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EFFECT aF DESIGN CHANGES AND OPEWLTING COmDITIOmS ON 

By T. B. Sh i l l i t o  nd Shigeo Wakanishi UNCUSSIFf EO 
""" """  """ ""- - """ ----" --- 

ram-jet engine was conducted u i th  a direct-connect system i n  an a l t i tude  
test chamber at the NACA Lees laboratory. "st of the  investigation 
was fo r  operation at a stmulated Mach number  of 2 .O at al t i tudes above 
the tropopause (250° F i n l e t  temperature) . Configurations  investigated 

areas of 40.5 t o  62.0 percent of the conibustion-chamber mea and gutter 
widths of 1.0 t o  2.5 inches, e a a u s t  nozzles with t h r o a t  areas of 55 
and 65 percent of the  combustion-chamber area, and coIribustion chmibers 
equipped with a cent& pilot  burner. Runs were also d e  at  i n l e t  tem- 8 5 
peratures of E O o  and 3500 F and with  Diesel  fuel. 5b a 

r 

I wtth normal heptane as the  fuel  indluded.flame holders with blocked 

For the  configurations  without a pilot   burner,   the limits of  com- 
bustion were significantly  affected. by fuel-air distrFbution and the 
width of the flame-holder ghtters. When loca l ly   r ich  zones of fuel- z" 
air   d is t r ibut ion were provided, the  lean limits of conibustion w e r e  
improved, and when the,   gutter wtdth was increased,  both  the  lean and 
r ich l5mits of co&ustion me -roved. The effects  .of flame-holder 

. geometry on cornbustion efficiency were s m U .  When a p i lo t  flame was 
m provided, the  lean Unit of codust ion was Fmproved but   the combustion 

efficiency was not improved. A t  over-all   fuel-air  ratios ne= .stoichio- 
metric, combustion efficiencies w e r e  nemly  equal f o r  combustion 

decrease i n  cornbustion efficiency with the decrease in fuel-a5.r ratio 
was more pronounced for   the 65-percent nozzle. Diesel fuel and normal 
heptane had about the same lean limits of combustion but lower com- 
bustion  efficiencies were obtained,with  Diesel fuel. With the  increase 
in inlet temperature,  both  the  llmits of combustion and combustion 
eff  iciency were improved. 

* chambers equipped with the 55- and 65-percent  exhaust  nozzles , but  the E 

INTRODUCTION 

An investigation of the altitude  performFce of a  28-inch  diameter 
r m - J e t  engine was .cgnducted with " a di.rect-connect system i n  a 10-foot 



diameter. altitude test chanfber at the NACA Lewis laboratory. This 
engine I s  being developed by the Marquardt Aircraft Company f o r  use Fn 
a Grumman Aircraft Engineering Corporation test vehicle as p& of a- 
N a v y  guided-inissile  project. 

a 

" - 

. The missile is  t o  be  launched  by a rocket  booster and is  t o   c l h b  
under i t s  own power t o  a cruising a l t i tude  of  50,000 feet. The missile- 
control systems are designed t o  maintain a Mach  number of 2.0 during 
the clinib and c ru i se   cond i t im;  I n  order %o satisfy the proposed 
missile-flight plan. the engine must operate  over an estimated range 
of fue l -a i r   ra t ios  from 0.03 t o  0.06, The estimated range of operable 
fuel-air  ratlos was based upon the engine-thrust  requirements  dfctated 
by the f l igh t   p lan  and anticipated combustion efficiencies varying i n  
a uniform mer from 70 percent at a fuel-air r a t io  of 0.030 to  a peak 
value of 94 percent at a fuel-& r a t i o  of 0.052 and then decreasing t o  
91 percent at a fuel-air r a t i o  df 0.060. 

Investigations of engine pc2rformance at simulated altitude6 from 
sea l e v e l   t o  appraxlniately 30,000 feet were conducted by the manufacturer. 
Investigations of engine  perfonkance in  the high-altitude range of t h e  
flight plan w e r e  canducted at &e NMA L e a s  laboratory  and-included a 
range of simulated e,lti%udes fr& 37,006 to over -55,000 feet. Result6 

- o f  these  investigations  are  presented Fn referencas 1 to 4 .  

The purpose of this report is t o  summarize the  prLncipal results 
obtaned  in the I W A  program and t o -  show the effects of  vaiious  oper- 
ating  conditions,  geometrical  variables, and type of fue l  on C0mbU8tiOn 
and engine  performance.  Information is presented t o  show the   effects  . 

opfue l   d i s t r ibu t ion  on l imi ta  of cmibustion and corribustion efficiency. 
!The effects of flame-holder  geo+try on conibustion performance are 
shown for   gu t te r  wldths ranging from 1.0 t o  2.5 inches and f o r  blocked 
areas ranging from140.5 t o  62.0 percent of the combustion-chamber area. 
Operation of a configuration  bcorporating a p i lo t  b-ymer. l e  compared 
with that fo r  a typical- configuration  without a p i l o t  burner. Perform- 
ance of t he  engine with exhaust-nozzle  throat  areas of 55.0 and 65.0 per- 
cent of the  combustion-chauiber area is preslwted. to show gross effects 
on engine performance as well as .to i l lus t ra te   the   e f fec ts  of  cozgbustiopl- 
chaniber-met velocity on lmts .of .codustion. &d~combustion efficiency. 
LFmits of combustion and combustion efficiency obtained with two fuels, 
normal heptane and  high-speed Diesel  fuel, are compared in order to 
i l l u s t r a t e  the necessity of f i t t i n g   t h e  design of the combustion 
chamber t o   t h e   v o l a t i l l t y  of the . fue l   behg  used. The effects  gf 
inlektemperature on combustion &e shown ove? a range from B O  t o  
350' F. 
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A schematic d2-a of the test engine is  shown i n  figure 1. The 
inner body contours,  including the supersonic diffuser cone, and the 
inside  contours of the  outer  shell  aft of t h e   l i p   s t a t i o n  correspond 
t o  those of the flight engine. The bellmouth  convergent-avergent i n l e t  
nozzle  surrounding the cone accelerated the M e t  air from stagnation 
conditions in the  test chaniber t o  a Mach nuniber of about 1 .6  a t   t h e  
l i p   s t a t i o n ,  which is the Mach  number expected at this s ta t ion  in the 
actual engine at a flight Mach  number of 2 .O . Four longerons spaced 
900 apart and e x t e n f i g  from about 4 .inches aft of the l i p   s t a t i o n   t o  
the   a f t  end of the  inner body supported  the  inner body on the outer shell 
and  formed a four-channel  subsonic d i f fuser .  The constant-area combustion 
chamber, which was water-jacketed, had an inside diameter of 28 inches. 
The fuel-injection systems, flame holders,  pilot burner, exhaust noz- 
zles, and Combustion-charriber length are described iq the following 
sections . 

Combustion-Chamber Configurations 

Configuration 1: Fixed-orifice fuel nozzles. - The essent ia l  
features of Conf iwat ion  1 are shown i n  figure 2 and are  described in 
d e t a i l  in reference 1. Fuel w a s  i n g e c t a  at a s ta t ion  approximately 
40 inches upstream of the aft end of the hner body through commercially 
available  flat-spray  fuel  nozzles. The f u e l  nozzles, which were - .  

directed  both upstream and downstream  were  mounted in four  circulsr-  
a rc  manifold  segments. The segmented construction of the fuel manffol’iis 
was necessary  because of the preseqce of the inner-body  support longerons. 
The radial locatfon of the fuel nozzles w i t h  respect to the engine - 

center   l ine  was 12.3 inches. R a d i i  of the outer shell and inner body 
at the fuel inject ion  s ta t ion were 14.0 and approximately 7.9 inches, 
respectively. 

