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Previous theoretical studies of the turbojet cauibustion process  are 
summarized  and the  resulting  equations  are  applied to experimental  data 
obtained fram previous combustor tests. The theoretical treatsaent as- 
sumes that one step in the over-all chain of processes which constitute 
turbojet combustion i s  sufficiently slow t o  be the rate-controlling step 

that determines combustion efficiency. !be parameter - piTi (Pi i s  

combustor-inlet s t a t i c  pressme, Ti i s  cambustor-inlet static tempra- 
ture, and Vr i s  combustor reference  velocity based on PI, Ti, and maxi- 

mum combustor cross-sectional  area.), based on the assumption that c h d -  
cal  reaction  ldnetics  control canibustion efficiency and the parameter 

rl s 
V r  

* 

.z 1/3 1.1 . . - " - . . . . " . . . 

pi Ti 
V r  

, derived frm the assuqtion  that   the  rate of flame spreading 

controls combustion efficiency,  are  evaluated f o r  two turbojet cambustors. 

(IR an easl ier  paper, - has been evaluated  for 14 turbojet cambustors. 1 piTi 
V r  

The pasameter - proa&d an adequate correlation of tbe combustion 

efficiency of one canbustor at simulated engine operating  conditions. The 
vr 

113 1.1 
data f o r  this cambustor w e r e  not correlated by 

with the other combustor indicate that a shift f m  one rate-controlling 
step to another  occurs  as cambustor pressure i s  increased, and the parante- 

t e r  - therefore best correlates the data at low pressures, while the 

pi  Ti 
vr 

. Data obtained 

piTi 
P V r  
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parameter . 
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... 

v, i s  bet ter   a t  higher  pressures. No single  corm- 
.L 

lat ing parameter can therefore be_ expected t o  be ade-te. far &!l. cam- 
bustors and for  the entire range of ogerating  conditions. 

. . . . . . . . . . .. 

mTRomcTIoN 
to 

One of the most serioua problems encountered in the  Bperation of jet- 
propelled  aLrcra9t i s  the  reduction In  combustion efYiciency that OCCUTB 
at high-altitude flight conaitioris. Ecperimentd~investigations with both 
turbojet and rm- je t  combustors mve.shown that cambustion efficiency i s  
adversely  a9fected by the high velocities at which these cambustors are 
required  to  operate and by the low pressures and l o w  inlet   taperatures  
encountered at high. al$itudes. A .  theory .of jet-engine  cmbmtion 
process i s  therefore needed in order to explain these -effects and to in-  
dicate  the  design approsches- that   are most pr@slng f o r  alleviating  these 
adverse effects. This paper describes the  theoretical  treatment that hss 
been given the. combustion process as it occurs in   turbojet .  ccaribustors. 
Various parts of th is  work  have been previously  published  (refe. 1 t o  3) j 
this report  presents a brief summary of this previous work together  with 
new data which amplify the conclusions of references 1 to  3. Similar 
studies have been made of the  ram-jet combustion process  (refs. 4 and 5> j 
however, the analysis  for ram-jet combustion differs i n  6- details and 
i s  therefore not included  herein. 
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If the  fuel were properly .mixed with air and the fuel-air mixture 

were allowed adequate time in   t he  cambustor, themdynamic  equilibrium 
would be achieved and the  cmbustion  efficiency would be UXl percent  (ref. 
6) .  The occurrence of cambustion efficiencies b e b w  100 percent  indicates 
that  the conversion  processes by which the chemical energy of the fuel i a  
converted into  sensible  enthalpy of the exhaust  products me not rapid 
enough t o  proceed t o  completion during the  residence time allawed i n  high- 
velocity ccfmbustors. A theoretical  treatment of turbine-engine  canbustion 
i s  diff icul t  because of the many different conversion  processes which must 
occur. The fuel m u s t  be vaporfzed, mixed with air, ignited, and oxidized 
to  the final products of combustion. These  combustion products ,must then 
be  .mixed  wTth dilution air t o  reduce the temperatures t o  d u e s  that  can- 
be tolerated by the  turbine blades. !&e combustion can be visualized a8 
a campetition between the conversion  processes  (vaporization, mixing, 
ignition, and oxidation) and the quenching -&a% ocq&s when the .reacting 
mixture i s  cooled by the dilution air and when  -the  reac.ting  mixture comes 
i n  contact with the  relatively  cool walls of. the cambustor liner. Be- 
cause of the cmplicated nature of the o v e r - a l l   ~ a c e s e ,  rn exact theo- 
r e t i ca l  treatment i s  currently  possible. 5 
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E l y . m J c . i n g  simplifaFing assmnptions regardingthe  turbojet cambustion 
process, it i s  possible, hawever, to apply  theoretical  considerations i n  
the  analysis of the  process. If the rate of any one of the conversion 
processes i s  substantially less than the rates  of the others,  this one 
process w l l l  then govern the 0ver-U rate and hence Kpll detersnine the 
cabustion  efficiency. The existence af a single, slow conversion  5tep 
i n  the 0ver-U chain of processes wa5 assumed. Theoretical  treatment 
of the turbine engine canibustion process was then made, assuming each of 
the  various  conversion  steps t o  be the w e r - u  r a t e - d e t d n i n g  process. 
5bi.s paper describes the details of the analysis and demonstrates the ap- 
plication of the results of the analysis t o  experimental data obtained 
wtth two turbojet combustors. 

