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RESEARCH MEMORANDUM

INVESTIGATION OF HEAT~TRANSFER COEFFICIENTS IN AN AFTERBURNER

By William K. Koffel and Harold R. Kaufmen

- . : SUMMARY

The relatlve importance of the hest-transfer modes in an experl-
mental afterburner were evaluated. The convective hest~transfer coeffi-
clents near the combustion-chanber outlet were determined and the effects
of three radisl distributions of afberburner fusl across the turbine-
outlet amnulus on the convective heab-tramsfer coefficient were examined.

The combined heabt-transfer coefficient for convection and redistion
from the combustion gas to the coambustion-chambsr wall and the over-all
heat~transfer coefficient were practically unaffected by the combustion-
gas ‘temperature level, but they varled, in similear manner , along the
combustion-chamber 1ength However, 'bhe convectlive heat-transfer coeffi-
cient wlthout a.f'berburning was practically constan‘b along the combustlon-
chamber length

The heat transferred from the combustlon gas Lo the cambustion
chamber wall by nonluminous redistion varied from aboubk one-fifth to
one-third of the total heat transferred by convection and radiation,
depending on the redlal dlstributlon of fuel across the turbine-outlet .

-annulus .

INTRODUCTION

Current afterburners regulre some form of cooling system in order
that the combustion-chamber wall temperstures will not exceed safe
values. Most afterburners are cooled &bt present by ailr flowlng through -
an snnuler cooling pagssage surrocunding the combustlon chamber. The
design of such amnular cooling systems has been based upon hea.t-'bransfer
atlon and for forced convection in long tubes or over flat plates. Such
heat-transfer data may not apply, however, to the convectlve heat-
tranafer coefficients in afterburner combustlon chembers because of the
relatively small length-dismeter ratios of afterburners or because the
velocity and temperature profiles usually dlffer greatly from those
existing in the setups used to obtaln heab-transfer data in tubes and
over flet plates. In addlition, the effects of lumlnous radilatlon are

not known, and Information on 'bhe rg_'lative importance of the heat-
transfer processes in actu%.}j und in the literature.




2 _ . ) NACA RM E52D11

Accordingly, the Lewls labormbtory of the NACA designed and exten-
gively instrumented an experimental afterburner for an investigation of
the cooling characteristics and temperasture profiles in an actual after-
burner cooled by alr flowing through an annular cooling passage. The
experimental investigation provlided data for the establishment of an
empirical cooling correlation relating the cambustion-chamber wall bem-
peratures near the burner oublet to known engine performance parameters,
and for the determination of the relative lmportance of the convective
and radlative heabt-~transfer processes l1n an afterburner. Reference 1
tabulates the data of thils investigation and grephically shows the
effects of exhaust-gas bemperature level, combustion-gas flow, and radial
dlstribution of afterburner fuel across the turbine-outlet annulus on
the tempersture profiles of the combustion gas and of the cambustion-
chamber wall. The variation of wall temperabtures with the inlet cooling-
alr temperature emd the mass flow ratio of cooling air to the combustion

gas are also shown. An empirical cooling correlation Is ‘established from
the data qf this afterburner in reference 2. The correlation equation
provides & rapid and convenlent mesms of calculatlng the wall temperatures
for any comblnation of combustion-gas flow, combustlon-gas temperature,
cooling-alr flow, and cooling-alr temperature without recourse %o the
fundamentals of the heab-transfer processes. ' ' "

Tuls report presents the heab-transfer coefficlents for the combus-
tlon chamber and provides a betbter insight into the magnitudes and veari-
ations of the heat-transfer processes in an afterburner. The data In
thils report were obtained with nonluminous combustion, although scme
luminosity may be produced under dlfferent conditio_ns in other after-
burnsrs. ) '

