had been flushed 

outwith propaneo It was evident that air vas leaking into the pres­

sure tap connections inside the ducto (Ail external connections vere 

checkedo) This being the case, neither the recirculated flow measure-

ments based on the pressure readings nor those based on the gas samples 

could be truBtedo In tact, some of the inter-wall cooling air may 

have been leaking into the recirculating loop, thus keeping the tem­

peratures downo This could account for T2, being lower than TI • 

It had been necessary to cement the caver plates in place to 

prevent them flying off during hard starts, so the inside of the duct 

could not be reachedo In any case, all accessible joints had been 

sealed during assembl1g the leaks must have been in inaccessible places o 
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After the duct had been running for slightly under two hourll, 

a hole appeared in the back wall of the exhaust sectione The hole 

in the outer surface of the Bacite insulation, which by thie time was 

baked hard, was only about 4 by 2 cm, but the Bacite next to the 

Chromepour had fused aIl around the neighbouring region, leaving a 

gap between the duct itself and the outer surface of the Baciteo 

Figo 34 shows the hole after the outer Bacite had been broken away. 

The hole in the Chromepour vas about 5 by 3 cmo A piece of the wall 

had peeled back and do~wardG The edges of the hole had every ap­

pearance of fusion$ Why a hole should have appeared in this particular 

place i8 not knowno There may have been a region of poor composition in 

the refractory~ although this seems unlikely after the mixing which pre­

ceded pouringo 

The hole was later patched with Silachrome cement, the cavi= 

ties beneath the neighbouring Bacite were packed with Fiberfrax~ and 

the outside was covered with fresh Baciteo No more trouble was ex­

perienced in the exhaust eectiono 

Immediately the hole appeared the pressure level in the ri~ 

dropped and the apparent recirculating flow decreased by about one­

hal! • The temperatures Ti and li. gradually approaohed one another $1 

which could be accounted for by the drop in recirculatione 

Since the rig would soon have to be shut down, an attempt was 

made to see if the flame could be stabilized dOW'nstream of the loop 

exit lip~ 1oe$ by the recirculationo The flows were increased great17, 

but the fiame became so tenuous and fluctuating that 1 t vas impossible 

to say just where it waS o At this point the exhaust piping began to 

melt and the rig had to be shut doW'no 

After pat ching the exhaust section~ installing a length of 
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stainle~s steel pipe in the exhaust ducting,and removing the viewing 

screen, a second run was made, consisting of quick starts and extinc­

tions. When ignited at a low flow the flame jumped back to the inlet 

sectiono To dislodge it the flowe had to be increased greatly; then 

the name blew right out the exhau~to The blue flame ns ea~ily vieible 

before the refractory had time to get hot. 

After the spark had been in operation for a few seconds the 

Chromepour W)uld fuse between the platinum electrodes, glving a white 

gl~ instead of the blue epark obtained when coldo Thi~ was not 

enough to ignite the mixture. On cooling, the spark was once more 

operative. 

Part of the dividing wall between the combustion section and 

the central cooling passage cracked and fell down, finally wedging 

in the exhaust section. The Fiberfrax 80 exposed remained in place, 

resisting both gravit y and hot gas flowing pasto 

When running at rich mixtures, the extra air (trom the jet 1 

perhaps alsa !rom leaks) emerging from the exit lip of the U caused 

further combustion along the meeting surface, appearing as a curve 

when viewed edgewise - see Fig. 35. The lip i8 just outside the 

top right=hand corner of the window. This mixing surface produced 

a permanent marking on the Vycor window, much more intense than the 

general devitrification. As the main flow vas reduced this surface 

inclined downward, as would be expected. At ail times it vas uni­

forro across the duct, showing that the flow in the loop exit vas we1l 

distributed. 

Weak and rich e:xtinctic%ls were taken, on this and la ter run~, 

for the flame stabilized in the inlet section and are presented in 
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Fig. 39. There is no syetematic effect of jet f10w in the weak ex­

tinctions; however, in the rich extinctions a jet f10w of 0.95 gm per 

sec seems to give less stability than smaller and larger ones (0.48 

and 1.,5 gm per sec). This may be just scatterg the jet flow would 

not be expected to influence the stability of a flame upstream of the 

U exit 1ip. 