Chemical Reaction  IUnetics 

4 

One theoretical analysis of the turbojet cambustion process i s  based 
on the assumption tha t   t he   chdca l   r eac t ion  (oxidation of the fuel) con- 
stftutes  the  over-all  rate-determfning  step in the cmbustor. This oxi- 
dation  occurs by some chain mechanism. It i s  scanetimes true, however, 
that the kinetics of chain  reactions are dependent entirely upon the H- 
netics of a single, slowly occurring  reaction within the chain. The analy- 
sis described  herein was therefore based on the  Hnetics of a bimolecular 
chemical reaction (ref. 1) . 

For  the  bimoleculm.  reaction 

A + B + C + D  

i n  which A is the  reactant  present i n  Smauer quantity, the reaction 
ra te  i s  given  by the equation 

dw ZCpB - =  
NA 

(All symbols m defined i n  the appendix. ) Substituting  appropriate rela- 
tions fram the kinetic  theory of gases (ref. 7) leads to 

I 

Equation (2) applies to any s-le of the reacting,mixture as it passes 
through the  cmbustor. 
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A t  this point i n  the 8nal.ysi.8, two S0me-t different approaches are P 

taken. These me treated as the nonhamgeneaus reactor and the hamogene- 
o m  reactor,  respectively. 

Nonhomogeneous reactor. - Figure8 1 and 2 show values of' fuel-air 
mixture  caurposition wlthin the bwning zone of 8 typical  turbojet cam- 
bustor;  these data were obtained by a water-cooled sampling srobe. The 
vapor f'uel-akr rat io  decreases progressively dong the length of the cam- 
bustor, and marked variations I n  camposition  occur  over the combustor 
cross  section. The data of figures 1 and 2 indicate that homogeneity i s  
not approached. The rate of -ng of fuel and aAr msy nevertheless be 
quite rapid. The assumption of rapid fuel-air m l ~ n g  i s  made i n  this 3 
portion of the paper; possible  effects of slaw mixLng ratea w i l l  be sub- 
sequently  treated under Other Processes. 

.... - 

* .  

The mador assumptions contaLned i n  this analysis may be summarized 
as follows: 

(1) Reaction  occurs i n  local stoichiometric  fuel-&-ratio zones 
wNch exist at the interface between the  Puel-rich and d r - r i c h  regions. 

(2) The ndxing process whereby fuel and air a r e  introduced to   t he  
reaction zone i s  sufficient-  rapid so that the chemical reaction rate 
controls the over-all  process. 

(3) The temperature in  the  reaction zone is constant along the cam- 
bustor at a value close to  the  etoicbianetric flame tmperature. 

(4) The man concentration of each reactant i n  the reaction zone 
vaxies along the cambustor and l a  equal to   the initial concentration minus 
the fraction X that has already reacted at any position In the  canbutor. 

The foregoing assumptions do not necessarrlly constitute  those charac- 
terizing  the sFmplest o r  most plausible physical mdel of the  cmbustion 
process. Rather, they constitute the a s q t i o n s  necessazy t o  arrive at 
a final equatlon which f i ts  the  experimental data. 

A t  the outlet of the  reaction zone, X is equal t o  T+, because the 

particular  reaction under consideration is the one governing the over-8ll 
process. Thus, 

X = vb when 2 = L and 6 = L/V, (3) 

Integrating  equation. (2) with  the assmqption that the  tenperatme In the 
zone where the reaction 

A + B * C + D  

L 

Y 

occurs i s  substantially  constant, and substituting fram equation (31, 



NACA RM E54G23 
A 

5 

The foregoing  equation i s  expressed in terms of the vaXues of P, 
T, and V, in  the  reaction zone. In experinental  investigations,  these 
variables are not measured; the d u e s  of the cambustor-inlet variables 
Pi, Ti, and Vr &re usually determined, however. The vdues of P, T, 
and Va must therefore 
t ions;  when appropriate 

be expressed in terms of canibustor-inlet condi- 
approximations and substitutions me made, 

On the right side of equation (5) the terms are grouped into (1) those 
dependent upon fuel type and fuel-air ratio,  ( 2) those dependent upon 
cambustor design, and (3) those dependent only rrpon the operating  condl- 
t ions . 

The same relation can be expressed as 

Figures 3 and 4 show experimental data obt&ned with turbojet  cm- 
bustor A plotted i n  accordance with  equations I S )  and. (7), respectively. 
A straight-line data correlation 5 s  obtained i n  figure 3, as predicted 
by equation (6) . Data f o r  a range of fuel-& ratios are included in 
both  figures 3 and 4. The theoretical  equations  apply only f o r  a fixed 
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fuel-air ratio;  however, it wa8 noted that for this particular combustor, I 

the  efficiency did not vary appreciably with change i n  fuel-&  ra t io   in  
the range investigated. 

Reference 1 presents a detailed  derivation of equations (6) 8nd (7) 
and discusses the application of equation (7) t o  data obtained  with 14 k 
turbojet cambustors. For same cmbustors,  the  correlation i s  good, but z. 
for others,  the data scatter i s  great and the parameter - cannot be 

used to   predict  combustion efficiency. Equation (7) has nevertheless 
been widely w e d   t o .  correlate--mmbustion-ef$iciency. data obtained at the 
NAW Lewis laboratory i n  single cambustor. t es t s  (for eximple, r e f .  1) 
and i n  fulJ"sc~3.e engine tests  (for example, ref. 8) .  Reference 8 pre- 
sents  data  for a combustor i n  which cambustion efficiency m e 6  appreci- 
ably with fuel-air   ratio;  for this cambustor, a satisfactory  correlation 
was  obtdned by using a different  correlation curve for  each narrow range 
of fuel-air  r a t io .  

piTi 
vr 

. "" ." 

