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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

The gas  temperatures  i n  high-performance turboje t -engine  a f t e r b u r n e r s  
are g e n e r a l l y  much higher  than  t h e  temperatures a t  which u s e f u l  s t r u c t u r a l  
materials l o s e  t h e i r  s t r eng th .  Therefore,  t h e  a f t e rbu rne r  walls m u s t  be 
kept  c o o l  s i n c e  heat i s  t r a n s f e r r e d  t o  the a f t e r b u r n e r  w a l l s  o r  p r o t e c t i v e  
l i n e r s  by f o r c e d  convect ion and by r ad ia t ion .  Although no d i r e c t  r a d i a -  
t i o n  measurements are known t o  have been made i n  an  a f t e r b u r n e r ,  t h e  
r a d i a n t  heat t r a n s f e r r e d  is  be l i eved  t o  be bo th  the nonluminous v a r i e t y  
from carbon d ioxide  and water vapor and the luminous v a r i e t y  from carbon 
p a r t i c l e s  o r  o the r  nongaseous substances i n  t h e  exhaus t .  With c e r t a i n  

EFFEXT OF PRESSURE LEVEL ON AFTERBURNER- 

By Thomas B. S h i l l i t o  and George R.  Smolak 

SUMMARY 

An i n v e s t i g a t i o n  w a s  conducted on a f u l l - s c a l e  a f t e r b u r n e r  and turbo-  
j e t  engine t o  determine the e f f e c t  of pressure  l e v e l  on a f t e rbu rne r -wa l l  
temperature. The i n v e s t i g a t i o n  w a s  prompted by specu la t ion  that luminous 
r a d i a t i o n  from nongaseous substances i n  the a f t e r b u r n e r  gas s t ream might 
be _n-- rLcoent an2 might vary s i g n i f i c a n t l y  wit'n p re s su re .  

Af te rburner -out le t  p re s su res  from 3700 t o  6500 pounds pes square 
f o o t  a b s o l u t e  were inves t iga t ed .  For a given r a t i o  of coo l ing  a i r f l o w  
t o  a f t e r b u r n e r  gas flow, t h e  a f te rburner -wal l  temperature  increased  as 
a f t e r b u r n e r - o u t l e t  p re s su re  w a s  increased.  This i n c r e a s i n g  w a l l  t e m -  
p e r a t u r e  w a s  due t o  t h e  inc reas ing  l o c a l  gas temperatures  near  the w a l l  
and not  due t o  luminous r a d i a t i o n .  A l l  evidence from t h i s  i n v e s t i g a t i o n  
and o t h e r  i n v e s t i g a t i o n s  i n d i c a t e s  that luminous r a d i a t i o n  was i n s i g n i f -  
i c a n t .  Heat t r a n s f e r  by nonluminous r a d i a t i o n  from c a r b m  dioxide  and 

t r a n s f e r ;  because of this, the nonluminous r a d i a t i o n  can have a signif- 
i c a n t  e f f e c t  on cool ing  system design and performance. 

TT" w u V G L  tnn ,r.-.nP.-.. va,+,s, on the o the r  haiid, w a s  e q u a l  i n  magnitude t o  convect ive h e a t  
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i n t e n s i f y  w i t h  inc reas ing  p r e s s u r e  l e v e l  ( see  a l s o  re f .  2)  prompted an  
i n v e s t i g a t i o n  i n  a f u l l - s c a l e  a f t e r b u r n e r .  This  i n v e s t i g a t i o n ,  which w a s  
conducted at the NACA Lewis l abora to ry ,  i s  r epor t ed  h e r e i n .  

A t u r b o j e t  engine was used as a gas genera tor  f o r  t h e  a f t e r b u r n e r .  
The engine i n l e t  w a s  connected t o  t h e  l abora to ry  air  system i n  o rde r  
t h a t  a f t e r b u r n e r  pressures cons iderably  i n  excess  of those  a t t a i n a b l e  a t  
s e a - l e v e l  s t a t i c  condi t ions  could  be obta ined .  

Orgina l ly  t h e  i n v e s t i g a t i o n  w a s  t o  be conducted i n  two phases. The 
f i r s t  phase cons i s t ed  of a survey over t h e  ope ra t ing  cond i t ions  of  i n t e r e s .  
i n  order  t o  de f ine  areas where d e t a i l  measurements of e m i s s i v i t y  should 
be made. Detail  emis s iv i ty  measurements were planned f o r  t h e  second phase 
of  work. Only the f irst  phase of work w a s  completed s i n c e  the r e s u l t s  
appeared l a r g e l y  nega t ive .  D a t a  were obta ined  i n  o rde r  t h a t  the e f f e c t  
of pressure  l e v e l  on w a l l  temperature  could  be d i r e c t l y  observed and 
analyzed. Comparisons were made at a cons t an t  r a t i o  of  coo l ing  a i r f l o w  
t o  a f t e rbu rne r  gas flow. For a cons t an t  r a t i o  of a i r f l o w  t o  gas flow, 
t h e  r a t i o  of convect ive h e a t - t r a n s f e r  c o e f f i c i e n t s  i s  e s s e n t i a l l y  inde-  
pendent of p re s su re  l e v e l ,  according t o  accepted  c o r r e l a t i o n s  of h e a t -  
transfer data. Fac to r s  o the r  than  convect ive h e a t - t r a n s f e r  c o e f f i c i e n t s  
t h a t  a f f e c t e d  w a l l  temperatures were then  e a s i l y  i s o l a t e d .  

