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AERONAUTICS 

PERFORMANCE OF A 28-INCH RAMJET UTlLiZiNG GSEOdS HYEEOGEJ 

AT A MACH NUMBEX OF 3.6, ANGUS OF ATTACK UP TO 12O, 

AND PRESSURE ALTITUDES UP TO 110,000 FEBT 

By N o r m a n  T.  Musial, James J. Ward, and Joseph F. Wasserbauer 

SUMMARY 

A n  investigation was conducted in t h e  NACA L e w i s  10- by 10-foot 
supersonic wind tunnel t o  evaluate the performance of a shrouded in jec tor  
burner with perforated domes employed i n  a 28-inch ramjet using gaseous 
hydrogen as f u e l .  Steady-state data were obtained a t  a pressure a l t i t u d e  
of 77,000 f e e t  and zero angle of a t tack.  Transient data were obtained a t  
pressure a l t i t udes  up t o  110,000 f ee t  and angles of a t tack  up t o  12'. 

Results of t h i s  investigation showed that burning could be i n i t i a t e d  
under severe d is tor t ion  conditions and that sa t i s fac tory  combustor oper- 
a t ion  was  accomplished up t o  a pressure a l t i t u d e  of 110,000 f e e t  with no 
adverse e f f e c t  on combustion efficiency. Shortening the  combustion 
chamber decreased the  combust ion efficiency a t  the higher equivale ce 

r a t i o s  . #dR 
INTRODUCTION // " 

/! 

Analytical  investigations of gaseous hydrogen ( r e f .  1) have indi-  
cated t h a t  i t s  high flame speeds and high heating values make it desir- 
able a s  a f u e l  f o r  both turboje t s  and ramjets. 
m i t s  increased range both through its higher heating value and through 
reductions i n  engine weight t ha t  resu l t  from shortening the  combustion 
chamber ( r e f .  2 ) .  

Research w i t h  a fu l l - sca le  combustor in a connected-pipe f a c i l i t y  
( r e f .  3) and with a fu l l - s ca l e  ramjet a t  a Mach number of 3.0 ( r e f .  4) 
demonstrated the  appl icabi l i ty  of hydrogen as a fue l .  
( r e f .  5)  on a ramjet burner a t  simulated a l t i t udes  approaching 120,000 
f e e t  indicated sa t i s fac tory  performance. 
ence 4, however, is  limited t o  a l t i t udes  of about 70,000 f e e t ,  while the 
d i r ec t  connected-pipe t e s t s  of reference 5 at higher a l t i t udes  a re  not 
fu l l - s ca l e  and e n t a i l  v i r tua l ly  dis tor t ion-free operation. 

The use of t h i s  f u e l  per- 

Further research 

The fu l l - sca l e  data of re fer -  

* T i t l e ,  Unclassified 
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I Theref ore, a fu l l - s ca l e  investigation u t i l i z i n g  hydrogen at extremely 
high a l t i t udes  and high d i s t o r t i o n  was  conducted i n  t h e  L e w i s  10- by 10- 
foot supersonic wind tunnel with a 28-inch ramjet. 
incorporated a flameholder of the design reported i n  reference 5 and w a s  
t e s t e d  with two combustor lengths and two nozzle contraction r a t i o s .  

of a t tack up t o  12O, and pressure a l t i t u d e s  up t o  110,000 feet .  

The ramjet engine 
!w 

I The investigation w a s  made a t  a free-stream Mach number of 3.6, angles 
I 

I SYMBOLS 
i 

Tne following symbols are  used i n  this report :  

i i n t e rna l  force,  l b  Fn 

f fue l -a i r  r a t i o  

M Mach number 

m mass flow (pAv) 
I 

P t o t a l  pressure 

f lov-dis tor t ion parameter Pm3.x - pmin 
'av I 

P s t a t i c  pressure 

r radius t o  each t o t a l  tube a t  rake s t a t i o n  (model s t a t i o n  
101 .O)  , measured from model center l ine 

maximum radius of model 'max 

I T t o t a l  temperature 

W f  f u e l  f l o w ,  lb/sec 

combustion efficiency YB 
T total-temperature r a t i o ,  T ~ / T ~  

Cp equivalence r a t i o ,  r a t i o  of f t o  stoichiometric f 

Subscripts: 

av average 

max maximum 

min min h u m  
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Dome hole 
s i ze ,  i n .  

31% 
3/8 
1/4 
1/4 

0 .  0.0 . 0 0 0 0  .. . 0 . 0  0 0. .  0 .  

Combustion- 
chamber length,  

i n .  

50.6 
26.6 
50.6 
50.6 

3 

Configuration 

A 
B 
C 
D 

3 di f fuser  e x i t  s t a t ion  (model s t a t i o n  129.15) 

Nozzle 
contract  io1 

r a t i o  

0.55 
.55 
.55 
.70 

6 nozzle-throat or -exit s t a t ion  

A n  af t  view of t he  28-inch ramjet engine, i n s t a l l ed  i n  t h e  10- by 
10-foot supersonic wind tunnel is  presented i n  figure 1. 
w a s  strut-mounted from the  top of the tunnel.  The supersonic d i f fuse r  
had a 20O-35' double-cone spike ( f ig .  2 (a ) )  and was designed so t h a t  t h e  
two oblique shocks generated by the spike would coalesce a t  t h e  cowl 
l i p  a t  a Mach number of 3.3. Spike t rans la t ion  permitted near-optimum 
i n l e t  operation a t  Mach numbers other than design. The internal  cowl- 
l i p  angle w a s  28.3' and the  cowl projected f r o n t a l  area was 11 percent 
of maximum. A bypass door located a t  model s t a t i o n  69.3 was  posi t ioned 
t o  bleed approximately 4 percent of the inlet  mass f l o w  v i a  a ram scoop 
located on the  spike shoulder ( f i g .  2 (b ) ) .  The ram scoop i s  of t h e  de- 
sign reported i n  reference 6 .  

