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The performance  of an experimental quarter-sector annular com- 
bustor w a s  determined a t  conditions  simulating  supersonic  flight of  a 
cooled-turbine -ne. Design features of the combustor configwation 
w e r e  aimed a t  providing a structurally  strong,  relatively  cool  operating 
liner tha t  would give  satisfactory conibustion efficiency,  pressure loss, 
and e*aust temperature  pattern. The main design  comgrised many small 
parts ,  overlap-ping i n  construction, and independently  suspended. Twenty 
modifications w e r e  tested. 

The final configuration showed no s t ructural  failures and l i t t l e  o r  
no warping of l iner   par t s  after about 40 hours of operation. Measured com- 
bustion  efficiencies were  over 100 percent at pressures of 25 pounds per 
square  inch  absolute and  above far reference air velocit ies from 125 t o  
200 feet per second. Efficiency dropped t o  a minimum of  about 92 percent 
when the pressure w a s  lowered t o  9.8 pounds per square  inch  absolute a t  
a velocity of 160 feet   per  secund. The total-pressure  losses varied 
from 4.2 t o  ll.3 percent at an average  exhaust  temperature of 20W0 F 
for  reference  velocit ies from 125 t o  200 f e e t  per second.  Exhaust t e m -  
perature  patterns w e r e  reasonably  uniform  both radially and 
circumferentially. 

c 

Higher airflows  per unit f ron ta l  area a d  higher  operating t e m -  
peratures in turbojet  engines aid Fn achieving the decreased specific 
engine  weight  necessary f o r  higher a l t i tudes  and flight speeds. In- 
creased air  temperatures and airflows  require  engine components to 
funct ion  sat isfactor i ly  under greater mechanical and thermal  stresses. 
Results of an investigation on an experimental  turbojet combustion system 
having  design features suited  for  operation a t  elevated gas  temperatures 
and airXlows are presented herein. 
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Previous  investigations 8t the  NACA L e w i s  laboratory have demon- 
s t ra ted certaFn combustor design  principles  for  operation at conditions 
representative of high-altitude  supersonic  flight (refs. 1 and 2 ) .  Com- 
bustion  efficiencies between 85 and 100 percent T e  obtained In experi- 
mental  combustors for  pressures.between 2/3 and l3 atmospheres, outlet-  

gas temperatures of  about 2000° P, and air  reference  velocities as high 
a s  200 feet per second. These conibustors were not  operated at low- 
a l t i t u d e  higher  pressure  conditions where defects in structural   durabil-  
i t y  would become appment  because of increased  mechanical and thermal 
stresses. 

rp 

a, 
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Several combustor configurations similar to  those  reported in ref- 
erences 1 and 2 w e r e  b u i l t  and tes ted a t  operating  conditions that i m -  
posed a higher stress environment. In addition, a series of colnbustor 
configurations  incorporating some new features aimed at increasing dura- 
b i l i t y  was alao b u i l t  and tested.  In  the latter configurations liner 
par t s  were segmented i n  both  axial and circumferential  dfrections and 
supported to  the  outer  housing.  Considerable  cooling-air  passage area 
through  these segments was provided t o  ma$ntain %derate .metal tempera, 
tures.  Individual  pieces were allowed t o  expand f r ee ly   t o  minimize 
s t resses  due t o  thermal  gradients. Eeat shields w e r e  provided t o  protect 
the  outer housing walls at  the exhaust end of the combustor. 

. . .  " 

. 
Conibustion performance  and s t ructural   durabi l i ty  were evaluated a t  

both  high- and low-altitude  supersonic-flight  test  conditions. Data 
are included  herein t o  show combustion efficiencies,  pressure  losses, 4 

and outlet-gas  temperature  patterns a t  these test conditions and also t o  
compare the performance of the  final configuration w i t h  the performance 
of the combustor treated in reference 1. Other  performance c r i te r ia ,  such 
as  carbon  deposition, are discussed.  Detaile of the high-pressure f a c i l i t y  
required  for  the  investigation  are  presented. . .  

APPARATUS AND INSTRUMENTATION 

Test Bection d Instal la t ion 

5 e  combustor tes t   sec t ion  was connected to  the  laboratory air 
facil i t ies as shown diagrammatically i n  figure 1. A i r  was drawn from the 
laboratory  high-pressure  supply system, passed through a counterflow  tube 
heat exchanger into  the test  section, and exhausted in to   the   a l t i tude  -or 
atmospheric  exhaust system. The heat exchanger was fed with exhaust 
products fram four 547 combustors burning unleaded  gasoline. Combustor 
inlet-air  temperatures were controlled  by means of a system that mixed 
bypassed air  and air heated i n   t h e  exchanger. The quantit ies of air 
flowing through the  heater and i t s  bypass system and the  total   pressure 
i n  the  tes t   sect ion were regulated by remde-control valves. 

* 
.. . 

.. 
y. 
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2 
The combustor test section and exhaust-&s  instrumentation  section 

w e r e  ~ e r s e d  tn a w a t e r  tank ( f ig .  1) .  his w a t e r  bath was used t o  
allow a reduction in w e i g h t  and cost of these  piping  sections. Also, the  
exhaust  instrumentation  section had a replaceable inner liner of 3/32-Fnch- 
thick metal to protect  the  outer  section from the  hot  exhaust gases. 
Since  the  faci l i ty  w a s  t o  be connected to  coqressors  capable of sup- 
plying a pressure of 450 pounds per  square  inch, it wa6 designed t o  w i t h -  
st& t h i s  =- stress. The design also anowed a m a x i m u m  average 
gas temperature of 2500° F. 

A sketch of the combustor housing and inlet  and outlet  ducting i s  
shown i n   f i gu re  2. The combustor housing w a s  a one-quarter  sector of a 
single annu la r  conibustor wiih an outside diameter of Z& inches, an inside 

diameter of 12 inches,  and a colribustion length of about 23 inches. The 
2 

8 
maximum cross-sectional 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 identical  to  those  described in reference 1. Inlet and 
outlet  ducting  simulated the airflow  passage of a par t icular  full-scale 
engine having an axial-flow  cmrpressor  and turbine. A punched p la te  
containing 460 holes (1/4-in. d i a m . )  w h i c h  gave  about 80 percent  blockage 
of the pipe mea was located i n  the flange j u s t  upstream of the inlet 

I t rans i t ion  to smoth  out irregularities i n  air velocity  profile.  

I Instrumentation 

The combustor -strumentation  stations are shown in figure 2. Cum- 
bustor inlet-air temperature was measured at  s ta t ion  1 b y  four  closed- 
end chromel-alumel  thermocouples.  Location of the temperature- and 
pressure-measuring  devices i n  the inlet duct i s  shown i n   f i g u r e  3. Inlet 
velocity  pressures w e r e  measured at  the s a m e  s ta t ion  with f ive  rakes, 
each  having three total-pressure  tubes. The tubes w e r e  connected t o  
strain gages tha t  w e r e  balanced by wall static-pressure  taps a t  s ta t ion  
1. Velocity  pressure  readings-from  the  strain &ages w e r e  recorded on a 
s t r ip   char t  recorder. The wall static pressures w e r e  a l so  indicated on 
Bourdon gages used t o   con t ro l  the combustor inlet-air pressures. 