. . . . . . . . - 

. .  

Hamogeneous reactor. - With the asslrm-ption that the midng  in  the 
cambustor is M i c i e n t l y   r a p i d   t o  produce a hamogeneous . n k c t u r e  through- 
out  the combustor  volume, for  @veri operating  conditions  the va lue  of X 
is constant over the cambustor reaction zone, -and.i t  i s  no longer neces- 
ssry  to  integrate  the  equation as was done i n  the-preceding analytical 
approach. The assumption of a homgeneous reactor w&s also made i n  refer- 
ence 9 i n  analyzing the combustion process i n  a can-type combustor having  - -+- 

a premixed fuel-air  feed and i n  reference 10 i n  a n w i n g  flames i n  the 
wake of bluff  bodies. 

. .  

. .  

" 

= 

For this condition T 91 T i  + K q a T E ; ~ ,  
- -. - .. I 

R e a r r u n g  terms yields 
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H e r e  agah the terns on the right side of the  equation  are grouped in to  
(1) those dependent upon fue l  type and fue l -d r   r a t io ,  (2) those dependent 
upon combustor design, and (3) those dependent only upon operating coria- 
tions.  For a given  canbustor, a given fuel, and 8 s ingle  fuel-air   ratio,  
equation (9) becomes 

E 

= %  

The data f o r  combustor A were plot ted  in  accordance with equation 
(10). The predicted  straight-line  relation was not obtained, thereby 
indicating that  the assumption of nonhamogeneity (eq. (6)) bet ter  f i ts  
the  experimental data than does the assumption of hamogeneity (eq. (10)) 
f o r  this particular cambustor. This i s  i n  accord  with  expectations,  since 
figures 1 and 2 indicate that a condition of hamogeneity i s  not approached 
within a typical  turbojet combustor. For combustors having higher rates 
of mixLng i n  the cambustion space equation (10) . n q y  afford a better  corre- 
lation of the b t a .  Equation (lo$ can also be expressed as 

and since Ti i s  small compared with K4ATs, for  a reasonable  correlation 
of engineering data for which does not vary widely, it might be as- 

sumed 

This i s  the same equation as that obtained f o r  the nonhomogeneous reactor. 

Flame Spreading 

Since  flame speed i s  one of the fundamental combustion properties 
that can readily f i t  into a physical  picture of the combustion procees, 
a simplified  ana3ysis w a s  also made, assuming combustion efficiency to be 
controlled by the rate of flane spreadfng. The combustion process was  
visualized as the burning of fuel-air mixture zones of random size and' 
shape, which ax-e surrounded by a flame surface and which axe consumed as 
they pass through the combustor. The flame surface advances into the 
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adjacent unburned mixture at a rate determined by the  physical  conditions 
of the unburned mixture. The effect of turbulence on the  rate of flaple 
sgreadiug i s  considered solely i n  terms of i t s  effect on the flame sur- 
face area. !&is picture of the cambu$tion process was suggested by the 
analysis of' reference l l  in which the concept of reaction  interface ex- 
tension was introduced i n  a s tuQ of the canbined effects of diffusion 
and chemical react ion  in  gaseous . .  fue l  combustion. 

The combustion efficiency can be expressed approximately by the rela- 
t ion 

The numerator of this expression i s  proportional t o  the rate of con- 
sumption of fuel-air mixture i n  the flame, and the denaminator i s  pro- 
portional t o  the  rate of flow of cmnbustible ,mLxture through the combu.6- 
to r .  A detailed  deriv&tion of equations 112) through (1'7) appears i n  
reference 2. Equation (12) i s  based on the. assumptions of low pressure 
drop across  the combustor and a temperature i n  the unburned mixture equal 
to   the combustor-inlet  temperature. The t o t a l  flame surface + corre- 
sponds to  the  reaction  interface  extension that i s  treated i n  de ta i l  by 
reference ll. The value Af represents an integration of the flame sur- 
face m a  per unit volume af mer  the  total. combustor volume. 

The principal changes i n  ar would appear t o  he associated with (I) 
the changes i n  turbulence accompanying the enerQy release per unit mass 
of 8Lr along the combustor, (2) the reduction i n  flame area  resulting 
f ram consumption of the combustible  mixture, and (3) the  effect of 
C a m b u 6 t 0 ~ i n k t  m i a b l e s  on Plane mea. For a given fuel &d over-sll 
fuel-air ratio,  the enerQy release  per unit mass of air i s  proportional 
t o  the combustion efficiency, w h i l e  the  fractfonsl volume occupied by the " 
unburned ,mixture i s  a.  function of both  the cambustion efficiency and the 
inlet temperature. The effect. of cmbustor- inlet   vdables  on the - 

surface area i s  treated .similarly to   the reaction zone interface exbenslon 
of reference 22. The value af i s  a lneasure of the .average hydra-c 
radius of the unburned .mixture zones, o r  the average distance thr& 
which the flare must travel  t o  c q l e t e  the cambustion process. . The prodr 
uct of a with its dimensions of reciprocal  length, and a characteristic 
length of the combustor has a physical sigaificaace siudlar t o  that of the 
Nusselt number for  heat  transfer .' As suggested by reference ll, af would 
probably be related t o  inlet  conditians i n  terms of the Reynolds number. 
Increase i n  density of the Unburned mixture abne wiu increase  the flame 
surface  area "packed" in a u n i t  volume- of the cambustor, since the surface- 
v o l m  ratio of any i n a v i d 9  zone witbiri.-tk&- a t  vblime increases-with 
density. As was also shown by re ference . i i ,X"  woiild be proportianal t o  