The r e s u l t s  were i n t e r p r e t e d  i n  terms of  r e s u l t s  ob ta ined  i n  o t h e r  
i nves t iga t ions  of  luminous r a d i a t i o n  from combustion flames (refs. 2 and 
3).  Afterburner-wal l  temperatures  were obta ined  over a range of 
a f t e r b u r n e r - o u t l e t  p re s su res  from about  3700 t o  6500 pounds p e r  square  
foo t  abso lu t e  and a n  a f t e r b u r n e r - o u t l e t  temperature  of  about  2840° F 
(3300O R) . 

APPARATUS 

Af terburner  

General features. - Const ruc t ion  f e a t u r e s  of the a f t e r b u r n e r  are 
shown i n  f i g u r e  1. The o v e r - a l l  l e n g t h  of  the a f t e r b u r n e r ,  exc lus ive  of 
the exhaust nozzle,  w a s  94.5 inches and it tapered  from a n  i n s i d e  diameter 
o f  34.9 inches a t  t h e  upstream end t o  27.2 inches at t h e  downstream end. 
A two-ring V-gut ter  f lameholder w a s  a t t a c h e d  t o  t h e  d i f f u s e r  i nne r  cone 
as shown i n  f i g u r e  2. The ou te r  g u t t e r  w a s  surrounded by a p e r f o r a t e d  
screech-prevent ion s h i e l d  similar t o  those  descr ibed  i n  r e f e r e n c e  4. The 
screech s h i e l d  w a s  10.0 inches long and extended 8.5 inches  downstream of 
t h e  f lameholder-gut ter  t r a i l i n g  edge. The na tu re  of th i s  i n v e s t i g a t i o n  
made the u s e  of a n  a f t e rbu rne r -wa l l  inner -cool ing  l i n e r  (which has  a l s o  
been used as a screech  suppressor )  undes i rab le .  A cool ing  l i n e r  would 
have prevented  the  c o n t r o l  of some v a r i a b l e s ,  such as coo l ing  a i r f low,  
that are important i n  t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s  of  t h e  
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could not  be t o l e r a t e d  i n  a cool ing  i n v e s t i g a t i o n  of the type that w a s  
conducted. 
good s o l u t i o n  t o  t h e  var ious  requirements imposed. 

A t  t h e  same t i m e ,  because of i t s  e r r a t i c  na ture ,  s c reech  

The flameholder sc reech  s h i e l d  t h e r e f o r e  appeared t o  be  a 

Fue l  f o r  t h e  a f t e r b u r n e r  was i n j e c t e d  from 40 spray b a r s  t h a t  w e r e  
mounted on t h e  inne r  cone and d i r e c t e d  the f u e l  normal t o  t h e  gas stream. 
The b a r s  were a r ranged  i n  two c i r cumfe ren t i a l  rows of 20 each a t  axial 
d i s t a n c e s  of 26.5 and 29.5 inches upstream of t h e  l e a d i n g  edge of the 
flameholder. 
i n  p a i r s ,  one behind t h e  o the r .  
p i anes  a t  isG i n t e r v a l s  around the  circumference (four  of t h e s e  p l a n e s  
were occupied by t h e  d i f f u s e r  inner-cone support s t r u t s ) .  
fue l - spray-bar  ho le  d i s t r i b u t i o n  a r e  shown i n  f i g u r e  3. 

Spray b a r s  at each of t h e s e  a x i a l  p o s i t i o n s  were ar ranged  
The p a i r s  were l o c a t e d  i n  l o n g i t u d i n a l  

Details of t h e  

Cooling system. - As shown i n  f i g u r e  1, about 38.5 inches of t h e  
a f t e r b u r n e r  w a l l  were jacke ted  t o  form an annular  coo l ing -a i r  passage .  
Cooling air flowed through t h e  annular  passage.from a n  annular  header  
and w a s  d i scharged  r a d i a l l y  a t  the  downstream end of t h e  passage.  Cooling 
air w a s  obtained from t h e  lnhnra to ry  coqsessed-a i r  system, m d  w a s  di= 
r e c t e d  normal t o  t h e  a f t e r b u r n e r  a x i s  i n t o  t h e  header  a t  two d i a m e t r i c a l l y  
opposed p o i n t s .  The j a c k e t  and t h e  header were i n s u l a t e d  t o  prevent  t h e  
convect ive Ylow of hea t  from t h e  cool ing  a i r  i n t o  t h e  test  c e l l .  F igure  
4 shows the a f t e r b u r n e r  bo th  before  ( f i g .  4 ( a ) )  and a f t e r  ( f i g .  4 ( b ) )  
the  i n s t a l l a t i o n  of t h e  j acke t  i n s u l a t i o n .  One of t h e  header a i r  i n l e t s  
i s  shown. 
shown equipped wi th  va lves  i n  figure 4 ( a ) ,  t h e  va lves  and cha in-dr ive  
mechanism were even tua l ly  abandoned and f ixed  d ischarge  a r e a s  were used, 
8 s  shown i n  f i g u r e  4 ( b ) .  The t h r e e  rec tangular  openings or windows 
through the  j zcke t  and a f t e r b u r n e r  w z 1 1  sho.;m in figlwe 4 v e x  ~ r t g i r i d l y  
in tended  f o r  d i r e c t  measurement of r a d i a t i o n  i n t e n s i t y .  The windows were 
never used dur ing  t h e  experimental  program, however, because t h e  i n i t i a l  
r e s u l t s  ob ta ined  i n d i c a t e d  that luminous r a d i a t i o n  w a s  i n s i g n i f i c a n t .  

Although t h e  r a d i a l  d i scharge  s l o t s  f o r  t h e  coo l ing  air a r e  

The s i g n i f i c a n t  geometr ica l  c h a r a c t e r i s t i c s  of the  coo l ing -a i r  and 
t h e  a f t e r b u r n e r  gas-flow passages are shown i n  f i g u r e  5. The annular  
coo l ing -a i r  passage tapered  from a depth o f  0.88 inch  a t  t h e  upstream 
end t o  0.58 inch  at t h e  downstream end. Within t h i s  same l e n g t h  t h e  
diameter  of t h e  a f t e r b u r n e r  gas f low passage t ape red  from 32.00 t o  28.75 
inches.  

