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By William IC. Koffel  ami H a r o l d  R. EhrPm&n 

The effects of tail-pipe  fuel-air   ratio (exhaust-gaa tamperaturea 
from approxhately 3060' t o  3825' R), radial   distribution of tail-pipe 
fuel flow, and maas flow of canibustion gas on the temperature  profiles 
of the comb-ustion gas and on tarperiture  profiles of the fnside w a l l  of 
the canibustion chmber were determined for an experimental tail-pipe 
burner cooled by air flaring through an ineulated cooling-air paasage 
1/2 inch in  height. The effects on insideiwall  temperature of' varying - 
the mass-flow ra t io  of cooling-air t o  combustion-gas maas flow from 
approximately 0.067 t o  0.19, inlet  cooling-air  temperature from about 
520° t o  1587O R, and ccnnbuition-gaa maas flow from 22.3 t o   E . 8  pounds 
per second were also determined. 

Large circumf'erential  variations  existed  in t h e  canbustion-ga8 tem- 
perature near the Imide  wall. These vartatione  resulted in similar 
variations  in  the  inside-wall  tauperatme. The ciroumferential w i a -  
tions fomned consistent  patterns that w-ere similxr, although different 
in magnitude, for al l  configmatione tested. 

The two extremes in radial distribution of tail-pipe fuel flow, hi& 
fuel concentration tuyri3z-d the combustion-chamber w a l l  Etna high fuel con- 
centration  in the center of the c d m t i o n  chamber, Chmgea the circum- 
f erential  average imide-wall temperature 235O F at - a s ta t ion 48 inchee 
downstree of the flame holder. The configuration  having a high fuel 
concentration  near  the w a l l  presented a more severe  cooling problem 88 

the circumferential m i a t i o n  wa8 greatest  for  thia  oonfiguration. 

The spread of flame t o  the inside w a l l ,  &B determined from meaaure- 
menta of caabuetion-gas  temperature near the wall, wa8 practically . 
unaffected by fuel-air ratio. However, the flame spread t o  the wall was  
a function of radial   fuel  distribution. A t  no tims did the flame 3mpinge 
on the w a l l  within 24 inches damstream of the flame holder. Radiant 
heat  tranef er t o  this  section of the inside wall wm insufficient to 
require  wall  cooling  in  the f i r s t  24 inches, if the t a i l -p ipe  materials 
could withstand  nonafterburning  operation  without  cooling. 
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With the most uniform distribution of tail-pipe fuel  tested and an b 

inlet  caoling-air tamperature of 520° R, .an aqerage inside-wall tempera- 
ture of l.300° If a t  a station 48 inches dawnstream of' the flame holder 
required mass-f low ratios of Q .12 and 0.09 w i t h  exhaust-gae  temperatures 
of 3825O and 3435') R, respectively. When the diEttmce was increaaed t o  
56 inches dawnetream of the flame holder, a mass-f low r a t io  of 0.115 WBB 

ne cess^ with an a u s t - g a s  temgerature of 3439 R. 

" 

rJ 

A t  a n m s  -flow rat io  of 0.145, the inside-wall  temperature 48 inches E 
downstream of the flame .holder was increaaed about 4/10° per degree 
increme  in  inlet  cooling-air  taqterature. 

The temperature of the  structural w a L l  aP an insulated  tail-pipe 
burner havtng an inner liner would be practically  the same w l t h  or with- 
out tail-pipe burning. , 

"he combustion-chmber yalh of tail-pipe  burners must either  with- 
stand  high  operating  temperatures or be cooled to temperatures that give 
adequate strength and service l i f e .  The trend toward nonstrategic mater- 
ials and im&movemnts i n  performance and the operat- range of tail-pipe-. \ 
burners have made cooling more cr i t ica l . -  Many methods have been consid- 
ered for oooliIlg the walls of a tail-pipe cambwtion chamber inoluding w 

the flow of air through an annulas passage surrounding the combustion 
chamber, the flow of turbine outlet gas tbYou& an annulax pasage 
formed by a concentric  inner liner, ths establishment of a cool-air  film 
between the walls asld the conibustion gas by  means of a porous wall o r  a 
series of annular  nozzles, aa w e l l  aa c e r d c  coatin- and fuel additives 
that  coat the walls and reduce the radiant  heat  trarafer  to  the walla or  
1cw-m t h e  wall tanperature by their ineulative  properties. M a n s  cmbi- 
nations of these mthodfl have been asd are being  investigated at   the 
NACA Lmls laboratory.  Cornidarable  attention has been given t o  the ann- 
ular cooling-air shroud. and to   the  imer   l iner  and t o  their use in  com- 
bination. " ,- .., .. 

- 

- "  

An analytical method xa8 developed (reference 1) for calculating 
the maximum average wall temgerature in   ta i l -pipe coxtibustion  ohambere 
cooled by the parallell flow of air throu& as annular coollng  pmsage 
or cooled by turbine discharge gas- flotTing between an inner  liner and 
the combustion-chamber wall. 'phe -method wa8 baaed on t he  simplifying 
asumptiona of a uniform t rayverse temperature profile, a linear r i s e  
i n  combustion-gas temperature from flame holder t o  exhamt-nozzle =it, b. 

and the fact   that   radiation f r o m  the cambuetion g8S to   the  wall w a s  
twice  the nonlminous radiation of a  ccmpletely burned stoichimetric 
mixture of octane. and air. Wall temperatures o r  ooollng-air flm oal -  n 

culated by the method of reference 1 have -checked well wlth values 
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measured on experimental tail-pipe  burners  in which a uniform transverse 
temperature profile was approached. A@Teement waa poorer for bUmerE 
producing nonuniform profiles. Same effects of changing the flams- 
holder  design and tail-pipe  fuel  distribution, and consequently the 
transverse  temperature  profile, are even  in  reference 2. 

The cooling and punping characteriskics of a tail-pipe burner hav- 
ing an inner l iner and  an external  cooling-air shroud w i t h  an ejector 
nozzle are  presented  in  reference  3, and an analytical method is devel- 
ope$ in  reference 4 f o r  predicting the pressure drop through  the  cooling 
passages. These investigationa on tail-pipe-burner  cooling had limited 
ranges of cooling-air flars and inlet cooling-air temperature and no 
atten& was made t o  determine the combustion-gas temperature profile8 as 
effected by changes in  internal  configuration  asd  to  relate them to  the 
taugeratures of the combustion-chamber walls. 

This report  includes some results of an experimental investigation 
on a tail-pipe burner which w a s  eaCtensively inetrumented. Ranges of 
independent control of the  cooling-air  tanperatwe, flow, azad pressure, 
aa well as the  cmbustion-gas t a p e r a t w e  and flow wider than  those  given 
in  the references  are  presented  herein. The data  presented were obtained 
with a combustion chamber having a constant-f low area and an annular cool- 
ing  passage of constant  height. The effects of exhaust-gas  temperature 
level,  distribution of' tail-pipe  fuel  across  the  turbine annulus, and 
IUSE flow of combustion gas on the temperature profiles of both  the cam- 
bust ion gas  and the  inside w a l l  are presented. 