f ' 
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the cube root of the density. If the effects of inlet-flaw variables and 
the actual  burning  process on af can be treated as septxate functions, 
the total .  flame area A could be exgected t o  be related t o  cmbustor- 

inlet conditions and canbustion  efficiency by 
f 

Here the terms i n  the f irst  set of brackets account for  the effect of 
combustor-inlet variables on flame area, -le the term i n  the second 
brackets  accounts for  the effect of energy release &nd reduction i n  volume 
of unburned , m i x t u r e  on flame area. Subs t i t u t ing   ewt ion  (l3) i n  equa- 
t ion (12) and neglecting  the  probable smaU effect of inlet temperature 
on the fractional volume occupied by unburned mixture yields 

Here Kg i s  a constant- for a given cambustor, fuel, and-over-all fuel-arir 
ra t io .  

rme use of equation (14) f o r  n o m  cambustor operating data requtres 
knowledge of the ef'fect of ambient temperature and pressure on laminar 
flame speed and the  effect of R e y n o l a  nmber on turbulent flarne sped. 
In  reference 12, the laminar flame epeeds of vapor isooctane-oxygen- 
nitrogen  mixtures at atmospheric pressure and varTous equivalence rat ios  
were determined  over a range of initial mixture temperatures and oxygen 
concentrations. The maxFmLrm flame speed was found t o  be praportional to 
the 1.4 power of the initid. ,&Xture temperature. This temperature de- 
pendency w a s  assumed to be representative  for the fuel used i n  cambustor A. 

The effect of variations  in ambient pressure on the laminar flame 
speeds of hydrocarbon fuel-air mixtures has  not been definitely estab- 
lished. The effect, if any, i s  small and appears t o  vary with fuel  type. 
I n  general, the relation between the flame speed and pressure can be ex- 
pressed in the f o m  . .  

f o r  hydrocarbon fuel-air mixtures.  H e r e  q generally has a value ranging 
from -1/3 t o  approximately 0. In  reference 13 it is  concluded that the 
f lam speeds of hydrocarbon fuel-air mLxtures should be independent of 
pkessure  provided that the tube diameter i s  large enough t o  prevent sur- 
face  effects fram becaming ierportant. In reference 14, the flame  speed 
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of vaporized  isooctane-air mixtures was  found t o  be inversely  proportional 
t o  the cube root of the ambient pressure. Reference 15 shows the exponent 
q i n  equation (15) t o  be dependent on the flame speed of the f'uel. For 
fuels having flame speeds of the order of that of isooctane, the value of 
q i s  zero. Inview of the conflicting  data  available  in the li terature ,  
indicating  that the reported  trends be influenced by the  experimental 
methods used, the  effect of ambient pressure on laminar f h n e  was assumed 
negligible. . -  

- 
" 

I n  an investigation (ref. 16)  of turbulent Bunsen-type flames, the 
turbulent flame speed . I+ was correlated by means of the following 
relation: 

,t 

WheE d i s  the  tube diameter. If the  turbulent flame speed is con- 
t rol led by the  increase i n  flame surface  area  resulting from "wrinkling" 
of the flame, and equation (16) is used . to estimate the  effects of 
canbustor-inlet Reynolds ntmiber on the   to ta l  flame m a  %, the exponent 
p i n  equation (14) would be equal t o  0.24, However, there are no data 
available for the case of the intense mixing conditio-  existing i n  turbo- 
Jet  combustors as the result of the Fmpinging alr j e t s  and very high Rey- 
nolds numbers. 

For the normal cmbustor  operating  conditions, it was assumed that 
the effects of both  pressure and canbustor-inlet.Reyld6 number on flame 
speed were ,minor. Equation (14) then  reduces t o  

c 

i f  the  effect of temperature on the normal flame speed of isooctane (ref. 
129 i s  included. It i s  not.ed,  however, that i f  both  pressure  (ref. 14) 
and Reynolds number (ref. 16) eff ecta on flame speed are Tncluded, the 
relative exponents of inlet pressure and velocity would be approximately 
the same as  presented i n  equation (17). 

The parameter derdved fram the  assuqtion that flame spreading governs 
the  over-all  cmbustion rate did not correlate the data f o r  cmbustor A, 
as evldenced by the  scatter of data points  in  figure 5. A,majority of the 
data points do, however, l i e  close t o  a common curve. -.- " . 

It i s  therefore  indicated that the flame-speed  parameter might possi- 
- 
" 

bly serve t o  correlate dat,a over part of the canibustor .operating range, 
and a -re critical  evaluation of this parameter appems to be warranted. 

