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A ram-jet  engine with an experimental  48-inch-diameter conibustor 
was investigated in an NAGA f ree- je t   faci l i ty .  The conibustor was designed 
to reach an optimum cmkustion  efficiency at a fuel-air   ra t io  between 
0.035 and 0.040. The flame-holder  design comprised an annular can or 
basket with the  hner  surface  terminating in a n  annular V-gutter flame 
holder. A b o u t  40 percent of the engine a i r  was bypassed around the f m -  
holder  region so t h a t   t h e   c d u s t i m  occurred in nearly  stoichimetric 
mixtures. This st rat i f icat ion served not only to increase  the  catbustion 
efficiency  but also t o  reduce the sensit ivity of the combustor t o  changes 
in  fuel-air   ratio.  The bypass shroud terminated at the downstream edge 
of the outer  surface of the flame holder. 

Three combustor lengths and three fuel-distribution systems w-ere 
investigated over a range of fuel-air ratios f r o m  0.025 t o  0.060 a t  air 
f l o w  of 40 and 60 pounds per second (cdbustor-outlet total pressure 
from 550 t o  1025 psfa). Peak canbustion  efficiencies  occurred at actual 
fuel-air ra t ios  from 0.035 to 0.040. Efficiency  increased with ccanbustor 
length; for  exanrple, with an air-flow  rate of 40 pounds per second, can- 
bustor  lengths of 60, 78, and 96 inches gave peak conbution  efficiencies 
of appraxlmately 0.79, 0.87, and 0.88, respectively. These peak efficien- 
cies were obtained with a fuel-distribution system that provided higher 
fuel  flows in the center of the duct. The total-pressure r a t i o  acros8 the 
c d u s t o r  was  about 0.85 at the design point. An electr ical  spark system 
proved capable of s t d i n g  the ccaibustor a t  the 60-pound-per-secmd a i r -  
flow condition,  but not at lower flm rates. 

The performance of an experlmmtal48-inch-diarneter ccmibustor in a 
ram-jet  engine was investigated in a free- je t   faci l i ty  a t  the NclCA Lewis 

determhe colnbustor configurations and engine  geometries  capable of de- 
livering high performance at conditions simulating  those v r i e n c e d  by 

I. laboratory. This Fnvestigation was a part of a continuing p r o m   t o  

. 



2 - NACA RM E54U7 

a long-range  ram-jet powered vehicle. The performance of a c-ustor 
W i t h  an annulaY-piloted baffle-type flame holder W E ~ B  previously bves- 
tigated as a part of this program (ref.  1). This report deals with  the 
gerfomance of a conibmtor using a different  type flame holder, am 
annular can or  basket. 

The combustor was designed t o  operate at an over-dl   fuel-air   ra t io  
between 0.035 and 0 .W. About 40 percent of the engine a i r  was bypassed 
around the combustion region so that the combustion occurred i n  nearly 
stoichiometric  mixtures. This s t ra t i f icat ion served to   hc rease  the 
canibustion efficiency and to reduce the seneitivity of the corribustor to 
variations i n  fuel-air ratio.  It also provided a layer of low-temperature 
air along the cambustor walls. The bypassed a i r  was permitted t o  re join 
the main stream  inmediately downstream  of the flame holder. 

F .. 
P- In 
M .. 

Combustor performance m s  evaluated for three combustor length, 
96, 78, and 60 inches, and three  fuel-distribution systems. The air flow 
through the engine was set at either 40 or 60 pounds per second, giving 
conibustor-outlet t o t a l  pressures fran 550 to 1025 pounds per square foot 0 

absolute.  Fuel-air  ratios between 0.025 and 0.060 were investigated. 
The upper limit was usually established by the critical  pressure recovery 
of the supersonic dLffuser. - 

4 

The results of this  hvestigation  are  presented  both i n  tabular and 
in graphic form. Combustion efficiencies were calculated from the  effec- 
t ive area of the exhaust nozzle, the mass flow of air through the engine, 
the  total  pressure of the gas entering  the exhaust nozzle, and the fie1 
flow, The efficiencies  represent the rat io  of the fuel flow ideally re- 
quired t o  give the observed heat rejectian and m u s t  t o t a l  pressure to 
the  fuel flow actually used. 

