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SUMMARY 

The performance of an experimental quarter-sector annular eom- 
bustor was determined a t  conditions simulating supersonic f l i g h t  of a  
cooled-turbine engine. Design f ea tu r e s  of the  combustor configuration 
were aimed a t  providing a  s t ruc tu r a l l y  strong, r e l a t i v e l y  cool operating 
l i n e r  t h a t  would give sa t i s fac tory  combustion efficiency,  pressure loss ,  
and exhaust temperature pat tern .  The ma.in design comprised many small 
pa r t s ,  overla,pping i n  construction,  and independently suspended. Twenty 
modifications were t es ted .  

The f i n a l  configuration showed no s t ruc tu r a l  f a i l u r e s  and l i t t l e  o r  
no warping of l i n e r  pa r t s  a f t e r  about 40 hours of operation. Measured com- 
bust ion e f f i c i enc i e s  were over 100 percent a t  pressures of 25 pounds per 
square inch absolute and above f o r  reference a i r  ve loc i t i es  from 125 t o  
200 f e e t  per  second. Efficiency dropped t o  a  minimum of about 92 percent 
when the  pressure was lowered t o  9.8 pounds per square inch absolute a t  
a  veloci ty  of 160 f e e t  per second. The to ta l -pressure  losses  varied 
from 4.2 t o  11.3 percent a t  an average exhaust temperature of 2000' F  
f o r  reference ve loc i t i e s  from 125 t o  200 f e e t  per second. Exhaust tem- 
perature  pa t te rns  were reasonably uniform both r a d i a l l y  and 
circumferential ly.  

INTRODUCTION 

Higher a i r f lows per uni t  f r o n t a l  area  and higher operating tem- 
peratures  i n  tu rbo je t  engines a id  i n  achieving t he  decreased spec i f ic  
engine weight necessary f o r  higher a l t i t u d e s  and f l i g h t  speeds. In- 
creased a i r  temperatures and a i r f lows require  engine components t o  
funct ion s a t i s f a c t o r i l y  under greater  mechanical and thermal s t r e s se s .  
Results  of an invest igat ion on an experimental tu rbo je t  combustion s y s t e ~  
having design fea tures  sui ted f o r  operation a t  elevated gas temperatures 
and a i r r lows a r e  presented herein.  
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Previous inves t iga t ions  at t h e  NACA Lewis laboratory have demon- 
s t r a t e d  c e r t a i n  combustor design p r i nc ip l e s  f o r  operation a t  conditions 
represen ta t ive  of h igh-al t i tude supersonic f l i g h t  ( r e f s .  1 and 2 )  . Com- 
bustion e f f i c i enc i e s  between 85 and 200 percent were obtained i n  experi- 
mental combustors f o r  pressures  between 2/5 and atmospheres, ou t l e t -  

gas temperatures of about 2000° F, and a i r  reference ve loc i t i e s  a s  high 
a s  200 f e e t  per  second. These combustors were not  operated a t  low- 
a l t i t u d e  higher pressure condit ions where defec t s  i n  s t r u c t u r a l  durabi l -  + i t y  would become apparenJ6 because of increased mechanical and thermal 0.1 

4 s t r e s se s .  a, 

Several  combustor configurations s imi lar  t o  those  reported i n  r e f -  
erences 1 and 2 were b u i l t  and t e s t e d  a t  operating condit ions t h a t  i m -  
posed a higher s t r e s s  environment. I n  addit ion,  a  s e r i e s  of combustor 
configurations incorporating some new fea tu res  aimed a t  increasing dura- 
b i l i t y  was a l s o  b u i l t  and t e s t ed .  I n  t h e  l a t t e r  configurations l i n e r  
p a r t s  were segmented i n  both a x i a l  and c i rcumferent ia l  d i rec t ions  and 
supported t o  t he  outer  housing. Considerable cooling-air  passage a rea  
through these  segments was provided t o  maintain moderate metal tempera- 
t u r e s .  Individual  p ieces  were allowed t o  expand f r e e l y  t o  minimize 
s t r e s s e s  due t o  thermal gradients .  Heat sh ie lds  were provided t o  p ro tec t  
t he  outer  housing wal ls  a t  t h e  exhaust end of t he  combustor. 

Combustion performance and s t ruc- tura l  du rab i l i t y  were evaluated a t  
both high- and low-alt i tude supersonic-fl ight  t e s t  condit ions.  Data 
a r e  included here in  t o  show combustion e f f i c ienc ies ,  pressure losses,  
and out le t -gas  temperature pa t t e rn s  a t  these  t e s t  condit ions and a l s o  t o  
compare t h e  performance of t he  f i n a l  configuration with t he  performance 
of the  combustor t r e a t ed  i n  reference 1. Other performance c r i t e r i a ,  such 
a s  carbon deposition, a r e  discussed. Deta i ls  of t he  high-pressure f a c i l i t y  
required f o r  t he  invest igat ion a r e  presented. 

APPARATUS AND INSTRUMENTATION 

Test Sectqion and I n s t a l l a t i o n  

The combustor t e s t  sect ion was connected t o  t he  laboratory a i r  
f a c i l i t i e s  as shown diagrammatically i n  f i gu re  1. A i r  was drawn from t h e  
laboratory high-pressure supply system, passed through a counterflow tube 
heat  exchanger i n to  the  t e s t  section,  and exhausted i n t o  t he  a l t i t u d e  o r  
atmospheric exhaust system. The heat  exchanger was fed  with exhaust 
products from four  547 combustors burning unleaded gasoline.  Combustor 

i n l e t - a i r  temperatures were control led  by means of a system t h a t  mixed 
bypassed a i r  and a i r  heated i n  t h e  exchanger. The quan t i t i e s  of a i r  

flowing through the  heater  and i t s  bypass system and t h e  t o t a l  pressure 
i n  t he  t e s t  sect ion were regulated by remote-control valves. 
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The combustor t e s t  sect ion and exhaust-gas instrumentation sect ion 
were immersed i n  a water tank ( f i g .  1). This water bath was used t o  
allow a reduction i n  weight and cost  of these  piping sect ions .  Also, the  
exhaust instrumentation sect ion had a replaceable inner l i n e r  of 3/32-inch- 
t h i ck  metal t o  p ro tec t  t he  outer  sect ion from the  hot exhaust gases* 
Since t he  f a c i l i t y  w a s  t o  be connected t o  compressors capable of sup- 
plying a pressure  of 450 pounds per square inch, it was designed t o  with- 
stand t h i s  maximum s t r e s s .  The design a l s o  allowed a maximum average 
gas temperature of 2500' F. 

A sketch of t h e  combustor housing and i n l e t  and o u t l e t  ducting i s  
shown i n  f i g u r e  2.  The combustor housing was a one-quarter sector  of a 
s ing le  annular combustor with an outside diameter of 251 inches, an ins ide  - 

5 
Z 

diameter of 10- inches, and a combustion length of about 23 inches. The 
8 

maximum cross-sect ional  flow passage area  was 105 square inches (420 
sq  in .  f o r  a complete annular housing). The inside dimensions of t h i s  
housing were i den t i c a l  t o  those described i n  reference 1. I n l e t  and 
o u t l e t  ducting simulated t h e  a i r f low passage of a pa r t i cu l a r  f u l l - s ca l e  
engine having an axial-flow cmmpressor and turbine .  A punched p l a t e  
containing 460 holes ( 1/4-in. diam. ) which gave about 80 percent blockage 
of t h e  pipe  area  was located i n  t he  f lange j u s t  upstream of the  i n l e t  
t r a n s i t i o n  t o  smooth out  i r r e g u l a r i t i e s  i n  a i r  ve loc i ty  p r o f i l e .  

Instrumentation 

The combustor instrumentation s t a t i ons  a r e  shown i n  f i g u r e  2 .  Com- 
bustor  i n l e t - a i r  temperature was measured a t  s t a t i on  1 by four  closed- 
end chromel-alumel thermocouples. Location of t h e  temperature- and 
pressure-measuring devices i n  t h e  i n l e t  duct i s  shown i n  f i g u r e  3. I n l e t  
ve loc i ty  pressures  were measured a t  t he  same s t a t i o n  with f i v e  rakes, 
each having t h r ee  to ta l -p ressure  tubes.  The tubes were connected t o  
s t r a i n  gages t h a t  were balanced by wal l  s t a t i c -p ressure  t ap s  a t  s t a t i o n  
1. Velocity pressure readings from t h e  s t r a i n  gages were recorded on a 
s t r i p  char t  recorder.  The w a l l  s t a t i c  pressures  were a l s o  indicated on 
Bourdon gages used t o  control  t h e  combustor i n l e t - a i r  pressures .  

Combustor o u t l e t  temperatures and pressures  were measured at  s t a t  ion 
2 with a polar-coordinate traversing-probe mechanism t h a t  made f i v e  c i r -  
cumferential  sweeps a t  r a d i a l  centers  of equal areas .  The locat ions  of 
these  sweeps a r e  shown i n  f i g u r e  4. A s imi lar  probe mechanism i s  de- 
scribed i n  reference 3. The probe had two measuring elements: a sonic 
aspi ra t ing- type platinum-13-percent-rhodium - platinum thermocouple and 
a to ta l -p ressure  tube.  A s t r a i n  gage indicated t h e  di f ference between 
t h e  t o t a l  pressure sensed a t  t h e  probe end and t h e  t o t a l  pressure measwed 
a t  t he  combustor i n l e t ;  t h e  d i f ference w a s  considered t o  be t h e  t o t a l -  
pressure drop across  t h e  combustor system. An X-Y automatic-balancing 



potentiometer recorded a continuous t r a c e  of t h e  temperature and pres-  
sure drop during circumferential  motion of  t h e  probe. 