The flame holder, which is shown in figure 2(b), was made of four . 

arqular-ring V-type gutters 1 inch wide at the open end and mounted at 
the a f t  end of the  inner body. . The gutter rings were longitudinally 
staggered and were interconnected by radial plates  mounted para l le l  t o  
the  direction of f l o w  and by radial V-gutter s t ru t s .  The flame holder 
incorporated  flight-engine  type  cylindrical ignition flare cases and 
also a separate  spark-plug  ignitor box proviaed w r e s s l y  f o r  starts 
dur ing the altitude-test-chasiber  investigation. The projected blocked 
area of the  flame holder was 42 percent of the cross-sectional  area 
of the combustion dumber. 
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The combustion chamber was 46 fixlies long. The convergent- 
divergent  exhaust.  nozzle had a 43roa-L area which was 55 percent of t he  
combustion-chamber -ea. 

. -  

. . T- 
" ., -  

Configuration 2.: Spring-Xoaded fuel  nozzles. - The flame holder, 
combustion-chamber length,andexLt  nozzle for  configuration 2 were the 
same as .far configuration- 1. A double-manifold f&-injection system 
w a s  used and is  i l l u s t r a t ed  i n  figure 3. . One s e t  of four manifola seg- 
ments w&8 located at the  same longitudinal  station as for   the  fuel - 

manifold of  configuration 1 and m additional set of four segments was 
located approxima-tely 10 inches downstream.  Both &ifold6 were .. 

equipped with pintle-type.spring-lo&ded fue l  Miples  directed upstream 
only .  Details of these  nozzles are given i n  reference 1. ?The radial 
locat ions  of . the  f 'uelnozzles   in   the upstream and dmmstreim  manifolds 
were 10.0 and 12.3  inches,  respectively. 

"". 

. -  

. .  

. " 

" 

Configuration 5: Flame-holder geometry vaiiation. - The fuel-  
. .. . . 

injection system, conibustion-chamber length, and exit nozzle fo r  con- 

" - 
.. 

.L- 

. .  

f i b a t i o n  -3 were the same as fo r  confi-&ation 2. Ten different  flame 
holders were used and .are. desigimted configUrai5ii 3a to 3-j. The gen- 
eral   type of construction of these flame holders- was the same as for  . 

the  .flame holder used for configurations - 1  .and 2 i -Principal design 
features  of  these flame holders. are given i n   t h e  following table  : 

" 

". " 
- .. 
". x- - . . _" . . " 

. ." 

. .  

Configuration Blocked Gutter 
. .  

width area 
(in. 1 (percent) 

3aa 42 .o 1 .oo 
Jb 

55 .O 1.40 3 i  
48.7 1.00 3h 
62 .O 1.38 3g 
58 .O 1.20 3f 
60 .O 2 .oo 3e 
40.5 1 ;50 3d 
45 .o 2 000 3c 
55 .O 1 .oo 

33 , 60,O 2.50 

4 
6 
2 
3 
3 
5 
5 
5 
4 
2 . .. 

- ~" - 
. I .  

%dentical  to  configuration 2. - 

Further  details of the  constructian of these flame holders may be €-om& 
in  reference 2. The s t ructural  'requfrements  involved in  the  constructfon 
of these flame holders made it d i f f i cu l t  to control  precisely the 
blocked area result ing from the :use of a given gu$ter width. The char- 
ac ter i s t ics  of  each flame holder w e r e  plotted on coordinates of gutter 
width and blocked area'.as shown : in  f igure 4 .  In an attempt  give 

" 

- .  . .  
. . 

. .  

. " 
L 

- "" .. . 

- . - - . - . 
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families of varying gutter width at constant  blocked area or  of  varying 
blocked €rea at constant  gutter width, the  points  representing  the 
flame  holders were a rb i t r a r i l y  grouped  by cross-hatched  bands. 

Configuration 4: Pflcrt burner. - A schematic diagram of configura- 
t ion  4 is shown in   f i gu re  5. The a 9 t .  end of the  inner body f o r  this 
configuration,  instead of tapering  to a point aa f o r  configurations 1 
t o  3, terminated  bluntly for accomodation of a can-type pilot  burner. 
The flame holders w e r e  mounted in   the  plane of the  pilot-burner  discharge. 
A disassembled view of the aft end of the  inner body, p i l o t  burner, and 
flame  holder is  shown in figure 6. The p i lo t  burner consisted of a 
swirl p la te  and a basket-type sk f r t .  The pilot-burner  skirt was notched 
i n  four  places on the  downstream end to receive smal l  radlal gutter 
elements which interconnected  the  pilot  burner and flame holder. 

The construction of the'flame holders used  with the  pilot  burner 
w a s  similar to  the  construction of the flame holders  for  configurations 1 
t o  3. The flame  holder for configuration 4a had f o u r  1.38-inch longi- 
tudinally  staggered annul8.r-V gutters and a blocked  area of .54 .O percent 
of the  co&ustion-cha&er  area. The flame holder  for  configuration 4b 
had two 2 .OO-inch gutters and a b lock6  area of  45 .O percent. 

Fuel was injected it a s ta t ion approxfmately 32 inches upstream of 
the flame holder  through spring-lo.@ded fuel nozzles  spraying upstream 
from two concentric manifolds ( f ig .  5). Each manifold was composed of  
four  circular  arcs as described f o r  configuration 1 to 3. R a d i a l  loca- 
t ions of the  inner and outer ring of fuel nozzles w e r e  9.0 and 
12.3 inches,  respectively. R a d i i  af  the  inner body  and outer   she l l   in  
the  plane of  the  fuel-nozzle  discharge were 7.3 and 14.0 inches, 
respectively. 

The exit  nozzle was the  same . a s  f o r  configurations 1 to  3. The 
length of the  combustion chamber was 57 bches.   Further  details  of 
the  fuel-injection system, p i l o t  burner, md  flame holders m y  be found- 
in reference 3. 

Configuration 5: Increased  exhaust-nozzle  throat area. - The fuel-  
injectLon system, p i lo t  burner, flame holder, and combustion-chamber 
length w e r e  the same for-  coiifiguration 5 as for configuration 4b. The 
exhaust-nozzle t h r o a t  area w a s  65 percent of the combustion-chamber 
area. A complete description of configuration 5 may be found i n  
reference 4.  

Instrumentation 

Detailed  descriptions of the  instrumentation f o r  the various 
combustion-chamber collfigurations  described  may,be.fowid i n  the 
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appropriate  references 1 t o  4 .  . G e n e r a l  descriptions of location and 
type of measurement in the engine w-hich are per t inent   to  this report 
are as f o l l o w s  (station  nmbers  -correspond  to  those on f i g .  1): 

". 

Location 1 Station 
Bellmouth i n l e t  , .  , , i 4 
Combustion-chamber inlet 
Combustion-chamber exi t  
Exhaust-nozzle throat . .  5 

. . .  . . . . . . . . . . . .  . . . . . . . .  i. I. -*- - " * .  . "+ .. 
Type of  measurement 

Total  pressure and temperature IN 
Total and static preesure 
Total  pressure 
Wall- "a. stream-static  pressure 

-PC 
. .  - .- ". .":# . 

.. L ... 
" I-  

5 :  
. " 

. . , . .i-i- - ." 

. . . . .  
Fuel flow w a s  measured with a -calibrated  adjustable-orifice meter . - .  

... - 

and air flow was determind f rom a calibration-of the choked-bellnaouth- 
inlet nozzle of the.engine. 

..... . . .  

Instal la t ion Ln Altitude Chamljer 

A schematic diagrm of the  engine mounted i n  the a l t i tude  test  
chember I s  shown i n  figure 7 .  A. forward baffle  at tached  to the engine 
by means of a f lexible  s e d  isolated the inlet-air supply from the 
low-pressure compartment provided fo r - the  engine exhaust. A rear baff le  
surrounding the engine near the ecxhaust nozzle  prevented  recirculation 
of the hot  exhaust gases around the engine. Other details of %he ins ta l -  
lakion are given i n  reference l. : 

. ". 
. . - .  