A conventional and axial-flow turbojet engine was  used i n   t h i s  
investigation. The sea-level  static t h r u s t  of the engine was approxi- 
mately 3100 pounds at a rated engine  speed of 12,500 r p m  and a mum 
turbine-outlet temperature of approximately 12000 F (1660O R ) .  A t  th i s  
condition  the aLr flow was slightly  less  than 60 pound6 per second. 

The fuel used in  the engine and the  tail-pipe  burner w88 MIL-F-5572, 
grade 80, unleaded gasoline.& had a lmr heating  value of 19,000 Btu 
per pound and a hydrogen-carbon r a t io  of 0.185. 

Installation 

The standard t a i l  pipe was replaued by 811 experimental  tail-pipe- 
burner assenibly attached to  the  turbine  flange. The engine and the tail- 
pipe  burner were mounted on a w-ing section  in the 20-foot-diameter 
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t e s t  section of the altitude wind tunnel. Refrigerated Etir was 
supplied t o  the canpressor inlet  through a duct frm the  tunnel make-up 
air system. This duct was connected t o  the-engine  xith a labyrinth seal,  
which made possible  measurmnt of t h r u s t  with the tunnel balance system. 
Air W~EI th ro t t led  from app.mxlmately sea-level pressure t o   t h e  desired 
pressure at the compressor inlet;  while pressure in  the tunnel  test  sec- 
t ion  was maintained at the desired  altitude. Cowlings and fairings wre 
omitted from the engine and the tail-pipe burner in order  to s-l ify 
the installatian and GO facilitate  inspection and seMcing  of engine ,  
tail-pipe burner, and instrumentation. 

6 .  

8 

Tail-Pipe-Burner Assembly 

The entire  tail-pips-burner aesermbly was fabricated of l/l6-inch 
Inconel. The over-all length of the engine , q d  tail-p-fpe burner was 
SPPr0XimateI.y 16.1 feet, of w h i c h  WE7bail-pipe diffusrir, the  cmbwtion ahamber, and the nozzle were 2, 5, a d  1 feet, respectively. Figure 1 
i8 a 8Chmt~&tiC drawing of the installation showing the fuel-spray bars 
in the 8cLllIu1m diffuser,  the  cylindrical cambustion chamber with insula- 
ted coolbg pass=, and the  fbed-conical &wt nozzle, m e  fl- 
holdler had a single V-gutta  with  sinusoidal  corrugationS on the trail- 
ing edgee. The V-gutter had a me89 diameter of 18 inohee, a mean width L 

acro8s the  currugatbns of 1- inches, anb a33. included angle of 350. The 
blockage at the dcmmtream face of -the flame holder w a ~  about 23 percent 
and the velocity at the flame holder under the conditions of this inves- 
Ligation w-m agproximately 480 feet  per second. The cooling pmsage had 
a c0mtan.t; hei&t of 1/2 inch & was imulatad xj.th 1 inch of refracltory 
cement. - - . .  . .. 

3 
4 

. . . - . . . . . .  . . . - . . . 

. .  

- - - ". 

Fuel-spray bars. - Twelve radial fuel-spray bmw -re equa"y Elpaced 
8.75 Inches downstream of the turbine flange and 13.25 inches upstream of 
the flame-holder center line. Each baz had seven holes (number 76 d r i l l )  
that  Elgrayed fuel n o x "  t o  the gae flaw. ~ h r e e  different sets (twelve 
barn per set) af spray bars were used t o  vary the fuel distribution across 
the  turbine  discharge annulus. The f *st s e t  (fig. 2( a) } produced a 
near ly unfform fuel distribution  Kith a slightly higher fuel concentra- 
t ion   a t - the  very center  for flame s tab i l i ty  and piloti%  action. T h e .  

second set (fig. 2(b)) increased  the  fuel  concentration tow& %e 
aombwtion-chaniber wall and decreased the fuel flow in  the  center aP the 
combustion  chamber. The third  set  of  spray  bare (fig. 2(c)) concentrated 
more fuel st the center and decreaeed the  fuel  concentration near the 
cambuetion-chamber walh . 

Configurations. - The three sets  of fuel-apray bar8 were wed i n  
conibinatton with four different exhaust nozzles t o  folrn essentially three 
configurations &B follows : I 
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Configuration  Fuel-spray 
bars 

Exhawt-nozzle Figure 
exit area 

Cas ft)  

A Set 1 1.846 
1.903 
I. 980 
2.160 

Because it WBB recognized that the combustion pattern would be 
irregular and the temperatures t o  be measured were severe on thermocou- 
ples, many thermocouples as practicable were wed in  order to obtain 
representa$ive average t-eratures and t o  provide  sufficient thermcou- 
plea if some thermocouples should fail.  Six instrumentation  statione, 
B t o  G (fig. 3), were provided along the length of the cylindrical com- 
bustion chamber. Thermooouples were' Installed  at station 13 f o r  measure- 
ment of the inlet cooling-air  temperature.  Statio- C to F had six 
groups of inetyumentatdon, equally spaced around the circMerence,  for 
measuring i&e temperatures of' the inside and ourtside w a l l s  of t he   t a i l -  
pipe  burner and of the cooling air ae w e l l  - the s t a t i c  and total   pres-  
sures of the cooling air. The t q e r a t u r e a  of the inside and outside 
walls were also measured at fou r  points around the circumference at 
statiop G, and the  cooling-air  temperatures and pressures at station G 
were  measured in  the dbcharrge  ducts on the downstream plenum chamber. 
The lacations of the instrumentation at each of these statio-, at the 
&awt nozzle, the cooEing-air metering nozzle, and the upstream plenum 
chamber a r e  shown i n  figure 4.  The cross section of a typical group of 
instrumentation at stations C through F is sham  in  figure 5. 

The meass of providing for longitudinal movement due t o  thermal 
expaneicpl can be 8-11 in  figure 5. The platinum-rhodium - platinum 
thermocouple probes extended through sliding  seale  in t h e  outside w a l l  

mitted longitudinal movement of the walls. 
the  sliding channels  connecting the inside  outside  walls  per- 

The usual preseure and termperatme instnunantation w a ~  installed at 
several measuring stations through the engine. Fuel flaws t o  t h e  engine 
and tail-pipe burner were  measured with  calibrated  rotameters. 

Wall-temperature measurement. - The temperature of the  inside w a l l  
of the  tail-pipe burner was  measured w i t h  chromel-alumel thermocouples 
spot-welded t o  the  outer  surface of the wall (fig.  5). Conductive 
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cooling of the  junction w a ~  reduoed by strapping  the leads t o  the wall 
for 3/4 inch dmt ream of the--junction bef'ore extending  the l e a b  a c r o s ~  
the  cooling passq9e. The temperature of the  outaide w a l l  m measured 
by a chramel-alumel thermocouple w e l d e d  into the head of a hollow oval- 
headed screw ( f i g  . 5) . Conductive cooling of the  junction was negligible 
because the stam of' the B c r e W  was buried under the oooling-pamage 
insulatim. 

k 

Coolinpair temperature meaeurement. - The cooling-air temperatures 
were msa~ured by meane of National Bureau of Standards type (fig . 6 ) 
shielded thermocouples (reference 5). The-radiation shield consisted of 
a 1/4-hoh length .of 1/8-in& silver- tubing which waa s l i d  over the bme 
junotim and canpressed t o  a biconvex airfoil  seotlon. 