Combustor ou t le t  temperatures and pressures w e r e  measured at s ta t ion  
2 with a polar-coordinate  traversing-probe m e c h a n i s m  that made f i v e  cir- 
cumferential sweeps a t  radial   centers  of equal a r e a s .  The locations of 
these sweeps are shown in figure 4. A similar probe m e c h a n i s m  i s  de- 
scribed  in  reference 3. The probe had two measurimg elements: a sonic 

I aspirating-type platinum-13-percent-rhodium - platinum  thermocouple and 
a total-pressure tube. A strain gage indicated the difference between 
the   to ta l   p ressure  sensed at  the  probe end and the to ta l   p ressure  measured 

pressure drop across  the combustor s y s t e m .  An X-Y automatic-balancing 
- at  the combustor inlet; the difference was considered t o  be the to ta l -  



4 .. . - NACA RM E57BZ6 

potentiometer  recorded a continuous trace of the temperature and pres- 
s u r e  drop d u r a  circumferential motion of the  probe. 

Combustor out le t  probes made of Inconel metal, such as described in 
reference 3, failed after a f e w  surveys during  runs where 2600' t o  
3oOOo F temperatures w e r e  encountered. The end of the tube burned away, 
and the  pressure tube  w a s  thereby  ruptured. A probe  incorporating  an 
all-platinum - 13-percent-rhodium t i p  was b u i l t  i n  an e f for t  t o  i q r o v e  
durabili ty.  The probe end, total-pressure  tube, sonic nozzle, and about 
1- inches of tubing were fabricated from platinum-13-percent-rhodium 

t u b i w j   t h e   t i p  was soldered t o  a Jacketed  water-cooled  lnconel  section. 
A photograph of this probe i s  presented in  figure 5, and reference 4 
presents  additional details. The platinum-tip  probe gave a longer service 
l ife;  however, at the highest combustion pressure the probe was suscep- 
t i b l e  t o  s t e a m  vapor lock Fn the  jacket, which resul ted  in   rupture  of the 
w a l l  between the  platinum and the  Inconel  sections. Consequently, the 
water  pressure  to the  jacket m a  increased t o  avoid steam formation. 

3 
4 

Fuel 

The f u e l  used in the investigation Gas MIL-F-5624A,.pade 3p-5 
(NACA 54-35) . The physical and chemical  properties of the fuel a r e  
presented i n  table  I. 

Data were  obtained a t  the following combustor t e s t  conditions: 
I 

L Condition 

A 
B 
C - l  
c-2 
c-3 
D 
E 

Inlet-air 
temperature, t o t a l  pressure, 
IdLet -a- 

lb/sq in. abs 0 F 

9 a 8  860 
14.7 
25 .O 

L 

" 

Ip 

0) 
Y 

- 

. .. 

. . . . . . - . 

I I 
2 
3 
4 

.35 
'.53 
65 

200 7.37 
E O  5.90 
'E" 1 5  

20.8 110 
33.7 95 

Reference veloci t ies   are  based on. the m a - ,  cr0.8s-6ect io~l   area of the 
combustor flow  passage and on combustor inlet-air density. ConditFona 
A, B, and C were taken from reference 1. Condition C-2 corresponds t o  an - 

. " 

" 

A 
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engine with a compressor pressure  ra t io  of 7 operating at a flight Mach 
number of 2.5 and an a l t i t ude  of 70,000 feet. Conditions A and B w e r e  
arbitrarily selected so that differences i n  combustion efficiency  could 
be detected at  lower pressures w i t h  a constant inlet-air velocity. 
Conditions C - 1  and C - 3  w e r e  used. to  ascertain  velocity effects on per- 
formance a t  constant  pressure.  Conditions D and E w e r e  chosen to 
represent  severe durability tes t  conditions.  Condition D corresponds 
a p p r o x i t e l y   t o  an engine with a pressure  ra t io  of 8 a t  Mach 2.5 and 
35,000 feet .  

L 

Co&ustor total-pressure  losses,  outlet temperature profiles,  and 
combustion eff ic iencies  w e r e  determined  over a range of fue l - a i r   r a t io s  
a t  each of the above conditions. Combustion efficiency was computed as 
the  r a t i o  of the m e a s u r e d  enthalpy rise from i n l e t  to out le t   ins t rmen-  
ta t ion  planes  to  the theoretical  enthalpy rise. The outlet-gas  enthalpy 
w a s  determined  from the  average  outlet-gas temperature, which was obtained 
from the circumferential traces a t  each of the f i v e  radii. Values at 
2 O  intervals  on the circumferential  traces,  or a t o t a l  of 215 temperatures, 
w e r e  averaged for each h t a  point. 

1 The various combustor configurations are presented i n  two groups. 
The combustor described in reference 1 and three modifications w e r e  

I )  tested for  durabili ty;  these conibustors are called  design I. Essential 
design features included long s l o t s   f o r  air penetration, air-film cooling 
on the w a l l s ,  and articulated  sections  to  prevent w a r p i n g  and buckling. 
O t h e r  features are described in reference 1. 

No data are reported  for these combustors,  because the traversing- 
probe mechanism w a s  not installed  during these tests, and the exhaust 
thermocouples used. w e r e  insuff ic ient  i n  nuniber t o  provide an accurate 
average temperature of the  exhaust  gases. A second  group, called design 
11, constituted enough of a change in  design  to r e q u i r e  a program of 
modifications a i m e d  a t  improving other performance factors  besides  dure- 
b i l i t y .  These d e s i g n  II modifications are discussed  collectively with 
regard t o  their  s t ruc tura l  malreup, and the various performance r e su l t s  
obtained w i t h  them are presented  separately. The performance of the 
final configuration is s m i z e d  and compared with the performance of 
the conibustor of reference 1. The results  obtalsed  with design I1 com- 
bustors at a l l  conditions tested are shown i n  table 11. Inconel metal was 
used exclusively  for  both design I and II combustors. 

I A cutaway sketch of the design I conbustor (from ref. 1) is shown 
i n  figure 6. This conibustor h;as one-piece  primary-zone l i ne r  w a l l s  

1 for a length of Lo inches, while the secondary-zone walls are composed of 
1 2  channel-shaped metal pieces attached between the downstream end of the 
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primary  section and an exhaust  heat  shield. The f u e l  was injected 
through  nine hollow-cone swirl-atomizing  simplex  nozzles (10.5 gal/hr 
flow  capacity, 60° spray angle). This combustor l i ne r  was operated a t  
condition C-2 for 1 hour with an  average  exhaust-gas temperature of about 
2100° I?. Failure  of  the liner pieces  occurred, as shown by the photo- 
graph i n   f i g u r e  7.  