As the entry ve10city increases beyond five Metres per second, 

the rich extinction 1imit is extended, contrary to expectation. The 

higher the flows, the longer the time taken to open the gas valve and 

enrich the mixture, and the hotter the duct walls become, thus extend-

. ing the extinction limite This exp1anation also accounts for the 

weak range ceasing to decrease at high in1et ve1ocities. 

With an entry velocity of three metres per sec9nd it was po~­

sib1e to get the flame stabilized off the exit lip of the recirculating 

duct at rich mixtures - fuel/air ratio around Oa13, or doub1est61chio­

metric. The position of the flame cou1d be varied by changing the 

ruel/air ratio. However, this was not stabilization by recirculation: 

it was stabi1ization by adding air to a rich mixture. 

The inlet section had been peeling open and was leaking badly -

easi1y seen at rich mixtures. Figs.40 and 41 show it just before it 

was finally shut down. 

Fig. 42 shows the ho1es in the inlet section. There were large 

cavities beneath the Bacite surface as in the case of the exhaust hole. 

The Silachrome which had been used to se al the stainless steel con­

necting tube to the in1et section had cracked and separated from the 

connector, allowing leakage (Fig.40)0 Figo 43 shows the entry sec­

tion with Bacite removed. The protruding MaSS in the foreground i8 
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Fig. 40. Inlet section leaking 

Fig. 42. Inlet failure 

Fig. 41. Inlet section failure, 
immediately before shut-down. 

Fig. 43. Inlet failure, Bacite 
removed 



Fig. 44. Nain casting broken 
open, showing ejector 

Fig. 46. Combustion section 
Exposed Fiberf'rax. Exit lip 

of U lBft of centre 

=78-

Fig. 45. Inlet section; 
recirculating loop U 

Fig. 47. Exhaust section 
and ejector housing. Jet 

tubes at centre 
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hardened Bacite; the glassy black material at the left is vitrified 

Silachrome. 

The main casting was broken open to permit inspection of the 

interior. . Figs. 44 and 45 show respectively the diffusing portion 

of the ejector and the U. They are completely unhamed& they did not 

get very hot. 

In Fig. 46 the exit lip of the U may be seen slightly left 

of centre. The edge had been built up of S1lachrome because Chrome­

poqr was not strong enough for such a thin section. It i8 intacto 

At.centre i8 the Fiberfrax exposed when a piece of the dividing wall 

broke away and lodged in the exhaust (where i t may be seen right of 

centre in Fig. 47). It was somewhat crisp but otherwise unaffeetled. 

The Fiberfrax in the rest of the duct is the same as when installed 

(Figs. 44, 47 ). 

In Fig. 47 the ejector entrance i8 seen immediately right of 

centre 0 The depth to which the darkening of the Chromepour extends 

into the wall of the main section is clearly visible. The irregular 

shape in the top right corner is the patch applied to the hole in the 

exhaust section. 

Except in the regions where the two holes occurred the Chrome­

pour was little affected: it was yellowish, and the inner wall brOWIl. 

In places the Silachrome used for sealing joints and cracks had run 

downward and formed glassy black beadso It appears to be 1es8 heat 

resistant than Chromepouro 

Therecirculating loop was examined for signs of leakageo 

The 1ugs for attaching thermocouple Ti and pres8ure tap Pl were 

broken off, but this appeared to have happened when the castings were 
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being broken Opene Therewas a serioue leak near the outlet of the 

U, joining the U, the cooling passa~, and the interior of the main 

casting 0 Cooling air could therefore enter the loop, possibly flowing 

back along the wall, and perhaps providing enough back pressure to 

reduce the effectiveness of the ejectoro Yet the flow of gasee i8-

suing !rom the U exit appeared uniform in spite of this addition of 

air from the aidee 



10. CONCLUSIONS AND RECOMMENDATIONS 

MORY 

For stable combustion at the fiow rates encountered in gas tur-

bine combustion chambers some fraction of the combustion products must 

be recirculated to initiate reaction in the fresh mixture as it enters 

the combustion zone. In general, the greater the ~mount of recircula-

tion provided the wider will be the range of fiows and fuel/air ratios 

in which combustion ia possible. : However, the reversaIs of flow involved 
i 

are bound to cause pressure losses, reducing the work obtainable from the 

turbihe. Thus it is highly desirable to find out exactly how much recir-

culation is necessary to ensure reliable operation throughout the required 

range of flows and mixtures. 

