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RELATTON OF TURBINE-ENGINE COMBUSTION EFFICIENCY TC SECOND-
ORDER REACTTION KINETICS AND FUNDAMENTAT. FLAME SPEED

By J. Howard Childs and Cherles C. Graves

SUMMARY

Previous theoreticael studies of the turbojet combustion process are
summarized and the resulting equations sre gpplied to experimental data
obtained from previous combustor tests. The theoreticel trestment as-
sumes that one step in the over-all chain of processes which constitute
turbojet co:m'bustion is sufficiently slow to he the rate-controlling step

P T
that determines combustion efficiency. The parameter _v_— (p; 1is
. r

combustor-inlet static pressure, T, is caombustor-inlet statlc tempera-

1
ture, and Vr is combustor reference velocity based on Pi Ti, end maxi-

mum combustor cross-sectionsl aresa.), based on the assumption that chemi-
cal reaction kinetics control combustion efficiency and the parameter

P 1/3 1.1 - -
Z e , derived from the assumption that the rate of flame spreading
controls combustion efficlency, are evaeluated for two turbojet cambustors.
P.T
(In an earlier paper, —%—i has been evaluated for 14 turbojet cambustors.)
r .

BTy

The paremeter 7 provided an adequate correlation of the cambustion
r
efficlency of one combustor at similated engine operating conditions. The
P 1/3p 1.1
data for this combustor were not correlsasted by —i——vrl———. Deta obtained
r

with the other combustor indicate that a shift from one rate-controlling
step to another occurs as combustor pressure is increased, and the parame-

BTy

Vr

therefore best correlastes the data at low pressures, while the

ter
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P-1/3,_{, 1.1 s - S - = -

parameter is better at higher pressures. No single corre-

Vy B, .
lating paremeter can therefore be expected to be adequate for all com-
bustors and for the entire range of operating conditions.

INTROTDUCTION

One of the most serious problems encountered in the operation of Jet-
propelied alrcraft 1s the reduction ln combustion efficiency that occurs
at high-altitude flight conditions. Experimental investigations with both
turbojet and rem-jet combustors have shown that cambustion efficlency is
adversely affected by the high velocities at which these combustors are - -
required to operste and by the low pressures and low inlet temperatures : -
encountered at high altitudes. A theory of the Jjet- englne combustion — =
process is therefore needed in order to explain these effects and to in-~ T
dicate the design approaches that are most promising for alleviating these -
adverse effects. This paper describes the theoretical treatment that has
been given the combustion process as it occurs in turbojet coambustors.
Various parts of this work have been previously published (refs. 1 to 3);
this report presents a brief summary of this previous work together with
new date which amplify the conclusions of references 1 to 3. Similsar
studies have been made of the ram-jet combustion process (refs. 4 and 5);
however, the analysis for ram-jet combustion differs in some details and
is therefore not included herein. "

34086

If the fuel were properly mixed with alr and the fuel-alr mixture -
were allowed adequate time in the combustor, thermodynamic equilibrium
would be achieved and the combustion efficilency would be 100 percent (ref.
8). The occurrence of combustion efficiencies below 100 percent indicates
that the conversion processes by which the chemicsl energy of the fuel is o
converted into sensible enthalpy of +the exhaust products sre not rspid '
enough to proceed to completion during the residence time allowed in high-
veloclty combustors. A theoretical treatment of turbine-engine cambustlion
1s difficult because of the many different conversion processes which must
occur. The fuel must be vaporized, mixed with air, ignited, and oxidlzed
to the final products of combustion. These cambustion products must then
be mixed with dllution air to reduce the temperatures to values that can
be tolerated by the turbine blades., The combustion can be visualized as
8 competition between the conversion processes (vaporization, mlxing,
ignition, and oxidation) and the quenching that occurs when the reacting
mixture is cooled by the dilution air and wher ‘the reacting mixture comes
in contact with the relatively cool walls of the cambustor liner. Be-
cause of the camplicated nature of the over-all process, ho exact theo-
retlical treatment is currently possible. _ *
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By msking simplifying assumptions regarding the turbojet combustlon
process, 1t is poassible, however, to apply theoretical considerations in
the analysis of the process. If the rate of any one of the conversion
processes 1s substentially less than the rates of the others, this one
process will then govern the over-all rate and hence will determine the
cambustion efficiency. The existence of a slngle, slow conversion step
in the over-gll chaln of processes was assumed. Theoretlcal treatment
of the turbine engine combustion process was then made, assuming each of
the various conversion steps to be the over-all rate-determining process.
This paper describes the details of the analysis and demonstrates the ap-
plication of the results of the analysis t0o experlimentsl data obtained
with two turbojet combustors.