Y 

The next  design I l iner   t es ted  i s  sham in figure 8. The one-piece 
primary-zone walls were 4.3 inches long; the  remainder of the l ine r  was 
composed of two sets of channel  sections (12  sect ions  in  each se t )  sup- 
ported  to  the  outer  housing w a l l s  by means of bolts  located a t  the 
junction of the  sets of channel  pieces. Each channel  piece was f r e e   t o  
move longitudinally,  since all fastenings W e r e  loose. This design did 
not f a i l  aurin@; 1 hour  of operation at test condition C-2, but   did fa i l  
quickly at the  higher  pressure test  condition D. 

I n   t h e  next modification of. design I the  metal thickness of the  
channels  and the primary  section was increased from 0.043 t o  0.0625 
inch. The cooling  louvers were omitted from the channel  pieces. Opera- 
t i o n  a t  condition D and an exhaust temperature of 1600° F for  2 burs 
gave the   resu l t s  shown in   f i gu re  9. Metal warping, especial ly   in  the 
upstream end of the combustor, was severe. This design was again tested 
after the  w a r p e d  surfaces were straightened and two metal reinforcing 
s t r i p s  w e r e  welded edgewise to   t he   s ide  away from the flame zone of each 
channel  piece. These metal s t r i p s  were 1/16 inch th ick  and about 1 inch 
high. In an attempt t o  reduce  thermal stresses i n   t h e  primary zone t h i s  
section was sp l i t   i n to  two 1/8 sectors. A side wall pla te  was welded on 
each  sector a t  the cut  end.  Figure 10 shows the l i ne r  after 2 hours of 
operation a t  condition D and an exhaust  temperature of a u t  1600' F. 
Again liner  failure  occurred,  but w a r p i n g  was not as severe as in  previous 
models. These duI'ability tests indicated that more s t rength  in  each 
individual  metal  piece, less interdependence among the  pieces for support, 
and  cooler  operating metal temperatures were required  to  increase liner 
l i f e  and eliminate warping. Major modificatfons w e r e  made to   t he  combustor 
l i ne r .  These redesigned  combustors were called design II configurations, 
and a complete  evaluation  of their aerothermod;ynamic performance w a s  
undertaken. 

A photograph and a drawing representative of design I1 configurations 
are shown i n  figure 11. A l l  configurations in t h i s   s e r i e s  w e r e  constructed 
of 1/16-inch-thick  Inconel meal. The length of the  co~fbustor  liner was 
about  the same a s  design I combustors. The upstream  end or   pi lot   sect ion 
was composed  of  two l/8 sectors   bol ted  to   the  fuel  manifold. The inner 
and outer walls of the  pi lot   sect ion were composed of overhpping segments 
w i t h  supports between  each  segment. The charmels were replaced  with  three m 

smaller lengths of metal, herein  called  step-strips, welded together in 
an overlapping  fashion with two longitudinal  spacers between  each length. - 
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The step-strips w e r e  supported from the ou te r  w a l l s  as shown i n   f i gu re  
l l ( b )  by three rows of bol ts .  Each step-st r ip  was loosely  held at each 
end and was not anchored to the   pi lot  o r  downstream heat shield, as 
design I combustors  were.  Spacers  were  placed around the bo l t s  t o  
maintain  the desired radial distance ( w i t h  some tolerance  for  expansion) 
between the inner and outer walls. Des- I1 combustors differed from 
design I combustors i n  that (1) the  pilot   section,  the  step-strips,  and 
the  heat  shields w e r e  independently  supported, (2)  each  individual  piece 
was strengthened, and (3) considerable air f l o w e d  between  each s tep   to  
maintain lower metal t eqe ra tu res .  The plot  presented in f igure 12 shows 
the variation  in 'cross-sectional flow area in the long- and short-radius 
d i l u t i o n   a i r  passages, and in  the  cross-sectional  area of the liner w i t h  
distance along the conibustor. 

M 

b 
Six  duplex  nozzles w e r e  used f o r  f u e l  injection, as shown in figure 

l l ( b ) .  !These nozzles were designed t o  provide an atomized  spray over the 
complete  range of  test conditions t h a t  might be encountered i n  determin- 
ing the complete operational map of a supersonic engine with a compressor 
pressure  ratio of 8. The f u e l  manifold was s p l i t   i n t o  two passages so 
that the small-slot and large-slot systems of the  nozzles w e r e  fed f u e l  
independently, but  each nozzle slot Bystem did not receive  fuel  independ- c,, ' 

ently of the other  nozzles. 

. Twenty different  configurations of design U: combustors were te,f$ed- . .  

Table III presents a -  s i m r m q  of these different  configurations; the 
locations of  zones A, B, C, D, and E are shown in f igure 2. Since most 
of the  configuration changes were aimed at providing a more uniform ex- 
haust temperature  profile  or  reducing conibustor pressure  losses, the 
changes, i n  general,  consisted of variations in the  width and length of 
air-admission  holes in the downstream di lut ion zone. Total air-admissibn 
mea was varied f r o m  101.5 t o  37 -8 square inches. The r a t i o  of air- 
admission area in  the o u t e r  wall to  the  air-admission area in the  inner 
w a l l  of the  liner varied from 0.5- i n  configuration. 2 t o  3.0 i n  config- 
uration 19. Variations in open &Ice8 i n   t h e   l i n e r  were general ly   in   the 
downstream half, while the first half  of  the liner was held  reasonably 
constant. Curves showing the variation in air-admission  hole area with 
distance downstream from the f u e l  manifold face  are  presented  in  f igure 
13 f o r  f o u r  representative  configurations. The proportion of air-admission 
&rea in the first half' of the combustion zone (about 11 in .  of the  upstreem 
length) t o  total   air-admission  area v a r i e s  from 33 percent  (configuration 
1) t o  85 percent  (configuration 11) . 

.,?'. - : 
c 

"-. _. 

Durability  Characteristics of Design 11 

A photograph of configuration 20 i s  presented i n  f igure 14. This 
photograph w a s  taken after about 40 hours of operation at various t e s t  
conditions. The pi lot   sect ion and upstream set af step-st r ips  are the a 
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original  ones; the downstream step-strips were replaced  during  the  pro- 
gram because of the many cuts and rewelds necessary for the  various 
configurations. No appreciable  warping  or  cracks i n  the  l iner   par ts  
occurred. Four diff.erent  tabs  att.ached t o   t h e  ends of the  bolts sup- 
porting  the  step-strips were l o s t  durim the  9rop.m; no ettemg't w a s  
made t o  improve the  s t ructural   in tegri ty  of these  tabs. 

Configuration 20 was operated at condition D fo r  about 20 hours 
with a 2000° F or  higher average  outlet-gas  temperature.  Exhaust-gas 
temperature  patterns that were recorded a t  tb.e start and end of t h i s  
20-hour t e s t   a r e  sham i n   f i gu re  15. Temperatures  recorded a t  f ive  
radii  show tha t  no appreciable change in out le t  temperature  pattern, 
e i ther  radlal o r  circumferential,  occurred.  Structurally,  then,  design 
I1 configurations were quite  satisfactory, b u t  an improved method of 
attaching tabs t o   t h e  support  bolt ends appears  necessary. 