The elementary theory given at the beginning of Section 2 il-

lustrates th6 vay in which recirculation controls the location of the flame, 

and predicts extinction when the amount of recirculation i8 inadequate. 

However it does not lend itself to quantitative treatment because of the 

concepts of ignition temperature and flame thickness which are incorporated •. 

These are avoided in the subsequent reaction rate the ory. 

Four factors have been considered. They are the heat added by 

recirculation, by reaction, and by conduction, and the heat lost to the 

walls. The heat released by reaction.ie ·assumed to be proportional to 

the reaction rate obtained trom chemical kinetics. Thus the activation 

energy and the order of the reaction are introduced. A difficulty here 

i5 that both these quantities depend on the conditions under which the 

reaction occurs, particu1arly on the temperature. As the reaction pro-

-81 .. 
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ceeds, the actual mechanism alters as different chain branching and brealdng 

processes predominatee In studying flame atabilization, however, it ia the 

initial stages of the reaction which are important, and it has been assumed 

that the activation energy and the order of the reaction are fixed for a 

given set of conditionso This must be kept in mind when the values of 

these quantities are determined from data on spontaneous ignition delay, 

which are obtained at fairly high temperatureso It would be useful if 

such observations could be extended to lower temperatureso 

The theory neglects consumption of the reacting materialse This 

is justifiable because, as se en in Figs. , and 611 reaction do es not become 

significant (as evidenced by upward curvature of the temperature versus 

time curve) until the temperature is about 1300Kj) when the time (or loca­

tion) of the flame is nearly establishedo 

Heat carried upstream by conduction complicates the theory by 

introducing a second derivative with respect to distance, and an accurate 

solution is in practice impossibleo Fortunately this heating is usually 

extremely small JI as shown by a numerical example j) and can be ne glectedo 

Heat loss to the walls is assumed to be entirely convective. 

Even when steam and carbon dioxide are present, heat transfer by radiation 

is small in laboratory scale combustion tubes, and in the pre-combustion 

region they are found only in the recirculated gaseso Various formulae 

for the heat transfer coefficient could be used~ a very simple one was 

selected for use here. 

The recirculation term is the most important one, and the Most 

diff1cult to handle. It is assumed that the incoming mixture is heated 

uniformly by addition of hot combustion products at a constant rate until 
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a fixed quantity has been added. This leads to a simple expression. 

However, it is pointed out that in reality the heating is not uniforme 

When recirculated gases are added to the !resh mixture, small regions 

of the latter will be heated much more than others~ combustion will 

begin in these and spread to the rest, no further mixing of hot gases 

being necessary. Therefore this the ory, in conunon with that of Mordell 

(6), calls for higher degrees of recirculation than would be actually 

required. A calculation based on a small combustion tube similar to 

Stabilization Duct II shows that 42% of the combustion section flow 

would have to be returned for stabilitYoThis would be reduced if the 

walls were considered to be above room temperature (as, in fact, they 

were)>> but increased by cooling of the combustion products in the re­

circulating loop. Larger combustion chambers would need lees recircu­

lation because of relatively smaller cooling by the wallso It i8 pos­

sible that a more accurate representation of heating by recirculation 

might be formulated along the line8 of Semenov's discussion (9) of ig­

nition by a hot wall or wireo 

UPSTREAM JETS 

Before a theory of recirculation can be evaluated and correct­

ed if necessary, measurements must be made of the 'degree of recircula­

tion required in experimental combustion tUbes. The easiest way of in­

ducing recirculation is to blow a jet of air upstreamo In an open 

space» this causes a toroidal vortex in which combustion products are 

carried upstream through the inside to meet the fresh mixture, which 

passes around the outside.lt might be possible to calculate the amount 
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of entrainment, but the now conditions are hard to determine in an open 

space" 