Combustor o u t l e t  probes made of Inconel metal, such a s  described i n  
reference 3, f a i l e d  a f t e r  a few surveys during runs l ~ h e r e  2600' t o  
3000' F temperatures were encountered. The end of the  tube burned away, 
and t h e  pressure tube was thereby ruptured. A probe incorporating an 
al l-plat inum - 13-percent-rhodium t i p  was b u i l t  i n  an e f f o r t  t o  improve 
durab i l i ty .  The probe end, to ta l -pressure  tube, sonic nozzle, and about 

z 
12 inches of tubing were fabr ica ted  from platinum-13-percent-rhodium 
4 

tubing; t h e  t i p  was soldered t o  a jacketed water-cooled Inconel sect ion.  
A photograph of t h i s  probe i s  presented i n  f i gu re  5, and reference 4 
presents  add i t iona l  d e t a i l s .  The platinum-tip probe gave a longer service 
l i f e ;  however, a t  t he  highest combustion pressure t he  probe was suscep- 
t i b l e  t o  steam vapor lock i n  t he  jacket, which resu l ted  i n  rupture of t he  
wal l  between t he  platinum and t he  Inconel sections.  Consequently, t h e  
water pressure t o  t h e  jacket was increased t o  avoid steam formation. 

Fuel  

The f u e l  used i n  t he  invest igat ion $as MIL-F-5624A, grade JP-5 
(RACA 54-35). The physical  and chemieal proper t ies  of t he  f u e l  a r e  
presented i n  t a b l e  I. 

PROCEDURE 

Data were obtained a t  t he  following combustor t e s t  conditions: 

Condition I n l e t - a i r  
t o t a l  pressure, 

xb/sq i n .  abs 

I n l e t  -air Airflow, 
temperature, lb/sec 

0 
F 

Ref erenee vel.ocity, 
f t / s e c  

Reference ve loc i t i e s  a r e  based on the  maximum cross-sectional  a rea  of t he  
combustor flow passage and on combustor i n l e t - a i r  densi ty .  Conditions 
A, B, and C were taken from reference 1. Condition C - 2  corresponds t o  an 
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engine with a compressor pressure r a t i o  of 7 operating a t  a f l i g h t  Mach 
number of 2.5 and an a l t i t u d e  of 70,000 f e e t .  Conditions A and B were 
a r b i t r a r i l y  se lected so t h a t  differences i n  combustion eff ic iency could 
be detected a t  lower pressures with a constant i n l e t - a i r  veloci ty .  
Conditions C - 1  and C-3 were used t o  ascer ta in  veloci ty  e f f e c t s  on per-  
formance a t  constant pressure.  Conditions D and E were chosen t o  
represent severe durab i l i ty  t e s t  conditions. Condition D corresponds 
approximately t o  an engine with a pressure r a t i o  of 8 a t  Mach 2.5 and 
35,000 f e e t .  

a) 
r- 
N) * Combustor total-pressure losses,  o u t l e t  temperature p ro f i l e s ,  and 

combustion e f f i c i enc i e s  were determined over a range of f u e l - a i r  r a t i o s  
a t  each of t h e  above conditions. Combustion eff ic iency was computed a s  
t h e  r a t i o  of t h e  measured enthalpy r i s e  from i n l e t  t o  o u t l e t  instrumen- 
t a t i o n  planes t o  the  t heo re t i c a l  enthalpy r i s e .  The out le t -gas  enthalpy 
was determined from t h e  average out le t -gas  temperature, which was obtained 
from t h e  circumferential  t r a ce s  a t  each of t h e  f i v e  r a d i i .  Values at  
2 O  i n t e rva l s  on t he  circumferential  t races ,  o r  a t o t a l  of 215 temperatures, 
were averaged f o r  each data  po in t .  

PF3LIMINARY COMBUSTOR EVALUATIONS 

The various combustor configurations a r e  presented i n  two groups. 
The combustor described i n  reference 1 and th ree  modifications were 
t e s t e d  f o r  durabi l i ty ;  these  combustors a r e  ca l led  design I. Essen t ia l  
design f ea tu r e s  included long s l o t s  f o r  a i r  penetrat ion,  a i r - f i lm  cooling 
on the  walls, and a r t i cu l a t ed  sect ions  t o  prevent warping and buckling. 
Other f ea tu r e s  a r e  described i n  reference 1. 

No data  a r e  reported f o r  these  combustors, because t he  t ravers ing-  
probe mechanism was not i n s t a l l e d  during these  t e s t s ,  and the  exhaust 
thermocouples used were i n su f f i c i en t  i n  number t o  provide an accurate 
average temperature of t h e  exhaust gases. A second group, ca l l ed  design 
11, const i tu ted enough of a change i n  design t o  require  a program of 
modifications aimed a t  improving other performance f ac to r s  besides dura- 
b i l i t y .  These design I1 modifications a r e  discussed co l lec t ive ly  with 
regard t o  t h e i r  s t r u c t u r a l  makeup, and t h e  various performance r e s u l t s  
obtained with them a r e  presented separately.  The performance of the  
f i n a l  configuration i s  summarized and compared with t he  performance of 
the  combustor of reference 1. The r e s u l t s  obtained with design I1 com- 
bustors  a t  a l l  conditions t e s t ed  a r e  shown i n  t ab l e  11. Inconel metal was 
used exclusively f o r  both design I and I1 combustors. 

A cutaway sketch of t he  design I combustor (from r e f .  1) i s  shown 
i n  figure 6. This combustor has one-piece primary-zone l i n e r  walls  
f o r  a length of 10 inches, while the  secondary-zone wal ls  a r e  composed of 
1 2  channel-shaped metal pieces at tached between t he  downstream end of t he  



primary sec t ion  and a n  exhaust heat  sh ie ld .  The f u e l  w a s  in jec ted  
through nine hollow- cone swirl-atomizing simplex nozzles ( 10 -5 gal/hr 
flow capacity, 60° spray ang le ) .  This combustor l i n e r  was operated a t  
condit ion C-2 f o r  1 hour with an average exhaust-gas temperature of about 
2 1 0 0 ~  F. Fai lu re  of t h e  l i n e r  p ieces  occurred, as shown by t h e  photo- 
graph i n  f i g u r e  7 .  

The next design I l i n e r  t e s t e d  i s  shown i n  f i g u r e  8. The one-piece 
primary-zone wal ls  were 4.3 inches long; t h e  remainder of t h e  l i n e r  was 
composed of two s e t s  of channel sect ions  (12 sect ions  i n  each s e t )  sup- 
por ted t o  the  outer  housing wal l s  by means of b o l t s  located a t  t he  
junction of t h e  s e t s  of channel p ieces .  Each channel piece w a s  f r e e  t o  
move longi tudinal ly ,  s ince  a l l  f a s ten ings  were loose.  This design d id  
not  f a i l  during 1 hour of operation a t  t e s t  condit ion C-2, b u t  d id  f a i l  
quickly a t  t h e  higher pressure  t e s t  condit ion D. 

I n  t h e  next modification of design I t h e  metal thickness of t h e  
channels and t h e  primary sect ion w a s  increased from 0.043 t o  0.0625 
inch.  The cooling louvers were omitted from t h e  channel p ieces .  Opera- 
t i o n  a t  condit ion D and an exhaust temperature of 1 6 0 0 ~  F f o r  2 hours 
gave t h e  r e s u l t s  shown i n  f i g u r e  9. Metal warping, e spec ia l ly  i n  t h e  
upstream end of t h e  combustor, was severe. This design was again  t e s t ed  
a f t e r  t h e  warped surfaces were s t ra ightened and two metal re inforc ing 
s t r i p s  were welded edgewise t o  t h e  s ide  away from the  flame zone of each 
channel p iece .  These metal s t r i p s  were 1/16 inch t h i ck  and about 1 inch 
high.  I n  an attempt t o  reduce thermal s t r e s s e s  i n  t he  primary zone t h i s  
sec t ion  w a s  s p l i t  i n t o  two 1/8 sec to rs .  A s ide  w a l l  p l a t e  w a s  welded on 
each sec to r  a t  t h e  cut  end. Figure 10 shows t h e  l i n e r  a f t e r  2 hours of 
operat ion a t  condit ion D and an exhaust temperature of about 1 6 0 0 ~  F. 
Again l i n e r  f a i l u r e  occurred, bu t  warping w a s  not a s  severe as i n  previous 
models. These du rab i l i t y  t e s t s  indicated t h a t  more s t rength  i n  each 
ind iv idua l  metal piece, l e s s  interdependence among t he  pieces  f o r  support, 
and cooler  operating metal temperatures were required t o  increase  l i n e r  
l i f e  and e l iminate  warping. Major modifications were made t o  t he  combustor 
l i n e r .  These redesigned combustors were ca l l ed  design I1 configurations, 
and a complete evaluation of t h e i r  aerothermodynamic performance w a s  
undertaken. 