ANATYSTS
Chemical Reaction Kinetics

One theoretical analysis of the turbojet combustion process is based
on the assumption that the chemical reaction (oxidation of the fuel) com-
stitutes the over-all rate-determining step in the combustor. This oxi-
dation occurs by some chain mechanism. It is sometimes true, however,
that the kinetics of chaln reactions are dependent entirely upon the ki-
netics of s single, slowly occurring reaction within the chaln. The analy-
gls described herein was therefore based on the kinetics of a bimolecular
chemical reaction (ref. 1).

For the blmolecular resction
A+B*C+D

in which A 1s the reactant present in smaller quantity, the reaction
rate is glven by the eguation

el (1)

(A1l symbols are defined in the asppendix.} Substituting sppropriate rela-
tions from the kinetic theory of gases (ref. 7) leads to

N
2 A ~E/RT
Ky (op + op)° Ng (1T - X)<l - N—X) peE/

I R/ 2 i/ 2 > (2)

Equation (2) applies to any sample of the reacting mixture as 1t passes
through the combustor.
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At this point in the analysis, two somewhat different approaches are
teken. These are treated as the nonhomogenecus reactor and the hamogene-
ous reactor, respectively. ) '

Nonhomogeneous reacior. - Figures 1 and 2 show values of fuel-air
mixture compositlion within the burning zone of a typlcal turbojet com-
bustor; these data were obtained by a water-cooled sampling probe. The
vapor fuel-alr ratio decreases progressively along the length of the com-
bustor, and merked variations in composltion occur over the combustor
cross sectlon. The dsta of figures 1 and 2 indicate that homogenelity 1s
not approached. The rate of mixing of fuel and elr may nevertheless be
quite rapid. The assumptlon of replid fuel-sir mixing 1s made 1n this
portion of the paper; possible effects of slow mixing rates will be sub-
sequently treated under Other Processes.

The msajor assumptlions contalned in this analysls may be sumarized
as follows:

(1) Reaction occurs in local stoichiometric fuel-alr-ratio zones
which exist at the interface between the fuel-rich and ailr-rich regions.

(2) The mixing process whereby fuel and ailr are introduced to the
reaction zone 1s sufficlently reapid so that the chemical reaction rate
controls the over-all process.

(3) The tempersture in the reaction zone is constent slong the com-
bustor at a value close to the stolchiometric flame temperature.

(4) The mean concentration of each reactant in the reaction zone
varies along the combustor and is equal to the inltlal concentration minus
the fraction X that has already reascted at any position in the combustor.

The foregolng essumptions do not necessarily constltute those charac-
terizing the simplest or most plausibple physical model of the cambustion
process. Rather, they counstitute the assumptions necessary to arrive at
a final equation which fits the experimental data.

At the outlet of the reaction zone, X 18 equal to T, because the
particular reaction under consideration is the one governing the over-all
procesg. Thus,

X = when 1 =1L and 6 =L/V, (3)

T

Integrating equationm(z) with the assumption that the temperature in the
zone where the regction .

A+B=+C+D

occurs is substantially constant, and substituting from equation (3),
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p K (op + og (N -N )LPe"]i:/l:lT

— T (4)
T-m, 2~ v, lez 1/2

The foregoing equation 1s expressed in terms of the values of P,
T, and Vg, 1in the reaction zone. In experimental investigations, these

variasbles are not measured; the values of the combustor-inlet variables
Py, Ty, and V,. are usually determined, however. The values of P, T,

and Va, must therefore be expressed in terms of cambustor-inlet condi-
tions; when appropriste approximations and substitutions are made,

1- &, ™ (op + .63)2 (Vg - §p) o~E/RT L< AD (Pin'-)

TToa TRk /2 372 < XA&)
) Ag,

On the right side of equation (5) the terms are grouped into (1) those
dependent upon fuel type and fuel-alr ratio, (2) those dependent upon
cambustor design, and (3) those dependent only upon the operating condi-
tlons.

For a given combustor operating with a given fuel at a fixed fuel-
alr ratio and assuming negligible pressure drop across the cambustor,
equation (5) becames

L. oa
T P.T
1n___B___+K=K311 (6)
T - 2 A

The ssme relatlion can be expressed as

P, T
Ty = f( %rj) (7)

Figures 3 and 4 show experimental data obtained with turbojet com-
bustor A plotted in accordance with equations (6) and (7), respectively.
A straight-line data correlation is obtained in figure 3, as predicted
by equation (6). Data for a range of fuel-air ratios are included in
both figures 3 and 4. The theoretical equations apply only for a fixed
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fuel-air ratio; however, it was noted that for this particular combustor,
the efficiency did not vary eppreciably with change in fuel-ailr ratic in
the range lunvestigated.