" . 
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Other Conversion Processes 

ll 

In addition to those  already dLscussed, analpea of the turbojet com- 
bustion  process w6re also made with the assungtion that (1) fbl vaporiza- 
tion, (2) fuel-air turbulent, mng, and 13) fuel-droplet burn€* (gov- 
erned by heat transfer  into  the  droplet) were the  rate-determining  steps 
i n   t h e  over-8J.l ccanbustion process. With each of these three analyses, 
the predicted  effects on canbustion  eff'iciency of aperating variables 
such as cmibu6tor-inlet  pressure,  cmbustor  velocity, and combustor-inlet 
temperature, differed markedly from the effects observed experimentally; 
that is, the equations  relating Pi, Ti , and Vr derived i n  these analy- 

ses differed , m a r k e d l y  f r o m  equation ( 7 )  and gave no correlation of experi- 
mental data. Reference 17 presents  the change i n  burning rate of single 
fuel droplets  resulting fmm a change i n  oxygen concentration of the -2- 
ent atmosphere. Tbis change in.  droplet-burning rate is shorn to be much 
less than  that  required for this phenomenon t o  account for the observed 
change i n  cambustion efficiency with change i n  inlet cqygen concentration 
i n  a typical  turbojet combustor. % 

(u Since none of these three analyses proxtded agreement between thee- 

al 
P 

& r e t i ca l  and experimental data, the tentative  conclusion may be drawn that 
neither  fuel  vaporization, fuel-air mixing, nor fuel-droplet burning alone 
constitutes the rate-determining, slowest step i n  the combustion process. 
The analyses were, however, based on c e r t d n  simplifying assumptions simi- 
lar t o  the  assunptions  included i n  the analyses of the chemical reaction 
Idnetics and flame spreading, which were previously  discussed. Therefore, 
the  possibil i ty cannot be overlooked that difference assmrptions i n  these 
analyses slight  result in closer agreement  between theory & experimental 
data. 

Variation of m e n  Concentration 

In  order  to test the applicability of the eqpt ions previously de- 
rived, a n m k r  of special experiments were conducted. Investigations of 
vapor-fuel - -oxygen - nitrogen .mixtures a v e  shown -ked effects of oxy- 
gen concentration on such  fundamental cambustion properties 85 minimum 
spark-ignition energy, quenching distance, and flarne speed ( refs.  1 2  and 
18). Oxygen concentration  appreciably affects equilibrium flame tempera- 
ture at stoichiometric o r  r icher  fuel-air  ratios and also affects the 
concentration of the chemical species  involved in the canbustion; oxygen 
concentration i s  therefore a .means of varylng the  kinetics of the chemical 
reactions. In cambustor tests, variations i n  oxygen concentrations  should 
affect the rate of canbustion  without  appreciably changing such factors 
as i n l e t   v e l o c i t y ,   t u r b u l e n t . e n g  as associated with inlet conditions, 
and the  fuel-spray  characteristics. !Ibis experimental  devlce should 
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simplif'y interpretation and application of the test date. Accordingly, 
an investigation was  conducted t o  determine the effect of inlet-oxygen 
concentration on the cambustion efficiency of turbojet combustor B. 
Cambustion-efficiency data were obtained for the combustor operating  both 
with liquid  isooctane and with gaseous propane over a range of cambustor- 
inlet  pressures and oxygen concentrations. The cumbustor-inlet tempera- 
ture and the oxygen-nitrogen-mixture mass-flow rate  were held constant i n  
all tests. 

A typical  set of data  obtained for the combustor qperating  with  liquid 
isooctane and gaseous propane i s  shown i n  figure 6. There w e  pronounced 
changes i n  combustion efficiency with variation i n  both  combustor-inlet 
pressure and oxygen cancentration. Data of this tyy& were treated in terms 
of both the second-order reaction and the  flame-sped  equations prevlausly 
derived. 

In the  application of equatian (5) t o  the wgen-enrichment  data,  the 
burning-zone temperature was asbitrarily taken as the  stoichiametric adia- 
batic  equilfbrium  temperature and the concen%ra€ion"of one of the reac-t- 
ants was assumed t o  be proportional t o  the oxygen concentration a of the 
cambustor-inlet oxygen-nitrogen mixture. Under 
N ~ / N ~  can be assumed constan%, and for a even  
oxygen-nitrogen mixture ratio,  equation (5) can 

these conditions,  the  ratio 
cmibustor, f'uel, and fuel- 
be expressed in  the f o m  

Here Teq - i s  the  stoichiometric  adiabatic equilibrium temperature, which 
i s  a function of oxygen concentration. The application of equation (18) 
t o  the data of figure 6(a) i s  sham in  f igure 7 .  The equlllbrium t a p e r a -  
tures a t  the various cambustor-inlet  pressures a;nd owgen  concentrations 
were computed  by the .methods and charts of reference 19.  For the com- 
bustor data obtained with liquid isooctane, it was f a d  that an apparent 
enerQy of activation of approximately 37,000 calories per grsm,mle satis- 
f actorily  correlated  the  data. W s  value i s  i n  reasonable agreement with 
the apparent  energy of activation of 32,000 calories per gram mole ob- 
t d n e d  from adiabatic canpression k t a   f o r  isooctane-air .mixtures (ref. 
20). In  reference U, it was found that for  fbme-speed.data  of.  isooctane- 
oxygen-nitrogen mixtures, a v&lue of 40,000 gave closer agreements between 
experimental and predicted. flame speeds than did  32,000 calories per gram 
mk. The effect of fuel-air rat io  on the form of the  correlation curves 
i s  shown i n  figure 8. Here, the faired curves drawn through the  corre- * 
lated  data  are -plotted fo r  the various fuel-flow rates. 

.. . 

