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PERFORMANCE OF RECTANGULAR ANALOG 

By Warren D. Rayle and R i c h a r d  G. Koch 

SUMMARY 

This report  describes  the  design of a  piloted combustor intended 
f o r  a ram-jet  engine of long flight range. The unit comprises a  large 
annular  basket of V-type cross section, the inner surface of which i s  
slotted asd bent  into small TT-gutters. A t  the t r a i l i ng  edge of the 
basket,  eight  V-gutters  me used t o  propagate  the  flame  into  the main 
stream. . 

A rectangular  analog of this combustor was tested  at   air-flow con- 
di t ions corresponding t o  those that might be obtained  during cruise. A t  
these  conditions, cdus t ion   e f f i c i enc ie s  of as much as 90 percent were 
calculated f o r  the conibustor at the design  equivalence r a t io  of 0.52. 
The performance of the unit was relatively  insensitive t o  mounting and 
flow va iab le s j  the greatest  effect on efficiency was that of the manner 
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b and location of the f u e l  injection. 

A full-scale  version of this ~ m b U 6 t O r  has been designed for  a 
48 -inchdiameter  engine. 

The following  material  describes  the design and testing of a ram- 
Jet combustor intended t o  operate at a specific  set  of flow cmdLtions 
corresponding t o  those that  might be  obtained i n  a  long-range  ram-Jet 
engine. The work was performed at the NACA Lewis laboratory as par t  of 
a  continuing propan of conibustor design and evaluation. 

The design and testing were based on an engine of 48-inch  diameter 
and 75-inch length, wlth the shape shown in   f igure  1( a) . The altitude 
and flight Mach number were  assumed t o  be  those  required t o  supply  the 
following cambustor-inlet  conditions: (1) a t o t a l  pressure of 10 inches 

of 0.15. The goal of the program was t o  a t ta in  maximum efficiency  at  

e 

% of mercury absolute, (2) a  temperature of 530' F, and (3) a Mach  Illllziber 
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'the68  conditione- fo r  an  equivalence r a t i o  of 0.52 without  introducing an 
internal total-pressure loss of more than 3 velocity heads. Obv5ously, 
if the combustor i s  t o  operate'under r ea l i s t i c  conditions,  the  perform- 
ante must remain  high f o r  small deviations from the design  conditions. - 

& 

Combustor  development  and testing i n  an engine as large as 48 
inches i n  diameter would obviously be cumbersome and inefficient.  A 
10- by  =-inch rectangular analog was therefore  fabricated. This test  
combustor was designed t o  correspond in length  to  the f u l l - s i z e  engine 
and t o  induce similar air velocit ies at all stations. m 0 In cu 

The simulation  extended from the  throat of the inlet d i f fuser   to  
the  exhaust choke, thus  isolating  the unit acoustically. The side view 
of the analog i s  presented in figure l (b)  A rectangular cross section 
exist8 a t  all stations,  with  the  height of the rectangle  equal  to  the 
radius of the engfne. 

.. . .. 

A kerosene-type fue l  was used throughout. The properties of t h i s  
fuel,  MIL-F-5616 grade JP-1, are  given  in  table I. 

Any flame-holdin$  device  functions by providing a continuous  source 
of ignit ion for gases flowing at velocit ies greater than the normal 
laminar flame speed (about 1 t o  2 f t /sec) The baffle-type  flame holder 
accomplishes this by a trailing vortex which recirculates the hobom- 
bustion  gases. A can-type combustor serves much .the same purpose, 
although a separate fue l  mwce i s  often  provided ELTI& the vortex  region 
i s  more sheltered from the  velocity  fluctuations  occurring  in  the main 
stream. When a can-type combustor i s  used t o  provide  ignition  sources 
for a system of baffle-type flame holders, the can i s  frequently ref'erred 
t o  as a "pilot .  I' 

