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EFFECT OF FUEL PROF'ERTCIES ON LINER TEMPERATURES IN A 

SINGIE TUBULAR TUFBOJET COMBUSTOR 

By  Helmut F. Butze 

The  effect  of fuel properties on combustor-liner  temperatures was 
investigated in a single  tubular  cambustor  at  combustor-inlet  conditions 
representative of those  encountered in turbojet-puwered  high-flight-speed 
aircraft.  Tests  were  conducted  with  three  liquid  jet-type fuels varying 
in volatility  and  aromatic  content,  and with hydrogen. Two liners,  one 
uncoated  and  the  other  coated on its inner  surface  with a corrosion- 
resisting  ceramic (NEB A418) ,  were  used in the  investigation. ? 

E- 
Variations- in fuel  properties  produced  only  moderate  and not always 

consistent  changes in average  liner  temperatures. A fuel  high in aromatic 
content  produced  higher  average  liner  temperatures than did a similar fuel 
containing no aromatics;  however,  differences  did  not  exceed 160° F. 
Liner  temperatures  obtained  with  hydrogen  were not significantly  different 
from  those  -obtained  with  the  liquid  fuels.  Average  liner  temperatures 
obtained  with  the  corrosion-resistant  ceramic-coated  liner  were  greater, 
in  all  cases,  than  those  obtained  with  the  uncoated  liner. 

INTRODUCTION 

The  high  combustion-chamber  pressures  and  temperatures  encountered 
in turbojet-powered  aircraft  flying  at  supersonic  speeds  impose  severe 
cooling  and,  hence,  durability  problems on the  combustor  liner  (ref. 1). 
In addition,  the  use of fuels  burning  with  highly luminous flames may 
greatly  increase  the  radiant  heat-transfer  rate  from  flame  to  liner  and 
thus  aggravate  the  cooling  problem. A brief  investigation  of  the  effect 
of varying  the  fuel  composition  and,  hence,  the flame radiation  charac- 
teristics on liner  temperature in a turbojet  combustor  was  conducted  at 
the  NACA  Lewis  laboratory  and  is  reported  herein. 

In a turbojet  combustor  heat is transferred  from  flame to liner by 
convection  and  by  radiation.  Heat  transfer  by  radiation  is  primarily a 
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function  of  the  temperatures  and  emissivities of the  flame  and  the  liner 
and,  according  to  reference 2, may constitute  more  than  half  the  total 
heat  transfer  from  flame  to  liner.  Flame  temperature  depends  primarily 
on operating  conditions;  flame  emissivity  varies  directly  with  combustor 
pressure  (ref. 3). ' In addition,  experiments  conducted  with a laboratory- 
scale  research  burner  (ref. 4) indicate  that  the  emissivities  of  flames 
from  aromatic  fuels  are  somewhat  higher  than  those of paraffinic  fuels. 

The  primary  purpose of the  present  investigation was to  determine 
whether fuel composition,  varying  within  the  range  normally  encountered 
in jet  fuels,  has a significant  effect on liner  wall  temperatures  in a 
production-model  cambustor. In addition,  since  there  is  cons  iderable 
interest  in  the  use  of  ceramic  coatings  for  corrosion  protection  and 
radiation  suppression,  combustor-liner  temperatures  were  determined  both 
with a plain  liner  and  with a liner  whose  inner  surface was coated  with 
a well-adhering  ceramic  coating (NBS-A418). Three  hydrocarbon  jet-type 
fuels  of  varying  volatility  and  aromatic  content  were  employed in the 
investigation. In addition  to  these  fuels,  hydrogen w a s  used  because  of 
its low flame  emissivity.  Tests  were  conducted  at  combustor-inlet  pres- 
sures  and  temperatures  representative  of (1) a subsonic  cruise  condition 
and (2) supersonic  (Mach 2) flight  of  an  engine  with a compressor  pres- 
sure  ratio of 5 at an altitude  of 35,000 feet. In addition  to  liner  tem-' 
peratures,  combustion-eff  iciency  data  were  recorded. e 

APPARATUS 

Combustor  Installation 

The conibustor  installation  is  shown  schematically  in  figure 1. A 
production-model 533 inner  liner  and  dome  were  installed  in a high-pressure 
combustor  housing  similar  in  shape  to  that  of a 533 engine,  except  that 
circular  inlet  and  exhaust  transition  sections  were  used.  This  combustor 
assembly waa connected  to  the  laboratory  450-pound-per-square-inch air- 
supply  system  and  to  an  atmospheric-exhaust  muffler. 