Because only convectlion and nonluminous radlation were present
during this investigation and because the nonluminous radlation can be
calculated wlth reasonable accuracy from the data of reference 3, the
convective heat-transfer coefficient has been determined and is pre-
sented in nondimensional form on the usual Nusgelt-Reynolds number plot.
The resulting correlations for three different radial distributions of
fuel ascross the turbine-outlet ammulus gre compared with the correlation
of convective heat-transfer coefficlents for turbulent flow in long
tubes. The varlations of the over-all heat-transfer coefficient and of
the combined coefficlent for convection end radiatlon from the combus-
tion gas to the combustloa-chamber wall aré shown for various statlons
along the burner length and are dlscussed. The heat-transfer coeffi~
clents in the cooling passage are not presented herein because of the
widespreed avallability of such information in the heat-transfer llter-

ature.
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APPARATOS AND PROCEDURE
Test Installation

A schemablc drawlng of the experimental afterburner used in this
cooling investigation is shown in figure 1. The cylindrical combustion
chamber was faebricated of 1/16-inch-thick Inconel and had a length of
5 feet from the flame holder center line to the exhaust nozzle inlet end
en ingide dlameter of 26 inches. The annular cooling passage was
1/2 inch in height and was Insulated with 1 inch of refractory cemsnt.
The flame holder had & single V-gubtter with sinusoidal corrugations on
the trailing edge. The V-gutter had a mean diameter of 18 inches s &

mean width across the corrugations of l% inches, and an lncluded angle

of 35°. The blockage at the downstream face of the Plame holder wes
about 23 percent and the velocity at the flame holder under the con-
ditions of the investlgatlon was spproximately 480 feet per second.

Twelve radial fuel-spray bars were equally spaced circumferentially
in a plane 8.75 inches downstream of the turbine flange and 13.25 inches
upstream of the flame-holder center line. Three different confilgurations
(12 spray bars per configuration) of sprsy bars were used to study the
effects of various radisl fuel distributions on the correlation of the
convectlve heabt-transfer coefficients for the gas side of the combustion-
chamber well. Configuration A (fig. 2) produced & nearly umiform fuel
distribution. Configurastion B increassed the fuel concentration near the
combustion-chamber wall and decreased the fuel flow in the center of the
combustlon chamber. Conflgurabtion C concentrated more fuel at the cen-
ter and decreased the concentratlion near the combustlon-~-chember walls.

Instrumentation

Extensive lnstrumentatlon wes provided at six longibtudinal stations
(fig. 1) B, C, D, E, F, and G, wilth four of these stations, C, D, E, and
F, having six circumferential groups of instrumentation. (Detalls of the
instrumentation are glven in reference 1.)

Because of the large mumber of thermocouples, four flight recorders
were used to reduce the recording time while maintaining eguilibrium con-
ditions. The transverse temperabture proflles of the combustion gas at
statlion F were obtained qualltatively by meesns of a vertlcal rake having
seven sonic-flow-orifice temperature probes (reference 4). In this
report, the temperatures of the combustlon-chamber wall and of the cool-
ing alr at each station are arithmstic averages of the respectlve tem-
peratures measured at six equally spaced positlons around the circumfer-
ence of the burner. The estimated over-all accuracies of the individual

temperature mesasurements are asg follows:



Wall temperature, °F .

Cooling alr,

Exhaust-ga.e tempera‘bm-e , OF

Transverse temperature profile, °F

Range of Test Data

The afterburner uged In this investigation Incorporated the best

avallable experimental design information for high performancs.

Pre-

liminary tests were copducted on & similar uninstrumented afterburner to
confirm that the afterburner configuraetion for this investigation had
high performasnce and good operating characteristica over a wlde range of

fuel-aiyr ratioc and altitude.