I n s t a l l a t  ion 

The engine and a f t e r b u r n e r  were i n s t a l l e d  i n  a t e s t  c e l l  that r a n  at 
approximately atmospheric p re s su re .  
i z i r - a ~ p p i y  system was ducted p a s t  r egu la t ing  vaives t o  bo th  t h e  engine 
i n l e t  and t h e  a f t e r b u r n e r  cool ing  system. A schematic diagram showing 

High-pressure air  from t h e  l a b o r a t o r y  
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the air-supply system f o r  bo th  the engine af terburner  and the cooling- 
air  system i s  shown i n  f i g u r e  6. The engine and a f t e r b u r n e r  were mounted 
on a f r e e - f l o a t i n g  t h r u s t  s tand,  which w a s  balanced by a nu l l - type  air-  
pressure  diaphragm. A l a b y r i n t h  seal a t  t h e  engine i n l e t  w a s  used t o  con- 
t a i n  the  high-pressure air supply and at t h e  same t i m e  permi t  f ree  a x i a l  
movement of t he  t h r u s t  s tand .  A f l e x i b l e  bellows i n  the 16-inch l i n e  
leading t o  t h e  a f t e r b u r n e r  cool ing  j a c k e t  prevented t h e  t ransmiss ion  of 
axial ( t h r u s t )  f o r c e s  from the coo l ing -a i r  supply l i n e  t o  the t h r u s t  
s tand.  The a f t e r b u r n e r  exhaust w a s  discharged i n t o  a sound-suppression 
muffler a t  approximately atmospheric pressure and t h e r e f o r e  r e q u i r e d  no 
e x i t - s e a l i n g  p rov i s ions .  

In s  tr ume n ta t ion 

Afterburner-wal l  metal temperatures were measured a t  f i v e  long i tud i -  
n a l  p o s i t i o n s  i n  t h e  a f t e r b u r n e r .  These p o s i t i o n s  were des igna ted  
s t a t i o n s  A t o  E and va r i ed  i n  d i s t a n c e  from 3.60 t o  36.82 inches  down- 
stream of  t h e  f lameholder .  A t a b u l a t i o n  of t h e  s p e c i f i c  d i s t a n c e s  f o r  
each s t a t i o n  is  given i n  f i g u r e  1. 
couples were i n s t a l l e d  a t  the t o p  of the a f t e r b u r n e r  w a l l  and at every 
60° p o s i t i o n  around t h e  circumference.  

A t  each l o n g i t u d i n a l  s t a t i o n ,  thermo- 

Local gas temperature i n  t h e  a f t e r b u r n e r  w a s  measured at s i x  long i -  
t u d i n a l  p o s i t i o n s  near t h e  t o p  c e n t e r l i n e  of t h e  a f t e r b u r n e r  w a l l .  These 
measurements were obta ined  w i t h  thermocouples t h a t  were sh ie lded  from 
thermal r a d i a t i o n .  
from t h e  i n s i d e  su r face  of  t h e  a f t e r b u r n e r  w a l l .  S p e c i f i c  l o n g i t u d i n a l  
and c i r cumfe ren t i a l  l o c a t i o n s  of t h e s e  thermocouples are g iven  i n  f i g u r e  1. 

The sh ie lded  thermocouples were approximately 1/8 inch  

Cooling-air  temperature measurements were taken i n s i d e  t h e  cool ing-  
air passage a t  approximately t h e  same l o n g i t u d i n a l  l o c a t i o n s  a t  which t h e  
a f te rburner -wal l  temperatures were measured. A t  each l o n g i t u d i n a l  loca-  
t i on ,  measurements a t  s e v e r a l  c i r c u m f e r e n t i a l  l o c a t i o n s  were taken.  

The turb ine-d ischarge  o r  a f t e r b u r n e r - i n l e t  temperature  w a s  measured 
by s i x  rakes spaced 60' a p a r t  a t  a l o n g i t u d i n a l  s t a t i o n  39.09 inches up- 
stream of  t h e  flameholder.  

Engine a i r f l o w  measurements were made a t  the engine i n l e t  by 4 survey 
of  t o t a l  and s t a t i c  p re s su res  and the temperature  at t h e  engine i n l e t .  
Afterburner  cool ing  a i r f l o w  w a s  measured w i t h  a sharp-edged o r i f i c e  ( f i g .  
6 ) .  
c a l i b r a t e d  ro ta t ing-vane  e l e c t r i c  flowmeters.  

Fue l  f lows t o  t h e  engine and t o  t h e  a f t e r b u r n e r  were measured by 

Af terburner -out le t  t o t a l - p r e s s u r e  measurements were taken  on a water- 
cooled d i a m e t r i c a l  r ake  j u s t  upstream of the exhuast nozzle  ( f i g .  1). 