. . "" 
" 
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In  the  past, can-type flame holders have been used i n  engines i n  
which stable performance and high  efficiency were desired at low pres- 
sures and i n  which a high drag was permissible (ref. 1). B a f f  le-type 
flame holders have been used when the drag must be  kept low and when the 
added s tab i l i ty   &the  can was not needed (ref. 2 )  For the conditions 
of these tests, neither  type alone seemed adequate; therefore, a  combina- 
tion-was  explored. A protected  region,  or  pilot, with i t s  own fue l  
supply was contrived t o  provide a continuous  source of igni t ion  for  a 
V-gutter  flame  holder, which, in   turn,  spread the flame throughout the 
main stream. The joining of the main stream to   t he   p i lo t  flame was made 
gradual, so that the  continuity of the flame might not be easi ly  broken. 
Since  the  desired  fuel-air   ratio was  only about half of stoichiometric, 
an annular p i lo t  was designed t o  8erve also as  a flow  divider. This 
design  permitted  the main combustion t o  occur in   s to i ch ime t r i c  mixtures 
In the central portion of the  duct, as in the combustor of reference 3. 
Figure 2 shows this combustor  mounted i n  the  rectangular  duct and f ig -  
ure 3 shows the  corresponding  full-scale unit- . .  . . 
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Inasmuch as %e combustion-chamber length was  only 75 inches, the 
p i lo t  burner was  mounted i n   t h e  subsonic diffuser so t h a t   f u l l  advantage 
might be  taken of the avdlable reaction zone. T h i s  method or mounting 
should assist the performance of the  diffuser by  reducing  the  tendency 
toward flow  separation and therefore should not too  greatly  increase the 
drag. 

The performance of this uni t  was evaluated a t  design conditions. 
Data were also t aken   to   ascer tdn  the effect  of the individual  variables - 
pressure, temperature, flow velocity, mounting angle, p i lo t   fue l  flow, 
location of main fuel  injection, and vi t ia t ion  of the i n l e t  air. 

Test Fac i l i ty  

An outl ine of the combustor and the  associated  ducting  used in   t hese  
tests i s  presented i n  figure l (b ) .  A i r  a t  40  pounds per  square  inch gage 
w a s  supplied by the laboratory  faci l i t ies j   the  flow r a t e  was controlled 
by  remotely  operated  butterfly valves.  The electric  preheaters were  not 
capable of heating the mass of air (5 lb/sec a t  simulated  cruise condi- 
t ions) t o  the  desired temperature m d  were supplemented by a single 535 
turbojet  combustor through which par t  of the air was passed,  burning and 
subsequently mixing with the main stream. In order to increase the effi-  
ciency of the preheater,  the  pressure  therein was maintained a t  an ele- 
vated value by means of a fixed-area or i f   ice  downstream. After passing 
through a plenum chamber, the air w a s  introduced  into the engine  analog 
by means of a two-dimensional duct which increased i n  cross  section from 
5 by 12 inches a t  the inlet to a maximum of 10 by 24 inches. 

A 6-inch-square window in the  plenum  chaniber afforded a view of the 
combustion process. 

P i lo t  Combustor 

The p i lo t   fue l  was introduced wTthin the basket; the main f u e l  was 
sprayed in to  the region below. An'oxygen-hydrogen flame was used as an 
igniter, and the ensuing conibustion occurred withi'n  and downstream of 
the p i lo t .  The m a h  cambustion region was located i n  the 10- by  24-inch 
duct  fabricated from  1/2-inch steel plate.  No forced  cooling w a s  em- 
ployed. The exhaust choke w a s  constructed  from a series of 3/4-inch 
tubes  through which  quench water was sprayed t o   h a l t  the reaction. A 
grid of tapered  Inconel m e m b e r s  moved into the spaces between the quench 
tubes,  thus  providing a variable-area  exhaust  nozzle. T h i s  nozzle did 
not  correspond t o   t h a t  of the engine  but was necessaxy in  order  to  permit 
the t e s t ing   t o  be conducted at constant  inlet  pressure, temperature, and 
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Mach number while the fuel-air  r a t i o  was varied. The 'mixture of cam- 
bustion  products, air, and water vapor then  pass&  through an m a y  of 
thermocouples and into the exhaust mains. b 

* 

The f irst pilot  configuration  tested i s  shown In figure 2. In 
cross section i t s  shape was that of an asymmetric V. The outer  surface 
was perforated by four rows of 1/2-inch  holes spaced 2 inches apart. 
Downstream of- these holes  the  metal  sheet was continued i n  order t o  act 
as a flow divider and to   fur ther   protect   the   pi lot  zone. The t o t a l  
length of the upper surface was 24 inches. The lower surface of the 
basket was cut---longitudinally, the cuts  being spread a t  the downstream 
edge by folding the metal into a V-shape. The result ing openings per- 
mitted a gradual mixing of the main-stream gases with the- p i lo t  flame 
and also provided  additional air ent ry   for   p i lo t  combustion. From the 
center of the lower t r a i l i ng  edge of the p i lo t  basket was appended a 
V-gutter, a flame seat for   the maLn combustion. T h i s  basic conf'igura- 
t fon was used with slight  modifications  throughout  the series of t es t s .  