The final geometry of the turbine-diffuser

inner cone and flame holder in cambination with the fuel-spray bars pro-
ducing approximately uniform dilstribution of fuel across the turbine -

anmulus 1 designated configuratlon A.

ditions ihvestigated are tabulated in the following tabhle:

The varlous comblnatlons of con-

Configuration | Altitude | Exhaust- [Combustion- | Mass flow| Inlet
(£6) gss | ges flow ratioc |cooling-air
temperature W w. /W temperature
7 . 4 a/Pg - (°R)
g,1 (1b/sec) a,0
(°R)
A 30,000 3060 22.1 0.0672 500
' to to
.1872 1587
30,000.| 3240 22.2 0.1002 500
: to to
.1917 1222
30,000 3435 22.3 0.0953 502
to to
_ .1796 1408
40,000 3265. 15.8 0.1440 528
to
1340
30,000 3825 22,8 | 0.1374 515
to
.19086 _
B 30,000 .| 3215 22.2 | 0.0985 495
to to
. | .1891 1223
c 30,000 3235 . 22.3 © 0.1420° 524
o to
_ 1450
30,000 3764 22.4 - 0.1912 524

2571,
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The mass flow rate of cooling air Wy and the inlet coollng-alr temper-
ature Tg,0 were systema‘bically varied. while all other quantitlies were
held consta.n'b

Configurations A, B, and C differed only ln the radial distribution
of fuel across the turblne emnulus. The daba presented are for & simu-
lated flight Mach mumber of 0.52, rated engine speed, and an afterburner-
inlet (turbine-outlet) temperature of 1833 +12° R. ‘The date were
obtalned at cambustilon-chamber static pressures of 750 to 1400 pounds
per square foot absolute. The fuel-alr ratios ranged from 0.031 to 0.068,
end afterburner combustion efficiencles were about 0.90 to 0.95.

ANATYSTS

Frequent observatlons were meds of the flame during thils Ilnvestiga-
tion, both into the combustion chamber from the exhaust end and from the
8ide of the exhsust Jet. The flame wes translucent and varled for the
range of test conditlons from a light blue violet to Hurquoise with no
yollow luminosity. Becausse the fleme was nonluminous (see reference 5
for the deéfinitions of nonluminous and luminous radiation), heat transfer
fram the combustlion gas to the combustlon chamber walls was due to forced
convectlon and nonluminous radiation only, In this afterburner. However,
luminous rediation has been cohserved ln other afterburners during asctual
teke-off conditions and in laboratory lnvestigations of combustion at
combustlon-chamber pressures of approximabtely two atmospheres

The followlng analysls 1s based on one-dlmenslonal flow. All Lemper-
atures are consldered to be total temperatures because the thermccouples
used had recovery factors of ebout 0.85 and the ratio of statlic to total
temperatures was always greater than 0.95 (Mach numbers of 0.5 or less).
Negllglble errors result in the ca.lcula'bion of the radlant heat transfer
even though radiation 1s a function of the static temperature. It is
also agsumed that radlstion galned by the wall from a higher temperature
reglon downgtream ig balanced by the radilatlon lost to the cooler regicn
upstream of a glven station, In effect this assumptlon places radiation
on a one-dimensional basis like the convective heat transfer so that the
temperature differences at & station can be used instead of log mean tem-
perature differences over a finlte length of the combustion chamber.

Celculatlon of dg/dA. - The heat flux per unit area of the combustlon-
chamber wall was calculated from the eguation

W, C aT
dg _ a p,a a 1
= 3800 0 3 ( )

(A1l symbols are defined in the appendix.) The derivative 'd.Ta/dx for
sach stablon along the burner length was measured from falred curves of
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cooling-air temperatbure againat the d.ista.nce downstream of the fleme
holder (rig. 3).

Calculation of heat-transfer coefficlents. - The heat flux per unit
area of the combustlion-chember wall at a given statlon 1s mlso glven by

a
ik = U(TgTa) : (2)
or the over-&ll heab-trangfer coefficlent T 1is
U = -.9.[__ . (3)
8 a :

The heat transfer per unlt area of .the wall by forced convectlon and non-
luminous radiation from the cambustion gas is