Facil i ty 

A 48-inch-diameter  ram-jet engfne was tested i n  8 f ree- je t   faci l i ty .  
The starting and performaace characteristics of the free-jet f ac i l i t y  
have  been previously  reported (ref. 2) , A sketch of the experimental 
configuration is  shown in figure I(a).  An asymnetrical  supersonic dif- 
f u s e r ,  which was connected t o  the combustor by a sirnple conical sect- 
of x0 half-angle, had an .outlet  velocity  profile that w&8 circumferen- 
tially nonuniform. To inrprove the profile and to avoid.-floi separation, 
a half-screen was installed in the  high-velocity  portion of the dif-  
fuser  outlet.  his screen c rised a squaxe array of 1/4-inch rods 
and blocked 25 pejrcent of t h T h a l T )  area. 
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The combustor shell was constructed of three cylindrical  sections, 
42, 36, and 18 inches in 1-h t o  permit variation of combustor length. 
These sections, 88 wen as the exhaust  nozzle were water-cooled. The 
convergent-divergent exhaust nozzle had a 54.6-percent open mea; the 
half-angle of the convergent section was 250; the half-angle of the di- 
vergent  section WES 12'. A motor-operated  clam-shell  (not shown) W&E 

0 4  attached t o  the exhaust nozzle t o   f a c i l i t a t e  the obtaining of cold-flow 
UI drag data. The cross  secticm of the conbustor is shown in  figure l(a); 
41 a cutaway  view is given in 'f igwe l (b  1. 41 

The flame holder used in this investigation w a s  an muhr can or 
basket  with about 130 percent open area,. I ts  length was 37 inches and 
its leading edge, o r  d m ,  w&8 located in  the 30° cone section. The 2 

P inner surface of the can telminated In an annular TI-gutter, 13 inches 
r?' in diameter. A flow-dividing  shroud or l h e r  extended frcm the down- 
8 stream edge of the cg,n through the XIo cone, bypassing about $0 percent 

CI of the engine air around the flame-holder  regian. Two annular turnlng 

63 

vanes located  near the shroud leading edge  were  emgloyed t o  reduce the 
possibil i ty of flow  separation at this p o h t .  The main stream air was 
m h e r  subdivided  by a wedge-shaped extension attached  to the annular 
d m  of the flame holder. The purpose of this f low division was t o  pro- 
portion the air properly between the two perforated  surfaces of the flame 
holder. 

b. 

Fuel was injected normal t o  the main air  stream by meas of s-le 
orifices i n  sixteen 1/2-inch-diameter radial  tubes  equally spaced c i r -  
cumferentially, and supplied from a camon external manifold.  Three 
such  systems, differing only Fn size and location of fuel orifices, were 
hcorporate3  into a sFngle ins ta l la t ion   to   fac i l i t a te  the study of fuel- 
profile  effects. The corresponding  tubes fram each fuel system were 
combined in to  single fuel bars. Figure 1 shows a typical  fuel bar in- 
stalled in the cca3ustor. The circumferential  locations of fuel bars, 
as w e l l  as the three  basic fuel distribution  profiles  investigated are 
shown Fn figure 2. In addition,  four evenly  spaced fuel bars permitted 
fuel   to  be hjected directly into the pilot  regian (the dome of the can). 

The fue l  used throughout the investigation w&s MIL-F-5624 B, grade 
JP-5, w i t h  a heat- value of 18,625 B t u  per p a d  and a hydrogen-carbon 
ra t io  of 0.159. 