Flow  rates  and  pressures of the  combustion  air  were  regulated  by 
remotely  controlled  valves  upstream  and domstream of the  combustor. 
The  combustion  air was heated  to  the desired temperature by means of a 
heat  exchanger  consisting of a series of coiled  Inconel  tubes,  connected 
in  parallel,  through  which  the  high-pressure  air  flowed.  The  tubes  were 
heated  externally,  in  crossflow,  by  combustion  gases  from  an  auxiliary 
turbojet  combustor. 

Separate  fuel  systems  were  used for the liquid  fuels  and for hydrogen. * 
The  liquid  fuels  were  pumped  from  %tank of 1000-gallon  capacity;  flcm  rate 
was controlled  by  means  of a needle.  valve  located  downstream  of a high- 
pressure  pump.  Hydrogen-was  supplied  from a bank  of  high-pressure 
cylinders  connected  in  garallel;  its  flow rat-- was controlled  by a pressure 

". - 
.. " 
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. 
regulator  and  by a needle  valve. A pressure-atomizing  nozzle  having a 

lb/sq  in.)  and a 70' spray angle was used  for  the  liquid-fuel  tests. 
For  the  hydrogen  tests  the  swirler  was  removed  from a 3.5-gallon-per-hour 
nozzle,  and six 0.136-inch-diameter  holes  were  drilled  at  equal  circum- 
ferential  distances in the  nozzle  tip  at  an  angle  of 45O from  the  axis. 

I nominal  flow  capacity  of 40 gallons  per  hour  (at a pressure  drop  of 100 

Four  water-spray  nozzles,  located  downstream of the  exhaust-gas 
thermocouples and supplied  by a high-pressure  high-capacity  pump,  were 
used  to  cool  the  exhaust  gases  prior  to  their  passage  through  the  exhaust- 
control  valve. 

Instrumentat  ion 

Airflow  rates  were  measured  by a square-edged  orifice  plate  installed 
according  to  ASME  specifications.  Liquid-fuel  flow  was  measured  by a cali- 
brated  rotameter  located  upstream of the  high-pressure pump, while  hydrogen z flow rate  was  determined  by  means  of a suitably  sized  square-edged ASE 

P orifice.  Inlet-air  and  exhaust-gas  temperatures  were  measured  by  two  en- 
r;' 
f3- 

d 

closed single- junction  Chromel-Alumel  thermocouples  (plane B-B, fig. 1) , 
and  by  eight  two-junction  platinum - platinum-rhodium (13 percent)  thermo- 
couple  rakes  (plane  C-C,  fig. l), respectively. By means  of a suitable 
switching  arrangement,  either  individual  temperatures  or an average  of 
all  exhaust-gas  thermocouples  could  be  obtained.  Inlet-air  and  exhaust- 
gas  total  pres8ures  were  each  measured  by  four  three-point  total-pressure 
probes  located  at  planes  A-A and D-D (fig. l), respectively,  and  connected 
to  strain-gage  pressure  pickups. A l l  combustor  pressures  and  temperatures 
were  indicated on automatic  balancing  potentiometers. 

The  wall  temperatures of the  combustor  inner  liner  were  determined 
by means of Chromel-Alumel  thermocouples  welded,  at  selected  locations, 
to  the  outer  surfaae  of  the  liner;  the  junctions  were  covered  with an 
insulating  ceramic  cement  in  order  to  minimize  heat  transfer by convection. 
A developed  view of the  liner,  sharing  thermocouple  locations  and  designa- 
tions,  is  presented in figure 2(a) j a photograph  of  the  liner  and  dome 
showing  the  method  of  thermocouple  installation  is  presented  in  figure 2(b).  