Combustion Efficiency of Design I1 

Combustion efficiency  values  are shown in figure 16 f o r   t e s t  condi- 
t ions  A and B and tes t   runs where the  average exhaust-gals temperature w a s  
between 18000 and ZlUW F. The abscissa  scale is the r a t i o  of air-  - .  

admission area in tbe Uner t o  the maximum cross-sectional area of the 
outer  housing. Data were not  obtainecwith a l l  the configurations a t  I 

both  test   points.  I n  general, measured combustion-effici&cies were 
high,  ranging from 85 t o  90 percent at coneition-B  ag"f?orn 85 t o  94 per- 
cent a t  condition A .  

.. 

." 

. .. . .. "" 

Similar  efficiency performance  could be then  obtained,  regardless of 
air-admission open area within  the  range  investigated. This can  be ex- 
plained by  considering  the  relative  effectiveness of t he  air passages 
between the  s teps  in the liner s t r ip s  and the  air  passages  (slots) be- 
tween the  str ips.  For a given amount of area,  the  openings formed by the 
steps would be expected t o  flow a larger  quantity of a i r  than the  s lots  
between the   s t r ips ,  because the  step openings a re  normal t o  the flow dl- 
rection  while  the  slots are inclined at an angle to   t he  f l o w  direction. 
Experimental  data  indicate  that  the  discharge  coefficient of the  step 
openings i s  about 0.8, while  the  coefficient of the  slots  ranges from 
about 0.6 a t  the downstream end t o  about 0 .2  a t  the upstream end of the 
combustor. The open area formed by the  step  openings was not changed 
appreciably dur ing the  configuration changes, and, also, a large  portion 
of unchanged mea was located  in   the  pi lot   sect ion  ( table  III) . This 
means the  effective area and amount of primary air va r i ed  much less  than 
i s  indicated by the  range of abscissa  values i n  figure 16. Such combustor 
designs  with a high  percentage of t h e   t o t a l  airflow introduced  into  the L 

primmy zone would probably  not be able to m i n t a h  satisfactory combustion 
efficiencies at extremely low pressures such as might be  encountered i n  a 
low-pressure-ratio  engine  operating  subsonically a t  extreme al t i tudes.  For 
supersonic f l i g h t  with high-compression engines, however, this design 
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" idea seems qui te   a t t rac t ive  from the  viewpoint of shorter   combus~r  

length, l o w e r  conibustor  weight, and better structural   durabili ty.  

Table II presents combustion efficiency  values a s  high as 108 
percent;  these  values w e r e  calculated  using  the arithmetical average 
combustor exhaust  temperature. It was thought that, if appropriate 
corrections were made t o  the   themcouple  probe  indications t o  allow f o r  
var ia t ion   in  mass flow across the exhaust duct,  these  efficiency values 
would be more nearly carrect.  Reference 5 presents  efficiency  values 
corrected i n  th 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 test runs 
using the total-pressure t d e  reading i n  the probe at corresponding 
20 intervals and assuming constant  static  pressure  across  the  exhaust 
duct. The variation i n  air mass flow with angular  position i n  the 
duct f o r  the f ive  radii is shown i n  figure 17 for a representative 
t e s t  run. The curves i n  figure I7 are extrapolated  to  the  side walls. 
The efficiency  calculated from arithmetically averaged exhaus t  tempera- 
tu res  was 103.7. For this run, the mass-weighted average o u t l e t  tempera- 
t u re  was lowered slightly, and the  corrected combustion efficiency was 
102 percent. For the second t e s t   run  where t h e  uncorrected  efficiency 
was 107.1 percent, mass weighting lowered the  efficiency value less  than 
1 percent. Mass weighting, then, did not appreciably  affect computed 
combustion efficiency values in  the design I1 combustors, as  the exhaust 
mass- f low patterns in the area covered w e r e  reasonably uniform. A 
possible  source of e r r o r  is the amount of gases i n   t h e  area along the 

ciency values could  be due t o  accumulated measurement errors i n  a i r f l o w  
or i f ices ,   fue l  measuring  devices, and thermocouple  probes, although these 
devices were frequently checked during  the  investigation. 

8 

.d four walls not swept by the probe. ALSO, e r ro r s   i n  the computed eff i- 

c 

Pressure  Losses of Des- I1 

Total-pressure Loss, in  percent of inlet total   pressure,  is shown 
in figure 18 as a function of the r a t i o  of air-admission area t o  maximum 
cross-sectional  area of the conibustor housing. Data are shown f o r  the 
var ious  configurations  operated a t  condition B wlth average exhaust-gas 
temperatures between 170O0 and 2100' F. Total-pressure loss varied from 
5.8 t o  7.3  percent  for  the various configurations; i n  general,  pressure 
loss increased  with a decrease in  the  air-admission area. Tests con- 
ducted at   condi t ion B without  burning showed that the  duct  alone,  without 
f u e l  manifold o r  l iner ,  gave about 2 percent  pressure loss; and with 
manifold and pi lot   sect ion installed, about 3 percent.  Since momentum 
pressure loss due t o  combustion would be  expected to be s l ight ly   greater  
than 1 percent,   the  reminder of the loss (about 3 percent) is  apparently 
due t o  the step-strip  configuration. The exact amount of loss chargeable 
t o  the liner configuration i s  not known, since the 106s characterist ics 
of the  housing  and  manifold may be  altered  with  the liner installed. 
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A number of the  configuration changes were made in an e f fo r t   t o   r e -  
duce pressure  losses (i .e ., configurations l2 t o  20) . The modifications 
incorporated i n  configurations 12 t o  20 w e r e  not  considered  successful 
w i t h  regard  to  pressure  losses,  since  the  exhaust  temperature  pattern 
was adversely  affected. Changes made t o  reestablish a satisfactory 
pattern  resulted in the final configuration, which had about the same 
pressure loss characterist ics as configuration U. 

Removal of the  spacer  pieces  surrounding the support  bolts and re- 
placing them with a- thin  lock mt, s . ~  that t-&.-~- blo- in   the   d i -  
lut ion air passage was less, resulted in decreasing  the  pressure loss 

2 percent a t  condition B (compare configurations 14 and l.5 in 

0 

Ip 

0, 
Y 

Pressure loss values of 6 t o  7 percent  are  not  considered  excessive 
for   turbojet  combustion  systems at air reference  velocities of the  order 
of 160 fee t   per  second and outlet  temperatures of 2000° F, which are 
about  the most severe  conditions from a pressure loss 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  this type of engine, would resu l t  i n  effects  
on t h r u s t  and specif ic   fuel  consumption similar t o  those  encountered in 
current  turbojet engines. Improved diffuser and f u e l  manifold  design  to- 
gether with a method of attachment of the step-strips that would cause 
l e s s  blockage would probably resu l t  in some decrease in  pressure losses. s 

- 

Exhaust  Temperature Pattern of Design I1 

Configurations 1 t o  11 were aimed specifically toward obtaining a 
uniTorm outlet temperature pattern, f la t  in a radial direction and without 
excessive  peaks and d i p s   c i r c e e r e n t i a l l y .  As mentioned previously,  the 
subsequent  modifications  (configurations 12 t o  201, were aimed at reducing . - 

pressure  losses  without  spoiling  the temperature pattern.  Exhaust  tempera- 
ture patterns f o r  selected  configurations are shown in figure 19. The ex- 
haust  temperature  patterns  obtained  with  configuration 1, which are  not 
shown i n  figure 19, had excessive  dips at both  long and short   radii ,  which 
indicated that the  area between the two pilot   sections had t o  be closed. 
Configuration 2 ( f ig .  B(a)  ) had excessive c i r c m e r e n t i a l  peaks aad 
va l leys   a t  the long-radii  positions.  Table II shows that the  outer-wall 
s l o t s  were about half the area of the  inner-wall  slots;  therefore,  the 
air was coming through  the  outer-wall slots Kith  excessive  velocity and 
did  not  spread  sufficiently, and alternate  hot and cold layers  resulted. 