... 
. ~ -  

. . . . . .  - -. - 

.. 

. .  , -  
. . . .  . . . . . .  . . . . .  

" 

-_ 

Most of the  investigation  reported  herein was for a simulated flight - .  

Mach  number of 2 .O at RACA standard  altitudes-above  the-tropopause. 
This required  preheating  the inlet air to 250' F from a normal supply 
temperatwe of about 80' F, which was accomplished by mixing the  . . .  

products of combustion f r o m  an .air heater w i t h .  khe inlet-& supply. 
The effect  of the coribustion-heater contanrLnation of the  charge a i r  
on engine performance i s  not lmawn but  probably is  small. 

- 
I - 7 -  -. "7 

" 

- "" 
-. 

L 

: . .  

* 

With the heater in operatioli,  the m a n e  .was star ted and the 
exhaust  pressure was then reduced t o  a value bel- that required t o  . 

choke the exhaust  nozzle. The exhaust  nozzle remained choked For all 
runs, a6 is the case for the f l i&t engine,  thereby making f l o w  c.on- 
ditlans in the combustion chamber' independent of  t he   f ac i l i t y  exhaust 
pressure. 

. * .- 

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

. _ _  
. . .  - . .  + -  

. . .  . 
. . .  

- I  
" 

. . .  ...... 
In  order -to sbmlate  a specTffc a l t i tude  for the  steady-burning 

" 

" 

runs at an i n l e t  temperature of 25Oo F the stagnation pressure at the " 

bellmouth inlet w a s  s e t   t o  a.v%lue carrespoadingto t h a t  behind the 
oblique shock off the supersoni-c-!diffuser  conelof the flight engine. 

" 

. L. . " - 
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. 
The engine a i r  flow was determined by the be-uth-inlet pressure  set- 
t i ng  and, f o r  the runs at an inlet temperature of 250' F, corrersponded 
to t he   a i r  flow for  supercrit ical   operation of the  actual  engine a t  a I 

f l i g h t  Mach  number of 2.0;  there were no provisions on the  test   engine 
for ,   subcr i t ica l   a i r  flow spillover  simulation. The range of simulated 
al t i tudes covered i n  the preceding manner during  the  investigation was 
from 37,000 t o  over 55,000 feet .   Specific  al t i tudes  investigated  for 
any particular  configuration may be  found in  references 1 to 4. 

R u n s  were made. a t  i n l e t  temperatures of 150°, m0, and 350° F with 
configuration 5. Becawe.  the geometry of the bellmouth inlet was s e t  
t o  simulate  operation at a flight Mach nuniber of 2.0, rigorous  simulation 
of operating Mach numbers and al t i tudes corresponding to inle.t tempera- 
tures of 150° and 350° F w w  not possible. Consequently, the air flows 
f o r  150' and 350' F were set t o  correspon,d with  those- at 250° F t o  pro- 
vide similar average  conditio= a t  the combustion-chamber inlet f o r  all 
three W e t  temperatures. 

r 

With the  simulated  altitude o r  a2r f l o w  se t ,   the   fue l -a i r  r a t i o  was 
varied in  small increments bad M a  were taken at stabilized-burning 
conditions. The fuel-air  r a t i o  range  covered was generally From lean 
blow-out to r i ch  blow-out or, i f  . r ich blow-out did not  occw, t o  some 
fue l -a i r  r a t b  above 0.07. Blow-out w a s  detected by the change i n  
s a n d  level,  observation of blow-out through a periscope  viewing  the 
discharge of the  engine, and automatic  fuel-flow  cut-off through action 
of a photoelectric  flame-sensing element attached to  the combustion 
chamber. 

For the  single-manifold  fuel-injection system of configuration 1, 
a l l  ruzl~ were made with equal fuel pressures  applied t o  all nozzles. 
For the double-manifold fuel-injection  syetem of configurations 2 
t o  5, t h r e e   a f f e r e n t  methods of fuel   in ject ion were used: 

(I) U n i f o r m  injection: The injection is at e q u d  fuel pressures 
thi-ough all nozzles i n  both imer and ou te r  manifolds. All of the  
configurations 2 t o  5 w e r e  operated with uniform injection. 

(2) Quadrant. injection: The in3ection i s  a t  .equal fuel pressures 
through nozzles i n  inner- -arid outer-manifold segments located  in  only 
two diametrically  opposite  quadrants. Quadrant injection  data were 
obtained -only with configuration 2. -@adrant injection was used i n  
order t o  improve the- lean l h i t s  of  combustion (over  those  obtainable 
with uniform injection) by creation of  loca l ly- r ich   fue l -a i r   ra t ios  
a t  low over-all   fuel-air   ratios.  

(3) ~nnular injection: The injection is at equal  fuel  pressures 
through nozz.ks i n  inner manifold only. Annular inject ion was used 
with some of the  more promising  configurations in  order to hgrnve the 
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lean  limits  of  combustion  by  lac-al  fuel-air  enrichment  and was used in 
preference t o  quawant injection  becqpse  the  predominant  sheltered 
areas  provided by  the  flame  holders  were armula~~ringe. 

Performance of a l l  the  conffgurations was investigated  with 
commercial-grade normal heptane. In addition,-several runs were 
made  with  configuration 5 using:high-speed  Diesel  fuel (U.S. Army 
Specification  Z-lOZC,  Amenbent-3).  Comparative  properties  of  these 
two  fuels may be  found  iiYrefer$nce 4. . .  - 

Combustion  efficiencies  were  calculated by  the  methods  outlined in 
detail  in  references-1 and 2. The  methods  used  to  calculate  combustion 
efficiency  Fnvolved  the  assumptions  that  ideal  one-dimensional  choked 
flow  existed in the  plane  of  the  exhaust-nozzle  throat  and  that  the  gas 
temperature w&s uniform  across the strean..  (The  symbols  and  station 
locations  used  throughout  the rdpor t  are  defined in  the  appendix. ) 

-. . 
. .. 

. .  
. .  
.. . 

DISCUSSION OF RESULTS 

For the  data  presented in this  'report  fuel-air  ratio,  combustion- 
chamber-inlet Mach- number and, at constant  simulated  altitude, 
combustion-chamber-inlet  and  -exit  pressures  were functionally related 
for a given  configuration.  The  linterrelation of. these  variable8 ,-  

resulted from the  conditions  necessary  for conthuity of flow  through 
the-  choked  eihaust  nozzle. For .the  configurations employing the 
55-percent  exhaust nozzle (configurations 1 to 4) the  combustion-chamber- 
inlet  Mach  number  generally  varied  from  approximately 0.23 at a fuel- 
air  ratio of 0.03"to a value of 0.14 at  f'uel-air.ratios of 0.06 and 
greater.  At a simulated  a;LtituC&e of 50,000 feet and a f'uel-air  ratio 
of 0.07 the  combustion-chamber-Gxit  total  pressure was apgroximately 
1600 pounds per 6qua;t.e foot  and  .decreased  to  approldmately 1000 pound8 
per  square  foot at a fuel-air  ratio of 0.03. At a given  fuel-air 
ratio  the  combustion-chamber-exft  pressure  was approxbately proportional 
to the  static pressure-at  the  altitude  simulated;  departures from this 
proportionality  resulted  from  veiriations of combustion  efficiency at 
constant  fuel-air  ratio.  Specific  conditions  of.  operation for the  con- 
figurations discussed in the following section.8  lqay  be found in  refer- 
ences 1 t o  4, 

Performance :of Canfiguration 1 

The  altitude limits of combustion,-over-all  exhaust-nozzle  pressure 
ratio,  and  combustion  efficiency  obtained  KLth  configuration 1 are 
shown in figure 8 BB a function  ,of  fuel-air  ratio. 