Instrumentation 

The mass flow of air w~bs calculated. from the pressure drop acrosa 
a variable-area  orifice.  Fuel  flow was determined from rotameter  read- 
ings, the preheater fie1 supply  being measured independently from tha t  
of the experimental combustor. Two arrangements were used fo r  con- 
t ro l l ing   the   p i lo t   fue l f law.  In  the  ear l ier  tests, the   p i lo t -  and 
main-fuel  systems were manifolded so that the flows remained roughly r 

proportionate. Later, a separate  control was used f o r  the pilot-fuel 
system. I n  t h i s  case, the sum of the two fiows was measured, and the 
p i lo t  flow was estimated from the injection pressure. The quench-water d 

flow was also determined from rotameter  readings. Au. rotameters were 
calibrated-after  installation. The quench spray, an sir-atomizing 
type, required a small flow of high-pressure air; t h f s  flow was meas- 
ured by use of a small fixed  orifice.  

." - 

. .. - 

. .. 

Pressures a t  various  points along the  system w e r e  transmitted  to 
mercury manometers whose readings were photographically  recorded.  Total 
and static pressures were obtained  near the throat of the diffuser (sta- 
t ion  1) zmd j u s t  upstream of the combustor (s ta t ion 2)  The combustor- 
inlet pressure was considered t o  be the total   pressure at s ta t ion 2 .  
Static  pressures were also measured a t  the top and the side of the  burner 
section and a t  three points on the side of the-.duct j u s t  ahead of the 
exhaust choke. Pressure taps downstream permitted measurement of the 
pressure drop across the chohe. 

c 
Temperatures were measured by means of thennocouples s t ra tegical ly  

located  along  the system. Chromel-alumel thermocouples,  connected t o  a 
recording  instrument, were located as follows: (1) a single thermocouple G 



NACA RM E53ISL3 5 

N 
UI 
(0 

0 

at station 0, (2) f ive  thermocouples  spot-welded t o  the conibustor wall, 
and (3) 16 thermocouples arrayed at centers of equal  areas in   the  duct  
at station 4. Iron-constantan thermocouples were  employed t o  measure 
the temperatures of the air entering  the  preheater and of the quench 
water. 

PROCEDURE 

Operation 

The running  procedure f ina l ly  evolved was as  follows: F i r s t ,  the 
required mass f low of a i r  was established. Then, the  preheater was 
started and i t s  f u e l  f low adjusted  unti l  the plenum-chamber temperature 
reached  equilibrium at about 530' F. The p i lo t   fue l  was admitted and 
w a s  ignited  by  an oxygen-hydrogen torch,  followed by the m a i n  fue l  f low 
and combustion. The conbustor pressure was set t o  the required  value of 
10 inches of mercury absolute, and the quench spray was adjusted t o  give 
a mean exhaust  temperature between 400° and 600' F. Data were then  taken. 
The wall temperatures were recorded  twice  over a measured time interval 
(about 30 sec) in order t o  establish  the rate of heat  absorption of the 
w a l l s .  Another fuel  flow was se t  and the  process  repeated. In general, 
a limit of four or  f i v e  consecutive  data  points was enforced by over- 
heating of the combustor wall. When the maximum wall  temperature 
reached 1000° t o  l l O O o  F, the  fuel  flow was stopped and the combustor 
was  permitted  to  cool. 

Most of the  data were taken at the simulaked cruise  condition and 
translated into curves of efficiency  against  equivalence  ratio. Data 
on combustion limits were also sought at the  standard f low conditions. 
In  general,  the fuel system would not  provide  sufficient  fuel  to  at tain 
r ich  blow-out, the limitation  being in  the capacity of the main f u e l  
nozzles. Lean limits w e r e  v i r t u a l l y  nonexistent  since  the  pilot  basket 
retained  flame even i n   t h e  absence of the main fue l .  The lean limit of 
the   p i lo t   i t se l f  was  likewise  Fndefinitej  frequently, flame remained 
visible in the basket  for as long as 10 to 20 seconds after the  supply 
valve was closed. 