The pattern  for  configuration 4 ( f ig .  19(b) ) showed very low t e q e r a -  
tures at the  long and short radii (turbine blade t i p  and root  positions). II 

The area underneath the heat shields (combustor zone E) was closed in  
configuration U, and the resulting  temperature  pattern ( f ig .  19(c)) ex- 
hibited a much flatter radial praf i le .  In canfiguration 6 four extra 
s l o t s  were made i n  the middle of the  step-strips on each  radius;  the 
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- pattern  obtained  (fig. 19( d) ) shows the  turbine  blade  root  temperature 
w a s  too low, while the temperatures in the middle radii were excessively 
high. The exceseive s l o t  area  resulted  in  insufficient  penetration, and 
the  pat tern i s  cold  near  the wall with a hot  core down the middle of the 
duct. In configurations 7 t o  11 the s l o t  area between the downstream 
step-strips (zone D) was reduced. The temperature  pattern f o r  configura- 
t i o n  ll (fig. l9(h) 1 shows a reasonably good circumferential and radial 
temperature  distribution. A graph showing an exhaust  temperature  pattern 
fac tor   for  each of the  configurations i s  presented in f igure 20. These 
data w e r e  obtained a t  condition B with exhaust average  temperatures of 
18W0 t o  2150° F. The temperature  factor used is the maximum temperature 
recorded i n  80° of the probe sweep  minus the  average  temperature  divided 
by the temperature r i s e  through the combustor.  Since these data were 
obtained i n  the same general  range of average  temperature and temperature 
r i s e  values,  the  factors shown are a-st directly  associated  with  the 
mximum recorded  teqerature.  A successive iurprovelllent in exhaust  pattern 
can  be  noted in figure 20 where the  temgerature  factor was, in general, 
reduced  with  each  configumtion change through U. The t o t a l  area of air- 
admission  openings  reduced from about 90 t o  about 38 square inches 
through  these changes. A comparison of area  plotted  against  conibustar 
length between configurations 1 and 11 (f ig .  13) shows that the upstream 
haJf of the  burner Was not materially modified, while i n  the downstream 
half the s l o t  area was practically  eliminated. The elimination of the 
s l o t s  in the  downstream region  forced more of the   di lut ion sir t o  enter 
near the upstream end of the liner and allowed the hot and cold gases t o  
mix over EL greater length, w h i c h  resulted i n  better exhaust temperature 
patterns. 

As mentioned previously,  conf3gurations 12 to 20 were aimed a t  re- 
ducing  pressure losses without  adversely  affect-  the  outlet  temperature 
pattern.  Square  holes w e r e  cut  into  the  step-strips midway along the 
burner length t o  fncrease  the open area and s t i l l  al low a reasomble  length 
f o r  mixing. The teqe ra tu re   f ac to r   ( f i g .  20) increased i n  modifications 
1 2  t o  14 and then  decreased again. The air-admission  areas of Configura- 
t ions 15 t o  20 were successively reduced; configuration 20 was similar t o  
11 i n  both exhaust temperature pat tern and t o t a l  open area. 

Since a l l  of the  configurations were tes ted a t  condition B, e f fec ts  
of air-admission 0p-s on exhaust temperature pa t te rn   a re  based on 
performance at t h i s  condition. However, the dis t r ibut ion appeared t o  be 
adversely  affected by increased combustion pressure;  the  temgerature 
factors  obtained with configurations ll and 20 a t  higher  pressures were 
higher  than  those at the lower pressures (table 11). Size and nuuber of 
dilut ion air s l o t s  for a given liner surface w e r e  found t o  be important 
i n  t h i s  investigation (as w e l l  a s  i n  previous ones, refs. 1 and 2) . Too 
few s l o t s  can cause alternating  hot and cold  s t ra t i f icat ion circumferen- 
tially, while  too lllany can r e s u l t  i n  a dist r ibut ion that is cold at blade 
root and t i p  positions and excessively hot along the  center. A m i n i m  
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amount of a i r  should be used to   cool  the exhaust  walls and heat shields, 
s ince   th i s  bypassed air w i l l  not  enter  the mixing  process  before  the 
turbine.  For the  particular cambustor configurations  tested  herein  the 
mst uniform distributions were obtained by reducing l i ne r  open area, 
especial ly   in   the downstream half of the liner, and allowing a greater 
length f o r  mixing. Obviously, if this technique is  carried t o  an extreme, 
low combustion efficiencies  (especially a t  low air pressures) and  ex- 
cessive  pressure losses would resu l t .  

Fuel-System Characteristics of  Design I1 

The s ix  duplex  nozzles used fo r   fue l   i n j ec t ion  were mounted so that 
each had i n  comon with the other  nozzles two manifold  passages, one 
passage for  the  small-slot  and one for the  large-slot  systems. These two 
manifold  passages  could  be  fed  fuel  independently. Clogging of the small- 
slot  passages of one nozzle i n  a manifold  arrangement of th i s   type   resu l t s  
in   an  extremely unbalanced fuel  distribution  with that particular  nozzle 
injecting  nearly a l l  the f u e l  supplied  through i t s  large-slot  system. 
Clogging probabw  accounts  for the extremely hot  spot  along the right 
wall for   the   t es t   run  with configuration 4 ( f ig .  19(b) ) . The hot  spot I s  
a lso   re f lec ted   in  a high  value of the temperature  pattern  factor  for t h i s  
run ( f ig .  20) . Several times during  'the  course of t he   t e s t  program the 
duplex  nozzles and the  manifold were Fnspected and cleaned t o  avoid  poor 
fuel   d is t r ibut ions.  