PROCEDURE 

A l l  d a t a  r e p o r t e d  were obta ined  a t  nominally cons t an t  va lues  o f  
engine speed, t u r b i n e - o u t l e t  temperature  (about 1150° F) and afterburnex'- 
o u t l e t  temperature .  Af te rburner -out le t  p ressure  w a s  va r i ed  by changing 
t h e  p re s su re  zt the engine i n l e t .  kJith the t u r b i n e - o u t l e t  and a f t e r b u r n e r -  
o u t l e t  temperatures  and the a f t e rbu rne r -ou t l e t  p r e s s u r e  set ,  t h e  coo l ing  
a i r f l o w  w a s  v a r i e d  between s p e c i f i e d  l imi t s ,  and t h e  data were ob ta ined .  
The over -a . l l  range of c~olTng ~ T r f l c w  cnT,yrec? 
cent  of the a f t e r b u r n e r  gas f low.  The low coo l ing  a i r f l o w  l i m i t  w a s  
determined by t h e  maximum a l lowable  temperature f o r  t h e  a f t e r b u r n e r  w a l l ,  
and the upper l i m i t  on coo l ing  a i r f l o w  was set by t h e  maximum s t r u c t u r a l l y  
a l lowable  coo l ing -a i r  p re s su re ,  which tended t o  c o l l a p s e  t h e  a f t e r b u r n e r  
w a l l s  inward. Data were obta ined  w i t h i n  these coo l ing  a i r f l o w  l i m i t s  a t  
f i v e  d i f f e r e n t  a f t e r b u r n e r - o u t l e t  p ressures .  

f rcz  3.2 tc 8.3 p e r -  

The f u e l  used i n  bo th  the engine and the a f t e r b u r n e r  w a s  Jp-5. 

DISCUSSION 

P l o t s  of  w a l l  temperature that are t y p i c a l  o f  t h e  resu l t s  obta ined  
dur ing  t h e  experimental  i n v e s t i g a t i o n  a r e  shown i n  f i g u r e  7 .  W a l l  t e m -  
p e r a t u r e  a t  the 240° c i r c u m f e r e n t i a l  l oca t ion  f o r  s t a t i o n s  A t o  E is 
shown as a f u n c t i o n  of the r a t i o  of t he  a i r f low rate through t h e  annular  
coo l ing  passage t o  t h e  a f t e r b u r n e r  gas flow. The data shown i n  f i g u r e  7 
are f o r  runs  dur ing  which t h e  bulk  gas temperature w a s  c l o s e  t o  2840' F 
(33000 R) . Separa t e  p l o t s  are shown f o r  a f t e r b u r n e r - o u t l e t  pressures ofl 
3680, 4275, 5190, 5885, and 6535 pounds per s q u a r e  f o o t  abso lu t e .  

The t r e n d s  shown i n  the curves of f igu re  7 are similar f o r  a l l  p r e s -  
sure l e v e l s  as would normally be  expected. The w a l l  temperature  decreases  
as t h e  r a t i o  of coo l ing  a i r f l o w  t o  gas flow i n c r e a s e s  because of a n  in -  
c r e a s i n g  r a t i o  of t h e  cool ing-s ide  convective h e a t - t r a n s f e r  c o e f f i c i e n t  
t o  t h e  gas - s ide  h e a t - t r a n s f e r  c o e f f i c i e n t .  A t  a g iven  r a t i o  of coo l ing  
a i r f l o w  t o  gas  flow, the wal l - temperature  rise between s t a t i o n s  A and B 
is  s i g n i f i c a n t l y  greater than  the  r ise between o t h e r  ad jacen t  s t a t i o n s  
a long  the l e n g t h  of t h e  a f t e r b u r n e r .  This p e c u l i a r i t y ,  which i s  noted 
a t  a l l  f i v e  p r e s s u r e  l e v e l s ,  i s  be l i eved  t o  be caused by t h e  par t ia l  
thermal  s h i e l d i n g  of s t a t i o n  A from nonluminous gas  r a d i a t i o n  by the 
screech  shield surrounding the flameholder.  Th i s  e f f e c t  i s  d i scussed  i n  
more d e t a i l  later.  

The range  of a f t e r b u r n e r  p re s su re  l e v e l  covered i n  this  i n v e s t i g a t i o n  
had a s l i g h t  e f f e c t  on w a l l  temperature.  This e f f e c t  i s  shown i n  f i g u r e  8 
where the a f t e rbu rne r -wa l l  temperature i s  p l o t t e d  as a f u n c t i o n  of  the 
a f t e r b u r n e r - o u t l e t  p re s su re  f o r  s t a t i o n s  A t o  E .  Average curves have been 
drawn f o r  each  s t a t i o n .  The d a t a  p o i n t s  shown f o r  t h e  curves  were obta ined  



by c r o s s - p l o t t i n g  the data from f i g u r e  7. These data p o i n t s  d e v i a t e  from 
t h e  curves i n  a c o n s i s t e n t  manner a t  a l l  s t a t i o n s .  The reasons  f o r  t h i s  
dev ia t ion  are not  known; c r o s s - p l o t t i n g  would be  expected t o  y i e l d  smoother 
data-point  t r ends  than  are shown, s i n c e  no unusual s c a t t e r  i s  ev ident  i n  
t h e  bas i c  data of f i g u r e  7 .  Small v a r i a t i o n s  i n  s e t t i n g  t h e  exhaust-gas 
b u l k  o u t l e t  temperature  do not  e x p l a i n  the dev ia t ions .  The v a r i a t i o n  i n  
exhaust-gas bu lk  o u t l e t  temperature  w a s  small and w a s  random as can  be 
seen i n  t h e  t a b u l a t e d  va lues  of f i g u r e  8.  Inspec t ion  of  o t h e r  variables 
t h a t  might have a f f e c t e d  t h e  w a l l  temperatures  obta ined  at t h e  var ious  
p re s su re  l e v e l s  did not  y i e l d  any s a t i s f a c t o r y  explana t ion  f o r  the unusual 
data-point  t r end .  