Unfortunately for our purposes, when the jet is surrounded by 

a confining tube, even of 80 times the jet diameter, the nov system 

appears to be very different. The flame takes the form or a parabolic 

shell surrounding the jet J wi th no visible break at the apex.. Probably 

stabilization is by very small eddies in the surface of the fiame. This 

type of stabilization was investigated briefly, as described in Section 

30 The conclusions ares 

1. Increasing jet flov initially extends the range of stable 

fuel/air ratioso 

20 There is a certain jet flow for a given entry velocity 

and jet diameter which gives maximum stability. Larger 

jet flows reduce stabilityo This jet flow is given by 

a relation of the form 
.., 

'W] CONSTANT 

Thus higher jet flows are required with larger diameters 

or higher inlet velocitieso 

3. Increasing inlet velocity reduces the range of fuel/air 

ratios for stable combustion, more so for large jets wh1ch 

have lower jet velocities. 

The jet fiov required for maximum stability is sœll, ranging 

!rom 1.1% of the main MaSS nov for the 16 gauge jet and 3.79 metres 

per second inlet velocity, down to Oo~ for the 22 gauge jet and 10.~O 

metres per second inlet velocity. Jet novs one=half as large give al-



Most as good stability. 

The final decrease in stability with increasing jet flow 1s at­

tributed to blocking of the main tube by the jet, so that the incoming 

mixture has to accelerate to pass through the remaining spaceo 

Observations of the distance to which the jet penetrated the 

main stream led to these further conclusions: 

40 Increasing jet flow initially increases the jet penetration. 

5. There is a certain jet flow, for a given jet diameter, whioh 

gives maxinrum penetration, and this is inde pendent of entry 

velocity. This jet fiow is given by a relation of the fortll 

-w;'-T ===CONSTANT. 

This corresponds to a constant momentum flux or force. 

Larger jet flows reduce penetration up to a point, then 

slowly increase it again. 

60 Increasing inlet velocity reduces the jet penetrationJl ao-

cording to 
..l 

X VI. 
Jt = CONSTANT. 

A plot of ~ against xd~t brings the penetration observations 

fairly well together, the remaining scatter being random. It should be 

noted that the uncertainty in determining the location of the apex of a 

fiame near extinction, and usually fluctuating, ws up to 0.5 cm, or 

about 5% of the maximum penetrationo 

The jet flow for maximum penetration is less than that for 

maximum stabilitYJl especially at high inlet velocit1es. Both effects 

may have the same cause, but this seems improbable in the light of their 
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different dependence on main stream velocity. Also, at high jet fiows the 

!lame apex is rnuch b1unted, suggesting a change in the type of flow. 

Because of the' uncertainty regarding the nature of the flow, no 

attempt was made to calculate entra1nment of combustion products. However, 

it had been conclusively shawn that increasing recirculation increases 

stabili ty, up to the point where the valls begin to interfere. Shadow or 

Schlieren photographs might provide more informations A larger main tube 

shou1d reduce the effect of bloc king by the jet. 

RECIRœtA.TING DUCTS 

A more positive method of measuring recirculation was considered 

essentia1 so two combustion ducts were made in which a fraction of the com­

bustion products could be recireulated througb a separate passage~ where 

the flow might be measured by è'aJ.lbrated pressure taps. The rirai, of simple 

design, provided experience for the design and construction of the second. 

The difficu1ties proved to be 1arger than anticipated g and no reliable 

measurements of recirculation were obtained with either duct o However 

the lessons learnt !rom them are reported here as a guide to future work. 