Data were obtained with several  configurations at condition B with  the 
f u e l  injected through the small nozzle s l o t s  only or  through the  large 
s lo t s  only. The amount of fuel  required-at   condition B t o  produce  an 
average  exhaust temperature of 2000° F resulted  in  ab0ut.a 30-pound-per- 
square-inch  dFfferentis1  pressure with small-alot  operation. Fuel spray 
checks into  quiescent air  showed that the smal-l,-slot  system  produced a 
complete goo angle atomized  spray a t  tms pressure differential .  NO spray 
was produced  with the same f l o w  quantity w i t h  the   l a rge . s lo ts  only. The 
exhaust teqerature   pat tern  factor   obtained a t  test condition I3 f o r  the 
configuration where data were obtained with the  nozzles  injecting f u e l  
through the  large  slots only i s  presented i n  figure 21. The dotted line 
represents similar data from f igure 20, obtained  with  the  nozzles in- 
jecting f u e l  through small s lo t s  only. The data points  for  the  large- 
s lot   in ject ion f a l l  on both  sides of the dotted  line  with no consistent 
trend shown. The single t r i a n g u l a r  symbol for  configuration XU3 repre- 
sents data obtained  with six simplex  nozzles (4.5 gal/hr flow  capacity; 
80' spray  angle). This combination  gsve the  lowest  temperature  pattern 
factor  recorded during the test  program. Exhaust  temperature patterns  are 
shown i n  figure 22 for  small-slot and large-slot operation at test condi- 
t i on  B w i t h  configuration 20. Reither the r m l  nor the circumf'erential 
p rof i le   re f lec ts  aqy significant  effect  of the  variation i n  fuel-injection 
characterist ics.  . .'I. 

br w 
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Combustion eff ic iencies  w e r e  not markedly af'f'ected by switching 
from one s l o t  system to  the other. The average  temperatures f o r  both 
runs i n  figure 22 a re   the  game. Inspection of the  data presented i n  
table  II shows l i t t l e   d i f f e r e n c e  i n  efficiency  obtained w i t h  any of the 
configurations by switching s l o t  systems. Hence, f u e l  atomization and 
dis t r ibut ion can be said to influence exhaust temperature  distribution 
i n  these design II configurations b u t  not in  -. .predictable manner, and 
apparently the combustion efficiency of these combustors is not  aSfected 
by atomization  for  the  range of conditions tested. 

A possible  explanation i s  that about 10 percent of the total open 
area i s  included in  the row of holes on the upstream long- and short-radii  
sides of the  pi lot   sect ion.  These holes di rec t  air  around the  nozzles be- 
neath  the  nozzle  protector plate, alld the air issuing f r o m  these  holes i n  
the  plate  helps t o  atomize the fuel,  even a t  low f u e l  flows where the 
nozzle is  not  providing a f i n e  spray. Also, the axial sheets of air 
issuing from the steps Fn the p i l o t  sweep matomized  liquid  f'uel  from  the 
walls, vaporize it, and mix it w i t h  air. 

Coke Deposition i n  Design 11 Combustors 

Coke w a s  deposited in  these combustors in small amounts on the sur- 
face of the  nozzle  protector  plate  (f ig.  =(a)). Practically none w a s  
formed on the  pi lot   sect ion o r  liner par ts .  The absence of coking w a s  
due to the  large amount of cooUng air  flowing along the metal  surfaces 
through  the  steps and also due to the  high inlet-air temperaturea a t  the 
conditions  teated. High inlet-air  temperatures r e s u l t  i n  high m e t a l  
temperatures  throughout  the combustor,  and  coke does  not form on the hot 
metal (ref. 6) .  Considerable antounts  of smoke w e r e  formed i n  the exhaust 
gases,  especially a t  the higher pressure test conditions. 

- 

Considerable  coke was formed from the f u e l  i n   t h e  fuel manifold  and 
nozzles. The nozzle  clogging  mentioned  previously w a s  largely due t o  
t h i s  coke formation.  Special  operating  procedures w e r e  used t o  reduce 
the f u e l  soaking period in the manifold and nozzles while these parts 
were hot. The test combustor was ignited  before  the  inlet-air  tempers- 
tu re  was raised above S O o  t o  400° F in   o rder   to  keep f u e l  flowing 
through these par ts .  The t e s t  couibugtor w a s  shut down only a f t e r  the 
inlet  temperature was reduced t o  300 F o r  less. This procedure  did 
not  eliminate coke formation, b u t  did cut down the amounts formed and 
allowed a longer  operating  period between cleanings of the manifold 
and nozzles. It w i l l  be necessary t o  recognize t h i s   f u e l  coking  prob- 
lem in  supersonic  engine f u e l  systems.  Design  procedures  such as keep- 
ing a minimum f u e l  volume i n  fuel-system components exposed to high 
temperatures should help  alleviate this  problem. 
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PERFORMANCX OF BEST CYlNFIGURATION 

The final configuration  (configuration 20) w a 8  chosen fo r   fu r the r  
t e s t s   t o  determine combustion efficiency,  pressure loss, temperature 
pattern, and durability  over a wider range of operating  conditions. This 
configuration was not  the best i n  a l l  respects, and the choice  necessarily 
involved compromise. Configuration 20 provided  the  highest  efficiency and 
showed s a t i s f a d o r y  temperature  profile and durability characterist ice.  
I ts  pressure  losses were, however, higher  than  those  for many of the 
other  configurations. Details and dimensions of configuration 20 are 
presented in figure 23. 3 a, 

. " 

. 

rp 

Combustion Efficiency 

The va r i a t ion   i n  combustion efficiency with f u e l - a i r  r a t i o   f o r  
configuration 20 is shown in figure 24 f o r  a l l  the test  conditions. 
Dotted llnes representing  constant  temperature r i s e  values are included 
on the plots .  Data a re  shown for   three methods of fuel  Fnjection: small 
s l o t s  only, large s lo t s  only, and  both s l o t s  simultaneously. No attempt 
w a s  made to   control   the  amount of f u e l  proportioned t o  each s lo t  system 
when both  systems were used  simultaneously. Measured combustion effi-  
ciencies  varied f r o m  over 100 t o  92 percent  for inlet-air pressures from 
9.8 t o  204.5 pounds per  square inch absolute a t  reference air velocit ies 
as high as 199 feet per second (at inlet-air   pressure of 24.9 lb/sq in .  
ab8). A t  the  two lowest  pressure  conditions  investigated, combustion 
efficiency  varied from 92 t o  98 percent  over 8 temperature r i a e  range of 
650° t o  1250° F, which would be expected t o  encompass engine  operation 
from cruise   to   ful l - throt t le .   Variat ion of the fuel-injection slot 
system apparently had little effect  on efficiency. This indicates t h a t  
f u e l  atomization is  not of paramount importance  with t h i s  conibuator design. 

Combustion efficiencies  obtained  with  configuration 20 and with the 
combustor  system reported  in  reference 1 over a range of inlet-air  pressure 
and  reference  velocity are compared in f igure 25. These data were obtained 
at  an average  outlet-gas temperature of about 2000° F. Efficiencies ob- 
tained w i t h  configuration 20 are comparable o r  slightly superior to  those 
obtained w i t h  the reference combustor at all the  conditions  teated. 
Efficiencies with configuration 20 were less sensitive  to  decreasing 
pressures  (f ig.   %(a));   efficiencies i n  both combustors were not signifi- 
cantly  affected by v a r i a t i o n s  in  reference  velocity from 125 t o  200 f ee t  
per  second a t  a pressure of 25 pounds per s q w e  inch  absolute  (fig. 25 
(b) 1 

Pressure Loss 

The pressure  losses of  configuration 20 and of the combustor of 
reference 1 are  compared i n  figure 26. Pressure loss i n  percent of inlet 
total   pressure i s  shown as a function of reference  velocity at a pressure 
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of 25 pounds per  square  inch  absolute (test condition C) and an average 
exhaust-gas temperature of about 2000° F. The pressure loss f o r  configura- 
t i o n  20 increased from 4.2 t o  11.3 percent  over the range of veloci t ies  
investigated. These losses are about  one-third greater than those re- 
ported  for  the reference collibustor. 