Despi te  the unusual da ta -poin t  t r ends  shown on f i g u r e  8, c e r t a i n  
genera l  t r e n d s  are ev iden t .  A t  s t a t i o n  A t h e  w a l l  temperature  w a s  sub- 
s t a n t i a l l y  independent of  pressure. A t  s t a t i o n  B a s l i g h t  p r e s s u r e  ef- 
f e c t  can be de tec t ed  and p rogres s ive ly  greater e f f e c t s  are noted w i t h  t h e  
increas ing  d i s t a n c e  downstream a long  t h e  burner  w a l l .  A t  s t a t i o n  E t h e  
w a l l  temperature  increased  by about  180' F as t h e  a f t e r b u r n e r - o u t l e t  pres- 
sure  increased  from 3700 t o  6500 pounds p e r  square f o o t  abso lu t e .  

The curves shown i n  f i g u r e  8 are f o r  a f i x e d  r a t i o  of cool ing  a i r f l o w  
t o  gas  f low. A t  each  s t a t i o n  t h e  r a t i o  of convect ive h e a t - t r a n s f e r  coef -  
f i c i e n t s  on t h e  gas  and coo l ing -a i r  s u r f a c e s  of  t h e  a f t e r b u r n e r  w a l l  would 
be e s s e n t i a l l y  independent of p re s su re .  Any v a r i a t i o n  of w a l l  temperature  
with p r e s s u r e  should t h e r e f o r e  be a t t r i b u t a b l e  t o  inc reas ing  r a d i a n t  hea t  
t r a n s f e r  ( r e l a t i v e  t o  convect ive h e a t  t r a n s f e r )  o r  t o  inc reas ing  temper- 
a t u r e  of t h e  gas l a y e r  ad jacen t  t o  the w a l l .  

The curves shown i n  f i g u r e  9 s t r o n g l y  suggest  t h a t  t h e  changes i n  
w a l l  temperature  w i t h  p r e s s u r e  were p r i m a r i l y  due t o  changes i n  l o c a l  
gas temperature .  I n  f i g u r e  9 the w a l l  temperature  a t  s t a t i o n  E and t h e  
l o c a l l y  measured gas temperature ad jacen t  t o  t h e  w a l l  a t  t h e  same long i -  
t u d i n a l  s t a t i o n  are p l o t t e d  a g a i n s t  a f t e r b u r n e r - o u t l e t  p re s su re .  
marked r ise i n  l o c a l  gas temperature wi th  i n c r e a s i n g  a f t e r b u r n e r  p re s su re  
i s  ev ident .  Analysis  showed t h a t  t h e  convect ive h e a t - t r a n s f e r  c o e f f i c i e n t s  
on the  coo l ing  and gas s i d e s  of t h e  w a l l  were approximately equal  f o r  t h e  
opera t ing  condi t ions  given f o r  f i g u r e  9 .  Thus, the w a l l  temperature  r i se  
should be half as great as t h e  l o c a l  gas- temperature  r ise.  Inspec t ion  
of  the  w a l l  temperatures  shows that this  i s  approximately the case .  

A 

The r e s u l t s  ob ta ined  i n  the i n v e s t i g a t i o n  of r e f e r e n c e  2 suggest  
that if luminous r a d i a t i o n  i n  the a f t e r b u r n e r  were s i g n i f i c a n t ,  a much 
more pronounced v a r i a t i o n  i n  w a l l  temperature  w i t h  p r e s s u r e  would have 
been observed, p a r t i c u l a r l y  at the upstream s t a t i o n s .  
repor ted  i n  r e f e r e n c e  2 employed a primary combustor from a t u r b o j e t  
engine.  D i r e c t  r a d i a t i o n  measurements near t h e  upstream end of the 
burner showed a h igh  l e v e l  of gas e m i s s i v i t y  t h a t  increased  markedly wi th  
increas ing  p r e s s u r e .  This  was a t t r i b u t e d  t o  luminous r a d i a t i o n  from soo t  
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p a r t i c l e s .  
w a s  consumed, gas r a d i a t i o n  w a s  found t o  be i n s i g n i f i c a n t .  

Toward the downstream end of  the combustor, where the soo t  

I n  another  i n v e s t i g a t i o n  (ref. 3) d i r e c t  measurements of r a d i a t i o n  
were made a t  var ious  l o n g i t u d i n a l  pos i t i ons  i n  a furnace- type  burner .  
The Surner  was opera ted  w l t h  bo th  gaseous and l i q u i d  f u e l s .  I n  t n e  up- 
stream p o r t i o n s  of t h e  burner  where free carbon could  form w i t h  t h e  heavy- 
o i l  type f u e l s ,  a h i g h  l e v e l  of luminous r a d i a t i o n  w a s  observed. 
the dnwnsfrezm end cf t h e  hzrner, where the p a r t i c l e s  "ere consumed, iiie 
r a d i a t i o n  l e v e l  approached that f o r  nonluminous r a d i a t i o n  from carbon 
d ioxide  and water vapor p r e s e n t  i n  t h e  combustion gas .  The gaseous-type 
f u e l  used i n  the experiments of r e fe rence  3 gave a r a d i a t i o n  l e v e l  cor-  
responding t o  nonluminous r a d i a t i o n  from carbon d ioxide  and water vapor 
over t h e  en t i r e  l e n g t h  of  t h e  burner .  

Near 

It is  u n l i k e l y  that much free carbon is  formed i n  a n  a f t e r b u r n e r  where 
t h e  f u e l  and t h e  air  e n t e r  the combustion zone i n  a premixed vaporized 
state and d e l i b e r a t e  e f f o r t s  are made i n  the i n t e r e s t  of e f f i c i e n t  opera-  
t i o n  t o  avo id  l o c a l  f u e l - a i r  r a t i o s  much in  excess  of  a s to i ch iomet r i c  
mixtnre, Observations cf t h e  flaEe eaerging froni t h e  exi-must tiozzie t end  
t o  confirm this. The flame was l i g h t  blue w i t h  no t r a c e s  of  t h e  yel low 
t h a t  i s  c h a r a c t e r i s t i c  of  f u e l - r i c h  flames. Therefore ,  luminous radia- 
t i o n  l i k e l y  d i d  not  c o n t r i b u t e  much t o  w a l l  h e a t i n g  i n  t h e  a f t e r b u r n e r ,  
and whatever l eve l  of luminous r a d i a t i o n  t h a t  might have been p r e s e n t  
d i d  not  vary w i t h  p re s su re ,  as i s  ev ident  i n  f i g u r e  8. 