Reference 1 presents a detailed derivation of equations (6) and (7)

and dlscusses the gpplication of equation (7) to data obtained with 14 '§

turbojet combustorse. For some cambustors, the correlation is good, but G

P.T .

for others, the dats scatter 1s great and the paremeter T cannot be -
T

used to predict combustion efficiency. Equation (7) has nevertheless

been widely used to correlate combustion-effliciency data obtalined at the :
NACA Iewls laboratory in single combustor tests (for exemple, ref. 1) T
end in full-scale engine tests (for example, ref. 8). Reference 8 pre-

sents dats for a combustor in which combustion efficlency varies sppreci-

ably with fuel-alr ratioc; for this combustor, a satisfactory correlation

was obtained by using a different correlaetion curve for each narrow range

of fuel-gir ratio.

Homogeneous reactor. - With the assumption that the mixing in the
combustor is sufficiently rspid to produce a bomogeneous mixture through-
out the combustor volume, for given operating conditions the value of X
is constant over the cowbustor reaction zone, and it is no longer neces- -
sary to integrate the equation as was done in the preceding analytical T
approach. The assumption of a homogeneous reactor was also made in refer- _
ence 9 in analyzing the combustion process in a can-type combustor having L
a premixed fuel-alr feed and in reference 10 in analyzing flames in the -
weke of bluff bodies. T

For this condition T ¥ Tj + K4ATgmp,

N - 0
Ky (GA + cB)Z Ny (1 - ”b) (1 _ _N]% T‘b) Pre E/R(T; +K4ATgm,) .
dw) /1l .
0, = e =
’ (de) (p) Rl/z (Ty -+ K4ATsﬂb)l/2 Vg
(8)
Rearranging terms ylelds
E
R{T; +K,AT . )
p Ty + X S“b)S/Z S i _|K (op + op)¥ My L - _) (PiTi>
NA - 1/2 . _Aizl_I_’_ f_r- 7
- nb)Ql S nb) ) A'H,t) A i *
| (@ -
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Here again the terms on the right side of the egquation are grouped into
(1) those dependent upon fuel type and fuel-air ratio, (2) those dependent
upon cambustor design, and (3) those dependent only upon operating condi-
tlons. For a given combustor, a given fuel, and g single fuel-alr ratio,
equation (9) becomes S '

E
R(T; K AT 1)
n (T, + K4ATSﬂb)3/2 SR KAy

x = Ky 5
(1-%)(1-ﬁ§n;> ol

The data for combustor A were plotted in accordance with equetion
(10). The predicted straight-line relation was not obtained, thereby
indicating that the assumption of nonhomogeneity (eq. (6)) better fits
the experimental deta than does the assumption of homogeneity (eq. (10))
for this particular combustor. This is in accord with expectations, since
figures 1 and 2 indicate that a condition of homogenelty is not approached
within a typical turbojet combustor. For combustors having higher rates
of mixing in the combustion space, equation (lO).may afford a better corre-
lation of the data. Equation (105 can slso be expressed as

P.T
wee (3 =

and since T:L is small compared with K4Ms ; for a reasonable correlation
of engineering data for which T:L does not vary widely, it might be as-

sumed.
T}b =1 (P%,Tj') (7)

r

(10)

This is the same equation as that obtained for the nonhomogeneous reactor.

Flame Spreading

Since fleme speed 1s one of The fundamental combustion properties
that can readily fit intco a physical picture of the combustion process,
a simplified analysis was also made, assuming combustiion efficlency to be
controlled by the rate of flame spreading. The combustion process was
visuslized as the burning of fuel-alr mixture zones of random size and
shape, which are surrounded by a flame surface and which are consumed as
they pass through the combustor. The fleme surface advances into the
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ad jacent unburned mixture at a rate determined by the physical conditions

of the unburned mixture. The effect of turbulence on the rate of flame 2
spreading is considered solely in terms of its effect on the flame sur-

face area. This picture of the cambustion process was suggested by the

enalysis of reference 11 in which the concept of reaction interface ex-~

tension was introduced in a study of the combined effects of diffusion

and chemical reaction in gaseous fuel cambustion.

The combustion efficiency cen be expressed spproximately by the rela-

tion
w = (3)() () )

The numerstor of this expression is proportionsl to the rate of con- )
sumption of fuel-air mixture in the flame, and the dencminator is pro- h
portional to the rate of flow of combustible mlixture through the cambus-
tor. A detailed derivation of equations (12) through (17) sppears in
reference 2. Equation (12) is based on the assumptions of low pressure
drop across the combustor and a temperature in the unburned mixture equal
to the combustor-inlet tempersture. The total flame surface Ay corre-

sponds to the reaction interface extension that is treated in deteil by
reference 11. The value A.f represents an integration of the flame sur-

over the total combustor volume.