- 

Ekhaust  Temperature Pattern 

Representative  exhaust  temperature  distributions  obtained in three 
different  runs with  configuration 20 are shown i n   f i g u r e s  15 and 22. 
The average  exhaust  temperature  psttern  factor  for a l l  the runs l i s t e d  
i n   t a b l e  11 f o r  configuration 20 is 8bOUt 0.46. Thus, for an average 
out le t  temperature about 2000' F, and a temperature rise of 12000 F, 
the maximum temperature t o  be expected would be of the order of Z O O o  F. 
This maximum temperature would probably  decrease if the pressure  decreased 
below 1 atmosphere. The maximum temperature  usually  occurred in  the center 
of the duct neaz the side walls w i t h  th is  final configuration.  Elimination 
of the e f fec ts  of these side w a l l s  in a ful l -scale  conibustor may be ex- 
pected t o  lower t h i s  maximum temperature. 

Combustor configuration 20 showed M significant warping or  other 
s t ructural  defects wing nearly 40 hours of operation, and mre than 
half of t h i s  time was at an average  exhaust-gas  temperature in excess 
of  2000' F. Combustion efficiency,  uniformity of outlet  temperatures, 
and durabili ty were better than  those  obtained at identical  conditions 
w i t h  the experimental  configuration of reference 1. Pressure loss values 
w e r e  about  one-thtrd  higher, however. 

. 
- 

The experimental  combustion  system designed for  operation at high 
inlet-air temperatures and flows common t o  supersonic  engine  operation 
encountered no major s t ruc tura l  failures during the investigation. 
The pertinent  design features established i n  the research included  separa- 
t i on  of the couibustor liner into many small parts, overlapping  arrangement 
of the metal pieces forming each part ,  and  independent  support  of these 
p a r t s   t o  either the fuel manifold o r  combustor housing. U s e  of many small 
overlapping  parts and independent  suspension r e su l t ed   i n  a s t ructural ly  
stronger, cooler operating liner that was durable and nonwarping. 

Comparison of the w e i g h t  of this liner configuration w i t h  a typ ica l  
subsonic  engine liner of about the same length and diameter shows 8 weight 
penalty would be involved. A full annular  liner would w e i g h  about 88 
p o d s  as compared t o  46 pounds f o r  the typical  subsonic mdel. No attempt 
w a s  made t o  minimize the  liner weight in the experimental  configuration, 
and probably a reduction  could be made without  seriously  affecting 
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durabi l i ty  by slightly  reducing  the  1116-inch metal thickness used  and 
by other minor modifications. Also, use of better high-temperature  alloys 
than  Inconel may permit a s ignif icant  weight  reduction. 

- 

For  the range of supersonic  conditions  investigated,  the  other 
performance fac tors  such as combustion efficiency,  exhaust  temperature 
pattern,  and  pressure loss were maintained at sat isfactory levels. 
Measured combustion eff ic iencies  were 92 t o  over 100 percent, and pressure 
loss values were 4.2 t o  11.3 percent of the   to ta l   p ressure .  For an 
average  exhaust teqerature of 2000' E the  peak  temperature  expected in Ip 

t h e  exhaust gases would be  about 2500 F. Coke deposition was no problem 0, 

i n   t he   l i ne r ,   bu t   su f f i c i en t  amounts formed within the f u e l  system t o  
clog  nozzle  passages. 

2 
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TABLE I. - PROPERTIEX O F  MILF-5624A, GXDE 

JP-5, F W Z  (NACA 54-35) 

b 

BoiHng range, OF 
Specific  gravity, 6Oo/6O0 F 
Hydrogen-carbon r a t i o  by 

N e t  heat of cmbustion,  Btu/lb 
w e i g h t  

A r a t i c s ,  AS" D875-46T, 
percent by volume 

by volume 
Aromatics, si l ica  gel ,   percent 

Accelerated gum mg/lOO ml 
Aniline  point, % 
Smoke point, mm 
Smoke volatility index 

360 t o  502 
0.815 

0.160 
18 , 600 

14.3 

13.7 
5 

148.6 
23.3 
3 2 . 1  
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TABLE IT. - TEST CONDITIONS AND  DATA OBTAINED WITH DESIGN I1 COMBUSTORS 
EziiG 
icn 

Janoy, 
ffi- 

ercent 

- 
99 .1 
99.5 
100.0 
102.8 
m . 2  
100.5 

90.6 
93.6 
91.7 
95.9 
92.7 
81.6 

90.5 
80.6 
91.9 
07.0 
98.9 
g7.6 
97 .1  
"I- "_ 

87.4 
87.4 
86.4 
92 .0  
91.7 
92.7 
"" 

1&.0 
100 .I 

100 .I 
98.9 

86.2 
89 .o 
m.6 

66.0 
66.9 
86 .O ""_ 
83.1 
7s .e 
66.0 

82.1 
79.7 
as.4 
"4 

m )re.- 
LWS,  
men1 

5UI.e 

- 
" -" "_ 
I- -" 
" - 
" 

" 

" 

" 

" 

6.5 
6.1 
6.6 
5 .7  
8 . 0  
6.4  
6 .4  
5.6 
6.2 
8 . 0  
6 . 0  
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856 
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- 
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1515 
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1904 

2016 
1446 

2009 
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1447 
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- 
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1993 
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2099 
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2031 
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1478 

1920 
1708 

IBaB 
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5.542 
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5 .E22 
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.01m 
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.Ol948 
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.01056 
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6Ml - 

"- 
589 
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840 
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5.7 
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6 .S 
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mpera- 

-a, 
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725 
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wfarena 
.slocit~, 
rt/sea 

162 
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162 
163 
162 
162 
162 

162 
162 

162 
162 
162 
162 
163 
162 
162 
lE? 

LID 
l l0 

llo 

" 

- - 
162 
le2 
162 
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- 
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03 
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1075 
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1098 
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3.544 

3 -540 
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1920 
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1484 
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1248 
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" 
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885 
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a66 
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8.6 
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.OIL78 
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" 
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"I 
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.Olga2 
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" 
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.013U 
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"" 

""- 
-. . . 