Because it was essentia1 to Avoid cooling the combustion pro­

ducts during recirculation, the wa11s, at least, of the recirculating 

loop had to be near the flame temperature, which precluded the use of 

metalso This meant that a refractory wou1d have to be used, and the com­

plicated shapes required made a cold cas table imperative.. It was round 

that Sternson Chromepour wou1d provide acceptable castings in very com­

p1ex sbapes, if a certain amount of ingenuity were used in the design of 

the molds and the castings themselves.. The rollowing recommendations are 
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made for such constructiong 

1. Sharp corners should be avoided wherever possibleg cracks 

will form in acute angles. 

2. Sections should be as thick as possible; thia will be limit­

ed by considerations of heat capacity, thermal stresses, 

etc. Sections less than one centimetre thick are difficult 

to cast. 

3. Sections as thin as four Millimetres can be made by plas~ 

tering the cement onto the mold vith a knife or similar 

instrument. Provision for this limits the design of the 

moldo 

4. Molds must be wat.erproof and strong enough to resist the 

wight of the wet cement. WeIl varnished wood is suitable. 

It should be greased. 

5. Cores must be easily removable. It is best to cut or break 

them into srosll pie ces for removal. Wax cores cannot be 

melted out without damaging the casting. 

6. . If at aIl possible a duct should be cast in one pieceo It 

1s impossible to work to very close tolerances, and joints 

are difficult to seal. Pieces which fit inside one another 

should be particularly avoided if the castings are to be 

heated before assembly, otherwise the ensuing warpage will 

make assembly very difficult. 

7. As soon as poured, castings (particularly amall ones) should 

be covered up or placed in a closed container to avoid too 

rapid drying, which leads to crumbling. 
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In the design and construction of the duct, great care must be 

taken to avoid Any irregularities ~bich might cause turbulence, thus 

stabilizing the flame. Similarly, where the two streams of gases meet, 

their veloci ties must be carefully matched to avoid extraneous .tabili­

zation snch as vas encountered in Stabilization Duct I. Therefore some 

means of controlling the velocity of the recirculated gases is essential. 

In the two ducts used in this work, ejectors were provided for control. 

These were not very satisfactory. The ejector in Duct l was certainly 

crude, but that in Duct II vas quite carefully designed, and the maximum 

secondary to primary fiow ratio vas onlyabout seven. To obtain appreci­

able secondary flow J the jet flow must be increased; the secondary flow 

increases, but less rapidly, so the ratio is poorer. This means that 

the recirculated gases are seriously cooled and diluted by the jetJ re­

ducing their effectiveness. Cooling and dilution could be practically 

eliminated by supplying the jet with a mixture of fuel and air, which 

would bum af'ter injection. 

The two refractory stabilization ducts described here did not 

wi thstand high temperatures as well as vas expected. The first develop­

ed Many small cracks and would have fallen apart had it not been held 

together by the insulation. The second did not crack seriously but 

failed in two places. The first failure, in which the wall of the 

exhaust section vas melted through, is not explained. In the second, the 

inlet section walls split at the corners of the rectangular cross section . 

and peeled back, which conld be attributed to thermal stresses. 

To reduce thermal stresses the refractory walls should be as 

thin as casting considerations will permit, and effective insulattan 
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Fig. 48. Suggested ducts 
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must be applied. Bird-Archer Bacite insulating cement is easy to app1y 

and supplies usefUl strength, but it does not withstand the tempe ratures 

existing near the retractory. The Carborundum Company's Fiberfrax in-

sulation was unharmed by any of the conditions met in Stabilization Duct 

IIo However, it is in the form of a loose fibre and must be supported. 

Probably a layer of Fiberfrax next to the refractory, covered wi th a 

coating of Bacite, would be satisfactory. 

SUGGESTIONS FOR FURTHER WRK 

With the experience gained from these two ducts it might be pos-

sible to construct another which would permit quantitative measurements 

of recirculation to be made, but the probability of success appears to be 

somewhat less than one-half. There may be a better chance by resorting 

to a less direct approach. Fig. 48 shows two suggestions for a two-

dimensional recirculating duct. In the first, recirculation 1s induced 



by the introduction of air through slots in the walls, which are cooled 

bythe air passing outside themo It is not necessary for the walls to 

be very hot since the recirculation takes place away from them; there ... 