3406

face ares per unit volume B

The principal changes in &, would appear to he associated with (1)

T
the changes in turbulence accompanying the energy release per unit mass

of air along the combustor, (2) the reduction in flsme srea resulting

from consumption of the combustible mixture, and (3) the effect of
combustor-inlet varlables on flame area. For a given fuel and over-sll Tt
fuel-air ratio, the energy release per unit mass of alr is proportional

to the combustion efflclency, while the fractional volume occupied by the - e
unburned mixture is a function of both the combustion efficiency and the
inlet temperature. The effect of combustor-inlet verisbles on the flame
surface erea is treated similarly to the reactlon zone interface extension

of reference 11. The value 8o is a measure of the averasge hydraulic

radius of the unburned mixture zones, or the average distance through
which the flame must travel to camplete the combustion process. - The prod-
uct of 805 with its dimensions of reciprocal length, and a characteristic

length of the combustor has a physicael significance similax to that of the
Nusselt number for heat transfer. As suggested by reference 11, a, would

probably be related to inlet condltions in terms of the Reynolds number.

Increase in deunsity of the unburned mixture alone will increase the fleame
surface ares "packed" in a unit volume of the cambustor, since the surface- . _
volume ratio of. any individual zone within the unit volume increases with

density. As was also shown by reféfehéé“II;_EE" Would be proportiomsl to

-~
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the cube root of the denslity. If the effects of inlet-flow varigbles and

the actual burning process on a, can be treated as seperste fumctions,

the total flame area Alo could be expected to be related to combustor-

inlet conditions and cambustion efficlency by

A = K | (Re)P (—) EXCWES) (13)

Here the terms in the first set of brackets account for the effect of
combustor-inlet verisbles on flame area, while the term in the second
brackets accounts for the effect of energy release and reduction in volume
of unburned mixture on flame area. Substituting equation (15) in equa-
tion (12) and neglecting the probable smsll effect of inlet temperature
on the fractional volume occupied by unburned mixture ylelds

SR ONGE

Here K, is a constant for a given combustor, fuel, and over-gll fuel-air.
ratio. '

The use of equation (14) for normal combustor cperating dasta requires
knowledge of the effect of amblent temperature and pressure on leminar
flame speed and the effect of Reynolds number on turbulent flame speed.

In reference 12, the leminaxr flame speeds of vapor iscoctane-oxygen-
nitrogen mixtures at atmospheric pressure and various equivalence ratios
were determined over a range of initial mixture temperatures and oxygen
concentrations. The maximum flame speed was found to be proportional to
the 1.4 power of the initial mixture tempersture. This temperature de-
pendency was assumed to be representative for the fuel used in combustor A.

The effect of variations in amblent pressure on the leminar flame
speeds of hydrocarbon fuel-asir mixtures hes not been definitely estab-
lished. The effect, 1f any, is small and appears to vary with fuel type.
In general, the relation between the flame speed and pressure can be ex-
pressed in the form

= K, Piq (15)

for hydrocarbon fuel-air mixtures. Here ¢ generally has a value ranging
from —1/3 to approximaetely O. In reference 13 it is concluded that the
flame speeds of hydrocsrbon fuel-ailr mixtures should be independent of
pressure provided that the tube diameter is large enough to prevent sur-
face effects from becoming importent. In reference 14, the flamé speed
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of vaporized isococtane-alr mixtures was found to be inversely proportionsl
to the cube root of the ambient pressure. Reference 15 shows the exponent
q in equation (15) to be dependent on the flame speed of the fuel. For
fuels having fleme speeds of the order of that of isococtane, the value of
q 1is zero. In view of the conflicting data available in the literature, o
indicating that the reported itrends may be influenced by the experimental

methods used, the effect of ambient pressure on laminar flame was assumed

negliglble. .

In an investigation (ref. 16) of turbulent Bunsen-type flames s Tthe
turbulent flame speed Up o Was correlated by means of the following
2

3406

relation:

0.24 d0.26

Up g = 0.18 up Re (18)

vhere 4 1s the tube diameter. If the turbulent fleme speed is coun-
trolled by the increase in flame surface ares resulting from "wrinkling"
of the fleme, and equetion (16) is used to estimate the effects of
cambustor-inlet Reynolds number on the totzl flame ares Af s ‘the exponent

p in equation (14) would be equal to 0.24. However, there sre no dats
available for the case of the lntense mixing conditions existing in turbo-
Jet cowbustors as the result of the impinging sir Jets and very high Rey-
nolds nmumbers.