Cmbustion-w temperature meaBuramsnt. - Cdustion-gaa tempera- 
tures near the imide wall were memured. by meam of the platinum- 
rhodium - platinum thermocouples shown in figure 7 .  Each thermocouple 
probe had a water-cooled supporting stean and tX0 themcouplee  in  para- 
llel having a oommon hot junotfon. The leads f r o m  the junction were 
arranged i n  a cross t o  give mechanical support a t  high teslperatures. 
Negligible conduction error waa obtained by mans of the high 'length- 
diameter ratio of the leads between the junction arad t h e  oooled sqpport- 
ing e t a .  No radiation shield w ~ l s  wed because of the low emissivity L. 

and absorptivity of the platinum and platinum-rhodium wires .  

Gas temperature profiIe8 at station F were obtained by means of a 
rake having seven sonic-flaw orifice tenzperdure probee ( f ig .  8 ) .  ThF 
temperature of a gae s q l e  flaring into one of these probes ie obtained 
from a thermodyndc equation and is theoretically independent of radla- 
t ion effects (see reference 6) . 

The exbaust -gas temperature WBB cauq?uted (ae given in appendix A)  
frcun rake masurerments of t o t a l  pressure at the m u s t - n o z z l e  exit and 
the measured gas flaw. 

Accuracy 

Four f l igh t  recordera were ueed because of the large number of ther- 
mocouples and in order t o  reduce the recording time while  maintaining 
equilibrium conditiom. The estimated overyall accurauy of the tempera- 
ture meaeurements are aa follows : 

Wall tenpemture, OF. . . . . . . . . . . . . . . . . . . . . . .  kl5 
GEEI temperatures near the wall, OP . . . . . . . . . . . . . . . .  k20 
Sonic-f low orifice probe, ?I? . . . . . . . . . . . . . . . . . . .  2150 
Cooling air, OF . . . . . . . . . . . . . . . . . . . . . . . . .  &LO .. 

Exhaust gm tFmrperature, O F  ~ 5 0  - . . . . . . . . . . . . . . . . . . .  
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The geometry of the  tail-pipe diffueer and the flame holder i n  com- 
bination w i t h  the  fuel-spray bars producing  approxlmately uniform distri- 
bution of fuel across the turbine ~ R ~ U E I  (configuration A) wa8 s h m ,  
in  preliminary  tests on a similar burner, t o  give good performance 
and operating  characteristic8 over a %ide range of altitudes ana 
fuel-air  ratios. Cooling characteristics of the  experimental  tail-pipe 

N burner were obtained  with the seven cambinations of exhaust-nozzle exi t  
mea and fuel-spray %am, at pressure altitudes ai? 30,000 and 40,000 feet ,  
a flight Mach nwber of 0.52, and an engine epeed of 12,500 rpm. It was 
impossible t o  run the t es t s  at lower pressure  altitudes  became  the flow 
of dry cooling  air, at approximately abospherfc  pressure from outside 
the tunnel, wm dependent on the  difference in the atmospheric pressure 
and the pressure i n  %he tunnel  test  section. Dry refrigerated alr w m  
supplied to the engine at 50$# R. The t o t a l  prmsure  at  the engine 
inlet  w m  regulated t o  correspond t o  the deeired pressure a t  each a l t i -  
tude w i t h  complete free-stream  total-pressure  recovery. 

2 

Most of the  data were obtained by adjwting the tail-pipe fuel flow 
t o  maintain &n avers@ turbine-outlet temperature of 1633°2t;L20 R; an 
apprcxxlmately constant axhauet-gas  temperature was thus obtained for each 
nozzle-exit  area and m a  flaw. The remainder of the data were ta3ren at 
lower turbine-outlet  taqeratures. 

The cooling-air flow and the cooling-air t w e r a t u r e  were systam- 
atically  varied  while  holding  all’other  quantities COn8tant- 

The approximate range of variables  investigated. w i t h  a l h i t i n g  
turbine-outlet temperature of 1633O are given in the following  table: 
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Codiguratiob 
ra t io  gas flaw gas teaper- ( f t )  

WE Combrktion- m a u s t -  Altitude 

ature ws W g  
Tg 

(42) 
(Ib/sec) 

A 22.1- 3060 30,000 
. . .  

0.0672 
to 
.187Z 

30,000 3240 22:2 - 0.1a02 
.. . 

t o  
.1917 

30,000 0.0953 22 .s 383'5 ' 

t o  
.17 96 

40,000 0.1440 l3.8 3265 

30,000 

.1906 
t o  

0 .E374 22 .a 3825 

0.0985 
t o  
.1891 

B 

0.1420 22.3 ' 3235 30,000 C 

22.2 3 215 30,000 
.. . 

30,000 I 3764 0.1912 22 .K"" -- . ."... 

" . . . . . - . .. -. .-.-..>. b" - -..L LA" - - ..- ., 

cooling- 
air inlet 
t€qper- 

a tu re  

500 
t o  

1587 
500 
t o  

1222 
502 
to . 

1408 
528 
t o  

1340 . 

515 

495 
t o  

1223 
524 
t o  

1450 
524 

The coolin@;-air ma~s flow wae controlled by f lap  valvee on the out- 
l e t  ducts of the dawnstream plenum chamber. The s t a t i o  pressure i n  the 
cooling paasage WBB balanced against the s t a t i c  preeeure of the ccanbus- 
t ion gas at etat ion F by mane CZP pressure-regulating valvee upEItream of 
the air-metering nozzle in  .. . conjunotian with the  f lap valves. When the- 
pressures were balanced, large pressure  forces w w e  tramferred fran the 
hot, and coneequently weaker, inside wall t o  the cooler  outside mll. 
This transfer tended t o  minFmize any changes in cooling-passage height. 
The oooling-air temperature was varied by meane of a turbojet can-type 
combustor in the omling-air sugply duct . .  dawnstream . af the air-meterlng 
nozzle. 

Typical results of this oooling  investigation are preserrted graph- 
i c a u  and the performanoe of -the three configurations are  t abula td  i n  

" 

r 
.. 

N 
Ip 
0 
0) 

"" - " 
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tables I and 11. The effects of exhawt-gae taqmrature level, radial 
distribution of tail-pipe fuel flow, ardt cambustion-gas -E flow an the 
temgerature profiles of the canibustion gaa are presented fimt because 
of the influence these profiles have on the tempmatures of the inaide 
wan. 