Ignition w&8 achieved through the me of two surface-discharge  spark 
plugs  located i n  the pi lo t  region. A separate power supply of the 
condenser-discharge  type was used fo r  each plug. 
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Instrumentation 

The a i r  flow through t h e   e n m e  was determined fram the effective 
capture area of the supersonic diffuser and the total   pressure and tem- 
perature upstream of the free-jet  nozzle. Cold-flow teets  with a small 
exhaust  nozzle were used t o  determine the effective  capture area of the 
diffuser. Total  essure8 were measured in the engine at stations 3 
and 6 (see  fig. l.c)). A t  station 3, the 48 total-pressure tubes were 
located on s k  radial bars.  The eight total-pressure tubes on each bar 
were spaced radially on equal areas. A t  station 6, the combustor outlet, b 
the 33 tubes were located on four rad ia l  bars and spaced radially on 
equal areas with the odd tube  being  located In the center of the t o t a l  
area. These t des  were all connected t o  mercury  manometers, the wells 
of which were in turn connected t o  a manifold kept within l/2 pound per 
square foot of absolute  zero by a vacuum pump. 

5 

The air temperature entering the engine was measured by an 18-point 
thermocouple array  located upstream of the free-jet nozzle. T o t a l  tem- 
perature was assumed t o  be  conserved through the diffuser. The temper- 
ature of the gas near the WRU at the entrance t o  the exhaust  nozzle was 

measured by four thermocouples located 15 inches fmm the wall and equally 
spaced about the circumference. 

1 

1 
.A 

The quantity of bypass air  was determined f’rcan measurements of t o t a l  
and s t a t i c  pressure i n  the bmss chamel. 

Fuel-flow measurements  were obtahed from the pressure drop across 
sharp-edged orifices These orffices were calibrated by cmpxrison with 
standard  rotamters. Separate masurement of the  fuel  flowing to each 
of the main fuel  manifolds w&8 made by meaas of a positive-displacemerit 
electronic flowmeter. 

The flow of cooling water t o  the engine was metered through a f la t -  
plate  orifice.  The temperature rise of the  coolant was determined from 
two thermocouples located upstream and downstream. 

The mercury manmeters measuring pressures at stations 3 and 6,  aa 
well 88 manameters connected t o .  read static  pressures at various points 
within the engine were recorded  photograhhica-i-. The -various temperiZ- 
t m s  were recorded by self-balancing poteitilapneters. 

. .. 

In addition,  the conibustor w a s  observed i n  operation by meam of a 
periscope  located downstream of the  engine. The periscope  afforded a 
view of the canibustion regia through the exhaust nozzle. 
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P R m ~  . 
Canbustor performance was evaluated f o r  three coznbustor lengths, 

96, 78, and 60 Fnches, at  air-flow rates of 40 and 60 pounds per second. 
A t  40 pounds per second, the  conbustor-outlet t o t a l  pressure ranged Froan 
550 t o  700 pounds per square foot absolute; at 60 pounds per second, the 
range W&S 850 t o  1025 pounds per s q ~ a r e  foot  absolute. An inlet-air  
temperature of 53U0 F was used throughout the investigation. 

A t  each  condition, data w e r e  taken over a range of fuel-air  ratios 
from about  0.025 t o  0.055, xLth the upper limit b e h g  dependent upon 
cambustion efficiency. A t  100 percent  cmibustion  efficiency, a fuel-air 
r a t io  of less than 0.050 would Came the diffuser t o  operate  subcritically. 
Limits on the  facility  prevented any data being taken with  subcritical 
diffuser  operat  ion. 

Three fuel-distribution systems giving the profiles shown In fig- 
ure 2 were used, either singly or i n  ccanbination. Fuel system A gave a 
uniform distributian, while system C concentrated  the  fuel i n  the outer 
portion of the main air stream, and system D concentrated it Fn the cen- - ter. These fuel profiles and letter  designations are identical  to  those 
used in reference I. Fuel  system B of reference I was not  used ufth the 
flame holder  reported  herein. Most of the data were taken  with a cam- 
binat im profile, 70 percent of the fue l  flowing through system A and 
30 percent through system D. 