Liners 

Two 533 liners  were  used: (I) a plain  liner  and  (2) a liner  whose 
inner  surface  was  coated  with NBS A418 ceramic  coating to a thickness of 
1 to 1.5 mils.  "his  ceramic,  which  is a high-barium  enamel  with a 30 
percent  chromium  oxide  addition,  was  developed  primarily for corrosion 
resistance. 
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FLTELS 

The  following  fuels  were  used-  in  the  investigation: 

(1) A JP-4 fuel  containing  approximately 10 percent  aromatics (NACA 
fuel 52-288) . -  . . " 

. . - - -. . . -. . . . - . " 

(2) A JT-5 fuel  containing  less than 1 percent  aromatics (MACA fuel 
56-16) 

(3) A Jp-5 fuel  containing  approximately 25 percent  aromatics (NACA 
fuel 56-70) 

(4) Hydrogen  (approx. 99 mole  percent  pure) 

Chemical and physical  properties  of  the  liquid  fuels  are  presented  in 
table I. The Jp-4 fuel  is  representative  of  current  production  jet fuel. 
The J'?-5 fuels  represent 1ow-volatility.jet-ty-pe-fuels having  extreme 
variations  (within  current  military  specifications)  in  aromatic  content. 
NACA fuel 56-70 was  prepared by adding  approximately 15 percent a,@- 
munomethylnaphthalene  to a production Jp-5 fuel  to  bring  the  aromatic - 

content  up  to 25 percent.  Hydrogen was included  in  the  test program for 
its  considerably  lower  visible  fiame  radiation  characteristics. 

PROCEDURE 

Liner-temperature  and  combustion-efficiency  data  were  recorded  at 
the  nominal  combustor-inlet  conditions sham i n  the  following  table : 7 t ion 

4 

aBased 

Inlet-air 

ft/sec 4 ~ b / s q  in. 
ature velocitp, ature pressure, 
temper- reference temper- total 
Combustor  Inlet-air  Inlet-air 

ab s 

30 

1200 150 640 85 
600 150 640 85 
1200 111 350 30 
600 1ll 350 

on max. cross-sectional  area of combustor 
housing (0.267 sq ft) and inlet-air  static 
pressure  and  temperature. 
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These  conditions  simulate  approximately  the  operation of a turbojet  engine 

flight Mach numbers of 0.9 (conditions 1 and 2) and 2 .O (conditions 3 
and 4). 

- with a compressor  pressure  ratio of 5 at  an  altitude  of 35,000 feet  at 

Combustion  efficiency,  which  is  defined  as  the  ratio of the  actual 
enthalpy  rise  across  the  combustor  to  the  total  enthalpy  supplied by 
the  fuel,  was  computed by the  method of reference 5; Enthalpy  values 
for  hydrogen  were  obtained  from  reference 6 .  Temperatures  were  taken  as 
total  temperatures,  and no corrections  were  made  for  conduction  and 
radiation  errors. 

Liner  temperatures  and  other  combustor  data  obtained  during  this 
investigation  are  presented in table II. Large  differences in temper- 
ature  existed on the  various  parts  of  the  liner. The observed  temper- 
atures  show a random  variation  in  both  axial  and  circumferential  directions. 
A typical  distribution (run 19, table II) is  presented  in  figure 3, where 
liner  temperatures  are  shown on a developed  view of the  combustor  liner. 

L Wall  temperatures, in this  example,  varied  from 1600° to 885' F. The 
highest  temperatures  were  observed in the  upstream half of the  liner. 
Figure 3 also  indicates  that the cooling-air  louvers  were  effective  only 

downstream  of  the  louver  had  decreased  from 16W0 to 885O F, while  only 
a few  inches  downstream  from  that  point a liner  temperature  of 1195' F 
was observed. 