M o ng(Tgny) + o6 Ggmg‘l-agm;") (4)
Rearranging eguation (4) glves the combined heat-tr_ansfer coefficient
hg + by g = J-ZT—W . (5)
where : :
SYPPC (®
8

and 1s the heat-transfer coefficlent for nonluminous radiation. When the
enisslivity g and the absorptivity o _ ~are known, the convectlve heat-

trensfer coefficient.cen be obtained from equation (4) as

By = dg/dA - © sw ;ng '“gTw) 1

The emigsivity and absorptivity were calculated for statlon F, from
charts in reference 3, where the cambustion process is comple'be enough
that the partial pressures of the carbon dlioxlde and of the water vapor
in the combustion” gas can be compubted from the total fuel-alr ratlio and
the local static pressure in the combustion ‘chamber. The equivalent
beam length for radlation was taken as 0.85 times the combustien~chamber

diameter.

In the correlation of the convectlve heet-transfer coefficlent, the
physical properties of ailr wers used in the Nusselt number, Reynold.s
number, and Prandtl number. The physical properties were evaluated at
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the £ilm temperafure‘. Te, which 1g the arithmetic mean of the bulk gas
temperature T_ at the wall temperature T, The viscoslty and speci-~

fic heat at constant pressure were teken from teble IT of reference 6.

Thermal conductlivity was assumed to be proportilonal to the sguare root
of the film temperature as 1ln reference 7, with the comstant of propor-
tlonality being evaluated at a bemperature of 500° R.

Longlitudinal distribution of combustion gas tempersbture. - Heat
transfer depends on temperature differences and hence upon & knowledge
of the temperatures of the cambustion gas, combustlon chamber wall, and
cooling alr. The longlbtudinal distribution of combustion-gas bulk tem-
perature was not measured directly in this investlgation so that it was
necessary to campute the combustlon-gas temperatures at each station from
an equatlon relabting the combustion gas to the known temperabtures at the
burner Inlet and at the axhaust-nozzle outlet. It was found in refer-
ence 2 that the longlitudinel distribublon of statlic pressure 1n the
combugstion chamber of this Investigation could be calculated quite
accurately when the longitudinsl distribution of combustlon-ges bulk
temperature was given by the equation

Tg.xTg 0 T X

TS: 1 _Tg; 0

Edquation (8) 1s therefore used in this report.

RESULTS AND DISCUSSION

The convective heat-transfer coefficient at statlon F ls presented
first and the effects of radial dlesbtribubtlon of afterburner fuel on the
convective heat-transfer coefflcient -are dlscussed. The effects of
several parameters on the combined heat-transfer coefficlent for con-
vection and radistion on the ges slde of the wall and on the over-all
heat-~-transfer coefficlent are then shown to provide a better inslght
into the variastion and magnitudes of the heat-transfer processes.

Convective Heat-Transfer Coefficient at Station F

Configuration A. - The convectlve heat-transfer coefficlent hg at

statlon F was calculated from equabion (7) and is plotted in the usual
non-dimsnslional manner in figu:r'e 4, The a'bscissa. is a modified Reynolds

T
nuwber .pp —E—:-g- which is equivalent to 0 T ﬁ- where the temperature

¢ Tp’
ratio corrects the density to £1lm condltions. The effects of combustion-
gas temperature level (fusl-ai:r.f ra_.'bio) are ra.ndg_m and within the scatter
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of the data. For configurastion A the d.ata points lle within +0. 15 off the
line representing the eguation : . .

h veD\°+8 fop . ¢ “f)o.‘z 1\-0-1
E;e= 0.034._631- “f) (p e (5) (9)

Equation (8) gave the best correlation of experimental convective heat-
tranafer coefficlents in reference 7 for subsonic flow of alr in smooth
tubes at high surface and fluid temperatures.