The limits of combusti.on (fig. 8(a)) are  composed of two parts, a 
lean limit and a rich  limit.  Egch limit defines  the  bighest  altitude 
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f o r  which s table  combustion could be  obtained a t  a given fuel-air ra t io ,  
and the -ea  bounded by t h e  curves  represents the range  of  operable 
fuel-air ratios-. Above a simulated  altitude  of 40,000 feet the operable 
range of f u e l 4 r  r a t io s  was -row and at a simulated  altitude of 
50,OOO feet, the  cruising  altLtude of the missile,  operation  could  not 

a be  obtdned at any fuel-air ra t io .  
A 
I) 
4 The r a t i o  of Combustion-chamber-exit total   pressure t o  Bbulated- 

a l t i tude  s ta t ic   pressure (exhaust-nozzle.pressu.re ra t io)  i s  shown in 
figure 8(b). This pressure  ratio i s  a m e a s u r e  bf the effective jet 
thrust and at a given  altitude  increased  with fuel-air r a t i o  continu- 
ously  to   the  r ich limit of combustion. A t  a given fuel-air ra t io ,  the 
pressure  ratio  decreased-slightly with increasing  altitude; this 
decrease.is a ref lect ion of aecreasing combustion efficiency with 
increasing  altitude. . .. 

A t  a given sFmulated al t i tude,  combustion eff ic iency  ( f ig .   8(c))  
first increased wlth fue l -a i r   ra t io  until a peak  value w a s  reached at 
a fuel-air r a t i o  of  approximately 0.047 and then decreased  with further 
increases in  fue l -a i r   ra t io .  Peak conitsstion-efficiency  values  of 88, 
82, and 77 percent were obtaAned at sFmulated al.titudes  of 37,000, 
40,000, and 45,000 feet, respectively. A t  a constant fuel-air r a t i o  
combustion efficiency  decreased with increas ing   a t i tude ,  pr-ily as 
a result of t he  decreasing level of pressure at which combustion 
occurred. I . " . . - 

Configuration 1 was obvious$y w a t i s f a k t o r y  because of the  very 
limited range of  operation above an alt i tude  of 40,000 feet. Improve- 
ments in  combustion efficiency w e r e  also desired. Two methods were  
used in an e f fo r t   t o  improve the limits of combustion and combustion 
efficiency: (1) changing the   fue l   d i s t r ibu t ion ,  and (2) changing the  
f lame-holder geometry. 

Effect of Fuel Distribution 

In  order t o  insure s table  conibustion, a fue l -a i r   ra t io  ne- s to i -  
chiometric must be  provided in  the vicinity  of  the-sheltered  regtons 
of the flame holder. A uniform dis t r ibut ion of f u e l  at over-all  fuel- 
air r a t io s  near stoichiometric and localized  regions of near- 
stoichiometric  mixtures at lean over-all   fuel-air   ratios '  are required 
t o  maintain  conditions  satisfactory for  s t ab le  conibustion. The double- 
manifold  fuel-injection  system shown schematically in figure 9(a) was 
used.ta improve the fuel-air distribution over the  distribution 
obtainedLwith configuration 1. Photoghphs of codust ion  ( f igs .   9(b)  
t o  9( d) ) , taken through the  periscope viewing t h e  disch-arge of the  - 

engine, show the  locat-n of bumLng for   the  types of injection used 
with  the double-manifold  system. With uniform inject ion  ( f ig .  9(b))  
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the f l a g  intensity,  as shown by the light and dark areas, did not.  vary 
greatly  across the combustion chamber. The.l ight axem shown i n  f ig -  
ures   9fc)  and 9(d) i l lus t ra te   c lear ly   tha t  with quadrant i n j ec t ion   me t  
of the combustion occurred i n   t h e  zones following  the  quadrants i n  which 
fue l  w a s  injected and that  with  annular  injection combustion w m  con- 
fined  primarily  to - a-  core i n  the  center of - the  combustion chamber. 

Comparison  of. performance TJith unifpqn  and..qugeapt;  injection. - 
The limits of  combustion, over-all  exhaust-nozzle  pressure  ratio, and 
combustion efficiency  obtained  with  cmfiguration 2 are shown  in^ f i g -  
ure 10. Both uniform e d  quadrant fuel  injection w e r e  used. The limit8 
of combustion f o r  uniform in3ectian  (fig. l O ( a ) )  were sh i f ted   to  a 
region  of  fuel-air   ratios  r icher than the  ratios  obtained with configu- 
ra t ion  1. For example, at a simulated altitude of 40,000 feet, lean 
blow-out occurred at a fbel-air   . ra t to  of 0.044 for  configuration 2 
compared with 0.035 for configuration 1. This s h i f t  of limits t o  
h igher   fue l -dr  ratim is a logical resul t  of the mre uniform d i s -  
t r ibu t ion  of fuel with the.double-manifold  fuel-injection system 
which, f o r  any over-all   fuel-air   ratio,  gave lower local  fuel-air  
ratios  than  those  obtained  with  the  single-manifold system. 

The use-of quadrant injection  resulted  in  very pronounced improve- 
ments i n   t he   l ean  limits of com7justion. For example, between al t i tudes 
of 40,000 and 45,000 feet   the   lean limit of cambustion was reduced 
from a fuel-air ratio of approximately 0.045 f o r  uniform injection t o  
0.030 for  quadrant  injection.  Concentration  of.the  fuel i n  on ly  two 
of the  four quadrant-s  maintained high 10c.a f u e l - a r  rat;Sos and . 

Fmproved flame stabi l izat ion at-low over-all   fuel-air   ratios.  

The behavior of the over-aJ1  exhaust-nozzle  pressure  ratio  for 
configwatian 2 .  cfig. 10(b)) w&8 similar t o   t h e  behavior  obtained f o r  
configuration 1. Higher combustion efficiencies obtained.  with con- 
f Igurhtion 2, however, resul ted  . in-  exhaust-nozzle  pressure  ratios 
which were high enough so that the  supersonic  diffuser  could be 
expected t o  operate   cr i t ical ly-   ( that  is, with a normal shock at the 
lip statim). The diffuser cri t ical  points, which are shown i n  f ig -  
ure -iO(b) and subsequent figures, were estimated on the basis of an 
oblique shock generated  by a 20' half-angle cone, an ideal noma1 shock 
at the average  inl-et Mach number of the flight engine (at a flight Mach 
number of 2 .O), a to ta l   p ressure   ra t io  o f  0.93 i n  the subsonic dif- 
fuser, and the  combustion-chamber pressure  ratios  obtained during ' 
operation in  the   a l t i t ude   t e s t  chamber. men  the fuel-a3x r a t i o  is 
increased above the c r i t i c a l  values in  the  actual flight engine, 
either  sl ightly  increasing o r  same degree  &-decreasing  exhaust-nozzle 
pressure  ratios w a u l d  resul t ,  depending on the  pressure-recovery chm- 
ac te r i s t i c s  of the  supersonic diffuser uhen operating  eubcritically. 

. 
.. - 
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Peak values of  combustion efficiency at comparable simulated alti- 
tudes w e r e  higher and occurred at Egher fuel-air  ratios  for  configura- 
tion 2 uith uniform injection  than  the peak values of combustion 
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efficiency  obtained  with  configuration I. A t  40,000 f e e t  the conibustion 
efficiency for uniform Injection w a s  97 percent at a fue l -a i r   ra t io  of 
0.054 (fig.   lO(c)) and decreased  sharply to a value of 83 percent at a 
fuel-air ratio of 0.044. Conibustion efficiencies  obtained  with  quadrant 
injection blended with a general  trend of sharply decreasing combustion 
efficiency  with  decreasing  fuel-air.  ratio. This trend was apparent i n  
the performance obtained for. both  configurations 1 and 2. 