- for a short  distance  axially;  thus,  the liner temperature  immediately 

r 

Because of the  mild  operating  conditions,  combustion-eff  iciency 
values  (table II] were  generally  near 100 percent  and  did  not  reflect any 
differences  among  the  fuels  tested.  The  fact  that  combustion-efficiency 
values  slightly,above 100 percent  were  obtained  in  many  cases  is  believed 
to  be  due  principally  to  errors  in  average  exhaust-gas  temperature  meas- 
urements  caused by an  insufficient  number of thermocouples.  However, 
thermocouple  errors  and lack of mass weighting of temperatures  also  could 
contribute to the  error. 

Thermocouples  in  Line  with  Louvers 

Temperatures  of  the  plain  and  ceramic-coated  liners  are  shown  in 
figures 4 and 5, respectively,  as a function of axial  distance  from  the 
fuel  nozzle  for  thermocouple  locations  in-  line  with  cooling-air  louvers 
(thermocouples 1, 2, 4, 5, 6, and  7,  fig. 2(a)) and  for  the  four  different 
fuels.  The  temperatures  immediately  downstream of the  second  louver - (thermocouple 3, fig. 2(a)) are  not  included  in  this plot ,  because  this 
particular  thermocouple,  unlike  the  others,  is  effectively  cooled by an 
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air-entry  louver.  The  data  show no cmsistent trend  among  the  fuels. 
The order of the fuels  was  different  not only  at  the  different  operating 
conditions,  but  also  at  the  different  posit  ions  along  the  length  of  the 
liner.  However,  at  all  but  one  operating  condition  the  temperatures ob- 
tained  with  the  high-aromatic JP-5 fuel (56-70) tended  to  be  somewhat 
higher than those  obtained  wlth  the  other  fuels. 

- 

Thermocouples  between  Circular  Air-Entry  Holes E 
The  effect of fuel  type on liner  temperatures  for  thermocouple lo- 4 

cations  between  the  circular  air-entry  holes  (thermocouples 8 ,  9, 10, and 
11, fig. 2(a)) is sham in  figures 6 and 7 for  the  uncoated  and  ceramic- 
coated  liners,  respectively. No consistent  trends  can  be  observed  among 
the  different  fuels,  although  again  the  high-aromatic JT-5 fuel (56-70) 
tended  to  produce  somewhat  higher  liner  temperatures  than  the  other  liquid 
fuels.  Liner  temperatures  obtained  with  hydrogen  were  even  more  inconsist- 
ent  than  those  obtained  with  the  liquid  fuels. For any given  fuel,  liner 
temperatures  between  air-entry  holes  generally  showed  greater  variation 
with  axial  distance  than  the  temperatures  in  line  with  louvers. 

.. . 

" 

Dome  Temperatures 

Dome  temperatures  (thermocouple 16, fig. 2 (a) ) obtained  with  the 
four  different  fuels  at  the  various  operating  conditions  are sham in 
figure 8 for both  the  uncoated-  and  the  ceramic-coated  liners For  the 
liquid  fuels,  fuel  type  seemed  to  have no significant  effect on dome 
temperatures.  The  lowest  temperatures  were  observed  at  the  high-temperature- 
rise  conditions.  The  largest  effect of fuel  properties was noted  for  the 
1200° F temperature  rise,  where dome temperatures  observed  with  hydrogen 
were  appreciably  higher  than  those  obtained  with  the  liquid  fuels;  this 
effect was especially  pronounced  with  the  ceramic-coated  liner. 

DISCUSSION 

Effect of Fuel  Properties 

Because  of  the  large  variations  in trena observed,  it  is  almost 
impossible to rate  the fuels on the basis of the  individual  liner  temper- 
ature  patterns  presented in figures 4 to 7. In addltian,  individual 
temperatures  generally  could  not  be  reproduced  very  accurately.  Although 
no reproducibility  tests  as  such  were  conducted,  it  was obsemedthat 
individual  temperatures  varied.  with  time  even  after  burning had been 
stabilized and that, on repeat runs, variations  as  great  as &OOo F were 
encountered.  Therefore,  an  over-all  comparison was attempted by simply 
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averaging a l l  measured temperatures f o r  each test  run. These average 
liner  temperatures are presented  in  f igure 9.  The degree of reproduci- 
b i l i t y  w a s  such that differences in average  temperatures less than 50° F 
are  not  considered  significant. 