-a 

The FnJectim of additfonal fuel into the pilot  region did not en- 
hance the  codmstor performance, consequently no pi lo t   fue l  was used f o r  
the performasce tests. 

No effor t  w a s  made to   control  the f l o w  rate of the bypass air. The 
quantity  varied throughout the tests, be- a function  both of the fuel- 
air r a t i o  supplied t o  the c&ustor and of its caubustian  efficiency. 
In general,  the bypass air f l o w  was about 30 percent of the. t o t a l  air 
for cold flow; with burning  the bypass air flow was frcxn 36 t o  41 percent. 

Ignit ion  tests were conducted in the following manner. First the 
supersonic  flow  through the fx-e-jet nozzle wis established. The air 
tenzperature was then raised to the operating tenqerature of 530° F, and 
the inlet pressure was adjusted t o  give the desired mass flow  through 
the engine. The fue l  and the spark w e r e  then  turned an; the order was 
found t o  be uniqmrtant. when pilot fue l  was used, a quantity givFng an 
over-all   fuel-air   ratio 2.5  percent of stoichiometric m injected. The 
main  fue l  was provided in amounts givlng  over-all  fuel-air  ratios from 
0.025 t o  0 .Om. D a t a  for  the  preignitian engine pressures were obtained 

4 frm the cold-flow tests, wherein no fuel was Injected. 
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RFsUL!TS 

The canbustor performance and ignition data obtafned are summarized 
in tables I and 11. The performance data from table I are presented 
graphically tn figures 3 and 4. Figure 3(a) shows the combustion e f f i -  
ciency,  combustor-outlet t o t a l  pressure,  inlet Mach number, and combustor 
total-pressure  ratio as functions of ideal fuel-air   ratio (which is re- 
l a t ed - to  combustor tenqerature  ratio;  see appendix) f o r  an air-flow  rate 
of 40 pounds per second. The fuel-distribution system used was the com- 
bination of 0.7 profile A and 0.3 profFLe D which was determined t o  be 
optimum and is  subsequently  discussed  herein. A t .  an actual  fuel-air 
ratio  near 0.040, a peak efficiency of about 0.88 was obtajned with the 
96-inch combustor length. Decreasing the combustor length to  78 inches 
reduced the peak efficiency t o  about 0.87; decreasing  the length further 
t o  60 Fnches reduced the efficiency  to about 0.79. The shape of the 
efficiency curve remained substantially  the same for  all three combustor . .  . 

lengths. The cmibustor total-pressure  rat-io p unaffected by  combustor 
length and ranged from 0.80 to. .O .88 with var”tF0n of fuel-air  ratio; at 
the  design ideal fuel-air   ratio of 0.034 the pressure  ratio wa6 0.85. r 

F 
Ln 
pr) 

” 

Similar  results were obtained with an air flow of 60 pounds per  sec- 
ond as sham by figure 3(b ) . Here the peak efficiency was about 0.90 
for the 96-inch combustor length, 0.88 f o r  the 78-inch length, and 0.83 
for  the 60-Fnch length. The increase in combustor pressure  level did not 
greatly  increase the conibustion efficfency a t  and  above the  design f u e l -  
air ra t io .  However, at low fuel-air  ratios as much as 0.05 was gained 
i n  combustion efficiency. The collibustor total-pressure  ratio again 
ranged from 0.80 to 0.88 with the pressure m t i o  being  about 0.85 st the 
design ideal. fuel-air   ratio of 0.034. 

The nonuniform VelocLty profile at the diffuser outlet allowed the 
flame t o  pass upstream of the can in the low-velocity regions. Direct 
observation of the  cafbustor through the  periscope showed that sane parts 
attained a bright  red heat. Because the intensity of the flame holder 
heating seemed to increase with conibustor pressure and air-flow rate, the 
investigation was limited t o  a i r  f3”s of 60 pounds per second and less 
in order t o  prevent  flame-holder  burn-out. For operation with nonuniform 
velocity  profiles,  this flame holder m e t  be  considered less suitable 
than that of reference 1. 