" 

" 
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The data  obtdned  for  the  camhutor  operating with gaseous propane 
were correlated  in a similar fashion. Figure 9 shows the correlatton i n  
terms of equation (18) f o r  the cambustor operating at a fuel-afr ra t io  
of 0.012. The value of apparent  energy of activation E required  for 
beat correlation  vazied Tram appzmdmately 27, OOO i n  the low cmibustion- 
efficiency range t o  approximately 33,000 calories  per gram m l e  in  the 
high cambustion-efficiency  range. Since the  scatter of the correlation 
i n  the low cmbustion-efficiency range m s  quite sensitive to the value 

. E, figure 9 was obtained  using a value of E of 28,000 cdorfes  per gram 
mole.  The accuracy of naeasurements of combustor operating  variables was 
not good e n o w  t o  warrant the  determination of a more exact value of E 
between 27,OOO and 33,000 c d a r i e s  per @;rem mole. This range of values 
f o r  E is  i n  approxbate agreement with those cited for prapane i n  the 
literature.  In reference x), a value of 38,000 calories  per gram mole 
is given. This value was used in reference 21 in  the  application of the 
Ssnenov theory t o  flame-speed data of propane-oxygen-nitrogen mktuxes. 
However, unpublished  observations by the authors of reference itl indicated 
that a value of' 34,000 calories  per gram mole resulted i n  an improvement 
between experimental and predicted values. 

For cambustor data obtained a* constant inlet temperature and weight- 
flow rate  of the inlet oxygen-nitrogen mixture, the flame-spreading  equa- 
t i o n  (eq. (14) ) reduces t o  

Here the muill change i n  Reynolds nMer   resu l t ing  from the change in 
viscosity of the  inlet  .m3.xture wlth w g e n  concentration i s  neglected. 

In reference 12, the laminar flame weds of isooctane-oxygen-nitrogen 
mixtures at atmospheric pressure asd various equivalence r a t io s  were deter- 
mined over a  range of initial mixture temperatures and oxygen concentra- 
tions. The SleXLmum f lame speed u was found t o  be directly proportioTlEtl 

t o  the term (a - 12).  I n  reference 21, similar data were obtdned f o r  
propane-oxygen-nitrogen 3nixtures.  A correlation term similar t o  that  of 
equation (19) was also obtained. In order to provide a mre accurate 
representation of the flame speeds at   the  law oxygen concentrations  used 
i n  the cambustor expriments, this type of correlation tern waa applled 
t o  the data of reference 21 for  oxygen concentrations of 30 percent by 
volume and below. For this range of oxygen concentrations, the flame speed 
was found t o  be proportional t o  the term (a - I"-5). It fs noted that this 
value of U.5, which represents  the  extrapolated  value of cr: for zero ur, 
is i n  agreement with the value of U . 6  c i t e d i n  reference 22 f o r  the con- 
centration limit of flamability.  Substituting  these  correlatfon terms 

f 
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f o r  the effect  of  axygen concentration on.m.ximum flame speed i n  equrttion 
(19) gives the  following flame-speed equations for the case of constant 
combustor-inlet temperature: . .  

f 

For  isooctane, 

For  propane, 

In  equations (20) and (21), the lminar flame speeds of both  isooctane 
and propane were  assumed independent of pressure.  Figures 10 and U_ pre- 
sent a correlation of the  combustion-efficiency  data far isooctane and 
propane i n  terms of the preceding flame-speed parameters. It i s  seen 
that the parameters of equations (20) and (21)  satisfactorily correlate 
the  combustion-efficiency data. 

." 

- 

Independent  Vetriation of Cambustor-Inlet Pressure and 

Air-Flow Rate over Wide Ranges 

I 

" . 

r 

The assmuption that  chemical reaction  kinetics govern the  over-all 
combustion rates led t o  the  prediction  that cambustion efficiency could 

be correlated as a flrnction of the 

i s  equal  to a dimensional  constant 

P T  ". 
" 

parameter - i, and tus parameter 

2 

tines the parameter - . me assranp- 
Wa 

tion that the rate  of flame spreczc3Ln.g governs the aver-all cambustion rate 
led t o  the prediction t'aat cambustion efficiency should correlate  as a 

1/3 1.1 
Ti function of the parrameter 

'r 
. This paameter is equivalent to 

1.3 0.1 

a dimensional  constant times . The reaction Wnetics  analysis 
pi 5 * 

'a . .  



. I d s  a r a t i o  of these same 
exponents of 1.3. Obviously both of these  parameters  cannot  adequately 
correlate  the  congustion-efficiency  data where the combustor pressure 
and  combustor air-flow-rate. are viried-tbrough wide ranges. Both of 
these  parameters did, however, provide a satisfactory  correlation of 
the  data  for conbustor B (figs. 7, 9, 10, and 11) because these data 
were obtained f o r  combustor operation a t  a single value of air-flaw rate.  
The correlations of the daza for conibustor A (figs.  4 and 5) indfcEted 

that - PiTi 
better correlated these data than  did  the  flame-spreading 

'r 

a t  least the  majority of' the data points, however. The data fo r  combus- 
t o r  A were obtained a t  sirmzlated engine  operatfng  conditions and there- 
fore did not  include very large independent variations of Pi and. Wa. 

In order t o  determine  conclusively whether the r a t i o  of exponents 
on the  pressure and air-flow ra t e  terms should  be 2 or 1.3, it was there- 
fore  necessary t o  conduct a series of combustor tests i n  which the  pres- 
sure and air-flow  rate were independently  varied over wide ranges of 
operatiug  conditions. Such an  investigation w a s  conducted in   turbojet  
combustor B, using gaseous propane fue l  and a single-orifice fuel in- 
fector. A sample of the experimental data is  shown in   f igure  12, where 
combustion efficiency is  plotted against combustor-lnlet  pressure  with 
pmametric lines of air-flaw rate .  The data of f igure 12 are f o r  a fuel-  
air r a t i o  of 0.012; similar data were obtained for   fuel-air   ra t ios  af 
0.008 and 0.016. ' 