Reproducibility of  'Conibustian-Gaa Tanpemture Prof flee 

Circumferential  profiles. - The cambution-gas t m e r a t u r e s  near the 
imide wall, the temperature of the m i d e  and outside w a l l s  of the  cool- 
ing passage- and the coolizig-air taQerature m e  plotted  against  the group 
positions around the circumference at station F in  figure 9.  The repro- 
ducibility of the data is indicated in f i W e S  9( a)   to  9 (c) f o r  a check 
point having an exhaust-gaa temperature of approximately 3060° R, mass- 
flow ratio of 0.098, a d  an inlet cooling-air  temperature of S O o  R. The 
profiles are similar aa the accmiulated afterburner time i n c r e a d  from 
32 minutes t o  9 hours and 22 minutes. The profiles  with an e ~ a u s t - g a s  
temperature of 3484O R (fig.  9 (a) ) are similar although the temperature 
levels are higher. The profiles  sham in figure Y were obtained  with 
the f i r s t  s e t  of fue l  bars, d i c h  produced the most uniform fue l   d i s t r i -  
bution. The reproducibility shown is typical of data  obtained w i t h  the 
other  configurations. The large variations  in gas temperatces around 
the circumference a r e  reflected  in  the  inside-wall  temperature. The dif-  
ference between the highest and the lowest gaa temperatures around the 
circumference, aB measured bg the platinum thermocouples a t   s ta t ion  F, 
waa approximstely S O o  t o  900' F, and the  difference f o r  the  inside-wall 
temperatures w a ~  about 4QQ0 t o  600° F. The larger circumferential  varia- 
t ions  in gaa temperature a r e  believed t o  be caused by sssymetrical  dis- 
tributions  in the engine fuel-air r a t i o  and in  turbine-discharge gaa 
flows because daily  inspectiom  disclosed no plugging of the fuel-spray 
bars in the tail-pipe burner. 

Longitudinal  profiles. - m i c a 1  longitudinal  profiles af the 
cmibwtion-ga temperature measured by the platinum-rhodium - platinum 
thermocouples 1/2 inch f r o m  t h e  inside wall are shown In figure 10. 5 e  
general zeproducibility of the conibustion pattern for a given set of fuel- 
spray bem can be seen by comparing the relative  positions of the temper- 
ature  profiles for each oircumferential poup &B the exhauat-g& temper- 
ature i~ increased  (fig. LO). s ~ -  reproducibility of the relative 
positions of each g o u p  WBB observd in  the longi tdinal   prof i les  f o r  the 
oonibustion-gas temperature memured 1/4 inch from the inside w a l l  and for 
the  temperature of the  inside w a l l .  

Inaamuch aa the 1ongitudinal"kuperatme  profiles  for  various  cir- 
cumferential  positions reproduced i n  a consfstent manner in  sp i te  of 
large circumferentZa1  temperature variations, the effects of exhaust-- 
temperature, of fuel-dis t r ibut ioG,  ,agd;.of. conibustion-gas -E flow are 
~ ~ a s e d  on c b c e e r e n t i a l  aver& t d e r a t ~ e s .  (me 'temperatures i n  
table IT  are circmferential  averages. ) 
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Effect of Variables on Average Longitdir@. Profiles L 

of Cambustion-Gaa Tqe ra tu re  

Ehaust-gas  temperature. - The effect of increaed &aua t-gas tem- 
perature (or %ail-pipe fuel-alr r a t l u )  and t h e  spread 09 the f lams toward 
the  inside wall axe sham irm figure ll. The c&uation-gaa temperature 
wit;hin 1/4 inch af t b e  w a l l  (fig. 11 (a) ) remaine a t  approximately turbine- 
dischazge  temperatwe as f &r &ownetream aa station D indicating that, for 
the s~tapa fuel  distribution, the spread of the flame toward the  inside 
wall i e  practically unaffected. by fuel-air rat$o (exhaust-gaEl tanperatme 
level) although t h e  t r m y e r e e  t e m p e ~ t w e - m d i e n t a  between stations c 
and D increetse with fuel-air r a t i o  as can be a-&n fram figure ll(b). 
Consequently, no coaling would be required f.or configureition A in the 
first 24 inchee downstrean of the flame holder if the burner walls could 
Withstand the nonafterbwnfng operation without cooling. Darnetream of 
this point, the cool ing requirements increase as the  transverse gas tem- 
perature gradiater near the wall inoreme with both distance from the 
flam holder and with exhauat-g- tanperatme level. 

Fuel distribution. - The effects af' marked changes in  tai l-pipe fuel 
distribution acrogs the turbine-dischajcge angu.I-118 on the gas tamperatures 
ne- the Wide wall are shown in figure 12 ,  Figwe 12(a) e h m  that the c 

flame epreEzas out t o  the wall between 24 'and 36 inchee downstream of the 
flame holder depending on tlie radial dietribution of fuel, The flame 
intercept& the wall first w i t h  oonfiguration B, whioh had a high fuel- \. 

air r a t i o  near the vd1, and laat  Xith configuration C, which had a high 
fuel-air   ratio i n  the center af the burner. The cooling problem appar- 
ently can be altered by changes in fuel distribution at - a  given d a u a t -  
gta tgwpersture level. It i a  not, hawever, always ;2ossible .to alleviate 
the cooling problem by altering the radial distribution of f u e l  became 
af possible advelrre effects an performance end operational  ohmacteristice 
of' the tai l -pipe b p e r .  Ifor example, qgpfiguration (5 produced low inside- 
wall teapwaturee with tQe third s& of fuel-sprag bars, & had very 
m a t h  g@buat$on and the exhuaet nozzle was colder than f o r  configura- 
tion A at the ~ame exhaust-gas t q e r a t u r e l  but it was lmposeible t o  
obtain 8 tarWwrautlet gas temperature af 1633' 3 w t t h  these fuel- 
sprag bare when the eachauElt-nozzle exit  area wz18 2.160 s p w e  feet * On 
the other ?I&, configuration B, e i o h  prduoed high  inside-wall tapera- 
tures, was d i f f  iaul t  t o  i gn i te t  burned- roughly, ar;d blew-out xhenever 
the turbine-gutfet  REI t q e r a t u r e  drapped"be1~ 1615O R I 

The carreapondiw changeg in trmfwerree t ap ra twe  profiles wlth 
changes in $uel distribution w i l l  be discussed In the section Fuel 
Distribution, -, 

CaaBwtion-gas mrz13s flaw, - !!?he effeqt of deorewwg the colabustion- 
~EEI mas8 flow ug the gaa temperatms new the wide xall 18 e h m  in 4. 
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a f i v e  13. The decrease in  mass flow of cmbustion &a fram 22.29 t o  