For the normal cambustor operating conditions, it was assumed that
the effects of both pressure and combustor-inlet Reynolds number on flame
speed were minor. Equation (14) then reduces to -

b 1/3 o el

M = £ _E___v,i___ (17)

if the effect of temperature on the normal flame speed of isooctane (ref.
12) is included. It is noted, however, that if both pressure {ref. 14)
and Reynolds number (ref. 16) effects on flame speed are included, the
relative exponents of inlet pressure and velocity would be approximately
the same as presented in equation (17) .

The paresmeter derived from the assumptlion that flame spreading governs
the over-gll combustion rate did not correlate the data for combustor A,
a8 evlidenced by the scatter of data points in figure 5. A majorlty of the
date polnts do, however, lie close to & common curve. '

It is therefore indlicated that the flame-speed parameter might possi- —

bly serve to correlate data over & part of the combustor operating range,
and s more critical evalustion of this parameter appears to be warranted. .
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QOther Conversion Frocessges

In addition to those already discussed, analyses of the turbojet com-
bustion process were also made with the assumption that (1) fuel vaporiza-
tion, (2) fuel-air turbulent mixing, and (3) fuel-droplet burning (gov-
erned by heat transfer imto the droplet) were the rate-determining steps
in the over-all combustlion process. Wlth each of these three ansalyses,
the predicted effects on cambustion efficiency of operating varlables
such as combustor-inlet pressure, combustor velocity, and combustor-inlet
temperature, differed markedly from the effects observed experimentally;

that is, the equations relsting P:L > Ti 5 and Vr derj.ved in these analy-

ses differed merkedly from equation (7) and gave no correlstion of experi-
mental data. Reference 17 presents thé change in burning rate of single
fuel droplets resulting from a change in oxygen concentration of the ambi-
ent atmosphere. Thlis change in.droplet-burning rate is shown to be much
less than that required for this phenomenon to account for the observed
change in combustlion efficlency with change in inlet oxygen concentratlon
i1n a typlical turbojet cambustor.

Since none of these three analyses provided agreement between theo-
reticel and experimental date, the tentative conclusion mey be drawn that
neither fuel vaporization, fuel-sir mixing, nor fuel-droplet burning salone
constitutes the rete-determining, slowest step 1n the combustion process.

The analyses were, however, based on certain simplifylng essumptions simi-

laxr to the assumptions included in the enalyses of the chemical reaction
kKinetics and flame spreading, which were previously discussed. Therefore,
the possibility carnot be overlocked that difference assumptions in these
analyses mlight result in closer asgreement between theory and experimental
data.

EXPERIMENTS TO VERIFY THEORY
Variation of Oxygen Concentration

In otder to test the applicaebility of the equations previously de-
rived, a number of special experiments were conducted. Investigations of
vapor-fuel - oxygen - nitrogen mixtures hsve shown marked effects of oxy-
gen concentratlion on such fundamental combustion properties as minimm
spark-ignitlion energy, dquenching distance, and fleme speed (refs. 12 and
18). Oxygen concentration apprecisbly affects equilibrium flame tempera-
ture st stoichliometric or richer fuel-air ratios and also affects the
concentration of the chemical species lnvolved in the cambustion; oxygen
concentration 1s therefore a means of varylng the kinetlcs of the chemical
reactions. In cambustor tests, variations in oxygen conceniretlons should
effect the rate of combustion without spprecisbly changing such factors
as Inlet veloclity, turbulent mixing as associated with inlet condiltions,
and the fuel-spray characteristics. This experimental device should
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slmplify interpretation and spplication of the test data. Accordingly,
an investigation was conducted to determine the effect of inlet-oxygen -
concentration on the cambustion efficiency of turbojet combustor B.
Combustion-efficiency date were obtained for the combustor operating both
with liguid isooctane and with gaseous propane over a range of combustor-
inlet pressures and oxygen concentrstions. The combustor-lnlet tempera-
ture and the oxygen-nitrogen-mixture mass-flow rate were held constant in
all tests. '

A typicsl set of data obtained for the combustor operasting with liquid
isooctane and gaseous propane is shown in figure 6. There are pronounced
changes in combustion efficiency with variation in both cambustor-inlet
pressure and oxygen concentration. Data of this type were treated in terms
of both the second-order reaction and the fleme-speed equations previocusly
derived.