The tranaverse temperature profiles at sbation F for configuration A
are shown in figure 5 for a range of combustion-gas temperatures. The
shape of theass profiles approached the shape occurring with fully T
d.eveloped turbulent. £low, especially as the temperature level was
increased, and probably comtributed to the good agreement between the
heat-trensfer coefficien‘bs of configuration A and equation (9). '

Effect of radial fuel dlatrlbutlon. - The effects of two extremes
in the radlal dlstribution of afterburner fuel on the convectlve heat-
trensfer coefficient are shown in figure 6 for a modified Reynolds num-
ber of 540,000. The Nusselt number, and consequently the convective
hegt~tranafer coefficlent hg, for configuration B was about 53 percent

higher then for configuration A, whereas the Nusselt number was sabout

40 percent lower for configuration C. This wlde rengs in RNusselt number,
or In the convective heat-transfer coefficient is attributed to the
differences in the transverse profliles of the combu.stion-gas temperature
and consequently In the temperature gredients in the boundary layer for
each fuel distribution because the bulk. tempersture and wall temperature
were maintained at 3000° and 1510° R, respectively, for configurations B
and C.

The transverse temperature profiles at statlion ¥ for configura.tions B
and C are shown in Pigure 7 for a combustlon gas temperature of 3000° R
The fuel distributions of configurations B and ¢ resulted in qulte d,i.f—
ferent temperasture profiles than for fully defveloped. turbulent flow.
Configuration B 1s charscterilzed by high gass temperatures near the wall
and configursation C by lower gas temperatures near the wall. Thus fuel
distribution has a powerful influence on the transverse temperature
profile and consequently on convectjfve heat tramsfer. The vertical
scatter in the data in figure 6 may be caused by small variations In the
fusl distribution. Configuration A gave high performence with good
operating characteristics over a wide range of operating conditions,
wheress configurations B and C had poor performence and undesirsble,
operating or cooling characteristics. The similtaneous achlevement of
high performence. and good operating characteristlcs requires a certa.in

2R71 |
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combingtlon of fuel distributlon and flame-holder design. The latitude
of these comblnations is relatively small and in view of +the results of
figure 6, 1t 18 believed that equation (9) can be used to calculabe the
convective heat-~tranefer coefficient near the combustion-chamber outlet
in other high-performance afterburners.

The trensverse profiles of total pressure at station F were examined
to determine whether the pressure profiles could be used in foretelling
the temperatwre. profiles for the purpose of ed justing the constant of
proportlonality in equation (9) for varlous fuel distributions. The
ratlo of the tobtal pressure to the statlc pressure at the wall is shown
agalnst the burner diamster in fligure 8. The profiles give no hint of
the differences in the temperature profiles. Some correspondence mlght,
however, have 'been found. :Lf the sta:tic pressure profiles had been
avallable.

Combined Heat-Transfer Coefflcient

The variation of the combined hegbt-transfer coefficlent }1g + hp

wlth the differenc¢e between the temperatures of the combustlon gas anﬂ. _
of the combustion-chamber wall T -‘ZIZw i1s shown 1n flgure 9 for stations C
to F. The data points are for an :Lnlet cooling-air temperature of asboub
520° R with a varying mass-flow ratlo (talled symbols) and for a mass-
flow ratio of about 0.144 and varying inlet cooling-air temperature (no
talls). A single curve resulted for each gtatlion within the scatter of
the data for the range of cambustion-gas temperatures investlgated when
the combustion gas flow was constant. The combined hesbt-transfer coeffi-~
cient increased at a decreasing rate as the temperature difference

-'le was incressed. Decreasing the flow.rate of combustlon gas resulted

in similer curves of decreased value for each station (fig. 9).