13.85 pounds per second, resulting frm increasing  the  altitude from 
30,000 t o  40,000 feet ,  lowered the combustion-gas temperatures between 
etations E and F, &bout 400° md 200' F at dietances from the imide  
w a l l  of 1/4 asd 1/2 inch, respectively. These temperature  reductione, 
harever, would. be about one-half as great if cross-plotted  data f'rm 
f igure  11 were  wed t o  estlmate the longitudinal  temgsrature  profile at 
t h e  ,same exhaust-gas  temperature as w-ith the lower ma88 flaw. The 
decreaae i n  exhaust-gm  temperature  occurred because the  tail-pipe fuel 
flaw was adjusted fo r  a conetant  indicated  turbine-outlet gas temper- 
ature, but  the mean turbine-outlet gea tanperature decreased hcause 
of a change in the radial tmperature  profile as alt i tude was changed, 

Variation of Temperaturea Near the Wall w i t h  

Cooling-Air Flow and Temperature 

m e  tarperature of the combustion gas near the wall was a f feo ted  
slightly by the imide-wall temperature, and consequently, by the mass 
flow and the temperatme of the cooling air. The influence of cooling- 
a i r  flow and the inlet  cooling-air  tanperature on the gas temperature 
measured 1/4 inch f r a m  the inside wall waa found t o  be negligible at 
stations C and D. The effect of caoling-air flow at stations E and P le 
given by the approxlma.te equation 

and the effect of inlet  cooling-air t qe ra tu re  is about 1/10' per degree 
rise in inlet  cooling-air  temperature. (The sym~.~ob wed are defined in  
appendix B.) 

Effects of Variables on Transverse Gas- 

Teaperature Profile at Station F 

Some of the more representative  transverse prof i les  of the combustion- 
gas temperature at station F were selected for  presentation. The temger- 
atures  in  the  cmbuetion zone were obtained by means of the  sonic-flow 
orifice  rake and the temperatures near the wall were measured by the 
platinum-rhodium - platinum  themcouples 1/4 inch frm the inside  wall. 

E&aust-gaa temperature. - Transverae  temperature p ro f i l e s  a r e  shown 
f o r  configuration A in figure 14. Temperature pealas in  f igure 14 (a) 
obrresponding t o  the wake of the single-V flame holder  tend t o  disappew 
and the profile t o  become  more uniform &B the exhaust-gm  temperature is 
increased  (figs. 14(b) and (c)). 
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The gae temperatures 1/4 inch fram the inside w a J l  and in the  center 
of the  cabustion zone increased. 600' t o  700' R as average ekhaust- 
gas temperature increased approxlmebtely R. 

1 

Fuel distrLbutlon. - The effeots d changing the radial distribution 
of fue l  acrom the turbine  annulw on the tranevsrse prof i le   o f lcdus t ion-  
gas temperature m e  shown i n  figure 15, Figure 15( a) shuwe that the 
transverse  temperature prof i l e  of configuration A a t  &II exbamt-g&a tam- &? 
perature of 3266' R had a, temperature peak in  the TTEtlre af the flame-holder 8 
gutter similar t o  the pedw exbt ing  at eiharkt-gab tanTperature of 
approxhately 2926O R (f ig .  14 (a) ) , The high fuel ooncmtrations near the 
inside w a l l  in  canfigumtian 3 (fig. 15(b)) resulted  in mch hlgher gas 
temperatures near the insFde wall a t  the bottom of the burner and the gas 
temperature at the center of the burner was greatly reduced because the 
tail-pipe  fuel-air  zatio and exkauet-gas temperatures were practically 
constar&. The average gas temperatures 114 inch from the imide wall 
were approximately 400' R higher f o r  configuration B than for configura- 
t ion A at a mass-flqx ra t io  of 0.143 asd . a n  &Gt-gas temperature of 
approximste3.y 3240' R. The fuel distribution of canfl@ration C moved 
the peak tanperaturas toward the center of the burner and the average gas 
temperature 1/4 inch  frcm the imide w a l l  was about 350° R larer than for 
confLgurdiicm A at a maes-f low r a t i o  crP 0.143. For t he  three radial fuel 
distributions tested, the Increase in fuel concentration in  the oenter of I 

the burner produced a slightly  smaller efPect an the gas twperatures near 
the i w l d e  w a l l  than did the jnorease in the f&l imnce5tration toward the 
walls. This fuel distribution alBo aggravated the ciraumferatial  temper- 
a ture  variatiane. The relation of these profiles t o  the average insiae- 
wall t-erature w-ill be dbcussed in  the next, section. 

.. 

" 

c 

Became the variatima in  longitudinal and circumferential tempera- 
ture profiles of the imide-wall temperature were conslatent, circumfer- 
ential average  temperatures are used i n  the f o l l a r h g  omparisom. 

Efhauet-e;as t q e r a t u r e .  - The variations in the longitudinal pro- 
f Ale of t h e  average inside-wall tqera ture  with exhawe-gas t-eratzlre 
level is eham in figure 1 6 .  The. inside-wall temperature increases frcan 
the fleme holder t o  the, exhaust-nozzle Inlet with- exhartat-gas tesrperature 
l e n l .  The vaxiation of wall teaperatme wlth exbaust-gaa temperature 
level i~ sli@t at stations G and D because the flame PlElB not spread t o  
the wall. The wall temperatures at these  stations are influenc3e-d mre by 
the maes flow and inlet  taqperature of the cooling alr than by the exbamt- 
gas teqerature level. Downstream of statton D, the wall temperature 

.. 
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1 incremes because the taaperature  grdients near t h e  w a l l  and the 
radiant  heat  transfer  increaee as exhabust-gas temperature level increases. 
The prof i l e s  shown were obtained with a mass-flow r a t i o  of approximately 
0.145. The effect of -8 -flow ra t io  on the wall tenperatme all be 
sham in the Combustion-Gas Mass Flow section. 

Fuel distribution. - The effect of fuel  dbtribubion on the  inside- 
wall temzeratures is sham i n  figure 17 f o r  an averwe  exhaust-ga tam- 
peratme of 3290° R and a mass-f low ra t io  of 0.145. The curvea have  been 
d r a p o l a t e d  linearly  to station 0, as indicated by the data of figures 16 
and 18, because only two thermocouples were functioning during these 
readings and the term;perectures at them poaitiom were usually high= than 
the circumferential.  average tapera tme.  Configuration B had the highest 
average Wideiwal l  temperature a a re su l t  of the very high gas temgera- 
tures Ect the bottom of the burner; the average imideiwall  temperatures 
of configuration A are intermediate, hereas  configuration C had the 
lawest wall  teaqeraturea as a result  of the lower gaa-temperature gra- 
dients near the walls of the  burner. For the two extremes in fuel dis- 
tribution  tested,  the spread i n  average inside-wall temperatures a t  
station F was 2 3 9  F, but the circumferential m i a t i o n s   i n  -13. teqper- 
ature  -re greatest w i t h  configuration B. 

co 
!-b 
0 
(x, 

Conibustion-gas ma88 flow. - With an average ms-flow rat io  of 0.144, 
the averige  imide-wali  temperature WBB lowered 40° t o  1000 at stations F 
Elnd G when the mass flow of conibuetion gas waa decreased from 22.29 t o  
13.85 pounds per second (fig. 18). Coqparison of the wall tauperaturee 
at the lower m s  f low uith wall  teaperatures  interpolated from figure 1 6  
irdicatea, however, that these reductions resulted primarily from the 
decrease in exbaust-gas  temgerature level. 