On t h e  o the r  hand, nonluminous r a d i a t i o n  from t h e  a f t e r b u r n e r  gases  
c o n s t i t u t e d  a very s i g n i f i c a n t  part of the t o t a l  h e a t  t r a n s f e r r e d  through 
the  a f t e r b u r n e r  w a l l s .  This  f a c t  can b e  deduced from the curves  t h a t  are 
showr, i n  f i g w e  10. I n  +Lz- ulLLD f i g u r e  the  iot igi tudIt ia i  d i s t r i b u t i o n  of w a i l  
temperature f o r  a t y p i c a l  r u n  i s  shown. Two wall - temperature  curves  are 
shown: one experimental  and one ca lcu la ted  f o r  t h e  w a l l  temperature that 
would be expected i f  the hea t  t r a n s f e r r e d  t o  t h e  w a l l  w a s  due t o  f o r c e d  
convect ion only.  The l o c a l  gas temperature near  t h e  a f t e r b u r n e r  w a l l  i s  
a l s o  shown f o r  r e fe rence .  

The experimental  wall-temperature curve i n  f i g u r e  10 shows a rela- 
t i v e l y  r e g u l a r  i nc rease  from s t a t i o n  B t o  s t a t i o n  E. The inc rease  i s  
caused p r i m a r i l y  by the inc reas ing  l o c a l  temperature near the a f t e r b u r n e r  
w a l l .  
120° F lower than  would be  expected i f  the e s t a b l i s h e d  curve f o r  s t a t i o n  
B t o  E were ex t r apo la t ed  t o  s t a t i o n  A i n  a reasonable  manner. This  de- 
crease i n  temperature  at s t a t i o n  A i s  a t t r i b u t e d  t o  the p a r t i a l  thermal  
s h i e l d i n g  of s t a t i o n  A from nonluminous gas r a d i a t i o n  by t h e  sc reech  
s h i e l d  that surrounded t h e  flameholder.  

The measured temperature  at s t a t i o n  A, however, i s  from 100' t o  

Tho in+qr.r.:+-. -n 
.LLLubLIDLb~ VI Lluuuminuus r a d i a t i o n  from the a f t e r b u r n e r  gases  

can be v i s u a l i z e d  by comparing t h e  computed wal l - temperature  curve wi th  
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the  experimental  curve.  The experimental  and computed temperature  curves  
a r e  similar i n  t r e n d  except  i n  the reg ion  O f  s t a t i o n  A f o r  t h e  reasons  
prev ious ly  noted. A t  s t a t i o n  A t h e  measured and computed w a l l  tempera- 
tu re s  are approximately looo F d i f f e r e n t .  About half t h i s  temperature  
d i f f e rence  can  be accounted f o r  by inc luding  r a d i a t i o n  from the screech  
s h i e l d  metal t o  s t a t i o n  A.  

An estimate of  t h e  nonluminous r a d i a n t  heat t r a n s f e r  of the gases  t o  
the  w a l l  w a s  made f o r  s t a t i o n  E i n  t h e  a f t e r b u r n e r  where i t  w a s  f e l t  t h a t  
condi t ions  were w e l l  enough de f ined  t o  permit e s t ima t ion .  
heat t r a n s f e r  from t h e  gases  t o  t h e  a f t e r b u r n e r  walls w a s  about  e q u a l  t o  
the  convec t ive  h e a t  t r a n s f e r  and t h e  w a l l  a t  s t a t i o n  E w a s  from 210' t o  
280' F h o t t e r  t han  the value p r e d i c t e d  from convect ive hea t  t r a n s f e r  a lone .  
This i s  i n  fair agreement w i t h  t h e  observed w a l l  temperature .  The es t i -  
mated magnitude of  r a d i a n t  h e a t  t r a n s f e r  t h a t  i s  accepted  depends upon 
the  choice  of an  unce r t a in  c o r r e c t i o n  f o r  t h e  f a c t  t h a t  the a f t e r b u r n e r  
w a l l s  have a n  e m i s s i v i t y  less than  1.0. The methods used i n  the ca lcu-  
l a t i o n  of nonluminous r a d i a n t  hea t  t r a n s f e r  are given i n  t h e  appendix.  

The r a d i a n t  

S h i e l d i n g  from gas r a d i a t i o n  w a s  p rev ious ly  used as an  explana t ion  
f o r  the p e c u l i a r  r e su l t s  of the wall-temperature measurements a t  s t a t i o n  
A. Also, there i s  a n  in fe rence  i n  t h e  comparison of  t h e  curves of 
f i g u r e  10 t h a t  t h e  c o n t r i b u t i o n  of  nonluminous ' radiant  hea t  t r a n s f e r  was 
roughly cons t an t  a long  t h e  l e n g t h  of t h e  a f t e r b u r n e r .  This could  e a s i l y  
be t h e  case .  Although t h e  bulk  temperature  o r  average temperature  of t h e  
gases decreases  w i t h  d i s t a n c e  upstream toward the flameholder,  l o c a l  t e m -  
pe ra tu re s  i n  some reg ions  of t h e  flame are near  s to i ch iomet r i c  mixture  
temperature (over 3600° F) . ( F u e l - a i r - r a t i o  surveys f o r  t h i s  a f t e r b u r n e r  
conf igura t ion  showing t h i s  t o  be t h e  case  are p resen ted  i n  f i g .  9 of 
r e f .  4.)  I n  t h i s  range of temperatures ,  r a d i a t i o n  i n t e n s i t y  v a r i e s  ap- 
proximately as the cube of t h e  a b s o l u t e  temperature  when changes i n  gas 
emis s iv i ty  are accounted f o r .  This  v a r i a t i o n  i n  r a d i a t i o n  i n t e n s i t y  could 
o f f s e t  t h e  d iminish ing  mass from which gas r a d i a t i o n  occurs  i n  t h e  up- 
stream p a r t s  of the burner .  