A photograph and a drawing representa t ive  of design I1 configurations 
a r e  shown i n  f i g u r e  11. A l l  configurations i n  t h i s  s e r i e s  were constructed 
of 1/16-inch-thick Inconel  metal.  The length of t h e  combustor l i n e r  w a s  
about t he  same a s  design I combustors. The upstream end or  p i l o t  sect ion 
w a s  composed of two 1/8 sec to rs  bo l ted  t o  t h e  f u e l  manifold. The inner 
and outer  w a l l s  of the  p i l o t  sec t ion  were composed of overlapping segments 
wi th  supports between each segment. The channels were replaced with t h r ee  
smaller  lengths  of metal, here in  ca l l ed  s tep-s t r ips ,  welded together  i n  
an overlapping fashion with two longi tudinal  spacers between each length.  
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The s tep-s t r ips  were supported from the  outer  wal ls  a s  shown i n  f i gu re  
l l ( b )  by t h r ee  rows of bo l t s .  Each s tep-s t r ip  was loosely held a t  each 
end and was not anchored t o  the p i l o t  o r  downstream heat shield,  a s  
design I combustors were. Spacers were placed around t he  b o l t s  t o  
maintain t he  desired r a d i a l  distance (with some tolerance f o r  expansion) 
between t h e  inner and outer walls .  Design I1 combustors d i f fe red  from 
design I combustors i n  t h a t  (1) t he  p i l o t  section, t h e  s tep-s t r ips ,  and 
t he  heat shie lds  were independently supported, ( 2 )  each individual  piece 
was strengthened, and (3) considerable a i r  flowed between each s tep  t o  

a, 
r- maintain lower metal temperatures. The p l o t  presented i n  f i gu re  12 shows 
M 
d' the  var ia t ion  i n  cross-sectional  flow area  i n  t he  long- and short-radius 

d i l u t i on  a i r  passages, and i n  t h e  cross-sectional  a rea  of t he  l i n e r  with 
dis tance along the  combustor. 

k 

Six duplex nozzles were used f o r  f u e l  in ject ion,  a s  shown i n  f i gu re  
l l ( b ) .  These nozzles were designed t o  provide an atomized spray over t he  
complete range of t e s t  conditions t h a t  might be encountered i n  determin- 
ing the  complete operational  map of a supersonic engine with a compressor 
pressure r a t i o  of 8. The f u e l  manifold was s p l i t  i n to  two passages so 
t h a t  t he  small-slot  and large-s lot  systems of t he  nozzles were f ed  f u e l  
independently, but  each nozzle s l o t  system d id  not receive f u e l  independ- 
en t l y  of the  other nozzles. 

Twenty d i f f e r en t  configurations of design I1 combustors were teqted.. 
Table 111 presents  a summary of these  d i f f e r en t  configurations; t he  ' . 
locat ions  of zones A, B, C, D, and E a r e  shown i n  f i gu re  2 .  Since most 
of the configuration changes were aimed a t  providing a more uniform ex- 
haust temperature p r o f i l e  o r  reducing combustor pressure losses,  t he  
changes, i n  general, consisted of var ia t ions  i n  t he  width and length o$ 
air-admission holes i n  t h e  downstream d i l u t i on  zone. Total  air-admissibn 
a rea  was varied from 101.5 t o  37.8 square inches. The r a t i o  of a i r -  
admission area  i n  t he  outer w a l l  t o  t h e  air-admission a rea  i n  t he  inner 
wal l  of t h e  l i n e r  varied from 0.5 i n  configuration 2 t o  3.0 i n  config- 
ura t ion 19. Variations i n  open a rea  i n  t h e  l i n e r  were generally i n  t h e  
downstream half ,  while the  f i r s t  half  of t he  l i n e r  was held reasonably 
constant. Curves showing t h e  var ia t ion  i n  air-admission hole a rea  with 
dis tance downstream from t h e  f u e l  manifold face  a r e  presented i n  f i gu re  
1 3  f o r  four  representa t ive  configurations. The proportion of air-admission 
area  i n  t h e  f i r s t  half  of t h e  combustion zone (about 11 i n .  of t he  upstream 
length) t o  t o t a l  air-admission area  var ies  from 33 percent (conf igurat ion 
1) t o  85 percent (configuration 11). 

Durabi l i ty  Character is t ics  of Design I1 

A photograph of configuration 20 i s  presented i n  f i gu re  14. This 
photograph was taken a f t e r  about 40 hours of operation at various t e s t  
conditions; The p i l o t  sect ion and upstream s e t  of s t ep - s t r i p s  a re  the  
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o r ig ina l  ones; t he  downstream s tep-s t r ips  were replaced during t he  pro- 
gram because of t h e  many cu t s  and rewelds necessary f o r  t he  various 
configurations.  No appreciable warping or  cracks i n  the  l i n e r  pa r t s  
occurred. Four d i f f e r en t  t abs  at tached t o  t he  ends of t he  b o l t s  sup- 
por t ing t he  s tep-s t r ips  were l o s t  during t he  program; no a t t emi t  was 
made t o  improve t he  s t r u c t u r a l  i n t e g r i t y  of these  tabs .  

Configuration 20 was operated a t  condition D f o r  about 20 hours 
with a 2 0 0 0 ~  F o r  higher average out le t -gas  temperature. Exhaust-gas 
temperature pa t t e rn s  t h a t  were recorded a t  the  s t a r t  and end of t h i s  
20-hour t e s t  a r e  shown i n  f i gu re  15. Temperatures recorded a t  f i v e  
r a d i i  show t h a t  no appreciable change i n  ou t l e t  temperature pat tern ,  
e i t h e r  r a d i a l  o r  circumferential ,  occurred. St ructural ly ,  then, design 
I1 configurations were qu i te  sa t is factory,  but  an improved method of 
a t t ach ing  t a b s  t o  t h e  support b o l t  ends appears necessary. 

Combustion Efficiency of Design I1 

Combustion e f f ic iency  values a r e  shown i n  f i gu re  16 f o r  t e s t  condi- 
t i o n s  A and R and t e s t  runs where t h e  average exhaust-gas temperature was 
between 18000 and 2100° F. The abscissa sca le  i s  the  r a t i o  of a i r -  
admission a rea  i n  t he  l i n e r  t o  t he  maximum cross-sectional area of the  
outer  housing. Data were not obtained with a l l  the  configurations a t  
both t e s t  po in t s .  I n  general,  measured combustion e f f i c i enc i e s  were 
high, ranging from 85 t o  98 percent a t  condition B and from 85 t o  94 per-  
cent a t  condit ion A .  

Similar  e f f i c iency  performance could be then obtained, regardless of 
air-admission open a rea  wi thin  the  range investigated.  This can be ex- 
plained by considering the  r e l a t i v e  effect iveness  of t h e  a i r  passages 
between t h e  s teps  i n  t he  l i n e r  s t r i p s  and t h e  air passages ( s l o t s )  be- 
tween t h e s t r i p s .  For a given amount of area, t h e  openings formed by t he  
s teps  would be expected t o  flow a la rger  quant i ty  of air than t he  s l o t s  
between t h e  s t r i p s ,  because t h e  s tep openings a r e  normal t o  the flow d i -  
r e c t i on  while the  s l o t s  a r e  incl ined a t  an angle t o  t h e  flow d i rec t ion .  
Experimental data  ind ica te  t h a t  t h e  discharge coef f ic ien t  of t h e  s tep  
openings i s  about 0.8, while t h e  coef f ic ien t  of t he  s l o t s  ranges from 
about 0.6 a t  t h e  downstream end t o  about 0.2 a t  t h e  upstream end of t h e  
combustor. The open area  formed by t he  step openings was not changed 
appreciably during t h e  configuration changes, and, also,  a large  por t ion 
of unchanged a rea  was located i n  t he  p i l o t  sect ion ( t a b l e  111). This 
means t h e  e f f ec t i ve  area  and amount of primary a i r  varied much l e s s  than 
i s  indicated by t h e  range of abscissa  values i n  f igure  16. Such combustor 
designs with a high percentage of t h e  t o t a l  a i r f low introduced i n t o  t h e  
primary zone would probably not be ab le  t o  maintain s a t i s f ac to ry  combustion 
e f f ic ienc ies  a t  extremely low pressures such a s  might be encountered i n  a 
low-pressure-ratio engine operating subsonically a t  extreme a l t i t u d e s .  For 
super sonic f l i g h t  with high-compression engines, however, t h i s  design 
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idea seems qu i te  a t t r a c t i v e  from the  viewpoint of shorter  combustor 
length, lower combustor weight, and b e t t e r  s t r uc tu r a l  durab i l i ty .  

Table I1 presents  combustion eff ic iency values a s  high a s  108 
percent; these  values were calculated using t h e  ar i thmet ical  average 
combustor exhaust temperature. It was thought t ha t ,  i f  appropriate 
correct ions  were made t o  t he  thermocouple probe indicat ions  t o  allow f o r  
var ia t ion  i n  mass flow across t he  exhaust duct, these  eff ic iency values 
would be more nearly correct .  Reference 5 presents eff ic iency values 
corrected i n  t h i s  manner t h a t  were lowered by as  much as  8 percent. 
Mass-weighted average temperatures were calculated f o r  two t e s t  runs 
using the  to ta l -pressure  tube reading i n  the  probe a t  corresponding 
2O in te rva l s  and assuming constant s t a t i c  pressure across t h e  exhaust 
duct. The var ia t ion  i n  a i r  mass flow with angular posi t ion in the  
duct f o r  the  f i v e  r a d i i  i s  shown i n  f igure  17 f o r  a representa t ive  
t e s t  run. The curves i n  f i gu re  17 a r e  extrapolated t o  the  s ide  wal ls .  
The eff ic iency calculated from ar i thmet ical ly  averaged exhaust tempera- 
t u r e s  was 103.7. For t h i s  run, t h e  mass-weighted average ou t l e t  tempera- 
t u r e  was lowered s l igh t ly ,  and t he  corrected combustion eff ic iency was 
102 percent.  For t h e  second t e s t  run where t h e  uncorrected eff ic iency 
was 107.1 percent, mass weighting lowered t h e  eff ic iency value l e s s  than 
1 percent.  Mass weighting, then, d id  not appreciably a f f ec t  computed 
combustion eff ic iency values i n  t he  design I1 combustors, a s  t he  exhaust 
mass-flow pa t te rns  i n  t he  a rea  covered were reasonably uniform. A 
poss ible  source of e r ro r  i s  t h e  amount of gases i n  t h e  a rea  along t he  
four  walls  not swept by t h e  probe. Also, e r ro rs  i n  the  computed e f f i -  
ciency values could be due t o  accumulated measurement e r ro rs  i n  airf low 
o r i f i c e s ,  f u e l  measuring devices, and thermocouple probes, although these  
devices were frequently checked during t he  invest igat ion.  