3406

In the applicatlon of equation (5) to the oxygen-enrichment data, the
burning-zone temperature was arbitrarily teken as the stolchiometrlc adia-
batic equilibrium temperature and the concentratlion ¢f one of the react-
ants was assumed to be proportional to the oxygen concentratlon o of the
combustor-inlet oxygen-nitrogen mixture. Under these conditlons, the ratio

NA/NB can be assumed constant, and for a glven combustor, fuel, and fuel-

oxygen-nitrogen mixture ratio, equation (5) can be expressed in the form

- E -
oP, T Rleq
171 le
T =F v 372 (18) .
eq

Here T " is the stolchiometric adisbatlc eqpilibrium temperature, which

is a function of oxygen concentration. The application of equation (18)
to the data of figure 6(&) is shown in figure 7. The equilibrium ‘tempera-
tures at the various combustor-inlet pressures and oxygen concentrations
were computed by the methods and charts of reference 19. For the com-
bustor data obtalined with ligquid isooctane, it was found that an apparent
energy of activation of approximately 37,000 calories per gram mole satls-
factorily correlated the data. This value is in reasonsble agreement with —
the apparent energy of activation of 32,000 calories per gram mole ob-

tained from adisbstic compression datea for isocctane-air mixtures (ref.

20). In reference 12, it was found that for flame-speed data of isococtane-
oxygen-nitrogen mixtures, a value of 40,000 gave closer agreements between
experimental and predicted flame speeds than did 32,000 calories per gram

mole. The effect of fuel-air ratio on the form of the correlation curves

is shown in figure 8. Here, the felred curves drawn through the corre- -
lated data sre plotted for the various fuel-flow rates.



907%¢

NACA EM ES4G23 o 13

The date obtained for the cambustor operating with gaseous propane
were correlated in & simllar fashion. Figure ¢ shows the correlation in
terms of equation (18) for the combustor operating at a fuel-air ratio
of 0.012. The value of apparent energy of activation E requlred for
best correlstion varied from approximately 27,000 in the low combustion-
efficiency range to approximstely 33,000 calories per gram mole in the
high combustion-efficlency range. 8Since the scatter of the correlation
in the low combustion-efficlency range was qulte sensitive to the value

"B, figure 9 was obtained using a value of E of 28,000 calories per gram

mole. The accuracy of measurements of combustor operating variables was
not good enough to warrant the determinstion of a more exact value of E
between 27,000 and 33,000 calories per gram mole. This range of values
for E is in approximaste agreement with those cited for propene in the
literature. In reference 20, a value of 38,000 celories per grasm mole

is given. This value was used in reference 21 in the applicetion of the
Semenov theory to flame-speed data of propane-oxygen-nitrogen mixtures.
However, unpublished observations by the authors of reference 21 indicated
that & value of 34,000 calories per gram mole resulted in an improvement
between experimental and predicted values.

For combustor data obtalned at constent inlet temperature and weight-
flow rate of the inlet oxygen-nitrogen mixture, the flame-spreading equa-
tion (eq. (14)) reduces to

-qb=f S 1 (19)

Here the small change in Reynolds pnumber resulting from the change in
viscosity of the inlet mixture with oxygen concentration is neglected.

In reference 12, the laminar flame speeds of isococtane-oxygen-nltrogen
mixtures at atmospheric pressure and varlous equivalence ratios were deter-
mined over a range of initlal mixture temperatures and oxygen concentra-
tions. The meximm flame speed uf was found to be directly proportionsal

to the term (@ - 12). In reference 21, similar data were obtained for
propane-oxygen-nitrogen mixtures. A correlstion term similar to that of
equation (19) was also obtelned. In order to provide a more accurate
representation of the flame speeds at the low oxygen concentrations used
in the combustor experiments, this type of correlation term was spplied

to the data of reference 21 for oxygen concentreations of 30 percent by
volume and below. For this range of oxygen concentrations, the flame speed
was found to be proportionsl to the term (@ - 11.5). It is noted that this
value of 11.5, which represents the extrapolated value of « for zero Ue,

is 1n sgreement with the value of 11.6 clted in reference 22 for the con-
centration 1limit of flammaebility. Substituting these correlation terms
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for the effect of oxygen concentration on meximum flame speed in equatlon
(19) glves the following flame- -speed equations for the case of constant
combustor-inlet temperature:

For isooctane,

1/3
P, (o - 12)
T = T 7 (20)
r e
o}
<H
)
For propane, . s ) N S
1/3
Py / (o - 11.5) -
r
In equations (20) and (21), the lsminar fleme speeds of both 1sooctans
and propene were assumed independent of pressure. Figures 10 and 11 pre-
sent a correlation of the combustion-efficlency data for isooctane and
propane in terms of the preceding flame-speed parameters. It is seen
that the parsmeters of equations (20) and (21) satisfactorily correlate _
the combustion-efficiency dsta.
Independent Veriation of Combustor-Inlet Pressure and _
Air-Flow Rate over Wide Ranges - T

The assumption that chemical reaction kinetics govern the over-all
combustion rates led to the prediction that combustion efficlency could