Conrparison of limits of combustion f o r  quadrant and annular injec- 
t ion.  - Improvements in the  lean limit of conibustion obtained  with  both 
quadrant and annular injection we shown Fn figure ll fo r  configura- 
t i on  3b.  Although the data obtained were limited  the results show tha t  
a t  an a l t i tude  of 45,000 f ee t   t he  improvement fn the  lean limit of com- 
bustion was about the same for both  quadrant and annular injection. 

- 

1 

Because the   l imi t s  of combustion for  configuration 3b  were similar 
for both  quadrant and mumr injection, annular injection was used 
f o r  all subsequent configurations. Annular injection was f e l t  t o  be a 
more logical  method because  the-predominant  sheltered a r e a s  provided by 
the flame holders were annular rings. 

As has been shown in  the  prevlous  sections,  fuel  distribution had 
a very  imgortant effect  on the  lean limits of combustion. The creation 
of locallzed zones of near-stoichiometric  fuel-air r a t i o  r e su l t ea   i n  
pronounced improvements over the le-= lfmfts of combustion obtained 
with uniform injection. The maximum combustion efficiencies  obtained 
with  rich zone injection were lower and occurred a t  lower ove r -a l l  
fuel-air   ratios  than those obtained  with uniform injection. The method 
of  injection, however, w a ~  not entirely  responsible f o r  the lower com- 
bustion  efficiencies  obtained  with  rich-zone  injection inasrmch as 
the  operating  .conditions w e r e  less  favorable f o r  c d u s t i o n  a t  the 
1ower.over-aU  fuel-air ratus where rich-zone  injection was  used. 

Effect of  E'l&e-Eolder Geometry 

Flame-holder 'geomtry w a s  vasied as &z1 al ternat ive method of 
i q r o v i n g  the lMts of  combustion and combustion efficiency. Configu- 
rations 3a t o  33 were used in  the.   investi-t ion of the  effects of 
f lame-holder  geometry. 

Effect of gutter width on limits of cmbustion. - The theory of 
burning i n   t h e  wake o f ,  bluff bodies (reference 5) states tha t  continuous 
ignition  occurs- a8 a  resul t  of transfer of hot &ses from recirculating 
eddies or +or t i c s  -fmmediately downstream of the bluff body into  the 
bowx3u-y region of relatively  cold-fuel-gir  m i x t u r e s .  The temperature 
of the boundary ikixture increases as the flow proceeds downstream u n t i l  
the  appropriate  .ignition  temperatwe is reached.. Front a balance - -  
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between the heat-supply rate required  for Lgni$ion i n   t h e  bourn 
zone and the  rate a f .  heat  flow from the  eddy region, it can be ahown 
t ha t  for a given fuel-air   d is tsbut ion,  inlet-air pressure, and i n l e t -  
sir temperature  the  fuelrair  ratio .at w h i c h  blow-out occurs i s  a , 

function of the width of the  bluff body or giitter and the  mixture. 
velocity past the  body. 

. . .. 
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In . the  invest igat ion of the  effects  offlame-holder geometry, the 
throat  area of the choked .exhau$t nozzle w a ~  not. varied and the inlet- 
air temperature w a s  held  constant so that   the   veloci ty  pmt the flame 
holder was a functtan  only of the  gutter width and blocked  area for 
data obtained' at constant  fuel-air  ratio and pressure. The effects  
of gutter width and blocked are& were mardfest only as attendant 
effects  on combustion efficiency, which are  subsequently shown to be 
s m a l l ,  and an undefinable  effect of decreased- flow area i n  the  case 
of blocked  area; "Thus, i n  order  to adapt the  prevfously  discussed  the- 
ory to the data  obtained,  the  fuel-air  ratiu at which blow-out occurred 
w a s  plotted  against flame-hold& gutte-width.  The results obtaFned 
are. shown In.  figure 12. 
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The three  curves shown in   f igure  1 2  clefhe the r tch and lean 
. . _  

limits of combustion with u n i f o r m  injection and the  leas limits of 
combustion f o r  annular injection, all f o r  a combustion-chamber exit 
pressure of 1400 pounas per sqmire foot  absolute, Each of the points  
defining a given curve.is  for.   a:different flame  holder, i t s  gutter 
width  being %he. geometrical  variable of in te res t .  The fuel-air ratio 
defining  the.l imits of combustion increased f o r  uniform r ich  blow-out ~ 

and decreased f o r  uniform and Etrinular lean blow-out gutter width 
increased. Thus, the improvement of the operable  range- of fuel-a3r 
ratios  with increasing gutter width is in  apparent qualitative  agree- 
men% with the  previously  discussed theory. A.combinati& .of wide 
gutter  width'and  locally rich fliel-air ratios  yielded the best  lean 
limits of combustion: 
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Effect  of. blocked &ea and 'gutter-widlih mi combustion efficiency. - .. . 
I .  

The effect  of flame-holder-blo&ed  &ea.on  combmtion  efficiency for  a 
fue l -a i r   ra t io  of 0.05 G d - a  cambustion-chamber-exlt pressure o f -  
18OU pounds per s q e e  foot  absdlute i-s shown in  figure 13. Three 
curves are shown and are fo r f ami l i e s  of flame holders with gu-bter 
widths of 1.00, 1.38 t o  1.50, and 2 .OO inches. These curves were 
obtained by cross-plotting from fa i red curves fo r  each flame holder 
involved. O n l y  -two flame holdem  with 2.iOO-inch gutter width .were 
investigated and the  curve shorn' f o r   t h i s  f&-ly of  flame. holders waa 
d ram  to  conform to the trend f o r  the 1.38"to  1.50-inch  gutter-width . 

f Eamily. The. effect of blo;cked &ea on combustion efficiency w a s  small 
f o r   a l l   t h r e e  families of flame hdders; two of-the.  co&%ant-gutter- 
width families indicate a slight. increase  in-conibustion  efficiency and 
the third a slight decrease i n  combustion effici-ency  with  Fncreaging 
blocked axea. 8 .  

. :  .. "" 
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The effect  af -flame-holder gutter width on combustion efficiency 
for 8 fuel-air   ra t io  of 0.05 and a combustion-chamber-exit pressure  of 
1800 pounds per  square  foot  absolute i s  shown i n  figure 14. Curves 
are shown f o r  two femilies of flame  holders, one with  blocked areas 
from 60.0 to 62 .O percent and the  other with blacked areas from 40.5 
to 45.0 -percent. The ef'fect Qf gutter width on combustion .efficiency 
f o r  both of the  constant  blocked-area  flame-holder  families w a s  small .  

The effects of flame-holder  blocked area and gutter width on corn- 
bustion  efficiency, which are shown in  figures 13 and 14, are typical  . 
o f  the  results obtahed  and presented i n  mre detail i n  reference 2. 
The effects of both  geometrical  variables were re la t ively small over 
the  range  of cambustion-chamber operating-conditions f o r  which compari- 
sons w e r e  po8sible. An additiondrvariable which could  not be isolated 
as flame-holder. geometry varied was the distribution of  blocked area 
r e l a t ive   t o  the fixed fuel-air distribution  pattern.  Inasmuch as  the 
over-all changes i n  .combustion efficiency were small for   re la t ive ly  
large changes i n  geometry and the  trends did not  follow an entirely 
consistent  pattern (see reference 21, it is  probable tha t   the  distri- 
bution of  blocked-area had as Fmportant an effecb on combustion effi- 
ciency as either blocked area or  gutter width. 

Effect of  PFlot Flame 

P a s t  experience with combustion chambers f o r  tail-pipe-burner and 
rsm-jet application  has shown that the  presence of  a p i l o t  flame helps 
to s tab i l ize  combustion at l o w  fuel-air   ratios.   Investigation of the  
pilot-burner  configurations was directed t o w a r d  improvement of the 
range o f .  operation ob tahed  xLth configurations  without- a p i l o t  burner. 