Pressure Losses of Design I1 

Total-pressure loss,  i n  percent of i n l e t  t o t a l  pressure, i s  shown 
i n  f igure  18 a s  a function of t h e  r a t i o  of air-admission area  t o  maximum 
cross-sect ional  area  of t h e  combustor housing. Data a r e  shown f o r  t he  
various configurations operated a t  condition B with average exhaust-gas 
temperatures between 1700' and 2 1 0 0 ~  F .  Total-pressure l o s s  varied from 
5.8 t o  7.3 percent f o r  t h e  various configurations; i n  general, pressure 
l o s s  increased with a decrease i n  t h e  air-admission area .  Tests  con- 
ducted a t  condition B without burning showed t h a t  t he  duct alone, without 
f u e l  manifold o r  l i ne r ,  gave about 2 percent pressure loss; and with 
manifold and p i l o t  sect ion ins ta l l ed ,  about 3 percent. Since momentum 
pressure l o s s  due t o  combustion would be expected t o  be s l i g h t l y  greater  
than 1 percent, t he  remainder of t he  l o s s  (about 3 percent)  i s  apparently 
due t o  t h e  s tep-s t r ip  configuration. The exact amount of l o s s  chargeable 
t o  t he  l i n e r  configuration i s  not known, since t he  l o s s  charac te r i s t i cs  
of t he  housing and manifold m y  be a l t e r ed  with t he  l i n e r  i n s t a l l ed .  
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A number of t he  configuration changes were made i n  an e f f o r t  t o  r e -  
duce pressure  losses  (i .e ., configurations 1 2  t o  20) . The modifications 
incorporated i n  configurations 12 t o  20 were not  considered successful  
with regard t o  pressure losses,  s ince  t h e  exhaust temperature pa t t e rn  
was adversely a f fec ted .  Changes made t o  r e e s t ab l i sh  a s a t i s f ac to ry  
pa t t e rn  r e su l t ed  i n  t he  f i n a l  configuration, which had about t h e  same 
pressure l o s s  cha r ac t e r i s t i c s  a s  configuration 11. 

Removal of t he  spacer p ieces  surrounding the  support b o l t s  and r e -  
p lacing them with a t h i n  lock nut, so t h a t  t he  a rea  blockage i n  t h e  d i -  
l u t i o n  air  passage w a s  l e ss ,  r e su l t ed  i n  decreasing th.e pressure l o s s  
about 1/2 percent a t  condit ion B (compare configuration, 14 and 15 i n  
f i g .  18) . 

Pressure l o s s  values of 6 t o  7 percent a r e  not  considered excessive 
f o r  t u rbo j e t  combustion systems a t  a i r  reference ve loc i t i e s  of t he  order 
of 160 f e e t  per  second and o u t l e t  temperatures of 2 0 0 0 ~  F, which a r e  
about t h e  most severe condit ions from a pressure l o s s  viewpoint t o  be 
encountered i n  an  engine of t h i s  type.  These losses ,  which might be 
considered acceptable f o r  t h i s  type of engine, would r e s u l t  i n  e f f e c t s  
on t h r u s t  and spec i f i c  f u e l  consumption s imi lar  t o  those encountered i n  
current  t u rbo j e t  engines. Improved d i f fuse r  and f u e l  manifold design t o -  
gether with a method of attachment of t h e  s t ep - s t r i p s  t h a t  would cause 
l e s s  blockage would probably r e s u l t  i n  some decrease i n  pressure losses .  

Exhaust Temperature Pa t t e rn  of Design I1 

Configurations 1 t o  11 were aimed spec i f i c a l l y  toward oblalning a 
uniform o u t l e t  temperature pat tern ,  f l a t  i n  a r a d i a l  d i rec t ion  and without 
excessive peaks and d ips  c i rcumferent ia l ly .  A s  mentioned previously, t he  
subsequent modifications (configurations 12 t o  20), were aimed at  reducing 
pressure losses  without spoi l ing t he  temperature pa t t e rn .  Exhaust tempera- 
t u r e  pa t t e rn s  f o r  se lected configurations a r e  shown i n  f i gu re  19,  The ex- 
haust temperature pa t t e rn s  obtained with configuration 1, which a r e  not 
shown i n  f i gu re  19, had excessive d ips  a t  both long and shor t  r a d i i ,  which 
indicated t h a t  t he  area  between the  two p i l o t  sect ions  had t o  be closed. 
Configuration 2 ( f i g  . 19(a) ) had excessive circumferential  peaks and 
va l l eys  a t  t he  long-radi i  pos i t ions .  Table I1 shows t h a t  t he  outer-wall  
s l o t s  were about half t he  a rea  of t h e  inner-wall s lo t s ;  therefore,  the  
a i r  was coming through the  outer-wall  s l o t s  with excessive ve loc i ty  and 
d id  not spread su f f i c i en t l y ,  and a l t e r n a t e  hot  and cold l ayers  resu l t ed .  

The p a t t e rn  f o r  configuration 4 ( f i g .  19(b) ) showed very low tempera- 
tu res  a t  t h e  long and shor t  r a d i i  ( tu rb ine  blade t i p  and roo t  pos i t i ons ) .  
The a rea  underneath t h e  heat  sh ie lds  (combustor zone E) was closed i n  
configuration 4A, and t h e  r e su l t i ng  temperature pa t t e rn  ( f i g  . 19(c) ) ex- 
h ib i t ed  a much f l a t t e r  r a d i a l  p r o f i l e .  I n  configuration 6 fcur ex t ra  
s l o t s  were made i n  t he  middle of t h e  s t ep - s t r i p s  on each radius; t he  
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pa t t e rn  obtained ( f i g .  19(d) ) shows t h e  turbine  blade roo t  temperature 
was too low, while t he  temperatures i n  t he  middle r a d i i  were excessively 
high. The excessive s l o t  a rea  resu l t ed  i n  i n su f f i c i en t  penetrat ion,  and 
t he  p a t t e r n  i s  cold near t h e  w a l l  with a hot  core down the  middle of t h e  
duct .  I n  configurations 7 t o  11 the  s l o t  area  between the  downstream 
s tep-s t r ips  ( zone 13) w a s  reduced. The temperature pa t t e rn  f o r  eonfigura- 
t i o n  11 ( f i g .  19(h) )  shows a reasonably good circumferential  and r a d i a l  
temperature d i s t r i bu t i on .  A graph showing an exhaust temperature pa t t e rn  
f ac to r  f o r  each of t h e  configurations i s  presented i n  f i g u r e  20. These 

a, 
r- da t a  were obtained a t  condit ion B with exhaust average temperatures of 
rn 
..;tc 1 8 0 0 ~  t o  2150' F. The temperature f a c t o r  used i s  t h e  maximum temperature 

recorded i n  80' of t h e  probe sweep minus t h e  average temperature divided 
by t h e  temperature r i s e  through t h e  combustor. Since these  data  were 
obtained i n  t he  same general  range of average temperature and temperature 
r i s e  values, t he  f a c t o r s  shown a r e  almost d i r e c t l y  associa ted with t h e  
maximum recorded temperature. A successive improvement i n  exhaust pa t t e rn  
can be noted i n  f i gu re  20 where t h e  temperature f a c t o r  was, i n  general,  
reduced with each configuration change tbrough 11. The t o t a l  a rea  of a i r -  
admission openings was reduced from about 90 t o  about 38 square inches 
through these  changes. A comparison of a r ea  p lo t t ed  agains t  combustor 
length  between configurations 1 and 11 ( f i g .  13) shows tha t  t he  upstream 
half  of t h e  burner was not  mate r ia l ly  modified, while i n  t h e  dounstream 
half the  s l o t  area  was p r a c t i c a l l y  eliminated. The el imination of the  
s l o t s  i n  t h e  downstream region forced more of t he  d i l u t i o n  a i r  "c en te r  
near t he  upstream end of t h e  l i n e r  and allowed t he  hot and cold gases t o  
mix over a g rea te r  length, which r e su l t ed  i n  b e t t e r  exhaust temperature 
pa t t e rn s .  