Effect of Mas-Flow Ratio and Cooling-Air Tmera tu re  on 

Average In8 ide-Wdl Temperatures 

Ws-f low ratio.  - The effect of cooling-air mam -f low ratio on the 
average  Inside-wall  taqperature is shown i n  figure 19. The lrzniting 
values of the average  ineide-wall  temgerature at stations C, D, and E- 
with no cooling-air flow yere assumed t o  coincide with their  respective 
average gas temperatures 1/4 inoh from the inside wall w i t h  no cooling- 
air flow. 

As previsouly  discussed, t h e  inside-wall  temperatures a t   s ta t ions C 
and D are nearly independent of the eachEaust-gaa temperature level asd. 
vary inversely with mass-f low ra t io .  lche higher w a l l  termperatures at 
station D result  from increased  radiant  heat  transfer from the combustion 
zone. Both radiant and convective heat transfer became important down- 
stream of s ta t ion  D a a resul t  of the  higher  gas-taqmrature  level and 



14 - IPXA RM E51E3 
b 

the f lams lmpingermsnt on the w a l l s .  Thw, from station D on downstream, 
a distinct curve results for each tail-pipe fuel-a;tr r a t i o  (exhawt-gas 
temperature level) as sham  in f i w e  19. Figure 19( a) e h m  that  no 
cooling a3r is requlred  in  the first 24 inches downstream of the flams hold= (station D) w the tail-pipe materiab can withstand  nonafter- 
burning operation  without cooling. 

1 

A maEls-flow r a t io  of 0.l2 is required i n  order t o  maintain 821 rsJ 
average inaideqal l  temperature of 1300° F, 48 inohes downstream of the gj .. 

flame holde2 (station F) with an exhaust-gas tmperature of 3825O R, and 
the m a - f l m  r a t i o  ie about 0.09 with an exhaust-gas temperature of 
3435O R. An average ilvrideiwsll  temperature of B O O o  F, 56 inches d m -  
stream of the flame holder  (station a), requires a -8-f low r a t i o  of 
approximately 0.115 at 3435O R. R6 average ihkiia6-mll t q e r a t u r e  aP 
1300° F selected 88 represet~tative  in order t o  allow for possible 
hot epots 88 high as .l60Oo F. 

. .  ". 

Cooling-air  templeratwee. - The uariation of inside-wall  temperature 
". 

with inlet  cooling-air temgerature (fig. 20) is similar f o r  a l l  ahawt- 
gae temgeratures  but diFPer6 i n  tenp?erature leVel. The w a l l  tempe%%-hule 
increased with a slightly.  increming  rate as the coollng-air tcrm'perature 
was Fncreaeed. when the inlet  cooling-air temperature was increased 
10000 F, the imide-wall  teaperatwee  increased at stations F and G a 

about 400° F at a mess-f luw ra t io  of 0.145. The imide-wall  temperatures 
a t  station G (fig. 20(b)) were about 100' F higher  than a t  etation F 
(fig. 20 (a) ) with an efiaust-gm tFmrperature of apprmimatelg 3060' R, b -  

and about 150° higher  with an exhauet-gaa temperature of 3435O R. 

Interrelation of Teqeratures 

Thea ter re la t ion  of the exhaust-@ temperature, gas tweraturw 
near the wall, ineide-wall  temperature, and cooling-air  temperatures are 
shorm in figure 21 for   s ta t ion F. The cooling-air  temperature r i ee  to 
station 3' La the  vertical  distance 'bet;ween the  c6oling-air taqera ture  
curve and the diagonal daahed line. This r i se  in cooling-air  temperature 
becomes small as the inlet   coo~ing atr is raised t o  temperatme of ISOOO 
to 1700° R, indicating  that a combustion ch&er with 811 inner  liner 
maintdne a layer of gaa at approxjmately tuk3ine-outlet  temperature 
next t o  tihe outside  structural w a l l .  Consequently, the temperature of 
the structural w a l l  of an insulated  tail-pipe burner having an inner 
l iner would be practically  the same w i t h  o r  without  tail-pipe b h i n g .  

The data of figure 22 can be sham t o  better advantage by m e a m  of 
.1 

the pmmeter T&F - Tw?F which is obtained from a heat 'balance across 
Tw.F - Ta.F 

the  inside wall ai-s ta t i& F. This parameter U the ra t io  of the over- - 
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a l l  heat-transfer coeffioiente on the cooling-air and  ocanbuetion-gas 
sides of the inside w a l l  Ha/Hg. The ra t io   Eabg 5s a funct im of the 
inlet   coolbg-air  tempmature, exhaust-gaa temperature, hrbine-dischage 
gas temperature, and mass-flow ratio far a given fuel distribution and 
b m e r  geometry. !I!hi~ paraaneter can be plotted against  the r a t i o  of the 
inlet  cooling-air temperature t o   t h e   e ~ a m t - g a s  temperature Ta,B/Tg 
f o r  given maas-f lar ratios, turbine-discharge g&3 tmfperatures, and 
radial fuel distributions. Inasmuch as the oooling-air  temgerature !Pa,, 

because these temperatures are functions of the E- variable aa the 

N 
Ip 
0 and the effective-gaa  teqperature IC are not generally known, and 
(x, g, I? 

r a t io  Ha/Hg, the mre convenient  parameter ICp; - %,F 
%,F - Ta,B Irr plotted  in 

distribution asd mass-flaw r a t io .  The upper c m e  is f o r  configuration C 
w i t h  a mms-f low r a t i o  of 0.143. The second c m e  frcnn the  top is t h e  
mean line through the data of configuration A with mass flows of ccanbus- 
tion gae of 22.3 and 13.8 pom& per second at a mass-flow r a t i o  of 
approximately 0.143. The effect of a&auat-gas temperature level fram 
3064O t o  3849 R is not apparent  within t h e  scatter of the data. The 
large discrepanny between the data points and the curve f o r  configura- 

greater than approximately 0.50. - "a B 
ICg 

The third curve is f o r  configuration A at a mass-f low r a t i o  of 0.098. 
The data of configuration C f a l l  along the lowest curve at a mass-flaw 
ra t io  of 0.L43. 
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The isothermal friction  factor f o r  the inatrunsnted  cooling  passages 
ia shown in  figure 24. The turbulence  oreated by the iutrumentation and 
the interlocking stringera was great enough t o  make the fr iot ion  factor  
practically independent of Reynolds number. The value w&s about 0.009 
f o r  a Reynolder nuniber range of 1.6~104 t o  1.3~10~. Without the instru- 
mentation the friction  factor should l i e  cloeer t o  the line for commercial 
Pipe 

The effecte of tail-pipe  fuel-air r a t i o  (ezdmw3t-p  temperature 
level), radial distribution of tail-pipe fuel, and maes flow of' oambus- 
tion gas on the temperature profi les  of the combustion gafl and imide 
w-all of the omtibustion chamber were determhed for an experimental t a i l -  
pipe  burner cooled by air flawlng through a n  Insulated  cooling-air 
passage 1/2 in& in  height. 