P; T ' T
be correlated as a function of the parameter f%rl, and this parameter
r
P 2
is equal to a dimensional constant times the parameter W&-. The assump-
a

tion that the rate of flame spreading governs the over-all combustion rate
led to the prediction that com?ustion efficiency should correlate as a
1/3 1.1 '

function of the persmeter i 7 l . This parameter 1ls equlvalent to
r
1.3 0.1
P T
& dilmensional constant times "“‘ﬁr"“ The reaction kinetics analysis

therefore yields s ratio of exponents of the pressure and air-flow rate L
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terms of 2, while the flame-speed snalysis yields a ratio of these same
exponents of 1.3. Obviously both of these parameters cannot adequately
correlate the combustion-efficiency data where the combustor pressure
and combustor sir-flow rate are varied through wide ranges. Both of
these parameters did, however, provide a satisfactory correlation of

the data for combustor B (figs. 7, 9, 10, and 11) because these data
were obtained for combustor operation at a single value of alr-flow rate.
The correlations of the date for combustor A (figs. 4 and 5) indicated

P;T4
that ; ~ better correlated these data than did the flame-spreading
r , : _ _
p.1/3p 1.1 .
parameter —1——vr2;——j the flame-spreading parameter served to correlate
r

at least the majority of the date points, however. The déta for combus-
tor A were obtained at simulated engine operating conditions and there-
fore did not include very large independent varistions of P; and W,.

In order to determine conclusively whether the ratio of exponents
on the pressure and air-flow rate terms should be 2 or 1.3, it was there-
fore necessary to conduct a series of combustor tests in which the pres-
sure and alr-flow rate were independently varied over wide ranges of
operating conditions. Such an investigetion was conducted in turbojet
combustor B, using gaseous propane fuel and a single-orifice fuel in-
jector. A sample of the experimental data 1s shown in figure 12, where
combustion efficlency is plotted agaeinst combustor-inlet pressure with
perametric lines of sir-flow rate. The data of figure 12 are for a fuel-
air ratio of 0.012; similar data were obtained for fuel-air ratios of
0.008 and 0.016.

Figure 13(a) shows a cross plot of the data of figure 12; combustor
gir-flow rate is plotted against combustor pressure with parametric lines
of combustion efficiency. The slope of the lines in figure 13(z2) indi-
cetes the ratio of exponents on the pressure and air-flow rate terms of
the correlating parameter which best fits the experimental data. A
transition is evident in the viecinity of a combustor pressure of 15 inches
of mercury. At the very low values of combustor pressure and alr-flow
rate, the slope of the curves is approximately 2, which agrees with the

P;T
slope predicted by the parameter ;ri' At high vealues of combustor air-

flow rate and pressure, however, the slope of the curves is of the order
of 1.3, which agrees with the value predicted by the parameter

Pil/3Til.l

v .
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Simlilar plots of the data obtained at 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) =gain indicate a transition in the curves, with the slope
being spproximately 2 at low values of pressure and air-flow rate and
approximately 1.3 at the higher values of pressure and air-flow rate. -
The data for a fuel-air ratio of 0.016 do not extend to pressures below ) o
about 14 inches of mercury; hence the transit1on in slope of the curves
was not obtained in figure 13(c).

The data of figure.1l3 indicate that for this partlcular cambustor,

P.T
the parameter % 1 will correlate data obtained at the low values of
r

| 3406

p,1/3p 1.1

pressure and air-flow rate, while the parameter ————TFJE——— will corre-
_ : = -

late the deta obtained at higher wvalues of pressure and air-flow rate. .
Neither parameter, however, adequately correlates data cbteined over the =
entire range of pressures and alr-flow rates. This prediction is veri-

fied by the data of figures 14 and 15, whefe the data of figure 12 are

P,T Pil/STil.l

Y

and ——-T——-;, -

plotted as a functlon of the parsmeters

r
respectively.

Although the data of flgure 13 are meager and therefore ingufficient
to warrant conclusions regarding the combustion mechenism, there is some
indication that a shift from one rete-controlling process to some other #
rate-controlling process occurs as combustor operating conditions are
varled through wide ranges. The data of figure 13, together with the
analyses presented earlier in this paper, indicate that at very low velues
of pressure in the combustor, the chemical reaction kinetics is the rate-
controlling process. At hligher pressures, however, the rate of flame
spreading would appear to be the rate-determining process. This trend of
events 1s at leest 1In qualitative accord with expectations, for the cheml-
cal reaction kinetics are a function of the square of combustor pressure
and would therefore be expected to be very slow at low-pressure conditions
and increase repldly with increase in pressure until some pressure is
reached above which kinetics no longer constltute the slowest step in the
over-agll chain of processes. More extensive investigations with other com-
bustors are required, however, before any definite conclusions could be
made in this regard.