Noticeable  differences in average  temperatures  existed among the 
fue ls   ( f ig .  9 ) ;  however, no one fuel   consis tent ly   ra ted  higher   or  lower 
than  the  others. The comparisons are  complicated  by the f a c t   t h a t   t h e  
fuels  differed  not on ly  i n  composition  but  also in v o l a t i l i t y .  Changes 
in v o l a t i l i t y  can a f f ec t  markedly the  fuel-spray  patterns,   the  penetration 
of t h e   f u e l  , and w a l l  wetting (ref'. 7) . Probably  the most accurate com- 
par ison  muld be between the  two JP-5 fue l s  (56-16 and 56-70), which dif- 
fered on ly  in aromatic  content. The high-aromatic f u e l  (56-70) consist- 
en t ly  produced higher  average  liner  temperatures than f u e l  56-16; di f -  
ferences in temperature as much as 160° F were observed. This trend is 
in  agreement with  the  concept that aromatic fue l s  burn with  greater 

sultant  higher  liner  temperatures. 
. luminosity and,  hence, should have higher flame emissivi t ies  w i t h  re- 

A comparison of the hydrogen  and l iquid-fuel data shows no signifi- 
cant  differences  in  average  liner  temperatures between the two classes  
of fue ls .  ITydrogen was used in this study  because of t he  low emissivity 
of the hydrogen flame, but  i ts  radiat ion may not be completely  negligible. 
The emissivity of the  hot water vapor  from the  hydrogen-air flame at the  
highest  pressure and temperature-rise  conditions is estimated  to  be  about 
0.10 as compared w i t h  an emissivity of 0.15 f o r  the products  from a non- 
luminous hydrocarbon-air  flame (ref. 7). Exact calculat ions  are  impos- 
s ib l e  because of the  varying  temperature  and  composition  throughout  the 
combustor. A t  *he conditions  used in this study, a l l  the hydrocarbon 
flames were probably luminous, and emissivit ies of the order of 0.5 t o  
1.0 m i g h t  be  expected.  merefore,  the  radiant  heat  transfer  from the 
jet-type fuels should be considerably  greater than t h a t  from  hydrogen. 
The f ac t   t ha t   t he re  was l i t t l e  difference  in  average  liner  temperatures 
between the two classes of fue l s  m i g h t  be   a t t r ibu ted   to   increased  con- 
vective  heat  transfer  with hydrogen, s ince  the hydrogen flame, because 
of i t 8  grea te r   reac t iv i ty ,  might  be  expected t o  extend  closer  to  the 
combustor walls than the l iqu id  fuel flame. 

Despite the f a c t  t h a t  no consistent  differences were found  between 
the  over-all  average  liner  temperatures  for the l iqu id  and the gaseous 
fue ls ,  dome temperatures  obtained w i t h  hydrogen (f ig .  8) at the high 
temperature-rise  condition6 were considerably  higher than those  obtained 
w i t h  the l iquid  fuels .  The higher dome temperatures  observed w i t h  hydrogen 
may be the r e s u l t  of  changes in flame seat ing  or  the lack  of fuel-cooling 
of the dome. The w i d e r  flammability limits of hydrogen f u e l  would be 
expected t o   r e s u l t  in more intense combustion Fn the   very   r ich   fue l -a i r  
mixtures i n  the extreme upstream  end of the combustor. Also, w i t h  l i qu id  
fuels,  the  considerable amount of fuel   spray that impinges on the  wall8 

- 
c 
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in  the  upstream  end  of the combustor  (ref. 8) would  cool  these walls. 
Further  evidence  of  the  effect of fuel-cooling  can  be  found in the  fact 
that,  for  the  liquid  fuels,  the  lowest  dome  temperatures  were  obtained  at 
the  high-temperature-rise  or  high-fuel-flow  conditions. 