"I 
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2675 
s1M) "_ 
m65 
2655 
x125 

"" 

1840 
2410 

2750 
2810 

2 lW 
2275 
2750 
1790 
2300 
2900 xrn 
"" 

2295 
1843 

2750 
"" 

2100 
1725 

2580 
2550 

18l5 
2- 
2755 

"" 

" 

1795 
2130 

2490 
E i l O  

m 5  
1?70 
1BBO 
2325 
2805 
"" 

-I- 

"" 
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2350 
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27xI 
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2650 
" 
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2075 
2275 

1726 
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"" 

urn 
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I 

"_ 
1776 
1750 - 

"- 
0.b21 

.E88 

.775 
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646 3.628 

1266 5.m1 
95s 3.634 
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3.550 

953 3.529 
1247 3.829 

"- 

" 

"" 

"" "_ 
5.4 
8.8 
6.0 
6.2 

.a56 

.770 

.732 
""- 
"" ""_ ""_ 
" 
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6.3 
6 .5  
6.4 

"" 
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.832 
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1 liii! 
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8s4 3.522 
947 3.630 
l242 3.532 
1240 3.632 

6.5 
8 .7  
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.e53 

.?a1 .sa 

.482 . 540 
-857 
.456 

.523 

.5J1 

.520 

"" 

"" 

"" - 
"I 

" 

"- "" "_ 
-I- 

"" 

I- 

100.0 
S4.1 
96.0 
94.0 

I" 

" 

94.9 
s4.4 
83.4 
"- 
96.1 
96.6 
95.2 
94.9 
98.1 
98.3 

96.4 
84.B 
91.9 
" 

" 

"" 

"" 

B9.7 

101.8 
103.7 
102.4 
103.7 
103.3 
102.8 
103 . 7  

m.0 
108.6 
107.1 
103.0 
104.2 

I" 

""_ 
105 3 
103.6 
104.6 "- 
lo8 .Q 
101.1 

107.7 
100 .6 

" 

931 
632 

I225 
-7 

6.S 3 .626 
3 -628 
5.523 
3.639 

3.530 
3.634 
3.544 
5.608 

3542 
3 .M6 
3 .w 
3.554 
3.544 

5.550 
3.526 
3.550 
5.521 

5.630 
3.527 
3.534 
3 .=as 
3.534 
3.532 
3.857 

2.406 
2.411 
2.400 
2.398 

4.625 
5.87D 

4.BMI 
7.392 
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4.874 
5.m4 
5.918 
5.656 
7.366 
7 .3m 

23.90 
20.88 

20.76 =.a4 
f3.m 20.98 

2 1 - 1 4  
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20.96 
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6.4  
8.7 
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6.5 
8.6 
6.7 

6 .2  
6.6 
6.8 
6.9 
6.8 

6 . 6  
8 . 9  
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6 . 6  
7 . 0  
7 . 0  
7 . 2  
7 .2  
7 . 0  
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7 .I 
7 . 4  
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5.6 

IO .o 
8.1 

4.2 

.449 

.3?3 .402 

.sea 

.a3 . S I U  

.450 

.376 

.m 

4.1 
4.2 
6.7 
6.9 

11.0 
6.9 

11.3 

.486 

.415 

.605 .sa? 
-549 
.496 
.512 

1 

2 .7  
2.8 
3 .o 
3 -1 
3 . 0  

3 . 1  "- 
5.1 
3.1 
5.2 
3.3 

.4!52 
-449 

3.1 
3.1 
2.1 
2.2 
2.1 

-554 
.4m 

.508 

.1570 - - . ..  
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Figure 3. - Cross section of inlet-ab instmen.t;ation section (station 1, fig. 2) shawhg 
location of temperature- and pressure-measuring  probes at centers of equal areas  and  static 
pressure taps. 
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Figure 5. - Probe sensing-head detail .  
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Figure 6. - Three-quarter-cutaway view o f  design I experimental channeled-wall annular 
combustor assembled in housing. 
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Figure 8 .  - Design I configuration wfth two sets of charmel sections. 
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Figure 9. - Deelgn I configuration with 1/16-inch metal thickness a f t e r  2 hours of run time. 
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Figure 10. - Design I: configuration with split pilot  sections and reinforced channels 
after 2 hours of run time. 
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(a)  Configuration 1. 

Distance downstream from face of fuel manifold, in. 

(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 i n  air-admission hole  area with distanae d m s t r e m  from face 
of fuel manifold fo r  f a r  deeign SI OonflgUratiOM. 
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Figure 1 4 .  - Configuration 20 installed i n  hauslng, after about 40 hours of  run time. 
[Total run time vleh a l l  aanfiguraticms m8 about 150 home.) 
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0 2 4 
Probe weep, deg Radial distance, in. 

(b) After 20 hours of run time.  Average  exhaust-gas  temperature, 2051O F. 

Figure 15. - Exhaust-gas temperature  patterns for configuration 20 at start and 
end  of run at condition D. 
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A 
(a) Test condition A .  

.3 .4 .5 .6 -7 .8 .9 1.0 
Ratio  of air-admission area to maximum cross-sectional area of outer housing 

(b) Test condition B. 

Figure 16. - Combustion efficiency 86 function of air-admission area of design I1 

1800' to 2100° F. 
configurations at test conditions A and E. Average exhaust-gas  temperatures, 
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Figure 18. - Variation in pressure loss with r a t i o  of air-admbsion area t o  
reference area for design I1 configurations. Teat condition B; average 
exhaust-gas temperatures, 170@ to ZlO@ F. 
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(b) Conflguratlou 4 .  Average temperature 180ao F. 

Figure 19. - Exhaust-gae temperstwe  patterns for selected design I1 oon- 
figurations.  Test  condition B. 
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Probe sweey, deg 
0 2 4 
Redial distance, in. 

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

Figure 19. - Continued. m u s t - g a s  temperature  patterns for selected design I1 
configuratione. Teet condition B. 
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(e) Configuration 8. Average  temperature, 19Wo P . 

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

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

Figure 19. - Continued. Exhaust-gm temperature  patterns for selected  deeign I1 
configurations. Test condit Lon B. .I . . 
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(g) Configuration 10. Average temperature, 1961O F. 

Probe  sweep, deg 
0 2 4 

Radial  distance, in. 

(h) C o n f i g u r a t L o n  11. Average temperature, 1950° P. 

Figure 19. - Concluded. Exhsus t -gas  temperature pattern8 for  selected design I1 
configurations. Test condition B. 
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Figure 20. - Exhaust temperature  pattern  factor for design I1 conPigurations  with 
fuel in jec ted  through small-slot systems of nozzles. Test  condition B; average 
temperatures, 1800° to 2150° F. 
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Figure 21. - Exhaust temperature pat tern  factor  for design TI configurations operating 
with  different  fuel-injector systems. Test condition B; average temperatures, lsoOo 
t o  21W0 F. 
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I -- r 2 4 
Radial distance, in. 

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

Figure 22. - Exhaust-g& tempekature *%terns for konfiguration  20. Test 
condition B . . .  . .  
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Combustor-inlet tota l  pressure,  lb/sq in.. abs 

(a) Effect of measure. M e t  reference velocitr, 160 feet  w r  second. 
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(b) EfPect of velocity.  Inlet pressure, 25 pounds per square inch absolute. 

Figure 25. - Cornpariaon of colnbustion efficiency for cwflguration 20 and combustor from referwce 1 at  
average exhaust temperature of about 2ooOO F. Inlet-ab temperature, 8600 F. 
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migure 26. - Campariaon of pressure loss  f o r  configuration 20 and combustor frm reference 1 for a range of 
reference  velocities. Inlet preeaure, 25 pU ld~  per sguare inch abaolute; in le t  temperature, 860' F; 
average exhaust temperature, about 2000' P. 
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