fore they can be made of stainless steelo In the second arrangement~ an 

obstacle is inserted in the stream: i t is cooled by the unburnt mixture 

striking its upstream side. In both cases the other two walls are !ormed 

by Vycor windowso The flow patterns are to be observed, perhaps by 

shadow or Schlieren photographe, or by introducing particles into the 

stream 0 From the flow paths an estimate is to be made of the amount 

of recirculationo The second arrangement duplicates that ot Williams 

(12), but as far as ls known no attempt ws made to measure the recircu­

lationo 



APPENDIX 

Definition Uni ts, where used 

(Definins eguations in parentheses) 
(second,P"Y un;~8 in 

Symbo1 parentheses~ 

A Cross sectiona1 area metres2 (lTl1\2) 

A (1.13) 

B (1.13) 

c Specific heat joules par kg deg 

CL (2.l2) 

Cr (2 0 7) 

d Jet tube inside diameter metres2 (JIU1l2) 

D Hydraulic Mean diameter metres 

E Activation energy 

h Heat transfer coefficient watts per m.etre2 deg 

H Heating value joules per kg 

k Thermal conductivity watts per metre deg 

K (8.l) 

K (2.18) 

1 Length Metres 

l' Flame distance matres 

L Distance for complete mixing 

L (2018) 

t (2.21) 

t: (2.27) 

M (2.18) 

M' (2.21) 

1'1" (2.27) 
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Symbol 
h 

-p 
p 

Definition 
(Defining e~tions in parentheses) 
Order of re~ion 

-il ,supplementary variable 

Pressure 

Po Atmospheric pressure 

Pressure dirrerentia1 

Rate ot heat gain 

Rate by conduction 

Rate of heat 10ss 

Rate or heat gain by reaction 

Rate per unit volume 

Rate ot heat gain by recirculation 

Gas constant 

Ro Universa1 gas constant 

Ft (2.18) 

F(' (202l) 

R" (2027) 

t Tirne 

t ' Flame time 

Time for complete mixi.ng 

Temperature 

Final temperature 

Critical tempe rature 

lÎi9 Ignition Temperature 

Tr Temperature due to recirculation 

T'UT Wall temperature 

T' Temperature when tlame occurs 

To Initial temperature 

Uni ts, where used 
(secondary units in 
---E!!!ntheses) 

atmospheres 

(in. water, ino mercury) 

watts 

watts 

watts 

watts 

watts per metre3 

watts 

seconds (minutes) 

seconds (mi1liseconds) 

seconds (milliseconds) 

degrees Kelvin 

degrees Kelvin 

degrees Kelvin 

degrees Kelvin 

degrees Kelvin 



Symbol 
-v 
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Definition 

(Detining equations in parentheses) 
veloeity 

Vi Flame speed 

Vi J 
Jet velocity 

~. Jet velocity at maximum penetration 

V; Initial velocity 

v Volume 

w Mixture mass fiow 

Air mass fiow 

w, Fuel mass fiow 

Wro 

~ 
Ô 

~(T) 

cptT) 
pH(T) 

Il 

A 

/ 
/' 

Jet mass fiow 

" at maximum penetration 

Recirculated mass fiow 

Total recirculated mass flow 
R~T . 
~ J supplementary.fUnction 

·Distance' trom ·jet 1iiP to flame apex 

Maximum penetration distance 

(1010) 

(1.11) 

Flame thickness 

(2.19) 

(2 0 22) 

(2.27) 

Combustion efficiency 

.i­
L 

Recirculation parameter 

Fraction of tot&l fiow recirculated 

Units, where used 
(secondary uni ts in 

parentheses) 
metres per sec 

matres per sec 

matres3 

kg per sec (gm per sec) 

kg per seo 

kg per seo (gm per seo) 

kg per sec (gril per seo) 

matres (cm) 

matres (cm) 
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Definition Units, where used 

Symbol (Definins eguations in E!rentheses ~ 
(secondary units in 

Erentheses) 

J'A- À!- for stability 

.po Total recirculation 

f Density kg per Metre) 

fo Initial density 

r Delay time seconds (milliseconds) 

w Fuel/air ratio 
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