Calculation Methods 

The thermal  efficiency of the combustion process was deduced from 
a heat  balance. The t o t a l  heat content of the exhaust  gases - air ,  
superheated water vapor, and combustion products - was computed. Sim- 
ilarly, the  heat  content of the ingredients was  summed.  The ingredients 
included  air,  preheater combustion products,  water, f u e l ,  and quench 
a i r .  The heat  l iberated  in the unit was then  the  difference of these 
values  plus  the  empirically determined loss from the combustor wall. The 
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combustion efficiencies  cited  herein  me  then the. r a t i o  of heat l ib=-  . 

ated  (including estimated loss) t o  the theoretical  heating  value of the 
fuel.  .. . 

The equivalence r a t io s  used on the  plots  were  computed  from the 
t o t a l  air flow, fue l  flow, preheater  fuel flow, and preheater  efficiency. 
Thus, they  include  the  vitiation  resulting from preheater combustion. 
I n  general,  the  operation of the  preheater  resulted  in the preconsumption 
of about-5  percent-. of the  available oxygen. 

The heat loss of a unit-such as this may be  quite  large. It com- 
pr ises  three components - convection, radiation, and capacitance. The 
f i r s t  two compunents are functions of the wall temperature; the  storage 
tern i s  a function of. the  rate of change o q t h e  wall temperature. In  
order t o  determine the relat ive magnitude of these terns,  a set of data 
was taken with only the preheater used. With a constant fue l  flow t o  the 
preheater, the heat loss of the gases  passing  through  the combustor was 
measured periodically, as was also the wall temgerature. From these 
data, 8;n empirical  heat-loss  equation was calculated. T h i s  method of 
estimating  losses, though not precise, was deemed suff ic ient   for  the 
purpose.  Losses camputed ranged from 5 t o  20 percent,  being smaller 
percentagewise at the  higher  equivalence  ratios. The f h a l  efficiency. 
figures  with  the loss included -were reprdducible to  within about 2 
percent. . .  

The total-pressure loss was calculated from the  total   pressure at 
the  inlet ,  the static  pressure a t  the exit, and the total   heat   l iberated.  
This cdculat ion involved the assumptim.that the temperature prof i le  of 
the gas  entering  the  exhaust choke was flat ,  since  the  t-erature was 
coqputed  from the mass flow of a i r  and the  heat  Uberated. The resu l t s  
ind.ica-be the magnitude of the pressure drop but  are  not  sufficiently 
refined t u  permit compaisons of similar conffgurations. 

t l  
6. 

A t  an inlet   velocity and  temperature  corresponding to   cruise  condi- 
.om, p i lo t  combustion persisted  unti l   the  pressure was reduced t o  about 
5 inches of mercury absolute.  Exhaustive t e s t s  of the   s tab i l i ty   l imi t s  

were omitted,  since  the data quoted seemed-to  indicate  sufficient sta- 
b i l i ty   to   jus t i fy   t ransfer r ing   a t ten t ion   to   the  perfommice of the com- 
bined  pilot and main combustor. . Subsequently, t he   t r a i l i ng  V-gutter was 
added and the main fue l  was injected. 

.. - 

Early tests of the  or iginal  conibustor yielded  efficiency maximums 
at  very low equivalence rat ios ,  as shown i n   f i gu re  4. In order t o  shift 
th i s  peak to  richer  regions,  the  air  flow  through  the  pilot was increased 
by  enlasghg the second row  of holes from 1/2- t o  7/8-inch  diameter. The 

c 
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resulting  data  are  also shown on figure 4. The efficiency of the unit 

percent. . For  both tes t s   the  main fue l  was introduced  through a single 
swirl nozzle  rated at 60 gallons  per hour, directed downstream,  and 
located about 1~ inches below and 5 inches upstream of the lower trail- 
ing edge of the pi lot .  The data were obtained a t  off -design flow con- 
dit ions as a resul t  of vibration  failure of the  inlet  total-pressure 
tube. From the mass flow, teqerature ,  and inlet static  pressure,   the 
correct  values of total   pressure and i n l e t  Mach  number were calculated 

c a t  design  equivalence r a t i o  dropped from about 79 percent t o  about 76 

1 

f\) 
CD cn 
0 t o  be as shown on figure 4. 