Comparative  performance of conffguratfons  with and without p i l o t  
burner. - A comparison of the altitu&e .&hits of  combustion  and the  
over-all  exhaust-nozzle  pressure  ratio is shown In figure 15 f o r  con- 
figurations 4a and 3 3 .  O f  the  pilot-burner  configurations  investigated, 
configuration 4a had the  best  lean l i inits  of conibustion. Configura- 
t i on  33 was chosen for the. comparison because it had the  best lean 
limits of combustion f o r  all the  configurations  without  pilot burner. 

The lean limits of conibustion obtained  with  annular  injection are 
shown i n  figure 15(a) for configurations  4a and 3j. The lean limit 
obtained  with the pilot-burner  confimation w a s  better  than  the  lean . 
lbit obtained wLth the configuration  without  pilot  burner  by  approxi- 
mately 0.01 in   fue l - a i r   r a t io  over the  range of a l t i tudes  for  which a ' 

comparison was  possible. This lean limit improvement obtained by pro- 
viding a p i l o t  flame f s  particularly  significant because  configuration Sj . 

w a s ,  with  respect t o  conibustion limits, the  best  configuration found 
in the investigation of f l w - h o l d e r  geomekry. 
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A comparison of over-al l   daust-nozzle   pressure  ra t ios   for   the 
configurations  with and without : -pi lot  burner at a a M . a t e d  altitude 
of 50,000 f ee t  is shown in figure 15(b). The over-all  exhaust-nozzle 
pressure  ratio at the  critical-diffuser  point w&s 6.0  for both  configu- 
rations: A t  over-all  exhaust-n&zle.pressure  ratios below the  crltic8.l 
value, the fuel-air   ra t io  with  uniform inJection was higher  for  the 
configuration  Wth a p i lo t  burner  than  for the configuration wLthout a 
p i lo t  burner, and with  annular  Injection  the  fuel-air  ratio was l o w e r  
for the  canfiguratianwith a pilot.burrier than f o r  the  .configuration 
without a-p-ilot  burner. Thus,  cornbugtion efffciencfea for the configu- 
ration  with a p i lo t  burner  were:lower  with uniform injection and some- 
what higher with annular injection  than  those  for  the  configuration 
without-a  pilot  burner at all fuel-air   ra t ios  below the   c r i t i ca l   po in t .  
The minimum operable  exhaust-nozzle  pwssure  ratios, which occurred 
at the  fuel-air  ratios corresponding to   t he  lean limits of combustion, 
were 3.3 and 3.6 for-  the  configurations  with and without a p i lo t  
burner,  respectively. . .  

Effect of Exhaust-Nozzle Geometry 

Performance of t he  engine equipped a t h  an exhaust nozzle  havjag a 
throat area of 65 percerit of the combustion-chamber area was determined 
because the engine W a c t u r e r I s  estimates of thrust based upon use 
of a 55-percent  exhaust  nbzzle  indicated  that a marginal  condition 
might exist immediately  following  termination of the  rocket  boost. The 
larger exhaust-nozzle throat  area gave higher  thrust  than  the  55-percent 
nozzle f o r  a given-exhaust-nozzle  pressure  ratio,  but  at'the sane time 
imposed a higher  velocity and &:lower  pressure on the combustion chamber 
a t  a given fue l - a i r   r s t i a  and  sfmulated al t i tude.  

Comparison of jet-thrust.  coefficients for 55- and 65-percent 
exhaust  nozzles. - Jet-thrust   coefficients  for  the 55- and 65-percent 
exhaust  nozzles are presented i n  figure 16( a> as a function- of fuel-  
air+ r a t i o   f o r  a simulated  altitude of 45,WO f ee t .  - .  These thrust coef- 
f ic ien ts  were estimated.  with t h e  azmump ion that 97 percent of the 
idea l  one-dimensional  value of .:pA(l+yM 1 was available a t  the nozzle 
exi t  f o r  each nozzle. Design nozzle-exit areas of 79 and 93 percent 
of the combustion-chamber mea were used in the thrust-coefficient 
calculations  for  the 55- and 654percent  .nozzles,  respectively. 

8 

The thrust coefficient  increased  tr l th  fuel-air   ratio for both 
nozzles. The inlet   d i f fuser  m a  c r i t i ca l   fo r   t he  55-percent  nozzle 
at a fue l -a i r   ra t io  of 0.055 and the  thrust  coefficient was  1.29. 
For the  65-perckt  nozzle  the hi-@est attainablec6mbwtion-chamber 
temperature r i s e  was reached at:a f u e l - d r  ra-bib o? 0.073 and thii 
occurred  before  the  diffuser  was'critical. .At ..this fue l -a i r   ra t io  of 
0.073 the peak thrust coefficient  for the 65-percent-nozzle  engine was 

. " 
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1.32, E very small inrprovemen't over the crit ical-diffuser  value of 
1.29 obtained  with  the  55-percent  nozzle. For a given thrust   coeffi-  
cient  the  required  fuel-& r a t i o  w a s  from 20 t o  40 percent greater 
f o r  the  65-percent  than  for  the  55-percent  nozzle. Thus, cruise opera- 
t i on  would be  seriously compromised by use of the 65-percent  nozzle. 

* ETfect of increased  canbustion-chamber-inlet Mach  number on 
combustion. - A t  a given  temperature rise across  the  conbustion cham- 
ber  the combustion-chamber-inlet Mach numbers  were theoretically about 

. 18 percent h i a e r   f o r   t h e  65-percent  exhaust  nozzle  than f o r  the 
55-percent  nozzle. These higher Mach  nunibera (or velocit ies)  resulted 
i n  differences in both the limits of conibustion and combustion 
efficiencies  obtained  with  the two nozzles. 

A comparison of the limits of conibustion obtained  with  the 65- and 
55-percent  nozzles is  shown i n  figure 16(b) . The curves  shorn in  fig- 
ure 16(b) define the lowest combustion-chaniber-exit tots pressure f o r  
which stable conibustion could be d n t a i n e d  at 8, given fuel-air   ra t io .  
For conibustion-chamber-exit pressures  greater  than 800 pounds per  square 
foot,  the  lean and r ich  limits of combustion for   the  65-percent  nozzle 
occurred at lower fuel-air  ratios than  the limits of combustion fo r  
the 55-percent  nozzle. According to   t he   bas i c  theory, which was dis- 
cussed  previoualy'in  presenting  the  effects of flame-holder geometry 
on l imits  of combustion, the  fuel-air   ratios  defining  the  lean limits 
of  conibustion for the  65-percent  nozzle would be  expected t o  increase 
over those ratios obtained  with  the  55-percent nozzle and the-fuel-air  
ratios  definfng  +the rich " t s  would be  expected t o  decrease  according 
t o  some function of the  increased combustion-chamber-inlet Mach num- 
bers associated  with  the 65-percent  nozzle. The poorer r i ch  Umit 
obtained  with  the 65-percent  nozzle i s  i n  accord  with the  theory,  but 
the  bet ter   lean limits obtained  for  both uniform and annular W e c t i o n  
with  the 65-percent  nozzle  apparently  contradict  the  theory. 
Apparently the higher  velocities  associated  with  the 65-percent  nozzle 
reduced the  penetration  of  the fuel sprayed into the air stream sa 
tha t   r ich  zanes of fuel-air  ratid beneficial   to   the lean limits of com- 
bustion w e r e  more effectively  preserved  in  the flow stream down t o   t h e  
flame holder. - 