References 4_and 5 show combustion efficlency of a smell-scale ram- :
Jet combustor 1o be correlated by a flsme-spreading equation that is quite -
similar to equstion (17). This ram-jet combustor would nct operate at _
very low pressures; hence, the performence of this cambustor followed the
same general trends as turbojet cambustor B at compareble pressures. This .
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is in accordance with expectations, since there 18 no apparent funds-
mental difference between the combustion process in rem-Jet and turbojet
combustors.

CONCLUDING REMARKS

PyTy

v
r .
combustor-inlet static temperature, and Vr is combustor reference veloc-

ity based on Py, I and meximm combustor cross-sectional area), which

was derived from the assumption that chemlcal reaction kinetics controls
combustor performaence, provided an adequate correlation of the cambustlion-
efficiency deta of one turbojet combustor at simulated engine operating
conditions. These same data were not correleted by the parameter

1/3 1.1
Pi Ti

v
r

controls combustor performence. Data obtalned with another turbojet com-
bustor indicated that a shift from one rate-controlling step to another

T

occurred as combustor pressure was increased, and the parameter —< —
r

The parasmeter (Pi 1s combustor-inilet static pressure, Ti is

, derived from the assumption that the rate of flame spreading

therefore best correlated the data at low pressures while the parameter
1/3_ 1.1 T

P T.
i i

v
r

ter can therefore be expected to be adeguate for all combustors and for
the entire range of opersting conditions.

was better at higher pressures. No single correlating parame-

Because of the complexity of the over-ell process of turbine-engine
combustion, it would appear unlikely that this simplified theorstical
treatment (which assumes one step in the chain of conversion processes to
be rate-controlling) would be adequate for all cambustors. Previous in-

P T

v
r

correlating the data for certain turbojet combustors, even for the lLimited
range of conditions required to simulete flight operation. In addition,
experimental data are availlable that indicate fuel wvaporization and fuels
air mixing play an important role in some combustors (for example, ref.
23). Consequently, the equations derived in this paper must be applied
Judiciously and with due regard for their liwmitations.

vestigations have shown that the parameter is not adequate for

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, July 21, 1954
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APPENDIX -~ SYMBOLS

The following symbols were used in thils report:

liner open-hole area in cambustor reaction zone, aq £t

total liner open-hole area, sq £t

everage cross-sectlonal area of combustor resction zone,
sq ft

total flame-surface area in combustor, sq ft

meximum cross-sectlonal area of combustor flow passsge,
sq £t '

flame surfece-area per unlt volume, gL

tube dlameter
energy of activation for reaction, ft-1b/1b
over-all fue1-oxygen-nitngenfgixture retio

constants

length of reaction zone, ft

distance from upstresm end of reaction zone to plane of
any polnt within resction zone, £t

number of molecules of reactant A and B per pound
original mixture, 1p-L

static pressure in combustor reasction zone, Ib/sq ft abs
static pressure drop across combustor, lb/sq ft &bs
cambustor-inlet static pressure, 1b/sq ft =bs

gas constant, ft-1b/1b °R

Reynolds number

L
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ebsolute static temperature 1n coﬁbustor reaction zone,
o
R

equilibrium flame temperature, °R
coambustor-inlet absolute static temperature, °R

temperature rise for complete combustion of stoichio-
metric mixture, OF

leminer flame speed, ft/sec
turbulent flame speed, ft/sec

veloclty based on density, mass flow, and average cross-
sectional srea of reaction zone, ft/sec

reference veloclity besed on combustor-inlet density,
total alr flow, and maximum cross-sectlonal area of
combustor flow passage, ft/sec

cambustor air-flow rate, 1b/sec

reaction rate, 1b mixture reacting/(sec) (cu ft)

fraction of N reacted at any time 8 or at any loca-
tion within reaction zone

number of molecular collisions of type involved in reac-
tion, per unit volume per unit time, £t-3 sec-1

volume percent oxygen concentration et combustor inlet
probability factor, fraction of ccllisions involving
sufficient energy for reactlon to occur which actumliy

result in reaction

combustion efficiency

time, sec

~density, 1b/cu ft

effective molecular diameter of reactants A and B, ft

fraction of collisions involving sufficient energy for
reaction to occur
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Flgure 1. - Verlation of vapor fuel-alr retio with distance from fuel nozzle in typical
tubular turhbojet combustor. Simaleted high altitude; over-all fuel-air ratio, 0.007.
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Flgure 6. - Bample of experimental date obtained with combustor B and varying inlet

oxygen concentration.

Fuel-air ratio, 0.012; inlet temperature, 40° F.
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