M g e  circmferential  variations  exiated in the cambustion-gas tem- 
perature near the inside wall. These variations in ccanbuetion-gaa tem- 
perature  resulted i n  slmilar variation8  in the imide-wall temperature. 
The difference between the hi&est and the lowest g m  temperatures around 
the circumference 1/4 inah from the imide w a l l  w88 approxfmately 500° 
t o  900° F, where= the corresponding d i f f  erepce in  the  inside-wall tem- 
peratures waa 400° t o  600' F. These circumferential vayliettiona formed 
cornistent  patterm that were s-lmilar, although differtmt in  magnitude, 
f o r  all configmatiom  tested. 

The two extremes in radial distribution of tail-pipe fuel flow, high 
fuel concentration tmard the ccanbmtion-chamber w a l l  an& high fue l  eon- 
centrction  in the center of the combwtion chamber,  produced a spread -in 
clrcumferentid average insidesirall terQeratures o f .  2 3 9  F at  a station 
48 imha darnstream of the f 1- holder. The canfiguration  having 8 
hi& fuel  concentration toward the w a l l  presented more of a cooling 
problem than is Indicated by the difference in  average  ixiside-wall tam- 
peratures  became the circumferential  variation in temperature was 
greatest f o r  this configuration. 

The distance d m t r e a m  of flame holdera at wbich the flame spread 
t o  %he inside w a l l ,  aa d e t e r m i d  frcm iae&uraments of cambuEtion-gaa 
temgerature near the wall, waa practically una9fected by ta i l -pipe fuel- 
air ratio. However, the spread of the flame toward the w a l l  waa a 
f'unction of radial  fuel distribution. A t  no time did the flame m i n g e  
on the imide wall closer  than 24 inches downetream of t he  9 lams holder. 
Radiant heat transfer t o  th i s  -sectioq of -3h.e .ineI.de wall was imuff iclent 
aa t o  requ*a wall cooul lg  i n  the first  24 inches if the  tail-pipe miter- 
iala could withstand  nanafterburning  operation  wlthout  cooling. 

f 

._ 

. .. 
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With the most uniform distribution 09 tail-pipe fuel tested asd an 
inlet  cooling-air  tenperatwe of 520' R, an amrage  ineideiwall temp=- 
ature of 1300' F a t  a station 48 inches downstream of the flame holder 
required ms-f low ratios of 0.12 and 0.09 at e a m t - g a 8   t e q e r a t u r e s  
of 3829 and  3435' R, respectively.  Increaaing the distance t o  56 inches 
down&ream of the flame holder  necessitated  a m s ~  -f low Patio of 0.115 
with an axhaust-gm tenperahre of' 34350 R. 

A t  a mass -flow rat io  of 0.145, the ineide-wall  tamperaturea at a 
s t a t i o n  48 inches downstream of the flame holder were increased  approxi- 

a mately 4/10° per degree increase in inlet  cooling-air temperature. 

It waa shown that  the  teqperature of the  structural wall of an Wu- 
lated  tail-pipe burner  having an inner  liner would be practically the 
same with o r  without tail-pipe burning. 

Lewis n i g h t  Propulsion  Laboratory 
mational Advisory o m i t t e e   f o r  Aeronautios 

Cleveland, Ohio. 
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APPENDIX A 

CALCULATION OF EXEIAUST-GAS 

The &awt -gas temperature waa calculated from the f oSlowlng 
eqmtion when the nozzle was choked : 

where Cn = 0.965. 
2 

ck~ = E -+ 9X10m6 (tn - 7011 
J 

and p, was obtained from the 
eo Yg 

11 

When the nozzle was unchoked 

w3mre CJ = 0.97. 

c r i t i c a l  pressure ratio corresponding 

;en ( 7gZ' .)s . " 
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0 
0) 

f 

Ha 

R 

Re 

area of exhaust-nozzle throat kt 70° F, sq f t  

r a t i o  of scale  jet thrust t o  Ideal j e t  t-t 

eihaust-nozzle flow coefficient 

area thermal expans ion coef'f i c   l e n t  

hydraulic diameter of cooling passage (twice cooling passage 
height), f t  

scale jet  thrust ,  lb 

is otherplal f r i c t i o n   f a c t o r  

fuel -air rat i o  

ta i l -p ipe   fue l -a i r   ra t io  

acceleration due t o  gravity, ft/sec2 

combined coefficient of heat   t ransfer  on the cooling-air  side, 
Btu/(hr) (sq  ft) ( O R )  

combined coefficient of heat tranEfer on combustion-gas side, 
BtU/(hr)  ( s q  ft>(%) 

flow distance between s ta t ions  B and F, f t  

to ta l   p ressure  at exhaust-nozzle  throat, lb/sq f t  abe. 

turbine-outlet   total   pressure,  lb/sq f t  abs. 

exhaust-nozzle total   pressure,   lb/eq f t  abe. 

e ta t ic   pressure  In  tunnel test  section, lb/sq f t  abs. 

stat ic   pressure at exhaust-nozzle  throat, U / E ~  ft abs. 

average dynamic pressure beheen s ta t ione B and F, Ib/sq f t  



cooling-atr  temperature, OR or OF 

exhawt-gas  temperature at nozzle 
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" 

- ". 

m a  -flaw ratio.. . . . . . . . . . . . . . .  ___ .  ...... " . . . . .  . . . . . . .  ." ..  ." . .  " 

r a t i o  of s ~ e c s f i c  heats of exhawt gaa corresponding t o  t o t a l  
fue 1-air ra t io  an& exhauat -gas temperature " 

- 

tail-pipe combustion efficiency 

r a t i o  of density at prevailing temperature & preesure t o  
density a t  standard temperature and pressure 
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Figure 1. - 'IXil-pipe burner assembly. 
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80PZ 

D i m e r  outer w a l l  Diffuser outer mU 

(b) Fuel dletribution 
concentrated toward. 
outaide of burner. 

Figure 2. - Fuel -spy  bars. 
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(c) Fuel distribution 

concentrated toward 
center of burner. 
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Figure 3. - Instrumentation station6 on the t a i l - p i p  burner. 
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Figure 4. - Location of instrumentation. 
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1 0 Total-pressure tube 
0 Static-pressure tube 

ThemcoupLe 

(b) Stations C through g, looking downstream. 

Figure 4. - Continued.  Location of instrumentation. 
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0 Temperature sampling tube 
0 Total-pressure tube 
0 Static-pressure tube 
Q Themcouple 

(c) Station F, mung downstream. 
Figure 4. - Continued. Location of .instlumentation. 
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(a) Station G. 

Figure 4 .  - Continued. Location of imtrwnentation. 
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0 Thermocouple 
0 %tal-pressure t* 

Static-pressure  tube 

(e)  Exhaust-nozzle  exit, loo- dowqtream. 