The effect  of proportioning  the  fuel between the  various systems is 
shown in  figure 4 for an air-flow rate of 40 pounds per second. A l l  fuel 
systems irweetigated gave fuel profiles that varied only radially. In- 
asmuch a8 the afr profile varied both radially and circumferentially, 
the matching of f’uel and air profiles was not necessarily opt-. Fig- 
ure 4(a) shows the combustion efficiency with canbinations of fuel pro- 
f i l e s  A and C at an actual  fuel-air   ratio of 0.035. A maximum efficiency n 
occurred with all the. fuel flowing through system A .  Figure 4(b) s h m  
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the  results of s i m i l a r l y  proportioning the fue l  between systems A and D 

occurred with 60 o r  70 percent  of the fuel flowing throu& system A.  
Throughout the range of proportioning, the efficiencies renaked higher 
than those found with the cc&ination of fuel systems A and C. Figure 
4(c)  repeats  the  effect of proportioning between fuel  systems A and D 
for  an actual fuel-air r a t i o  of 0.040. The peak efficiency again occurs 
with about 70 percent of the fuel flowing through system A; the peak 
is not so marked as at the lower fuel-air  ratio.  Figure 4(d) shows the 
results of proportionkg  the Fuel between systems C and D for  an actual 
fuel-air   ratio of 0.035. Highest efficiencies  occurred when about 30 
percent of the fue l  flowed through system C . Fram these four curves, 
the combination of  70 percent  fuel  profile A and 30 percent  fuel pro- 
f i l e  D was selected as the o p t i m u m  and used i n  obtaining  the data shown 
in figure 3. Sane gain i n  c d u s t i m  efficiency could possibly have been 
made by u s b g  a circumferentidly nonuniform fuel p ro f i l e   t o  more nearly 
match the air profile. 

. at an actual fuel-& r a t io  of 0.035. The maximum efficiency  here 

I The s ta r thg   charac te r i s t ics  of this configuration are Lndicated in  
table II. Successful s t a r t s  were obta3ned only at the higher air-flow 
rate, 60 pounds per second with a static pressure in the ignition  region 
of about 460 pounds per square foot  absolute. The one exception, as 
indicated,  occurred when the attemgted sta,rt inmediately  followed an 
engine shutdown; the c d u s t o r   p a r t s  may st i l l  have been hot. In some 
instances, at the air-flow rate of 40 pounds per second, i-ition would 
occur. The resulting flame would be limited in extent t o  the dame of 
the combustor; it w o u l d  not  propagate into the main stream. Such results 
are listed in table U: as 'pi lot  only' starts. 

- 

The perfomsace of the experimezxbal. can-type combustor in a 48- 
inch-diameter ram-jet engine, tested in a free-jet faci l i ty ,  was as 
follows: 

Fphe highest   cmustion  efficiencies were obtaFned wfth a 96-inch- 
long cabustor  at actual fuel-sir   ratios frm 0.035 t o  0.040 using a 
radially nonuniform fuel prof iLe which provided  additional  fuel in the 
center of the duct. A t  an air-flaw rate of 40 pounds per second 
(cambustor-autlet total   pressure from 550 t o  700 pefa)  the peak effi- 
ciency was 0.88. A t  60 p m d a  per second air flow  (canbustor-outlet 
total  pressure frcan 850 t o  1025 psfa) the efficiency approached 0.90. 
Reducing the conbustor length t o  78 inches decreased. the peak efficiency 
by about 2 percent. Reducing the length t o  60 inches caused a further 

8 percent a t  the lower a i r  flow. 
A decrease i n  peak efficiency of 5 percent a t  the  higher air f l o w ,  and of 

. A t  the design  point  the  total-pressure.ratio  across the combustor 
was 0.85. With variation  in fuel-air ratio,  the value ranged from 0.80 
t o  0.88. 