A camparison of co&ustion efficiencies  obtained wlth the.65- and 
55-percent  nozzle is  shown in   f igure  X( c) . The curve f o r  the  
%-percent  nozzle is  f o r  a simulated a l t i t u i k o f  45,000 fee t ;   the  curve 
for  the 55-percent  nozzle was"obtained by csss-plottir$j SO t h a t   a t  
every  fuel-air r a t i o  the combustion-chamber-&t pressure w a s  equal 
t o  that obtained f o r  the 65-percent  nozzle. Thus, at a given fuel-air  
ratio, differences  in combustion efficiency shown are attrib.utable to 
differences in coriibustion-chamber-inlet Mach nuniber and attendant 
effects .  
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Combustion efficiencies  obtained.with uniform injection were equal 
for  both  nozzles at a mel-air r a t io  of 0.076. Between fuel-air ra t ios  
of 0.062 and 0.076 the combustion efficiencies  obtained  with  the 
65-percent  nozzle were s l igh t ly  lower than  those  obtained  with  the 
55-percent  nozzle. As fuel-air . ' rat io wae reduced below 0.062 the 
deterioration of combustion efficiency  with  decreasing fuel-air r a t i o  - -  

became progreseively more.pronounced for. the 65-percent  nozzle. Thus, 
as fuel-air r a t i o  was  reduced combustion efficiency became more sensi- 
t ive  to   the  higher  combustion-chamber-inlet Mach numbers associated 
with the -65-percent  nozzle. .. . 

Effect of Fuel  Volati l i ty 

High-speed Diesel fuel was used t o  determine the  effect  of f u e l  
vo la t i l i t y  on combustion performance  because avai labi l i ty  m i g h t  necea- 
sitate the use of a fuel   0 ther . th .m  the desi-gn fuel,  heptane. The 
Diesel  fuel  used  in  the  investigation had a 50-percent d i s t i l l a t i o n  
point of 509O F compared wlth 206O F f o r  normal heptane. 

The performance of the e n g ~ e  when operated with Diesel  fuel was 
found, after brief nmning, t o  be  unsatisfactory and as 8 result only 
limited data were obtained. The resul ts ,  however, when' cornparep with 
those  obtained  with pormal heptane,  illus-&rated some of the basic 
combustion-chaniber design changep required  for  satisqactory  uti l ization 
of Diesel fuel. 

.. 

. .  . 

. .  

Comparison of limits of  combustion for  Diesel  fuel axid normal 
heptane. - A compa,risoa of  the  upifom-injection  lean limits of com- 
bustion  for  configuration 5 obt&ned  with  Diesel- Rzel and normal heptane 
i s  shown in  f igure 1 7  (a) . The limits were sl lghtly  better  . for  Diesel 
f u e l  above an a l t i tude  of 50,000' f ee t  and sli&tly be t te r   for  nom 
heptane below 811 a l t i tude  of. 50,000 feet. Despite the   f ac t   t ha t  m 
physical changes w e r e  made t o  adapt  the  engine t o  t he   l e s s   vo la t i l e  
Diesel fuel, the  quantity of fuel  vaporized  provided a flame-etabilizing 
fuel-air  mixture at the  flame holder which w a s  as good. as t ha t  obtained. 
for heptane. . .   . .  . 

Comparison of c -dus t ion   e f f i c i enc ie s   fo r  Diesel fuel and normal 
heptane. - 'A comparison af combustion efficiencies  obtained  with uniform: 
injection  for  Diesel Tuel  and normal heptane .is presented  in f i g -  
ure 17(b) . The curves shown are. f o r  a simulated  aititude of. 
45,000 feet. Over the range af  Fuel-afr 'ratios investigated,  the 
combustion efficiencg  obtained  with Diesel fuel was 1 0 t o  20 percentage 
points lower th,m that ,obt@ined,yi th  heptane.. The combustion effl- . 

ciency  obtained with Diesel-fuel.  increased o n l y  slightly,  from 38 t o  
44 percent, a8 fuel-air  rati-o  increased fram 0.040 t o  0.056. For 
normal heptane, the.. combustion efficiency  increased from -48 t o  66 .percent 

. .  

* .. 
. .. 

. .  . -  

" 

" 

. - .. 
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f o r  the same increase  in   fuel-air  ra t io . -  The nearly comtant and low 
combustion efficiency  obtainea  for  Diesel  fuel over the complete  range 
of fuel-air   ratios  investigated  Indicates that a large  percentage of 
the t o t a l  combustion taking  place xa8 codined   to   the  wake regions 
immediately following  the  flame-holder gutters.. Combustion in   t hese  
regions  was-apparently similar for  both Diesel. f u e l  and normal heptane 
as evidenced  by s imilar i ty  of the limits of combustion ( f ig .  17(a)). 
The better vaporization  characteristics of heptane  permitted  better 
combustion as the mixture progressed down the combustion chamber, 
r e su l t i ng   i n  higher combustion efficiencies and prowessively improv- 
ing combustion- efficiencies  with  %creasing  fuel-air ratio. Longer 
vaporization times (greater  ,.dietan= between point of injection and 
flame holder) and higher injection  pressures f o r  be t t e r   fue l  atomiza- 
t’ion probably  muld.have -roved the conibimtion efficiencies  obtained 
with  Diesel  fuel. 

.. Effect of  Combustion-Charaber-DiLet Temperature 

For engine.  aperation at off -design . f l ight  Mach numbers and on non- 
- standard days the  combustion-chauiber-inlet t&perature would devtate 

from 250° 1, the  Yalue corresponding t o  a f l i g h t  Mach  number of 2.0 
above the tropopause. me. _effects of variations in inlet temperature 
on cmbmtion were deteminea by runs with  configuration 5 at W e t  
temperatures of  1500, 250°, and 350° F,. The results obtained are sub- 
ject  t o  a correctfon. f o r  c w g e - a i r  contamination by the combustion 
heater which varied  with inlet temperature. As was prevlously stated, 
however, the effects  of  contamination .on engine combustion were probably 
s m a l l  over the range of combustion-heater fuel-air   ratiosrnsed (0.001 
t o  0.004). 

Combustion efficiency. - The effect  of temperature on combustion 
efficiency i s  shown i n  figure.18 fo r  uniform injection. Curves are  
shown fo r  a fuel-& r a t i o  o f .  0-.065 at a combustion-chamber-exit pres- 

a t  a combustion-chmiber-exit pressure of 1OOO’pounds per  square  foot. 
Combustion efficiency  increased with i n l e t  temperature f o r  both  the 
high and low fuel-air  r a t i o  conditions. For 89 increase  in  temperature 
f r o m  150° t o  350° F the combustion efficiency  increased from 41 t o  
50 percent with a fuel-& ratio of 0.040 and f r o m  70 to 90 percent 
with a fue l -a i r   ra t io  of 0.065. 

” sure of 1400 pounds p e r   s q m e   f o o t  and f o r  a fuel-air  r a t i o  of 0.040 

- 

L M t s  of combustiqn. - The effect  of temperature on t he  limits of 
combustion i s  shown in figure 19. These limits define the  lowest 
combustion-chamber-exit pressure f o r  which s tab le  conibustion could  be 
maintained at a given fuel-air   ra t io .   Sets  of curves  for inlet tem- 
peratures of 1500, 250°, and 3500 F are shown f o r  uniform and annular 
injection. In  general,  for  both  types of injection,  the  stable 
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operating  pressure at a given fuel-air .ratio  decreased. ~ E I  i n l e t  tempera- 
ture increased. A departure frdm t h i s  trend occmi-ed in  the  region of 
fuel-air   ra t ios  between 0.050 and 0.056 where the midmum operat- 
pressure f a r : l 5 O 0  F became -lower than tha t  for either 250° or  350° F. 
A t  a given co&uskion-chamber-edt pressure me  stable  operating  range. 
of fuel-air   ratios  increased as <Inlet  temperature was  raised. 