Figure  13(a) shows a cross plot of the data of figure 12; conibustor 
air-flow rate i s  plotted  against conibustor pressure  with parametric l ines  
of combustion efficiency. The slope of the l ines  i n  figure -(a) indi- 
cates  the  ratio of exponents on the  pressure and a€r-flow ra t e  terms of 
the  correlating parameter which best f i t s  the experimental  data. A 
transit ion is evident in   the  vicini ty  of a combustor pressure of 15  inches 
of  mercury. At the  very low values of co&ustor pressure and air-flow 
rate, the slope of the curves is approximately 2, which agrees  with  the 

PiTi slope  predicted by the parameter - . At high values of combustor air- 
V r  

flow rate and pressure, however, the  slope of the curves is  of the  order 
of 1.3, which agrees w i t h  the value predicted  by  the parameter 

pi i 
1/% 1.1 

'r . . "" 
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Similar plots of the data obtatned a t  fuel-air ratios of 0.008 and 

0.016 are shown in figures 13(b) and 13(c),  respectively. The data of 
figure 13 (b) again indicate E transit ion i n  the curves,  with the 610s 
being  approximately 2 a t  low values of press_ure and air-flow ra te  and 
approximately 1.3 a t   the  higher values. of pressure  and-air-flaw.  rate. 
The data  for a fuel-air. r a t i o  of 0.016 do not extend t o  pressures below ' 

about 14 inches of mercury;  hence the t r ans i t i on  in '  slope of the curves 
was not obtained in figure 13(c). 

. . 

.. 

The data of figure.=  indicate that fo r  this particular combustor, 
piTi 

'r 
the parameter - w i l l  correlate data .obtained at the low values -of 

p,1/3r 1.1 
pressure and air-flow ra te ,  while  the  .parmeter w i l l  carre- 

late  the  data obtained a t  higher  values of pressure and air-flow  rate. 
Neither  parameter, however, adequately  correlates  data  obtained over the 
entire range of pressures and .air-flow  rgtes. This prediction i s  veri- 
f ied by the data. nf figures 14 and '15, WZeFe' --data Of figure 1 2  are 

plotted 8 s  a function of the p-a-ameters - and 

respectively. 

- V r  

P iT i  
l / 3  1.1 

Pi Ti . 
- . vr vr I 

Although the data of figure 13 a r e  meager and therefore  insufficient 
t o  warrant  conclusions  regarding the cambustion mechanism, there is some 
indication thaf; a shift frcm one rate-controlling  process  to 13c1me other 
rate-controlling  process occur6 a8 cambustor operating  conditions are 
varied through wide ranges. The data of figure 13, together  with  the 
analyses  presented earlier i n  tbis paper, indicate  that at very low values 
of presswe  in  the combustor, the chemical reaction  kinetics is the  rate- 
controlling pmcess. A t  higher pressures, however, the rate of flame 
spreading would appem to be the ra te -de tedning  process. This trend of 
events is at l ea s t   i n  qualitative accord  with  expectations, f o r  the chemi- 
cal reaction  kinetics a.re a function of the square of combustor pressure 
and would therefore be expected t o  be very slaw a t  low-pressure conditions 
and increaee rapidly w i t h  increase i n  pressure until stme pressure is 
reached above  which Hnetics no longer constitute  the slowest step i n  the 
over-all  chain of processes.  Wre  extensiv&inVestigations with other  cm- 
bustors m e  required, however, before any definite conclusions  could be 
made i n  th i s  regard. 

References 4-d 5 shar combustion efficiency of 8 sme31-scale ram- 
jet combustor t o  be 
similar t o  equation 
very low pressures; 
same general trends 

correlate& by a flame-spreading equation that is quite ~ 

(17) . This ram- jet cambustor would not operate at 
hence, the performance of this cambustor followed  the 
as  turbodet cambustor B at camparable pressures. This 

" 
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is i n  accordance with expectations,  since  there i s  no a p p e n t  funda- 
mental difference between the combustion process i n  ram-jet and turbojet 
combustors. 

piTi 
$ 'r 
a, cambustor-inlet static temperatwe, and Vr i s  canibustor reference  veloc- 
w 
0 

The perameter - (Pi i s  cambustor-inlet static pressure, Ti i s  

i t y  based on Pi, Ti, and msxlmum combustor cross-sectional area), which 
w a s  der ivedfrm the assumption that chemic& reaction  kinetics  controls 
combustor performance, provided an adequate correlation o f  the cambustion- 
efficiency data of one turbojet cambustor a t  simulated e a n e  qeerating 
conditions. These sanae data were not correlated by the parameter 

L 

V , derived from the assumption that the rate of flarne spreading 
r 

controls combustor performance. Data obtained with another  turbojet cam- 
bustor  indicated that a shift fram one rate-controlling  step  to  another 

occurred as cambustor pressure w a s  increased, and the parameter - 
therefore best correlated the data at low pressures while the parameter 

'1 Ti 

piTi 
'r 

1/3 1.1 .. . . . 

v w a s  better'at higher pressures. No single  correlating parame- 
r 

ter can therefore be expected to be adequate fo r  all combustors  and f o r  
the  entire range of operating  conditions. 