As mentioned previously, configurations 12 t o  20 were aimed a t  r e -  
ducing pressure losses  without adversely a f f ec t i ng  t h e  o u t l e t  temperature 
pa t t e rn .  Square holes were cut  i n to  t h e  s t ep - s t r i p s  midway along t he  
burner length t o  increase t h e  open a rea  and s t i l l  allow a reasonable length 
f o r  mixing. The temperature f a c t o r  ( f i g  . 20) increased i n  modif i e a t i ons  
12 t o  14 and then decreased again. The air-admission areas of configura- 
t i o n s  15 t o  20 were successively reduced; configuration 20 was s imi lar  t o  
11 i n  both exliaust temperature pa t t e rn  and t o t a l  open a rea .  

Since a l l  of t h e  configurations were t e s t ed  a t  condit ion B, ef fec t s  
of air-admission openings on exhaust temperature pa t t e rn  a r e  based on 
performance a t  t h i s  condition. However, t h e  d i s t r i bu t i on  appeared t o  be 
adversely a f fec ted  by increased combustion pressure; t he  temperature 
f a c t o r s  obtained with configurations 11 and 20 a t  higher pressures were 
higher than  those a t  t he  lower pressures ( t a b l e  11). Size and number of 
d i l u t i o n  air  s l o t s  f o r  a given l i n e r  surface were found t o  be important 
i n  t h i s  inves t iga t ion  ( a s  we l l  as i n  previous ones, r e f s .  1 and 2 )  . Too 
few s l o t s  can cause a l t e rna t i ng  hot  and cold s t r a t i f i c a t i o n  c i r ~ u ~ e r e n -  
t i a l l y ,  while too many can r e s u l t  i n  a d i s t r i bu t i on  t h a t  i s  cold a t  blade 
roo t  and t i p  pos i t ions  and excessively hot along the  center .  A minimum 
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amount of a ir  should be used t o  cool t he  exhaust walls  and heat shie lds ,  
s ince t h i s  bypassed a i r  w i l l  not enter  the mixing process before t he  
tu rb ine .  For t h e  pa r t i cu l a r  combustor configurations t e s t ed  herein  t he  
most uniform d i s t r i bu t i ons  were obtained by reducing Liner open area, 
especia l ly  i n  t h e  downstream half  of t h e  l i ne r ,  and allowing a  greater  
lengbh f o r  mixing. Obviously, i f  t h i s  technique i s  ca r r ied  t o  an extreme, 
low combustion e f f i c i enc i e s  (espec ia l ly  a t  low a i r  pressures)  and ex- 
cessive pressure losses  would r e s u l t .  

Fuel-System Character is t ics  of Design I1 

The s i x  duplex nozzles used f o r  f u e l  i n j ec t i on  were mounted so t h a t  
each had i n  common with t h e  other  nozzles two manifold passages, one 
passage f o r  t h e  small-slot  and one f o r  t h e  l a rge-s lo t  systems. These two 
manifold passages could be f e d  f u e l  independently. Clogging of t h e  small- 
s l o t  passages of one nozzle i n  a manifold arrangement of t h i s  type r e s u l t s  
i n  an extremely unbalanced f u e l  d i s t r i bu t i on  with t h a t  pa r t i cu l a r  nozzle 
in jec t ing  near ly  a l l  t h e  f u e l  supplied through i t s  large-s lot  system. 
Cloggin6 probably accounts f o r  t he  extremely hot spot along t he  r i g h t  
wal l  f o r  t h e  t e s t  run with configuration 4 ( f i g .  1 9 ( b ) ) .  The hot spot i s  
a l so  ref]-ected i n  a high value of t he  .temperature pa t t e rn  f ac to r  f o r  t h i s  
run ( f i g .  20).  Several  times during the  course of t h e  t e s t  program t h e  
duplex nozzles and t h e  manifold were inspected and cleaned t o  avoid poor 
f u e l  d i s t r i bu t i ons .  

Data Mere obtained with several  configurations a t  condition B with t h e  
f u e l  in jec ted  through t he  small nozzle s l o t s  only o r  through t h e  large  
s l o t s  only. The amount of f u e l  required at  condition B t o  produce an 
average exhaust temperature of 2000° F resu l ted  i n  about a  30-pound-per- 
square-inch d i f f e r e n t i a l  pressure with small-slot  operation.  Fuel spray 
checks i n to  quiescent a ir  showed t h a t  t he  small-slot system produced a 
complete 90' angle atomized spray a t  t h i s  pressure d i f f e r e n t i a l .  No spray 
was produced with t h e  same flow quant i ty  with t he  large  s l o t s  onljr. The 
exhaust temperature pa t t e rn  f ac to r  obtained. a t  t e s t  condition B f o r  t he  
configuration where data  were obtained with t he  nozzles in jec t ing  f u e l  
through t h e  large  s l o t s  only i s  presented i n  f i gu re  21. The dotted l i n e  
represen-bs s imilar  data  from f igu re  20, obtained with t he  nozzles in-  
jec t ing f u e l  through small s l o t s  only. The data  points  f o r  t h e  large- 
s l o t  i n j ec t i on  f a l l  on both s ides  of t he  dotted l l n e  with no consistent  
t rend  shown. The s ing le  t r i angula r  symbol f o r  configuration 1U3 repre- 
sen t s  data  obtained with s i x  simplex nozzles (4.5 gal/hr flow capacity; 
80' spray ang le ) .  This combination gave t h e  lowest temperature pa t t e rn  
f ac to r  recorded during t h e  t e s t  program. Exhaust temperature pa t te rns  a r e  
shown i n  f igure  22 f o r  small-slot  and la rge-s lo t  operation a t  t e s t  condi- 
t i o n  B with configuration 20, Neither t he  r a d i a l  nor t he  circumferential  
p r o f i l e  r e f l e c t s  any s ign i f ican t  e f f ec t  of the  var ia t ion  i n  fue l - in jec t ion  
cha rac t e r i s t i c s .  
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Combustion e f f ic ienc ies  were not markedly a f fec ted  by switching 
from one s l o t  system t o  t he  other .  The average temperatures f o r  both 
runs i n  f i gu re  22 a r e  t h e  same. Inspection of t h e  data  presented i n  
t a b l e  I1 shows l i t t l e  d i f ference i n  eff ic iency obtained with any of t h e  
configurations by switching s l o t  systems. Hence, f u e l  atomization and 
d i s t r i bu t i on  can be sa id  t o  influence exhaust temperature d i s t r i bu t i on  
i n  these  design I1 configurations but  not i n  any~pred i c t ab l e  manner, and 
apparently t he  combustion eff ic iency of these  combustors i s  not a f fec ted  
by atomization f o r  t h e  range of conditions t es ted .  

a, 
t- 
m + A poss ible  explanation i s  t h a t  about 10 percent of the  t o t a l  open 

a rea  i s  included i n  t h e  row of holes on t he  upstream long- and shor t - rad i i  
s ides  of t h e  p i l o t  sect ion.  These holes d i r e c t  air around t h e  nozzles be- 
neath the  nozzle protector  p l a t e ,  and t he  air  issuing from these  holes i n  
t h e  p l a t e  helps t o  atomize t h e  fue l ,  even at  low f u e l  flows where t h e  
nozzle i s  not providing a f i n e  spray. Also, t he  a x i a l  sheets  of a i r  
i ssuing from t h e  s teps  i n  t h e  p i l o t  sweep unatomized l i qu id  f u e l  from t h e  
w a l l s ,  vaporize it, and mix it with air.  

Coke Deposition i n  Design I1 Combustors 

Coke was deposited i n  these  combustors i n  small amounts on t he  sur-  
f ace  of t h e  nozzle protector  p l a t e  (f ig.  l l ( a ) )  . Prac t i ca l l y  none was 
formed on t h e  p i l o t  sect ion o r  l i n e r  p a r t s .  The absence of coking was 
due t o  t h e  l a rge  amount of cooling a i r  flowing along t he  metal surfaces 
through t h e  s teps  and a l s o  due t o  t h e  high i n l e t - a i r  temperatures a t  t h e  
conditions t es ted .  High i n l e t - a i r  temperatures r e s u l t  i n  high metal 
temperatures throughout t h e  combustor, and coke does not form on t h e  hot 
metal ( r e f .  6 ) .  Considerable amounts of smoke were formed i n  t h e  exhaust 
gases, e spec ia l ly  a t  t he  higher pressure t e s t  condit ions.  

Considerable coke was formed from the  f u e l  i n  t he  f u e l  manifold and 
nozzles. The nozzle clogging mentioned previously was l a rge ly  due t o  
t h i s  coke formation. Special  operating procedures were used t o  reduce 
t h e  f u e l  soaking period i n  t h e  manifold and nozzles while these  p a r t s  
were hot .  The t e s t  combustor was igni ted before t h e  i n l e t - a i r  tempera- 
t u r e  was r a i s ed  above 350' t o  400' F i n  order t o  keep f u e l  flowing 
through these  pa r t s .  The t e s t  cornbugtor was shut down only a f t e r  t h e  
i n l e t  temperature was reduced t o  300 F o r  l e s s .  This procedure did  
not el iminate coke formation, but  did cut  down the  amounts formed and 
allowed a longer operating period between cleanings of t he  manifold 
and nozzles. It w i l l  be necessary t o  recognize t h i s  f u e l  coking prob- 
lem i n  supersonic engine f u e l  systems. Design procedures such a s  keep- 
ing a minimum f u e l  volume i n  fuel-system components exposed t o  high 
temperatures should help a l l e v i a t e  t h i s  problem. 