. . . - - 
.. . . 

I n  an al t i tude test-chamber  investigation  of  the performance of a 
28-inch diameter ram-jet engine,: t he   o r ig ind  configure;tion was found t o  
be  unsatisfactory from the  standpoint of . inad~quate  combustion LFmits. 
Variation i n  the canbustion-chamber features resulted iq a design that ,  
although not completely sat isfacbry.with  respect   to  combustion effi-  
ciency; would operate mer  a range  of  fuel-- ratios  greater  than that 
required by the proposed flight plan. 

. . .  . . .  

Fuel  distribution and flamekholder geometry s ignif icant ly   affected 
limits of combustion but  did  not:affect  combdtion  efficiency. Use of 
a double-maaifnld fuel-injection..aystem i n  place' of the  or iginal  
s ing le-mdfold  system improved the  r ich limits of combustion by dis -  
t r ibut ing the fuelmore un l fo rm ly  at high fuel-air   ra t ios  and improved 
the lean limit8 of. ccmibustion by permitting maintenance of . local ly  
r ich   fue l -a i r . ra t ios  at l o w  over-alJ fuel-air   ra t ios .  The primary fac- 
t o r  i n  flame-holder geometry affect'ing limits of combustfon -8 gutter . . 

width. I n  general, wlder gut%eri impmved bo$h the rich- and lean limits 
of combustion. Conibustion efficiency was re lat ively independent of ,  - .. . 

flame-holder geometry over a wide r u e  of 3 E k k i d  are& &d"gutter . . 

widths. . . .. 

The pTesence of 8; p i l o t  burner k d e d  in stabilizing combustion 
at the lean  over-all   fuei-air  ratios by provjdfng a small but  constantly 
burning region of  apprjoximakely stolchbmetric  mixture. The effect 
of the   p i lo t  burner on conbustimi  efficiency ws s&, however, inas- . . 

much E ~ B  t h e   p i l o t   f l e e  'served  prim&ily as ignit ing and combustion 
s tabi l iz ing mechanism and did ribt. colltribute t o  colnpleteness of com- 
bustion after continuous igni t ion had been achieved. 

The imposition of .h igh  combustian-chamber-Met Mach numbers  by 
the me of an e x b u s t  .nozzle throat area larger than the origLnal 
(65- and 55ipercent of the combus~ion-chamber area,  refqeetively) 
resulted in bet te r  le& .limits but poorer.."Ljmita of. conibustion. 
These effects. an the limits ;of c&bustion w e r ~  attribut.ed t o  the 
reduction i n  the spreading .of the'  conical fuel  spray.  pattern, which 
,preserved  a  stratum  africh.mi+ure in the flow &ream down t o   t he  
flame holder. Combustion efficiency at high fliel-aLr ratios was 
insensitive- to the-higher  cdustion-chamber-inlet Mach numbers but 

.. " 
: , - 

. " . .  - 
" - 

" 
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. became progressively more sensi t ive to &e higher Mach numbers and 
decreased mre rapidly  for  the  laxge  exhaust nozzle as fue l -a i r   ra t io  
waa  reduced. 

Lean limfts of combustion obtained with both  low-volatility D i e s e l  
f ue l  and high-volati l i ty commercial-grade normal heptane were similar. 
The quantity of Diesel fuel  vaporized  apparently  provided EL flame- 
s t ab i l i z im  fue l - a i r  mixture at the flame holder which was 8s 4ood as 
that obtained  with  heptane. Combustion efficiencies  obtained  with  the 
lower v o l a t i l i t y  D i e s e l  f u e l  w e r e ,  however, lower  than  those  obtained 
with normal heptane :because of  the lower vaporization rate of Diesel 
fuel. 

I n  general, the limits of combustion q d  combustion efficiency 
were improved as Combustion-climber-inlet temperature w a s  increased. 
The increasing rate of fuel vaporization  with  incr-easing inlet tempera- 
ture resulted  in  better  flame-stabilizing  mixtures at the flame holder 
and an accelerated over-all. c m u s t i o n  proc.ess.. 

Lewis Flight  Propasion  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, . 
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A P r n I X  - SYMBOLS 

The following symbols are-used throughout th is  report.: 

A area, sq ft 

I 

. . . ." - 

..- 

M Mach  number 

9 simulated  freeLstream  dyniimic  pressure, 2 
, Ib/sq ft absolute 

Y ratio  of  specific  heats 

7 combustion  efficiency 

- 
. .  . . -- 

Subscripts and stations : 

a ambient or free-stream  conditions  at  altitude  which is simulated 
. " 

0 test-engine  bellmouth  inlet 

1 lip station 

2 combustion-chamber  inlet 

4 . combustion-&der exit 

5 exhaust-nozzle  throat 

6 exhaust-nozzle exit 

I . ."I -.  
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Figure 3. - haug&nt of fuel-injection a p t e m ,  fLrrme holder, and ccmbustian chamber for configuratlona 2 an8 3. 
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2 . 6  

2.2 

1.8 

1.4 

1.0 

FLame holder 
o o n f i ~ t i a n  

' 0  3a 

- g  3b 
3C 
3. 

I 

3e 
A 
V 

. .  b 3f 
-4 3g 
V 3h 

. P  31 . 

b 3J 

C l r c l e d  numbers denote 
number aP.anruIar 

gutter  ringe 
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Figure 4. - Gutter width againet blocked m a  of flaw- holdere u ~ e d  in 
configurstian 3. 
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(c) Combustion efficiency. 

Figure  8. - Altitude limits of dcsabuetioq, over-all exhaust-nozzle press- tagtio, 
and combustion efficiency for configuration 1. 
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(a) Llmi€Z-of combu8Utm. 
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Fuel-air   ratio 

Figure ll. - Coi@ezison o f  lean limits of combustion obtained idth 
miform, quadzant, a d  annulap injection for configuration 3(b). 

canfiguration 

0 
- 0  3 b .  

A 3d 
V 3e 
D 3f 
Q 3g 

. v  3h v 31 
b 3J 

3c 

1.0 - 1.4 1.8 2.2 2.6 
Flame-holder gut ter  width, in. 

Figure 12. - Effect of flame-holder gutter width on Urnits of cosnbustion. 
CoEibustion-chamber-exit preesure, 1400 pounds per square foo t  absolute. - . - -  . .. . ~ 
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1.0 1.4 11.8 : ' 2.2 - .  2.6 
Flame-holder gutter width, -in. . . . . . . . . . " . "  " 

Figure 14. - meet of flame-holdar gutter wlnth on ccmbuetion effialency fo r  
configuration 3. Fuel-air ra t io , :  0.050; uniform Fnjection. Cabustion- 
ohamber-exit pressure, 1800 pound8 per eqUare foot abmlute. 
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(a) &an Limits of conitustion. 

Fuel-air r a t io  

(b) Over-all exhaust-nozzle pressure ratio; 
simulated altitude, 50,000 feet. 

Figure 15. - -Ccrmparison of lean limits of combustion and Over-all exhaunt- 
nozzle pressure ratio for configurations w i t h  an3 without p i l o t  burner. 
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(e) Grogs jet-thrust coefffoient: simulated altitude. 
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.02 .03 .04 .os .OS . .07 .oa 
Fuel-air r a t i a  

(b) Ccmibustie efficiency; elmul&t&d alt i tude,   45,bO’feet.  

Figure 17. - Campm.ieon of limits of c d u e t i o n  and combuetion efficiency 
obtained with  Diesel fuel 8d normal heptane f o r  ccmfigtira-tion 5.. 
UnFporm injection. - 
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Figure 18. - Effect of inlet-air temperature on- &mbu&ion  efficiency for con- 
figuration 5. Uniform injectim. 
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Figure 19. - Effect-.af..inlet_-ak temperature on- limits of combustion for configu- 
ration 5. - 
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