CONCLUDING REMARKS 

An i n v e s t i g a t i o n  w a s  conducted t o  determine the e f f e c t  o f  pressure 
level on a f t e rbu rne r -wa l l  temperatures .  
t o  t h e  i n v e s t i g a t i o n  t h a t  luminous r a d i a t i o n  might c o n s t i t u t e  a s i g n i f -  
i can t  p a r t  o f  the t o t a l  heat t r a n s f e r r e d  t o  the a f t e r b u r n e r  w a l l s .  It w a s  
a l so  f e l t  that luminous r a d i a t i o n ,  i f  p re sen t ,  might i n t e n s i f y  w i t h  in -  
c reas ing  pressure. 

It had been a n t i c i p a t e d  p r i o r  

The r e s u l t s  ob ta ined  i n  t h i s  i n v e s t i g a t i o n  i n d i c a t e d  t h a t  h e a t  t r a n s -  
f e r  by luminous r a d i a t i o n  w a s  no t  s i g n i f i c a n t  a t  any pressure l e v e l  in -  
ves t iga t ed  (from 3700 t o  6500 lb/sq f t  abs). When the r a t i o  of 

CONFIDENTIAL 



a f t e rbu rne r -wa l l  coo l ing  a i r f l o w  t o  a f t e rbu rne r  gas f low w a s  cons t an t ,  
t h e  w a l l  temperature increased  wi th  pressure .  The inc reased  w a l l  temper- 
atures were due t o  h igher  l o c a l  gas temperatures near  t h e  w a l l ,  which l e d  
ta higher  rates of convect ive hea t  t r a n s f e r .  

Nonluminous r a d i a t i o n  from carbon dioxide and water vapor i n  t h e  
I n  one case  t h a t  w a s  analyzed,  t h e  hea t  t r a n s -  a f t e r b u r n e r  was important.  

f e r r e d  by nonluminous r a d i a t i o n  w a s  about equa l  t o  t h e  h e a t  t r a n s f e r r e d  
by fo rced  convect ion.  

Lewis P l i g n t  Propuis ion  Laboratory 
Na t iona l  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, A p r i l  7, 1958 

CONFIDENTIAL 



AppENDIX - WALL TEMPERATLTRE CALCULATIONS 

Symbo Is 

The fo l lowing  symbols are used i n  t h e  c a l c u l a t i o n s :  

area of a f t e r b u r n e r  w a l l  

convect ive h e a t - t r a n s f e r  c o e f f i c i e n t  on coo l ing -a i r  s i d e  of  after-  
burner  w a l l ,  Btu/(sec)  (sq f t )  (OR)  

convect ive h e a t - t r a n s f e r  c o e f f i c i e n t  on gas  s i d e  of a f t e r b u r n e r  
w a l l ,  Btu/(sec)  (sq f t )  (OR)  

coo l ing -a i r  temperature, OR 

gas temperature,  OR 

w a l l  temperature,  OR 

r a d i a n t  h e a t  t r a n s f e r  p e r  u n i t  area of a f t e r b u r n e r  w a l l ,  Btu/ 
(sq f t ) ( O R )  

a f t e r b u r n e r  gas a b s o r p t i v i t y  

a f t e r b u r n e r  gas emis s iv i ty  

Stefan-Boltzmann cons tan t ,  0.1713X10-8 Btu/ (hr )  (sq f t )  ("R)4 

Calcu la t ions  

If t h e  thermal r e s i s t a n c e  of the metal w a l l s  i s  n e g l i g i b l e  compared 
with the convect ive h e a t - t r a n s f e r  c o e f f i c i e n t s  on t h e  a f t e rbu rne r -gas  and 
cool ing-a i r  s i d e s  of the w a l l ,  t h e  w a l l  metal temperature may be obta ined  
from 

ha. 
Tg + 5 Ta 

Tw = 
ha  
hg 

1 + -  

when h e a t  i s  t r a n s f e r r e d  t o  t h e  w a l l  by f o r c e d  convect ion only.  

When estimates were made of t h e  w a l l  temperature t h a t  would r e s u l t  
from convect ive h e a t  t r a n s f e r ,  the l o c a l  measured va lues  of gas tempera- 
t u r e  near t h e  w a l l  were used. Average coo l ing -a i r  temperatures w i t h i n  
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t h e  cool ing  passage at a given s t a t i o n  were used. Hea t - t r ans fe r  c o e f f i -  
c i e n t s  were obta ined  by using equat ion  (9-32C) of r e f e r e n c e  5 (p.  242) .  