The effect  of varylng the amount of f u e l  injected  through  the  pilot 
is  shown i n   f i g u r e  5 .  No significant change in  efficiency  resulted from 
increasing  the  pilot  equivalence r a t i o  t o  0.103; the term "pilot equiv- 
alence ra t io"  describes  the r a t i o  of p i l o t   f u e l   t o  the fuel  theoretically 
necessary t o  burn a l l  the air supplied t o  the t o t a l  combustor. lchis 
insensit ivity may be  attributed t o  the constant  efficiency of the pilot ,  
which i s  shown on figure 6. The data are presented  both  before and 
af te r  the heat-loss  correction was included. It may be  noted that i n  
this  instance a low ra te  of heat l iberation was accompanied by a high 
percentage of heat loss. The- data  point at an equivalence r a t i o  of 
0.085 which does  not f a l l  on the curve i s  the first point of the  series. 
The error at this   point  may be at t r ibuted  to  the uneven distribution of 
heat in the combustor wall, w h i c h  resulted in the  calculation of an 
unduly high  heat loss. 

Because the  over-all  equivalence ratio f o r  maximum efficiency  rp- - mained too l o w ,  further changes were made. In order t o  reduce the prob- 
ab i l i t y  of canbustion  occurring in  locally  r ich  regions,   the  fuel-  
injection system was modified. Two swirl nozzles  rated  at 40 gallons 
per hour and located about 16 inches upstream of the  basket' s t r a i l i ng  
edge at   centers  of equal  areas w e r e  used to  replace  the  single  nozzle 
rated at 60 gallons  per hour and located 5 inches upstream. This change 
raised  the  efficiency  at  design  condition from  about 76 percent t o  85 
percent and gave a maximum efficiency of 89 percent at an equivalence 
r a t i o  of 0.42, as i s  shown on figure 7. Also shown i s  the  effect  of 
increasing the angle of attack of the  pi lot ,   that  is, the  angle between 
the center  line of the   p i lo t  and the base l ine  of the combustor. An 
increase from 6' t o  8' did  not  greatly  affect  the performance. 

The direction of the  fuel  injection was next  varied.  Figure 8 shows 
the  drastic  effect  obtained merely  by rotating  the  fuel-injection bax. 
The two curves of greatest   interest  are those  representing upstream and 
downstream injection. Upstream injection was found t o  shift the peak 
efficiency  to about the desired  equivalence r a t io .  The curve represent- 
ing  cross-stream  injection i s  of l i t t l e  pract ical   in terest ;  it indicates 
the  decline in rich efficiency  resulting from directing  the  fuel  spray 
upward, taFard the p i lo t .  This result may, of course, be  explained  by 
assuming that this arrangement results in   loca l ly   r ich  mixtures. 
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The effect  of combustor-inlet  pressure i s  
f u e l  being  injected upstream) Increasing  the 
inches of mercury raised the efficiency at the 

shown in   f igure 9 (the 
pressure from 10 t o  12 
design condition from 

about 91 t o  95 percent;  lowering  the  pressure t o  8 Gches dropped the 
efficiency  to about 73 percent and shifted  the  efficiency peak t o  a 
richer  region. Brief tests of the fm design at an inlet  pressure of 
17.5 inchea of mercury showed no resonant  instability, no overheating 
of the basket, and efficiency on the order of 95 percent. 

The u t i l i t y  of the flow dfvider  (the  extension of the outer  surface 
of the  basket) w&s next examined. Stepwlse removal of this surface 
indicated  that an excess of metal was originally  present.  Figure &O 
presents  efficiency  curves  for  the  original  basket compared with  those 
for  the same basket  with 6 and l2 inches of the outer  surface removed. 
The f irst  modification i s  seen t o  perform as did the  original. The 
removal of 12 inches of the  metal reduced the  s tabi l i ty  of the unit so 
that blow-out occurred at an equivalence ra t io  of about 0.47. 

These t e s t s  were all conducted with cambustion preheat.; tha t  is, a 
mall amount- of the available oxygen had been already consumed. In  
order t o  determine  whether this factor would seriously  affect  the  re- 
sults, the  data  represented by figure 11 were obtained. It should be 
noted that these data were taken with an early  configuration  (single 
nozzle for  the main fuel)  and not with the  final  design. The trends 
should st i l l  apply. In  order t o  vary the amount opv i t i a t ion  without 
changing the  inlet  temperature,  the same conditions were obtained  with 
and without electric  preheat by  changing the amount  of colnbustion pre- 
heat. The chief effect of the  vit iation seems t o  be to  increase  the 
slope of the curve. Surprisingly enough, at the lean  condition  the  per- 
formance was actually better with vi t ia ted air. T h i s  improvement was 
slight and may reflect   data  scatter.  The effect  at  the  design  equivalence 
r a t i o  was slight but adverse. It may be tentatively concluded that the 
vi t ia t ion normally present  during  these  testa would cause the results t o  
be, fl anything,  conservative. 