PERFORMANCE OF BEST COWIGURATIOTJ 
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The f i n a l  configuration (configuration 20) w a s  chosen f o r  f u r t he r  
t e s t s  t o  determine combustion efficiency,  pressure loss ,  temperature 
pa t t e rn ,  and du rab i l i t y  over a wider range of operating condit ions.  This 
conf igurat ion was not  t h e  be s t  i n  a l l r e s p e c t s ,  and t he  choice necessar i ly  
involved compromise. Configuration 20 provided the  highest  e f f i c iency  and 
showed s a t i s f ac to ry  temperature p r o f i l e  and du rab i l i t y  cha r ac t e r i s t i c s .  
I t s  pressure  losses  were, however, higher than  those  f o r  many of t he  
other  configurations.  De ta i l s  and dimensions of configuration 20 a r e  iP 

w 
presented i n  f i gu re  23. -1 

03 

Combustion Efficiency 

The va r i a t i on  i n  combustion e f f i c iency  with fue l - a i r  r a t i o  f o r  
conf igurat ion 20 i s  shown i n  f igure  24 f o r  a l l  t h e  t e s t  condit ions.  
Dotted l i n e s  represent ing constant temperature r i s e  values a r e  included 
on t h e  p l o t s .  Data a r e  shown f o r  t h r ee  methods of f u e l  in jec t ion :  small 
s l o t s  only, l a rge  s l o t s  only, and both s l o t s  simultaneously. Ho attempt 
was made t o  con t ro l  t he  amount of f u e l  proportioned t o  each s l o t  system 
when both systems were used simultaneously. Measured combustion e f f i -  
c ienc ies  var ied  from over 100 t o  92 percent  f o r  i n l e t - a i r  pressures  from 
9 .8  t o  204.5 pounds per  square inch absolute  a t  reference air  ve loc i t i e s  
as high as 199 f e e t  per second (at i n l e t - a i r  pressure  of 24.9 lb/sq i n .  
abs) . A t  t h e  two lowest pressure  conditions investigated,  combustion 
e f f i c iency  var ied  from 92 t o  98 percent  over a temperature r i s e  range of 
650' t o  1250' F, which would be  expected t o  encompass engine operation 
from c ru i s e  t o  f u l l - t h r o t t l e .  Variat ion of t h e  fue l - i n j ec t i on  s l o t  
system apparently had l i t t l e  e f f e c t  on eff ic iency.  This ind ica tes  t h a t  
f u e l  atomization i s  not  of paramount importance with t h i s  combustor design. 

Combustion e f f i c i enc i e s  obtained with configuration 20 and with t he  
combustor system repor ted i n  reference 1 over a range of i n l e t - a i r  pressure  
and reference ve loc i t y  a r e  compared i n  f i g u r e  25. These data  were obtained 
a t  an average ou t le t -gas  temperature of about 2000° F. Ef f ic ienc ies  ob- 
t a ined  with configuration 20 a r e  comparable o r  s l i g h t l y  superior t o  those 
obtained with t h e  reference combustor a t  a l l  t h e  condit ions t e s t e d .  
Ef f ic ienc ies  with configuration 20 were l e s s  sens i t ive  t o  decreasing 
pressures  ( f i g .  25(a)) ;  e f f i c i enc i e s  i n  both combustors were not s i g n i f i -  
can t ly  af fected by va r i a t i ons  i n  reference ve loc i ty  from 125 t o  200 f e e t  
p e r  second a t  a  pressure of 25 pounds per  square inch absolute (fig. 25 
(b)  ) - 

Pressure Loss 

The pressure  losses  of configuration 20 and of t he  combustor of 
reference 1 a r e  compared i n  f i gu re  26. Pressure l o s s  i n  percent  of i n l e t  
t o t a l  pressure  i s  shown a s  a function of reference veloci ty  a t  a  pressure  



of 25 pounds pe r  square inch absolute ( t e s t  condit ion C) and an average 
exhaust-gas temperature of about 2000' F. The pressure l o s s  f o r  configura- 
t i o n  20 increased from 4.2 t o  11.3 percent  over t h e  range of v e l o c i t i e s  
invest igated.  These losses  a r e  about one-third g rea te r  than those r e -  
ported f o r  t h e  reference combustor. 

Exhaust Temperature Pa t t e rn  

Representative exhaust temperature d i s t r i bu t i ons  obtained i n  t h r ee  
2 
m d i f f e r en t  runs with configuration 20 a r e  shown i n  f i gu re s  15 and 22. + The average exhaust temperature pa t t e rn  f a c t o r  f o r  a l l  t h e  runs l i s t e d  

i n  t a b l e  I1 f o r  configuration 20 i s  about 0.46. Thus, f o r  an average 
o u t l e t  temperature of about 2000' F, and a temperature r i s e  of 1 2 0 0 ~  F, 
t h e  maximum temperature t o  be  expected would be of t h e  order of 2500' F. 
This maximum temperature would probably decrease i f  t h e  pressure  decreased 
below 1 atmosphere. The maximum temperature usual ly  occurred in  t he  center  
of the  duct near the  s ide  w a l l s  with t h i s  f i n a l  configuration.  Elimination 
of the  e f f e c t s  of these  s i de  walls  in  a f u l l - s ca l e  combustor may be ex- 
pected t o  lower t h i s  maximum temperature. 

Combustor configuration 20 showed no s ign i f i can t  warping o r  o ther  
s t r u c t u r a l  de fec t s  during near ly  40 hours of operation, and more than 
hal f  of t h i s  time w a s  a t  an  average exhaust-gas temperature i n  excess 
of 2 0 0 0 ~  F. Combustion efficiency,  uniformity of o u t l e t  temperatures, 
and du rab i l i t y  were b e t t e r  than those  obtained a t  i d e n t i c a l  condit ions 
with t h e  experimental configuration of reference 1. Pressure l o s s  values 
were about one-third higher, however. 

CONCLUDING REMARKS 

The experimental combustion system designed f o r  operation a t  high 
i n l e t - a i r  temperatures and flows common t o  supersonic engine operation 
encountered no major s t r u c t u r a l  f a i l u r e s  during the  inves t iga t ion .  
The per t inen t  design f ea tu r e s  es tabl ished i n  t h e  research included separa- 
t i o n  of t he  combustor l i n e r  i n to  many small pa r t s ,  overlapping arrangement 
of t he  metal pieces forming each par t ,  and independent support of these  
p a r t s  t o  e i t h e r  the  f u e l  manifold o r  combustor housing. Use of many small 
overlapping p a r t s  and independent suspension resu l t ed  i n  a s t r u c t u r a l l y  
stronger, cooler operating l i n e r  t h a t  was durable and nonwarping. 

Comparison of t he  weight of t h i s  l i n e r  configuration with a t y p i c a l  
subsonic engine l i n e r  of about t h e  same length and diameter shows a weight 
penal ty  would be involved. A f u l l  annular l i n e r  would weigh about 88 
pounds a s  cornpared t o  46 pounds f o r  t h e  t y p i c a l  subsonic model. No attempt 
was made t o  minimize t he  l i n e r  weight i n  t he  experimental configuration, 
and probably a reduction could be made without se r ious ly  a f f ec t i ng  
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d u r a b i l i t y  by  s l i g h t l y  reducing the  1/16-inch metal thickness used and 
by other  minor modifications. Also, use of b e t t e r  high-temperature a l l oys  
than Inconel  may permit a significant ,  weight reduction.  

For t h e  range of supersonic condit ions investigated,  t h e  other  
performance f a c t o r s  such as combustion eff ic iency,  exhaust temperature 
pa t t e rn ,  and pressure l o s s  were maintained a t  s a t i s f ac to ry  l eve l s .  
Measured combustion e f f i c i enc i e s  were 92 t o  over 100 percent, and pressure 
l o s s  values were 4.2 t o  11.3 percent  of t he  t o t a l  pressure.  For an  
average exhaust temperature of 2 0 0 0 ~  F t h e  peak temperature expected i n  k P  w 
t h e  exhaust gases would be  about 2500' F. Coke deposi t ion was no problem 4 

Q) 

i n  t h e  l i n e r ,  but  su f f i c i en t  amounts formed wi thin  t h e  f u e l  system t o  
clog nozzle passages. 
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Cleveland, Ohio, March 5, 1957 
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TABLE I. - PROPERTIES OF MIL-F-5624A, GRADE 

JP-5, m L  (NACA 54-35) 

Boil ing range, OF 
Specif ic  gravi ty ,  60°/600 F 
Hydrogen-carbon r a t i o  by 

weight 
Net heat  of combustion, ~ t u / l b  
Aromatics, ASTM D875-46T, 

percent  by volume 
Aromatics, s i l i c a  gel ,  percent 

by volume 
Accelerated gum mg/lOO m l  
Anil ine point ,  'I? 
Smoke point ,  mm 
Smoke v o l a t i l i t y  index 



Config- Tes t  
u r a t i o n  condi 
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' ( s )  denotes  

TABLE 11. - TEST 

Combustor Combustor 
- i n l e t - a i r  r e f e r e n c e  

t o t a l  v e l o c i t y ,  
p ressu re ,  f t / s ec  
1b/sq i n .  

ab s 

114.37 108 

! 109 

162 
162 
160 
161 
162 
161 

165 
164 
164 

163 

9.80 161  
162 
161 
162 
162 
162 
162 

114.4 110 

111 
111 

"I5 
111 
112 

14.7 161 
162 

79 

161  
162 
161 

7 7 
78 
78 
78 

77 
78 
77 
78 

! 161 
9 .8  163 

164 1 164 
164 

161 
161 

162 

112 
111 
111 

14 .7  161 
161  
161 
161 
161 

161 
161 
162 
162 

162 
161 
162 
162 

small  nozzle  s l o t s  only;  ( 1 )  denotes  l a r g e  nozz le  s l o t s  only;  ( b )  denotes  both l a r g e  and small  nozzle  s l o t s .  