If, i n  a d d i t i o n  t o  convection, hea t  i s  a l s o  t r a n s f e r r e d  t o  the walls 
by r a d i a t i o n ,  t he  w a l l  temperature may be obta ined  from 

m 
AW 

a 
Tg + Ta 

ha 

hf3 
1 + -  

A s  noted previous ly ,  an estimate of the magnitude of nonluminous r a d i a -  
t i o n  from water vapor and carbon dioxide w a s  made f o r  s t a t i o n  E a t  one 
ope ra t ing  condi t ion .  This  estimate w a s  made accord ing  t o  t h e  methods of 
r e fe rence  5 (pp. 8 2  t o  91) .  Reference 5 gives  two equat ions  that  may be 
used t o  o b t a i n  t h e  value of q/A f o r  nonluminous r a d i a t i o n .  O f  t hese ,  
t h e  simplest f o r  t h e  purposes of t h i s  repor t  w a s ,  i n  modified form, 

which i s  given as equat ion  (4-57) i n  re ference  5. 
a b l ack  r e c e i v e r  w i th  an  emis s iv i ty  o f  1.0. 
s i v i t i e s  less than  1.0, a c o r r e c t i o n  f a c t o r  must be a p p l i e d  as noted 
p rev ious ly  i n  t h i s  r e p o r t  and subsequently i n  t h i s  s e c t i o n .  

T h i s  erjnatior, i s  .for 
For r e c e i v e r s  w i t h  emis- 

The problem of e s t ima t ing  q/A 
the  emis s iv i ty  of the gas. The gas emiss iv i ty  depends upon t h e  tempera- 
t u r e  of the gas,  the p a r t i a l  p re s su re  of each of the r a d i a t i n g  gases  
p re sen t ,  the t o t a l  p re s su re  of t h e  gas mixture, and a geometr ica l  f a c t o r  
c a l l e d  beam length ,  which accounts  f o r  the t o t a l  depth of  the gas from 
which emission t akes  p l a c e  ( i n  c o n t r a s t  to  r a d i a t i o n  from opaque sub-  
s t ances  i n  which t h e  emission is  e s s e n t i a l l y  from t h e  s u r f a c e ) .  
r u n  t h a t  w a s  analyzed i n  t h i s  r e p o r t ,  the t o t a l  p r e s s u r e  of t h e  a f t e r b u r n e r  
gas mixture  w a s  2.46 atmospheres. 
p a r t i a l  p r e s s u r e s  of  carbon d ioxide  and water vapor were 0 .248  and 0 .258  
atmosphere, r e s p e c t i v e l y .  The beam length w a s  assumed t o  be 0.9 of t h e  
a f t e r b u r n e r  diameter (see t a b l e  4-2 of  r e f .  5) a t  s t a t i o n  E. This gave 
a beam l e n g t h  of  2.18 feet .  
as given on f i g u r e  10. These f a c t o r s  gave an  e s t ima ted  gas emis s iv i ty  
of 0.211. 

i s  pr imar i ly  a matter of determining 

For t h e  

A t  a f u e l - a i r  r a t i o  o f  0.0467, t h e  

The t o t a l  temperature of  t h e  gas w a s  3272' R 

The gas a b s o r p t i v i t y  ag is  dependent upon t h e  f a c t o r s  t h a t  determine 
For t h e  cases  analyzed,  t h e  e m i s s i v i t y  and a l s o  upon t h e  w a l l  temperature. 

wall temperature  t o  the f o u r t h  power was small compared with the f o u r t h  
power of t h e  gas temperature .  This  d i f fe rence  allowed the s i m p l i f i c a t i o n  
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(with a very small e r r o r )  Of assuming t h a t  t h e  gas a b s o r p t i v i t y  w a s  equa l  
t o  the e m i s s i v i t y .  

For the example i n  f i g u r e  10, t h e  c a l c u l a t e d  b lack- rece iver  value of 
q/A was 10.9 Btu p e r  second p e r  square f o o t .  If th i s  va lue  of q/A is  
mul t ip l i ed  by 0.6 ( t h e  emis s iv i ty  of burned Inconel )  the e f f e c t i v e  value 
of q/A would be  6.54 Btu per second per square f o o t .  The sum ha + hg 
f o r  t h i s  example w a s  es t imated  t o  be 0.031 Btu p e r  second p e r  square  f o o t  
p e r  OR s o  that t h e  wall-temperature d i f f e r e n c e  due t o  r a d i a n t  h e a t  t r a n s -  
f e r  would be 210' F. 
between the emiss iv i ty  of  0.6 and a p e r f e c t  b l a c k  body (see ref. 5, p .  91) 
t h e  wall-temperature d i f f e r e n c e  due t o  radiant heat t r a n s f e r  would be  
280' F. 

If the mul t ip ly ing  f a c t o r  i s  chosen as the average 
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Figure 2. - Flameholder and screech shield. 
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Figure 4. - Afterburner. 
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Figure 5. - Geometrical characteristics 
of cooling-air and afterburner gas 
flow passages. 
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(a) Afterburner-outlet pressure, 3680 pounds per square foot absolute. .. 1400 
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Figure 7. - Variation of afterburner-wall temperature with cooling airflow 
at 240' circumferential location. 
approximately 2840' F (3300O R) . Afterburner-outlet bulk temperature, 
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(a) Afterburner-outlet pressure, 5885 pounds per 
square foot absolute. 

Cooling airflow 
Afterburner gas flow x 100 

(e) Afterburner-outlet pressure, 6535 pounds per 
square foot absolute. 

Figure 7. - Concluded. Variation of afterburner- 
w a l l  temperature with cooling airflow at 240' 
circumferential location. Afterburner-outlet 
bulk temperature, approximately 2840° F (3300' R) . 
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Figure 8. - Effect of afterburner pressure on 
afterburner-wall temperature. Cooling airflow 
equal t o  5.75 percent of afterburner gas flow. 
Circumferential location, 240'. 
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Figure 10. - Longitudinal variation of afterburner- 
w a l l  temperature. 
percent of afterburner gas flow; afterburner- 
outlet temperature, 2812' F (3272' R); afterburner- 
outlet pressure, 5202 pounds per square foot 
absolute. 
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l e t  temperature, approximately 2815O F (3275' R )  . 
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