Y 

Effect  of  Ceramic  Coating 

The  effect  of  the  ceramic  coating  can  best  be  observed  in  figure 9, 
where  the  average  liner  temperatures  of  the  plain  and  the  ceramic-coated 
liners  are  compared. In all  cases  the  average  temperatures  of  the  ceramic- 
coated  liner  were  higher  than  those  of  the  uncoated  liner,  with  differences 
in  average  temperature  ranging  from 100 F to  approximately 300° F. The 
particular  ceramic  coating  used  is  primarily a corrosion-resistant  coating 
and  according  to  reference 9 has a total  emissivity  between 0.85 and 0.95, 
which  is  somewhat  greater  than  the  emissivity  of  the  uncoated  Inconel 
(between 0.6 and 0.85) . Thus, somewhat  higher  liner  temperatures  might 
be  expected  in a liner  coated  with  this  pazticular  ceramic.  However, 
since  the  same  trend was also  observed  with-hydrogen  where  the  effect  of 
radiant  heat  transfer  should  be  considerably  smaller,  it  is  possible  that 
changes  in  convective  heat  transfer,  resulting  from  slight  changes  in 
the  shape or  surface  condition of the  liners,  might  have  contributed  to 
the  higher  temperatures  observed  with  the  ceramic-coated  liner. - I .  

" 

." 

Additional  evidence of the  higher  liner  temperatures  obtained  with - 

the  ceramic-coated  liner  was  found  in  the  condition  of  the  two liners at 
the  end  of  the  test  program.  !Be  uncoated l i ne r  was in good  condition 
and  showed  very  little  distortion,  whereas  the  ceramic-coated  liner had 
warped  appreciably  and was considered  unfit for further  tests  at  the  end 
of  the  test  program.  Eowever,  the  coating  itself  was  still in good  condi- 
tion  and  shared  little  evidence of spalling. 

. .  

Effect  of  Operating  Conditions 

The  data  presented in figure 9 show  that  average  liner  temperatures 
generally  increased  with  increasing  fuel-air  rat  io and w i t h  increasing 
combustor-inlet  pressure,  temperature,  and  velocity.  The  trends  were 
similar  for  both  the  plain  and  the  ceramic-coated  liner  and  are  essentially 
consistent  with  previous  experience  (ref. 1). 

From an investigation of the  effect  of fuel properties on combustor- 
liner  temperatures in a single 533 combustor,  the  following  results  were 
obtained : 
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1. Variations in fuel  properties  produced only moaerate  and  not  always 

consistent  changes  in  average  liner  temperatures. 

2. A fuel  high  in  aromatic  content (Jp-5, 56-70) produced  higher 
average  liner  temperatures  than  did a similar  fuel  containing no aromatics 
(Jp-5, 56-16} j however,  differences  in  temperature  did  not  exceed 160' F. 

3. Liner  temperatures  observed  with  hydrogen  were  not  significantly 
different  from  those  observed  with  the  liquid  fuels. 

4. Average  temperatures  obtained  with a liner  coated  with a corrosion- 
resistant  coating (NBS A418) were  higher,  under  all  conditions,  than 
those  obtained  with  an  uncoated  liner. 

Lewis  Flight  Propulsion  Laboratory 
National  Advisory  Committee  for  Aeronautics 

Cleveland,  Ohio, hrch 6, 1957 
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TABIE I. - PHYSICAL PROPERTIES OF LIQUID FlTELs 

Fuel properties 

ASTM d i s t i l l a t i o n ,  D86-46, 9 : 
In i t i a l   bo i l i ng   po in t  
Percent  evaporated 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 

Final   boi l ing  point  
Residue,  percent 
Loss, percent 

Aromatics, percent by volume 
(a  U i c a  gel) 

Specific  gravity 
Eydrogen-carbon r a t i o  
Net heat of combustion, Btu/lb 
Smoke v o l a t i l i t y  index 
Smoke point, mm 