CONDITIONS 

Combustor 
i n l e t - a i r  
tempera- 
t u r e ,  

OF 

715 
712 
715 
715 
714 
717 

865 
868 
855 
865 
860 
860 

880 
875 
870 
860 
875 
870 
868 

865 
861 
868 
865 
869 
865 
865 
865 

724 

727 
726 
727 
729 

864 
865 
192 

862 
860 
859 

175 
178 
181 
183 

176 
177 
177 
178 

860 
860 
860 
860 
859 

865 
865 
865 
865 
865 

726 
721 
724 

865 
867 
866 
864 
865 

866 
866 
866 
866 

865 
864 
866 
866 

AND 

Combustor 
o u t l e t  
average 
tempera- 
t u r e  

&F 

1318 
1313 
1320 
1565 
1803 
2026 

2104 
1904 
1477 
1446 
2015 
2009 

1464 
1861 
2094 
1454 
1862 
2026 
2018 
---- 
---- 
1491 
1659 
1818 
1429 
1613 
1808 

---- 
1514 
1447 
1437 
1669 

1369 
1736 
1512 

1377 
1711 
1890 

---- 
779 

1124 
1357 

1108 
1082 
1318 
1319 

---- 
---- 
1742 
1993 
2016 

1447 
1777 
2099 
2106 
2250 

1141 
1371 ---- 
---- 
1456 
1758 
2001 
1949 

1476 
1706 
1920 
1926 

1493 
1752 
1955 
2018 

COMBUSTORS DATA 

Combustor 
tempera- 
t u r e  
r i s e  

O h  

605 
601 
605 
850 

1089 
1309 

1239 
1036 

622 
581 

1155 
1149 

584 
986 

1224 
594 
987 

1156 
1150 
---- 
---- 

623 
794 
949 
564 
748 
943 

---- 
587 
721 
710 
940 

505 
871 

1320 

515 
851 

1031 

---- 
601 
993 

1174 

932 
905 

1141 
1141 

---- 
---- 
882 

1133 
1157 

582 
912 

1234 
1241 
1385 

415 
650 ---- 

---- 
589 
892 

1137 
1084 

610 
840 

1054 
1060 

628 
888 

1089 
1152 

Maximum 
o u t l e t  
temper- 
a t u r e  

OF' 

1800 
1720 
1740 
2120 
2570 
3150 

3100 
2625 
1980 
1795 
2945 
2810 

2020 

OBTAINED 

Air- 
flow 
lb/sLc 

20.68 
20.78 
20.78 
20.68 
20.75 
20.80 

2.362 
2.358 
2.361 
3.523 
3.522 
3.523 

2.362 
2.370 
2.379 
3.524 
3.541 
3.545 
3.552 

3.537 
2.357 
2.350 
2.348 
2.343 
3.533 
3.531 
3.542 

21.01 

21.10 
21.14 
21.13 
21.14 

3.530 
3.542 
3.529 

3.535 
3.542 
3.538 

3.530 
3.522 
3.520 
3.526 

3.522 
3.530 
3.521 
3.521 

3,538 
2.375 
2.400 
2.400 
2.400 

3.520 
3.520 
3.522 
3.536 
3.534 

21.27 
21.31 
21.28 

3.520 
3.522 
3.522 
3.522 
3.520 

3.520 
3.520 
3.534 
3.530 

3.524 
3.532 
3.540 
3.540 

O u t l e t  
temper- 
a t u r e  
f a c t o r ,  
Tm,-TaV 

0.799 
.677 
,694 
.652 
.704 
.858 

.803 

.695 

.808 
,658 
,805 
,697 

.952 

T o t a l  run 
time f o r  
each con- 
f i g u r a t i o n ,  

2630 
3160 
1960 
2960 
3160 
3160 
---- ---- 
2175 
2510 
2930 
1970 
2520 
3140 

---- 
1920 
2670 
2380 
2960 

1860 
2950 
3060 

1780 
2430 
2760 

---- 
1420 
2150 
2600 

2180 
2300 
2730 
2625 

---- ---- 
2420 
2820 
2925 

1840 
2445 
2955 
3060 
3050 

1430 
1860 ---- 
---- 
1920 
2450 
2870 
2670 

1950 
2320 
2605 
2520 

1900 
2380 
2655 
2640 

WITH 

Fuel- 
a i r  
r a t i o  

0.00898 
.00893 
.00893 
.0125 
.01657 
.0205 

.02199 
,01745 
.01028 
.00915 
.01985 
.0200 

.00982 

.01710 
,02169 
.00924 
,01596 
,01877 
.01881 

------- ------- 
.01086 
.01407 
,01729 
.00929 
.01254 
,01591 

------- 
,0084 
.01073 
.01074 
,01432 

,00884 
.01526 
,0214 

,00881 
-01525 
.Ole54 

------- 
,01122 
.01606 
.01975 

.01605 
,01601 
,01975 
.01975 

------- 
------- 

.01476 
,01948 
,01956 

.00951 

.01493 
,02091 
,02075 
.02338 

.00694 
,01036 
,01237 

------- 
.00950 
.01491 
,01971 
.01972 

.01013 
,01485 
,01965 
.01966 

.01011 

.01479 

.01886 

.Ole86 

Min 

O5 

Hr 

' 

, 

.779 

.870 
,851 

1.114 
.983 
,993 

DESIGN 

Combus- 
t i o n  
e f f i -  
c iency,  
pe rcen t  

99 .1  
99.3 

100.0 
102.6 
101.2 
100.3 

90.6 
93.6 
91.7 
95.9 
92.7 
91.6 

90.3 
90.8 
91.9 
97.0 
96.9 
97.8 
97.1 

----- 
----- 

87.4 
87.4 
86.4 
92.0 
91.7 
92.7 

----- 
103.0 
100.4 

98.9 
100.1 

86.2 
89.0 
90.6 

88.0 
86.9 
88.0 

----- 
73.2 
83.1 
85.9 

82.1 
79.7 
85.4 
83.4 

----- ----- 
92.9 
92.6 
94.2 

92.6 
95.1 
94.6 
95.8 
96.1 

87.2 
93.5 ----- 

----- 
93.8 
93.2 
91.9 
87.4 

91.4 
88.0 
85.3 
85.8 

94 .1  
93.4 
91.6 
97 .1  

' 

----- ----- 
1.097 
1.071 
1.17 

.959 
1.212 
1.412 

----- 
1.032 
1.696 
1.328 
1.373 

,972 
1.393 
1.172 

.782 

.844 
,843 

----- 

I1 

T a t a l -  
pres-  
s u r e  
l o r s ,  

pe rcen t  

--- 
--- --- 
--- --- 
--- 
--- --- 
--- 
--- --- 
--- 
5 .5  
6.1 
6.6 
5.7 
6 .0  
6.4 
6.4 

5 . 5  
5.2 
6 .0  
6 .0  
6.1 
6 . 1  
6 . 1  
6.3 

2.5 

2.8 
2.9 
2 .8  
2.9 

5 .7  
5.9 
3.2 

5.8 
6 . 1  
6 .3  

2 .4  
2.9 
3 . 1  
3 . 3  

3 . 0  
3 . 0  
3 . 2  
3.2 

5 . 5  
5.8 
6 .5  
6.7 
6.6 

6 . 1  
6 .3  
6.6 
6 . 5  
6.7 

2.9 
3 . 0  
3.0 

5.6 
6 . 1  
6 .3  
6 . 5  
6 . 5  

6.1 
6.3 
6.5 
6 . 5  

5.9 
6 .2  
6 .4  
6 .3  

, 

1.066 
1.088 
1.157 

1.150 
1.345 
1.237 
1.144 

. 9 

----- 
----- 

.768 
,729 
.785 

,675 
.732 
.693 
.768 
,577 

.696 

.752 ----- 
----- 

,787 
.775 
,803 
.665 

.777 
,730 
,649 
.560 

.648 

.707 

.642 

.540 

30 

} 2 
05  

, 

> 5 20 
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T A B L E  11. - C O N T I N U E D .  T E S T  C O N D I T I O N S  AND DATA O B T A I N E D  W I T H  D E S I G N  I1 COMBUSTORS 

Combustor Combustor 
r e fe rence  l n l e t - a i r  
ve loc i ty ,  tempera- 

f t / sec  t u r e ,  !-!- 
Combustor 
o u t l e t  
average 
tempera- 
t u r e ,  I- Combustor 

i n l e t - a i r  
t o t a l  
p ressure  
~ b / s q  in :  

ab s  

14.7 

Conflg- 
u r a t i o n  ii-- r i s e  ~b / sLc  r a t i o  e f f i -  

ciency,  
pe rcen t  

Tes t  
condi- 
t i o n  

( a )  

To ta l -  Maximum Out le t  ' T o t a l  run 
p res -  o u t l e t  te.nper- time f o r  
su re  temper- a t u r c  each con- 
l o s s ,  a t u r e ,  f a c t o r ,  f i g u r a t i o n  

Y 

b l l ~  

denotes small  nozzle s l o t s  only; ( 2 )  denotes l a r g e  nozzle s l o t s  only; ( b )  denotes both l a r g e  and small  nozzle s l o t s .  

b ~ i m p l e x  f u e l  nozz les  (f low capac i ty ,  4.5 gal /hr;  80' spray a n g l e ) .  