The total.-pressure drop through  the  duct with combustion was cm- 
puted f o r  several  instances to be about 6 velocity heads. This drop 
seemed excessive and was checked by removing the combustor and acces- 
sories. The empty- duct  alone was  found t o  have a drag of about 3 veloc- 
i t y  heads. Therefore, it was assumed that  the drag due t o  the combuetor 
i t s e l f  might approach 3 velocity heads; t h i s  matter may be more accu- 
ra te ly  checked with  the  full-scale model. 

CONCLUDING REMARKS 

From the  results shown in   the  preceding  section, i t m a y  be con- 
cluded that the combustor developed very neesly satisfies the  original 

In 0 
Q, cu 
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requirements. The peak efficiency of about 90 percent was obtained a t  
the  required  operating  equivalence  ratio of 0.52. The drag was near 
3 velocity heads, and the stability  permitted  efficient  operation con- 
siderably removed from the standard conditions. The data cannot ensure 
tha t   ins tab i l i ty  or  burnout, o r  both, w i l l  not occur at the  pressures 
encountered a t  low altttude,  but  they do provide a basis f o r  design and 
full-scale  testing. 

- 
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The results  indicate that this particular  configuration is  insensi- 
t i v e  t o  mounting but i s  strongly dependent on the  manner of fuel  injec- 
tion. This great ly   faci l i ta tes  the conversion of the two-dimensional 
design to a full-scale annulus basket, inasmuch as the open areas, 
lengths, and angles cannot all be maintahed  identical  with  those  in 
the test unit, whereas fuel  injection i s  mdre readily  adjusted. Such a 
full-scale combustor was designed. 
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TABLE I- - ANALYSIS OF MIL-F-5616 GRADE JF-1 FUEL 

A.S.T.M. dis t i l l a t ion  
Init ial  boiling  point, ?I? 
Percentage  evaporated 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
95 

F i n a l  boiling  point 
Residue, percent 
LOS8, pCt?CeIlt 

Aromatics, percent 
Specific  gravity 
Hytkogen-carbon r a t i o  
Net heat of cambustion, 

Btu/lb 

320 

332 
334 
340 
344 
350 
355 
36 1 
370 
384 
406 
434 

458 
1.0 
0 

14 
0 - 796 
0 163 
18,595 
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F&ure 3. - Full-scale ram-jet pilot cmbustor designed from two-dimensional teBts.  
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Equiva lence  r a t io  

Figure 4. - Effect of increased a i r  flow on combuetion  efficiency. Maln 
f'uel injected through e w e  nozzle rated a t  80 gallons per hour and 
located 5 inches up~tream of min flame holder. Inlet c F t i c m s :  
pressure, 11 inchee of mercury abeolute; tenperature, 560 F; Mach 
number, 0.132. 
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Figure 5. - Effect of increased pilot  fuel f l a w  on combustion efficiency. 
Main fuel lnjected through single nozzle rated a t  €43 gallone per hour 
and located 5 Inches upstream of main flame holder. Inlet conditione: 
preseure, 10 inches of mercury absolute;  temperature, 550' F; Mach 
number, 0.145. 
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Figure 6. - Effect of pilot equivalence ratlo on pilot  combustion  efficiency; no main fuel 
wected. Inlet conditions: pressure, 10 inches of mercury absolute; temperature, 550' F; 
bch number, 0.145. 1 (Y 
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Figure 7. - Hi'ect of p i lo t  mounting angle on combustion efficiency. Main fwl injected  through 
two nozzles rated a t  40 gallons per hour and located 1 6  inches upstream o f  ?in flame holder. 
In l e t  conditions:  preesure, LO inches of mercury absolute;  temperature, 560 F; Mach number, 
0.15. 
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Figure 8 .  - Effect of Pwl-lnjcctlon dlrectim on combuati?u c f f i c i e n q .  Kaln fuel Fnjccted 
nozzles rated at 40 gallone per hour and located 16  inchee ~rpstr@m of main fLame holder. 
tions: pressure, 10 inches of mercury absolute; temperature, 53Oo F; Hack n", 0.15. 
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