Tp-4 (MACA 
luel 52-288) 

144 

198 
243 
287 
308 
32 2 
334 
347 
361 
379 
411 
484 
1.0 
1.0 

10.8 
0.778 
0.167 
18,675 
65.2 
28.8 

~ _ _  ~ 

;ar-aromatia 
IF-5 (NACA 
Sue1 56-16) 

37 6 

39 4 
400 
410 
416 
422 
42 8 
434 
440 
447 
458 
486 
0.5 
0 

0.9 
0.793 
0.165 
18,800 
43.7 
39.5 

3igh-aromatic 
~_____ 

IF-5 (NACA 
?uel 56-70) 

356 

38 0 
39 1 
403 
413 
423 
431 
440 
446 
453 
467 
500 
1.0 
0.5 

25.6 
0.841 
0.155 
18,450 
22.1 
15 .O 
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TABLE 11. - COMBUSTOR  PERFORMANCE AND LINER TEMPERATURe  DATA 

CI 

I E:: I :a; 101.6 
1m.o 8.0 

I !  

. .  

. I  L p w  - 
. .  



Atmospheric exhaust 

R e g u l a t i n g  

f Auxiliary combuetor Air heater valves r 

-I 
3 

Flexible coupling 

A b - m e a s u r i n g  
orifice 

Combustion a l r  I) 

Figure 1. - Bingle-coanbust0.r installation an8 auxiliary equipment. 



. . .  . . . .  . . 

x Thermocouple 

W 
0 0 O 1  0 0 0 0 

W 

9 w w W x 8 w  w w e 0 0 o x o  0 0 0 

0 0 0 0 0 0 0 

0 0  0 4 x  

0 0 0  
x f w  W 

0 0 0  
Is" 14 0 0 

i>'" 0 0  

15 
X 

W 

0 

0 
0 
0, 

0 0  07,o 0 0 0 
b o o o o o o o o o o o o o  

(a) IJmr and d m .  

:: -wa2 

Figure 2. - Viens of combustor liner shoving thermocouple locatians, designations, and method of installation. 8 

I 
. . .  . 
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1 I I I 1 I I 1 1 1 1 I 

W 

I 

0 0 0 0 0 0 
l o o o o o o o  O I  

0 
0 

0 295 

0- 

Ql3650 0 l?O 0 
b-0-0-0 

x 11135 

0 0  
- 

0,1140 0 
6-0 

0 
0 

L1 

0 
I o  0 o,,o 0 0 0 I 

o-owowo-o-o-o 
0 0 0 0 0 0 0  

X 

0 0 0 0 0 0 0 0 0 0 0 0 0 0  

r 
/ 5 E q  

Figure 3. - Typical distribution of liner temperatures on ceramic-coated 
liner. Cmbuator-inlet t o t a l  pressure, 85 pounds per aquare inch abso- 
lute; hmpzature, - F; reference velocity, 150 feet per second; 
tempratme rise, 6000 B. Fuel, N4CA 52-288. 

15 
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1000 

800 

( a>   In l e t - a i r   t o t a l   p re s su re  30 pounds per  square inch absolute; 
i n l e t - a i r  temperature, 350 F; inlet-ai r   reference  veloci ty ,  
111 feet per  second. 

6 

Figure 4. - Effect of f u e l   c h a r a c t e r i s t i c s  on teqeratures of un- 
c o a t e d   l i n e r   i n  single tubular  turbojet  combustor. Thermocouples 
i n  l i n e  with louvers .  
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4 6 0 10 12 14 16 18 
Distance from fuel   nozzle ,   in .  

inlet-air   temperature,  640 b F; in le t -a i r   re fe rence   ve loc i ty ,  150 
feet per  second. 

(b) Inlet-air t o t a l   p r e s s u r e  85 pounds per s q u a r e  inch  absolute; 

Figure 4. - Concluded. Ef fec t  of f u e l  cha rac t e r i s t i c s  on tempera- 
tures  of  uncoated liner i n  s ingle   tubular   turbojet  combustor. 
Thermocouples i n  l i n e  with louvers. 
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Distance from fuel nozzle, In. 