'I" 
14.7 

B s  
B s  1 

D 2 
D Z  

B 

11A B 

'I7 
i" 

11.7 

9.8 

'7' 9.8 

12 

7 
13  

B 

i/ B s B s  

B 
A 

;'' 
7 

:j: j 
B s  

13B B S :!:I 
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T A B L E  11. - CONCLUDED. T E S T  C O N D I T I O N S  AND DATA O B T A I N E D  W I T H  D E S I G N  I1 COMBUSTORS 

Config- Test Combustor Combustor Combustor Combustor Combust01 
uration condl- inlet-air reference inlet-air outlet tempera- 

tion total velocity, tempera- average ture 
(a) pressure, ft/sec ture, tempera- rise, 

lb/sq in. OF ture OR 
abs 6, 

ciency, 
percent 

3.530 ------- ----- 
3.534 ,01016 ----- 
3.544 ,01476 ----- 
3.508 1 1 1  .01978 ----- 

'(s) denotes small nozzle slots only; (1 ' )  denotes large nozzle slots only; (b) denotes both large and small nozzle slots. 





TABLE 111. - SUMMARY OF AIR-ADMISSION AREAS OF DESIGN I1 COMBUSTORS 
Zone C 

Size of s l i t  Descript ion of s l o t s  
between p i l o t  i n  primary s e t  of 

s t ep - s t r ips ,  

ixl7; Axlo$ 3 b7x& 3 b 7 ~ &  

4 d 7 ~ &  2 C ~ Y &  

4 d 3 3 ;  

iX17; Closed b7x& Above 
black 

4 d7x& 

IXl7; Closed b7& 
3 Above 

8 16 2 block 

4 d7x& * - 

317;  1 6 x 1 4  3 b 7 ~ &  3 7x& 

4 d7x& 2 c 7 x A  

4 d l 1  3 
%x3 

$7; 16x10: 3 b 7 ~ &  z ~~~~~ 
4 d 3 4  7 x ~  

Zone D 1 zone E 

Description of s l a t s  Size of s l i t  
In secondary s e t  of between heat  
s t en - s t r ins  and 

i a )  /wa l l s  of outer 

combus- combus 
Num- Size,  Num- Size,  

- 
7 ~ &  3 b 7 ~ $  :x20 i ~ 9 . 8  

c7x; 2 c7x; -- 
7x& 3 b 7 ~ 2  3 2 0  iX9.t  

c7x; 2 c7x; 

7X& b7x; 
Closed Closed 

c7x; 2 c7x; 
- 
7x& b7X; 

Closed Closed 

c7x; 2 c7x; 

7x& bv; 
Closed Closed 

c7x; 2 c7x; 

Above 3 Above Closed +qqq- 
7 7~1 3 7x3 

%Txi-s 

7 71& 3 b2.8x: 

2 c7x.1 2 CZ.QX+ 

7 Above 3 Above Closed 
2 block 2 black 

Closed 

- 
Closed 

Closed 

Closed 



'~enotes rial1 clearance. 

dslots at 11;' and 3%' to right and left. 

e ~ l o t s  at center and 22kU to left 

f ~ l o t  at center. 
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CR-4 back 

Radius of s t a t i c -  
pressure taps,  in .  

dius of circum- 

haust -sect ion  

Figure 4. - Paths of probe t i p s  of polar-coordinate survey system across combustor ou t l e t  sect ion ( s t a t i on  2,  f i g .  21, 
showing circumferential sweeps a t  f i v e  r a d i i  a t  centers  of equal areas f o r  measuring temperatures and t o t a l  pressures. 
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Figure 7. - Design I combustor after 1 hour of operation at condition C-2 with an average 
exhaust temperature of about 2100~ F. 
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Figure 8. - Design I configuration with two s e t s  of charnel sections. 
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k 
4 (a) Configuration 1. 

(b) Configuration 11. 

Figure 13. - Variation in air-admission hole area with distance downstream 
from face of fuel manifold for four design I1 configurations. 
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(d) Configuration 20. 

Figure 13. - Concluded. Variation in air-admission hole area with distance downstream from face 
of fuel manifold for four design I1 configurations. 
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- - 
--- 
- -- - 

( a )  S t a r t  of run. Average exhaust-gas temperature, 2 0 1 2 ~  F. 

Probe sweep, deg Radial distance,  i n .  

(b) After 20 hours of run time. Average exhaust-gas temperature, 2051' I?. 

Figure 15. - Exhaust-gas temperature pa t t e rns  f o r  configuration 20 a t  s t a r t  and 
end of run a t  condition D. 
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(b)  Test condition B.  

Figure 16. - Combustion e f f i c iency  a s  function of air-admission area  of design I1 
configurations a t  t e s t  conditions A and B. Average exhaust-gas temperatures, 
1 8 0 0 ~  t o  2 1 0 0 ~  F. 



from turbine 

.038 -- - - -  
- -- - 

.034 

.030 

.026 

Right 
.022 Left 

50 40 30 20 10 0 10 20 30 40 50 
Probe sweep, deg 

Figure 17. - Variation i n  gas mass flow across exhaust duct f o r  a representat ive run. 
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2600 r( 
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C, 
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2000 fi : 
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a, 
M 
(d 

% 
4 1200 

( a )  Configuration 2 .  Average temperature, 2063' F. 

Probe sweep, deg 

(t 

0 2 4 
Radial  d is tance ,  in .  

(b) Configurat ion 4 .  Average temperature 1808' F . 
Figure 19.  - Exhaust-gas temperature pa t t e rns  f o r  s e l ec t ed  design I1 con- 

f i g u r a t i o n s .  Tes t  condi t ion  B. 



Radial distance from Probe path 
turbine blade root, in. (fig. 4) 

0.58 1 -- 1.58 2 
--- 2.47 3 
- - - - 3.27 4 ---- 4.01 5 

aJ 
PI (c) Configuration 4A. Average temperature, 1890' F. z! 

20 0 2 0 40 0 2 4 
Probe sweep, deg Radial distance, in. 

(d) Configuration 6. Average temperature, 2099' F. 

Figure 19. - Continued. Exhaust-gas temperature patterns for selected design I1 
configurations. Test condition B. 



Radial distance from Probe path 
turbine blade roo t ,  i n .  ( f i g .  4) I 
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e, 

!i? ( e )  Configuration 8. Average temperature, 1 9 0 0 ~  F . 
w 
P 

2800 
2 
M rl 
I cd 

..-I 

-5 t-' 

4 W g s  
2000 D 2 

.2 a 
8 

%t-' 
cd 
k 

1200 4 
40 20 0 20 40 0 2 4 

Probe sweep, deg Radial distance, in .  

( f )  Configuration 9 .  Average temperature, 1944' F. 

Figure 19. - Continued. Exhaust-gas temperature pa t te rns  f o r  se lected design II 
configurations.  Test condition B. 



NACA RM E57B26 

-- 
--- 
-- - - 
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2800 

2000 

8 -. 
a, 

5 
C, 

@ 1200 b 
k? (g )  Configuration 10. Average temperature, 1961' F. 

a J *  
bO 
Ld 
k : 

1200 < 
40 2 0 0 20 40 0 2 4 

Probe sweep, deg Radia l  d is tance ,  i n .  

(h) Configurat ion 11. Average temperature,  1950' F . 
Figure 19 .  - Concluded. Exhaust-gas temperature pa t t e rns  f o r  s e l ec t ed  design I1 

conf igura t ions  . Test  condit ion B. 
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Fuel  nozzle 2 1 . 4  
2 --- Duplex, small s l o t s  on ly  

5 
% ( d a t a  from f i g .  20) 

Duplex, l a rge  s l o t s  only  
I 

A Simplex (capaci ty ,  10.5 

3 
5 
w 

9 

k 
0 
s' 1 . 0  
S 
(H 

F: 
8 
-C, 
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(d - 8  
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: +' 
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G +' 
s' 

.2 
2  3  4  6 7  8 9  10  11 12 1 3 1 3 B 1 4  1 5 1 6  17 18 1 9 2 0  

Configuration 

Figure 21. - Exhaust temperature p a t t e r n  f a c t o r  f o r  design T I  conf igurat ions  opera t ing 
wi th  d i f f e r e n t  f u e l - i n j e c t o r  systems. Test  condi t ion B; average temperatures,  1800° 
t o  2150' F .  
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2800 
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aJ > 
Ed 

0 2 
Radial distance, in. 

(b) Duplex nozzle, small slots. Average temperature, 2038' F. 

Figure 22. - Exhaust-gas temperature patterns for configuration 20. Test 
condition B. 
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B-B 

Support bolt tab 

r i  C .  
I I , 

A-A 

(a) Cuter liner wall as viewed from flame zone. 

Figure 23. - Schematic layout and dimensions of air-admission area of configuration 20. 
(All dimensions in inches. ) 
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150 160 170 180 
Combustor reference velocity,  f t / sec  

Figure 26. - Comparison of pressure l o s s  for  configuration 20 and combustor from reference 1 f o r  a range of 
reference ve loc i t i e s  . In le t  pressure, 25 pounds per square inch absolute; i n l e t  temperature, 860' F; 
average exhaust temperature, about 2000° F. 



c c  O C E  o F E ~  e . 
e o  o o  a e  
e c - 0  0  0 0  c 
e c  0 . 0  O C  

e c  a o e  e a o O F  ole e a 0 0 6  0 0 -  