. . . . . - . 
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Ignition was obtained  with an electr ic  spark w i t h  static  pressures 
in the ignition region as low as 4W pounds per square foot  absolute 
immediately p r io r   t o  ignition. A t  lower pressures  ignition was obtained c 

only once; t h i s  occurred immediately after the engine had been s h u t  
down. 

Lewis Flight ~ o p ~ s i a n  Laboratory 
National Advfsory Cammittee for Aeronautics 

Cleveland, Ohio, Deceniber 6, 1954 
M 
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. APPENDM - SYMBOIS AND c m T I o m  
The f o l l o m  symbols are used in this report;: 

(f/aLt actual f’uel-air r a t i o  fn engine, ( lb  fuel)(sec)/(lb air>(sec> 

(f/&) ideal fuel-air   ra t io  (fuel-air r a t io  necessary t o  c w e  observed 

CN 
4 
u1 
4 M i n  

cu 
1 
8 ’6 

* 
?x 

id engine-outlet total pressure and observed heat loss) 

Mach  nuIllber at englne M e t ,  based on inlet t o t a l  pressure and 
tsqera.ture and nmsximum (48-in. 1 diameter 

tot&  pressure at enghe station 3 (diffuser outlet),  psfa 

total   pressure at  engine station 6 (engine outlet),  psfa 

static  pressure i n  p i lo t  annulus, psfa 

t o t a l  t-rature at engke inlet, assumed to be same as at 
inlet to free-jet nozzle, ?I? 

indicated tenqlerature at exhaust-nozzle inlet, 1. in. f r a m  the 1 
wall of engine, OE 

ra t io  of air flow through bypass t o   t o t a l  flow through engine 

flow through engine, ~b/sec 

ccnribustion efficiency 

CcPribustim efficiency as used herein is def in& as ratio of fuel 
ideally required t o  give observed exhaust pressure and heat rejection 

t o  that actually  supplied t o  engine, or  qc 

From tables of theoretical m e r a t m e  rise for combustion as a 
function of fuel-air   ra t io  asd f n i t i a l  temperature, charts were prepared 
showing ideal fuel-air   ra t io  as a function of engine-inlet teqerature, 
air-flow rate, and engine-outlet total  pressure. In preparing these 
charts, the exhaust-nozzle  discharge  coefficient was assumed t o  be 0.99 
which resulted in 89 effective area of 54.1  percent. This value for the 
flow coefficient was obtained from reference 3 for a similar nozzle. To 
the ideal fuel-air   ratio  necessaryto account for the  engine-cutlet  total 
pressure, a small correction was added to compensate f o r  the heat that 
was picked up by the cooling water. In  making t h i s  correction, it was 

t es t s  came i n  equal  parte from the  inside and From the outs ide  of the 
engine. Thus the total amount of heat picked up by the coolant during 
burning tests was reduced by one-half the amount picked up in cold-flow 
t e s t s  before making the heat-lass correction. 

* assumed that the heat  picked up by the  cooling water during  cold-flow 

II 
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Figure 1. - Concluded. mimental ram- jet combustor. 
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Figure 3. Combustor perfomnnoe: air temperature, 530' F; fuel distribution, 0.7 
prafil~ A aad 0.3 profile D. 
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Figure 8. - CcPYrluded. ~omkuator perfananwet air temperature, SSOO fuel 
d i e t r i b u t i a ,  0.7 profile A axxl 0.3 prpoflls D. 
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Fusl proportioning 
( c )  Effect of proportioning fuel betueen prof ilea A and D ; actual 

fuel-air ratio, 0.040. 

4. - Comoluded. Performance of sxpariPBsntP1 combustor with nrping fuel profiles. 
Air flar, 40 lb/aea; ofr temperaturn, 5304F; combustor lmngth, 96 inches. 
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