The falred curves of the comblned hest-tranmsfer coefficlent
11g + hr ,8 from figure 9 are cross plotted in figure 10 with the temper-
ature d.j_fference Tg—'illw. as a params‘ber and a combustion—gas flow of
22.3 pounds per second. Typical longlitudinal distributlions of the com-
bined coefficient hg + hy g are shown by operating lines for typlcal
longitudinal dlstributions of combustion-chamber wall temperature corres-
ponding to ccxn'bustion—gas temperatures at station F of 3000° and 3500° R.
The operating lines are similar in ghape and have approximately the same
magnitude. Along the operating lines the combined coefficient hg + hr,g
decreassed from sbout 22 to a minimm of about 17 Btu per hour per squars
foot per degree at a distance 26 inches downstream of the flame holder,
after which the value increased to about 26 at statlon F. Nonluminous
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radiation is slight during the initial decrease. of hg + _hr, g B0 that
the tremd of the operating line primarily represents the variation of
hg with distance downstream of the flame holder. The cambustion chamber
may be cumpared with the entrance reglon of a large pipe » Where the con-
vectlve heat-transfer coefficlent 1s known to decrease rapldly in the
flrst dlemeter of length and lesg rapldly in the succeeding diameters
untll fully develaped turbulent flow is esteblished. The "entrance"
effect was accentuated in the afterburner of this investigation becausse
the bluff inner cone resulted in a higher mass flow per unit area (or
Reynolds number) at: the burner inlet than at the burnér Gutlet. The
increase in hg + hy g 1n the last half of the combustion chgmber is
due to the increases in the nonluminous radiation and in the convective
heat-tranefer coefficient as the temperature graiients near the wall
increass. ST -
Exemtinatlion of the convective heat-transfer coefficient for non-
afterburning data pointe revealed that the coefficient I:L8 (negligible
nonluminous radiation) was practically comstant along the combustion-
chamber length. The average value of hg without afterburning in this

particular afterburner was 23.5 Btu per hour per square foot per degree
for a cambustlon gas flow rate of 22.3 pounds per second. Thus, without
afterburning, the coefficient hg exceeded the afterburning value of
the combined coefficlent hg + hy g for configuration A4 for the first

44 inches downstreasm of the flame holder (see fig. 10). This unusual
effect ls attributed to the persistance of a low-veloclty core in the
wake of the bluff inner come, without afterburning as far downstream as
statlon F which resulted in a higher effective mass flow per unit ares
(or Reynolds number) near the wall. The low velocity core is illustrated
by the transverse pressure profiles of figure 11. The transverse varl-
atlon of the retbtic. of. total pressure Pg,F to the statlic premssure pg,F
at the wall 1s shown for s range of burner inlet temperatures from

1182° (nonafterburning) to 1636° R. The pressure ratio II_’g,F/Pg,F 18
higher near the walls and reaches a minlmum at the center. The mininmm
is lowest for nonafterburning and increased nearly linearly as the )
burner-inlet temperature was increased to 1636° R. Thus the low-veloolty
wake of the Inner cons wlthout afterburning malmtained the effectively
high mess flow per unit area (or_Beynold.s nunber near the burner wall)
exigting at the burmer inlet. The effective mass flow per unilt area . .
&t statlon F was decieased, however, wlth afterburning by the expanaion

of the burning ges into the center of 'b]_i_e_?_gg{r_aer__.

Over-All Heat-Transfer Coefflclent

The varlation of the over-all heat-transfer coefficlient U across
the combustion chamber wall, wilth the mass flow ratio Wa_/wg is shown
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in figure 12 for comnfliguration A and a combustlon-gas flow of 22.3 pounds
per second. At each station, the coefficlent U Increased gradually
with decreasing rate as the mass-flow ratio was Increased. The recipro-
cal of the camblned heat-transfer coefflclent is the conbrolling resis-
tance to heat flow and thus makes the over-all heat-transfer coefficient
less senslitlive to changes in mass-flow ratios approaching 0.20.

The over-all heat-transfer coefflcilent is shown in flgure 13 as a
function of the difference between the temperatures of the combustion
gas and of the combustion-chamber wall. Figure 13 is similar to fig-
ure 9 for the combined hegt-~transfer coefficlent. The date points are
for an inlet cooling-alr temperature of dbout 520° R wlth a varying mass-
flow ratio (tailed symbols) and for a mass-flow ratio of about 0.144 and
varying inlet cooling-aslr temperature (no tails). A single curve resulted,
within the scatter of the data, for a constant combustion-gas flow over
the range of combustion-gas temperatures Investigated. The over-all
hegt-transfer coefficient increased gradually wilith decreasing rate as
the temperature difference T -T., was incressed. Decreasing the
combustion-gas flow resulied in simllar curves of lower value for each
station (fig. 13).