Figure 4. - Continued. Location of instrumentation. 
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(g) CooUng-aFr m e t  plenum  c-er, l 0 0 ~ n g  downstream-. 

Figure 4. - Concluded. Location of isstrumentation. 
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Pig& 6. - National Bureau of Btandaras trpe shielded thermccorrple for cooling-air 
temperature measurement. 
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Figure 7. - Plat--rhodium - platinum themmouple probes. 
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Figure 8. - Interior view of combustion chamber showing i n s t d a t i o n  of sonic-flaw ori f ice  
rake and platinum-rhodium - plathum thermocouples. 
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(a) Accumulated afterburner  time, 32 minutes3  exPlaust-gas 
total temperature, 2993' Rj ~~+-floW rat107 3 .lCQ6! 
inlet mollng-air teplperature,: 526' R. 

. " 

. .. 
.- .. " 

Figure 9. - Circumferential  temperature v a e t i o q a  at  station F, 
configuration A.  
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1 2 

o Combustion gas I / Z  in. 
0 Combustion gas 1/4 in. 

0 Inside w a l l  
b outside wall 
v Cooling air 

f r o m  inside wall 

f r o m  inside wall 

5 6 

(b) Accumulated  ‘aft&burner  time, 3 hours and.-36 minutes; 
exhaust-gas t o t a l  ,temperature. approximately 30600 R; mass- 
f low ratio, 0.0949~’ Inlet  .coalTng-air temperahre, 53p R. 

Figure 9. - Continued. Circumferential temperature  variations 
at station F, wnfigumtion A. 
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1 2 3 4 5 6 
Group positions 

(c) Accumulated afterburner time, 9 hours and 22 minutesi 
exhaust-gas tutal temperature, 3102O R; mass-flow 
ratio, 0.0985; inlet cooling-air temperature, 529' R. 

Figure 9. - Continued. Circumferential temperature  variations 
at station F, configuration A. 
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1 2 3 4 5 6 
Group positions 

(a) Accumulated  afterburner  time, 3 h o r n  and 48 minutes; 
exhaust-gas total teqipersture, 3.4~4~ R; mass-flow 
‘ratio, 0.1050~ m e t  coollng-alr temperature, 530O R. 

Figure 9. - Concluded.  Circumferential  temperature  variations 
at  station F, configuration A. 
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(a) Exhaust-gas total temperature, 3067O R; m.sS-flow 

16 : I-." 24 " 32 40-  . - 
Distance downstream of flame holder,  in. 

(b) Exhaust- as total temperature, 3394' R; maas-flow 

*g . 

ratio, 0. l k s ;  inlet: cooling-air - temperature, 5390 R. 

Figure 10. - Longltudlnel gas-temperature profiles 1/2 inch , 
from inside wall, configuratlon A. - 
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( c )  Exhaust-gas t o t a l  temperature, 3811O R;  mass-flow 
r a t i o ,  0.1374; inlet  cooling-air  temperature, 538O R .  

Figure 10. - Concluded. Longitudinal  gas-temperature  profiles 1/2 inch 
from ins ide  wall, configuration A .  
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Mstanca downatream of flame holder, in. 
(b) !lhparature 1/2 Fnch i r o m  inside waU. 



50 

Distance dawnstream of flame holder, In. 

( b )  Temperatures l/e inch from Inside wall. . 
Figure 12. - Effect of  fuel  aistribution an gas temgeratures near Inside wall. 

Exhauet-gaa total  temperature,  approximately 3230 R) dams-flow ratio, 0.1451 
cooling-air  inlet temaeratupe, 510° R .  - 
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Exhaust-gas bfass-flow Inlet mollng- Tail-pipe Combustion- Turbine- !#u%ine- 
outlet discharge 

.pressure 

total ratio air temper- fuel-air , gas +x teJKw=- ature ratio total temperature 

Tg wg %, B f/a WE 

(OR) (41) (Ib/sec) (lb/sq ft abe.) (OR) 

0 3394 0.1436 520 1401 1626 

(a) Temperatures 1/4 inch f r o m  Wide wall. 

(b) Temperatures 1/2 inch f r o m  Inside wall. 
Figure 13; .- Effect of combustion-gas m s s  f l o w  on gas temperatures near inslde wall for 

configuration A. 
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Exhaust- Mass- Inlet !Cail-pipe Average Combustion- Turbine-outlet Average gas 
gas total flow cmllng fuel-air inside- gas flow torn preesure temperature 

temper- ratio air temper- r a t i o .  Hall l/4 in. rro!a. 
ature temper- inside  wall 
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21.67 
22.29 
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~ I g u r e  16. - M i e a t o f  exhaust-gas t e m p e r a b e  on longi tudins l  profiles of average 
inkide-nLU  temperature for aonliguration h .  

c~nfigu- Exhaust-gas mas-flow Inlet coaling- Combustion- Tail-pipe 
r a t i o n   t o t a l  r a t i o  air t e m r -  me ilow iuel-air 

c 
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Dletance dvwneiream of fiame holder, in. - 

Exhaust-gas  Mass-flow I n l e t  aooling-Combuat.ton- Tail-pipe Turbine- 

temperature ature rat io   temperature  

.. . . .. 

t o t a l   r a t i o  aLr temper- gas flow fuel-uir o u t l e t  

Y f/a 
( &ec 

Fiaure 18. - BfPect of a m b u e t l ~ n - g a s  mass f low an longi tudinal   prof i le .of  inside- 
wall temperature for configuration h .  
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$ (a) Stations C, D, and E. 
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Figure 20. - Vari8tiOn of inside-wall tempretgre. with inJet cooling-air 
temperature f o r  configuration A. Mass-flow ra t io ,  0.145. 
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(b) Cbr&lguration A; CXhaUSt-gaB 
temperature, 3099 RJ combuistlon- 

mass-flow ratio, 0.148. 
gas flow, 22.3 pounds per second; 

Figure 21. - Relation of temperatures at station B. 
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Combustion gas 1/4 in. 
Inside wall 

Exhaust gas 
Cooling air 

Inlet cooling-air 
at station B 

from Inside vall .. 
Aom inside wall 

(e) Configuration AJ exhaust-gas (f) Configuration B exhaust-gas 
temperature, 32650 RJ combustion- temperatun, 32256 BJ combustion- 
gas flow, 13.8 pounds per semndJ gas flow, 22.3 pounds per semndJ 
maSS-flar ratio, 0.143. mass-flov ratio, 0.144. 

Figure 21. - ODntinueB. Relation of temperaturea  at  station F. 
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400 800 1200 1600 
In le t   codl ing-a i r  temperature T,,~, OR 

( 9 )  Configuration c exhaust-gas 
t e m p e r a t u r e ,  3235 b Rj coldbustion- 
gas flow, 22.3 pmde per semndJ 
mass-flow ratio, 0.143. 

Figure 21. - Ooncluded. %lation of temperatures at station F. 
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Figure 24. - Isothermel f r ic t ion  factor for inatrumented cooling passages. 
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