Because  of the  cowlexity of the over-all  process of turbine-engine 
combustion, it would appear unlikely that ti7is simplified  theoretical 
treatment ( ~ M c h  assumes one s t ep   i n  the chain of convereion processes to 
be rate-controlling) would be adequate f o r  a l l  canbustors.  Previous in- 

vestigations have sham that the parameter - i s  not  adequate fo r  

correlating the data  for  certain  turboSet combustors, even f o r  the Limfted 
range of conditions  required to simulate flight operation.  In  addition, 
experimental data are available that indlcate  fuel  -raporization and 
a i r  mixing p l a y  an important  role i n  some combustors (for example, ref. 
23).  Consequently, the equations der ived i n  this paper must be applied 
judiciously and with due regard f o r  their   l imitations.  

piTi 
Q r 

L e w i s  Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, July 21, 1954 
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APPEEJDM - s m m  

A liner open-hole area i n  ccmibustor reaction zone, sq f t  
HY P 

%Y T 
t o t a l  liner open-hole area, sq ft 

Aa 

*f 

average cross-sect iod  area of combustor reaction zone, 
B q  f t  

t o t a l  flame-surface area i n  canbustor, eq f t  

*r DELX&,UW.U cross-sectional m e a  of combustor flow passage, 
sq f t  

af 

a tube d ie te r  

E energy of activation f o r  reaction,  ft-lb/lb 

f over-all fuel-oxygen-nitrogen-mixture ratio 
, I  - 

K1,K2 ,K3, etc.  constants 

I 
. " 

L length of reaction zone, f t  

1 distance from upstream end of' reaction zone t o  plane of 
any point within reaction zone, f t  

number of molecules of reactant A and B per pound 
original mixture, lb-l 

P s t s t i c  pressure i n  -cumbustor reaction zone, lb/sq f t  abs 

AP 

pi 

R 

Re 

static  pressure drop across combustor, lb/sq f t  abs 

cabustor-inlet  static  pressure, Ib/sq f t  abs 

ga.8 C O I 1 8 t B n t ,  f t - lb/lb OR 

Reynolds number 
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T 

Tes 

161 aTS 

0 cn 
U f 

U 
f ,t 

'a 

'a 

- - aw 
de 

X - 

Z 

absolute s t a t i c  temperakure i n  cambustor reaction zone, 
0 R 

equilibrium flame temperature, ?R 

cambustor-inlet  absolute s t a t i c  temperature, OR 

temperature rise for canrplete conibustion of stoichio- 
metric .mixture, OF 

. .. 

laminar flame speea, ft/sec 

turbulent flame epeed, ft /sec 

velocity based on density, m a s s  flow, and ave ree  cross- 
sectional &ea of reaction zone, f t /sec 

reference  velocity based on canibustar-inlet densfty, 
t o t a l  air flaw, and maximum cross-sectional  area of 
combustor flow pasage, ft /sec 

cambustor a i r - f low rate, lb/sec 

reaction . .. . rate, l b  reacting/(  sec) (cu ft) 

f r ac t ion  of N reac-t;ed at any time 8 or  at any loca- 
tion  within  reaction zone 

number of molecular collisions of type  involved i n  reac- 
tion,  per unit volume wr unit time, ft-3 sec-1 

a volume percent oxygen concentration a t  cmbustor inlet 

B probability  factor,  fraction of collisions involving 
sufficient enerQy for reaction t o  occur which actuully 
result in  reaction 

qb combustion ef Piciency 

e time, sec 

P density,  lb/cu f t  

'A' 'B 
effective moleculax d 3 " t e r  of reactants A and B, f t  

cp frackion of collisions  involving  sufficient energy f o r  
reaction  to occur - 
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Distance from fuel nozzle, in. 
Figure 1. - Variation o f  vapor fuel-air r a t i o  with distance from fuel nozzle in typical 

tubular  turbojet combustor. Simulated  high altitude; over-all fuel-air ratio, 0.007. 
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Figme 3. - Experimental data obtained with combustor A plotted In 
accordance with equation (6) .  Fuel, gasolbe; variable fuel-air 
rat i o .  
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Figufe 5. - Experimental data obtained w i t h  combustor A plotted in accordance with 
equetion (17). Fuel, Waeoline; variable fuel-air ratio. 



(a) Isooctane fuel. 

Figure 6. - Sample of erperimental data obtained with conibusmr B and varying inlet 
O m e n  concentration. Fuel-air rstio, 0.012; inlet tamparahre, 40° F. 
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Flgme 7 .  - Exgerimental data obtained with combustor B ( f ig .  6(a)) plotted 
in accordaslce wlth e q u a t i a  (18). Fuel, isooctane; fue l - ab  ratio, 0.012; 
In le t  tempemture, 400 F. 
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Figure 8 .  - Effect of fuel-ab ratio on cor re l s t lm of bta for conibustor 
B. Fuel, iaooctane; M e t  temperature, 400 P. 
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Figure 9. .. Experimental data obtained w i t h  canbustor B (fQ. 6(b)) 
plotted ~n aoc;ll.asnoe with equation (18). n e l ,  propane; -1-a- 
ratio,  0.012; l n l e t  t%mpemture , 40' F. 
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p,1/5(a - U)/V,, lb, ft, 880 units 

Figure 10. - $xperlmental kta obtained with ccaibustor B (f &. 6( a)) plotted 
III accor.aance with equation (20). Fuel, Isooctane; h e l - a h  ratio, 0.012; 
inlet  temperature, e@ F.  
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Inlet preanure, Pi, Ln. Ag ab8 

(b) mal-ap ratio, 0.008. ( 0 )  Fual-sir r a t i o ,  0.018. 

figure 12 t o  determine relative effects of inlet pesaure  and sir-ilar rats m 
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Figure 15. - Experimental data obtained with canbustor B (fig. 12) plotted in 
accordance withoequation ( 1 7 ) .  Fuel, propaae; fuel-air ratio, 0.012; m e t  
temperature, 80 F. 
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