A cross plot of the faired curves of U from figure 13 for a
conbustion-gas flow of . 22.3 pounds per second agelnst distance down-
gtream of the fleme holder is presented in figure 14. Typlcal longi-
tudinal variation of T 1is shown by operating lines for typlcal longi-
budinal varlations of wall temperature corresponding to combustion-gas
temperatures at statlon F of 3000° and 3500° R. The operating lines
are similar in shape and have approximately the same magnitude. The
longitudinal variation of U 1s quite similar to that of the combined
heat-transfer coefficient h + h‘r because the reciprocal of the
latter coefficient is the controlling resista.nce t0 heat transfer across
the cambustlon-chamber wall.

Relative Magnitudes of Convectlive and Radlant Heat Tranafer.

Typical values of the heat transfer coefficients have been tabulated
for station F at an average wall temperature Tw g of 1510° R in the
following table:
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Configuration [Combustion-| Heat-transfer coefficienta
%as flow (Btu/(hr)(sq ££)(OR))

1b/sec)
hg hr:5 hg'-hr:g v
A 22.3 18.5| 6.0 2a.5 | 17.5
A 13.8 12.3] 4.2| 16.5 | 11.5
'B 22.3 27.0] 6.0| 33.0 21.0
¢ 22.3 ___|10.6| 5.8] 16.4 | 12.5

The changes in radial distribution of fuel affected the ratlo of
radiant to convective heat transfer. The heat transferred by nonluminous
rediastion was gbout onme-fourth, one-fifth, and one-third of the total
heat transferred to the wall, for configurations A, B, and C, respectively.
The ratio of the over-all hsa.t-'hra:nsfer coefficient to the combined heat-
trensfer coefficient.wass affected only slightly by variations in the ~
radlal distributlon of fuel. The over-all heat-transfer coefficlent was
approximately 0.7 of the combined coefficient for the three fuel distri-
butions tested.

CONCLUDING REMARKS

The heat-transfer coefficient hg for convectlon between the com-
bustion gas and the cambustlon-chamber wall for the fuel distribution
providing the best afterburner perfonnance wag cowrelated. wlthin
+15 percent by a modifled correlation equation for subsonic flow of air
In emooth tubes at high surface and fluid temperatures .

The investigatlon of the variation of radlal dlstribution of after-
burner fuel across the turblne-outlet amnulus gave values for the con-
vective heat-transfer coefficlent that were 53 percent highér to 40 per-
cent lower than the comvective coefficlent h, for the best fuel dis-
tribution, but performance was poor. The slmilbtaneous achlevement of
high performsmce and good opersting characterlstlcs requires a certain
combination of fuel dilstribution and flame-holder design. The latltude
of these cambinations is relatlvely small so that it is believed that the
correlation presented for the convectlve heat-transfer coefficient is
generally applicable to the combustion—chamber outlet for oﬁher high—
performance afterburners.

The combined heat-transfer coefficient for convectlon and radiation
from the combustion gas to the wall and thé over-all heat-transfer coeffl-
cient decreased to a minimm ebout halfway along the combustion-chamber
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length and then increased toward the cambustlon-chamber oubtlet. For
typical longibtudinal distributions of combustlon-~chamber wall tempersa-
ture, the megnitudes and longlitudinal variation of the combined heat-
transfer coefflicient and the over-all heat-transfer coefficient were
practically unaffected by the cambustlon-gas temperature level for the
same combustlon-gas flow.

The convectlve heat-transfer coefficlent wlthout afterburning was
practlcally congtent along the combustlon chember length, wlth a value
that corresponded to the comblned hesb-transfer coefflclent for convec-
tlon and redlabtion at the burner inlet with afterburning.