(a) Inlek-aLr to t a l   p re s su re ,  30 pounds per square Inch abeolute; 
i n l e t - a i r  teqperature, 350° F; in le t -a i r   re fe rence  velocity, 111 
feet per aecqnd. . .. 

Figure 5. - Effect of fuel charac te r i s t ics  on terrrperatwes of ceramic- 
coa ted   l i ne r   i n  s ingle  tubular turbo jet combustor ,- Thermocouples 
i n  l i n e  with louvers. - - 

- - . . . . . - . " 

" 

I 

" 
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Distance  from f u e l  nozzle,  in. 

(b)   In le t -a i r   to ta l   p ressure  85 pounds per  square  inch  absolute; 
i n l e t - a i r  tewerature, 640 F; inlet-ai r   reference  veloci ty ,  150 
feet per  second. 

d 

Figure 5. - Concluded. Effect of f u e l  cha rac t e r i s t i c s  on tempera- 
t u r e s  of ceramic-coated l i n e r  i n  s ingle   tubular   turbojet  com- 
bustor,  Thermocouples i n   l i n e  with louvers, 
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4 6 8 10 l2 
". 

4 6 a 10 
Distance from f u e l  nozzle,  in. 

(a) Inlet-air   to ta l   pressure,  50 pounds (b)   In le t -a i r   to ta l  pressure, 85 pounas 
per square inch  absolute;  Inlet-air B6r  square  inch  absolute;  Inlet-air 
temperature, S O o  F; inlet-air refer-  temperature, 640° Fj in le t -a i r  ref- 
eace  velocity, 111 feet per second. - arence  velocity, 150 f e e t  per second. 

Figure 6. - Effect of fuel  characterFstlcs on teu@c,-atures o f  unco*.ted l i n e r   i n   s i n g l e  
tubular  turbojet combustor.  Thermocouples between air-ehtry holes. 

. 
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5 dc 

Fuel Aromatics, d 
0 H2 
0 52-288 10.8 
A 56-70 25.6 
I 56-l6 .9 

" 

Distance  fromfuel  nozzle, in.  

(a) met-air total   pressure,  3O pounds (b) Inlet-- total   pressure,   85 pounds 
per square Inch  absolute;  inlet-air per  square inch absolute;   inlet-air  
temperature, 3500 F; in le t -a i r  refer- temperature, 640° F; Inlet-air refer- 
ence  velocity, 111 f e e t  per second. erne  velocity, 150 feet  per  second. 

Figure 7. - Effect of fue l   charac te r ie t ics  on temperatures of ceramic-coated Liner i n  
single  tubular  turbojet  combustor.  Thermocouples  between air-entry holes. 
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N 
N 

52-288 10 .e 
56-70 25.6 

.9 

abs 
Temperature, OF 350 

w 

Reference wloci ty ,  fpa  ll1 
Teu@erature rise, OF 600 

Liner 

Hz 0 uncoated ea Ceramic- 
coated 

56-70 

2 

350 
30 

111 
1200 

3 

85 
640 
150 
600 

56-16 

Figure 8. - Effect of fuel tspe on dcme tenperatme in single tubular  turbojet combustor. 
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640 
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1200 
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4447 

z c n 1600- 

1400 - 

1200 - 
ml 
0 

52-288 10.8 
56-70  25.6 
56-16 . 9  

56-70 
U 

Total  pressure, lb/sq In. 
Combustor-inlet condition 1 

ab8 30 

Reference velocity fgs 111 
Temperature , '?F 350 

Temperature r ise ,  bF 600 

56-16 

U Uncoated 

coated 
Ceramic 

56-70 

2 

30 
350 

1200 
111 

3 

85 
640 
150 
600 

P 
6! 

56-70 

4 

640 
150 

1200 

a5 

Figure 9 .  - Effect of fuel type on average liner temperature In single tubular turbojet combustor. 
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