In the afterburmer of this investlgetion, heet was transferred
from. the combustlon gas to the combustlon-chamber walls by forced con-
vection and monluminous radlation only. The heat transferred by non-
luminous radiastion varied fram sbout one-fifth to ome-thilrd of the total
heat transferred by convectlon and radiation, depending on the radlal
distribubion of Puel across the turbine-ocutlet annulus.

Tewls Flight Propulsion Laboratory
National Advisory Committee for Aeronaubics
Cleveland, Ohioc
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APPENDIX - SYMBOIS

The following symbols are used in this report:

4 heat transfer surface area, sg £t

cp specific heat at constent pressure, Btu/(1b)(°R)

D combugtlion-chamber dlameter, f£t | L

G mess velocity of combustion gas, 1b/(sec)(sq £t) 5

h heat-transfer coefficient, Btu/(br)(sq £t)(°R)

k thermal comductivity, Btu/(hr)(£t)(°R)

L distence from flame-holder center line to exhaust-nozzle exik, -
Pt (6.21 £t for this afterburner) -

P total pressure, 1lb/sg £t abs .

P static pressure, 1b/sq £t abs ) T

q heat flow rate, Btu/hr : .

by bulk total temperature or wall temperature, °R o

Tp f‘i% temperature, arithmetlic mean of bulk and wall temperatures,

T over-all hest-transfer coefficlemt , Btu/(br) (sq £t) (OR)

Vo velocity of flow based on bulk temperature, Ty, ft/sec

v flow rate, 1lb/sec .

x distance downstream of flame-holder cemter line, ft S

o adsorptivity, dimensionless

3 emigsivity, dimensionless

el pseudoemissivity of the wall, .1_;‘_,_ (0.9 for this afterburnser)

M sbesolute viscosity, 1b/ft sec «

welght density of cambustion gas, Ib/cu £t

O
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Stefan-Boltzman constant, 0.173x10~8, Btu/(hr)(sq £t)(OR)*

e} .
h-klz "Nusselt number
e '
= Prandtl number
¥D -
pE— Reynolds number -
Subscripts 2
a cooling sir

B,C,D,E,F,G - stations along the combustion-chamber length

hig property evaluated gt fllm temperature
g ges or ccmibus'b-ion chambex
r radiation
w combustion-chember wall
x varigble stablon
0 flams-holder center line
1 exhaus‘b—nqzzle exit
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Variation of the over-all heat tram.lfer coefficlient with the diffarence between the temperatures of the
combustion gas and combustion chimber wall for sonfiguration A.

4%

TIIZSH WM VOVN




LCombustion-gas LExhaust-gas: Combuation-:gas
temperature temperature mags flow

- TE)F TS' A wf
(°R) (°r) " (1b/sec)

o) 3500 ; 3805 22.5

0O. 3170 _ 3435 22,3

+'V . - 30858 5266 13.8

' 2 %000 3240 22,3

2850° 3080 22.3

Talled symbols, varying mess-flow ratio W,

Untailed symbols, varying inlet cooling-air tempera.imre !
Combustion-gas flow, 22.3 1b/sec '

B 24— — — — Combustion-gas flow, 15.8 1b/sec
- .
; B
8 2 )
13 L
- ) [m)
. a — A 5
D Al o %M > Jo.
5§ N AT B AL s
o= 18 A O ©
S
%g |_le—T ol £ 20
m
o= Al a1 [A]a% i
g.’d 12 ] A L A ’Aﬂ‘
I A A _ Y-
C} — —"V
o i~
HA p
» Pra
] 8 = -
k]
- .
™
o
[]
s.;
3 1 1
300 1000 1100 1200 1300 1400 1500 . 1600 1700 1800 1800 2000 2100

Difference of combustion-gas and combustion-chamber-wall temperstures, Tg.F - T"'F, R
(d) station F. ’

Figure 13. - Concluded. Variation of the over-all heat transfer eoefficient with the difference between the temperatures of the
combustion gas and comnbustion chamber wall Tor conflguratlon A.
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