The engine 

In t e rna l  pressure instrumentation consisted of a to ta l -pressure  sur- 
vey with six 9-tube rakes,  eight s t a t i c  taps ,  and a s l o t t e d  o r i f i c e  ( r e f .  
7 )  a t  model s t a t i o n  101.0. 
s ta t ic-pressure taps  w e r e  located along t h e  combustion-chamber wall. 
During steady-state burning operation, e x i t  t o t a l  pressure was measured 
a t  t he  throa t  of t he  choked nozzle by a water-cooled t a i l  rake.  

I n  addition, as indicated i n  f igure  2(a),  

During t r ans i en t  engine operation, pressure var ia t ions  were sensed 
by dynamic pickups and recorded on a n  oscil lograph equipped with galva- 
nometers having na tu ra l  frequencies of 200 cycles per  second. 
rake to ta l -pressure  tubes were manifolded t o  a pressure transducer.  
Tailpipe s t a t i c  pressure (measured a t  s t a t i o n  170.0), normal-shock- 
pos i t ion  sensing pressure ( s t a t ion  l . O ) ,  and diffuser-exi t  t o t a l  pressure 
(measured by a s l o t t e d  o r i f i c e  a t  s ta t ion  101.0) were a l s o  sensed by 
pressure transducers and recorded. 

The ta i l -  

Four engine configurations, A, B, C ,  and D were investigated dur- 
ing the  tes t  and are outlined in the following tab le :  
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I 4 
Figure 2 ( a )  also indicates  t h e  r e l a t i v e  combustion-chamber lengths and 
exhaust-nozzle contract ion r a t i o s  used. 
measured from the  point of f u e l  in jec t ion  t o  the e x i t  nozzle th roa t ,  was  
nominally maintained at 50.6 inches except f o r  configuration B, which 
u t i l i z e d  a 26.6-inch chamber. 
r a t i o s  of 0.55 and 0.70 were used. 

Canbustion-chamber length,  

x 

Two convergent nozzles with contract ion 

NACA RM E5BA23 

The burner configurations invest igated w e r e  based on the  design of 
burner 3 i n  reference 4, with the  addi t ion of perforated domes t o  the  
upstream ends of the  fue l - in j ec to r  shrouds. Airflow through the  perfor-  
a t ed  domes was varied by enlarging the holes from a 1/4-inch diameter 
(3.3 percent of annular flow area  of the  burner) t o  a 3/8-inch diameter 
( 7 . 7  percent of the  annular flow a r e a ) .  
diameter-hole burner configuration is presented i n  f igu re  3 (a ) ,  while 
f igu re  3(b) shows the  3/8-inch-diameter-hole configuration. 

A photograph of t he  1/4-inch- 

Figure 4 shows the p i l o t  system. To insure ign i t ion  a t  high a l t i -  
tudes,  a j e t  of hydrogen w a s  injected in to  the spark gap through a hol- 
low electrode. The p i l o t  f u e l  i n j e c t o r  i n  the center  of t h e  assembly 
supplied the  f u e l  that  ca r r i ed  the flame t o  the  burner. 

A schematic diagram of the  f u e l  system used during the  t e s t  i s  pre- 
sented in f igu re  5. The f u e l  w a s  gaseous hydrogen supplied in  cylinders 
a t  a pressure of 2400 pounds per  square inch. 
operation, t he  f u e l  w a s  taken d i r ec t ly  from the storage cylinder through 
a metering o r i f i c e  and t h r o t t l i n g  valve to the engine. The pressure d i f -  
f e r e n t i a l  across  the  f u e l  metering o r i f i c e  w a s  measured by a mercury U- 
tube manometer. During t r ans i en t  burning operation, t h e  t h r o t t l i n g  valve 
was positioned by the  a i r  pressure i n  the  loading tank. 
varied nearly l i n e a r l y  with time because the  a i r  entered t h e  tank through 
a choked o r i f i c e .  Fuel-flow information w a s  obtained by recording the  
pressure d i f f e r e n t i a l  across the  f u e l  metering o r i f i c e  and t h e  f u e l  valve 

For s teady-state  burning 

The pressure 

PROCEDURE 

Steady-state burning data were obtained f o r  each configuration a t  
zero angle of a t t a c k  and a pressure a l t i t u d e  of 77,000 f e e t  by operating 
the  tunnel on the  propulsion cycle.  
designated, conditions were s t ab i l i zed  f o r  approximately 2 minutes be- 
fo re  data were taken. 

A t  each value of f u e l - a i r  r a t i o  

Transient data were obtained f o r  configurations A and B a t  angles 
of a t tack  from 0' t o  12' and pressure a l t i t u d e s  of 77,000 t o  110,000 
f e e t  by operating the tunnel on the closed-loop cycle.  
products of combustion a re  not exhausted while t e s t i n g  i n  t h i s  manner, 
approximately 2 0  seconds of t r ans i en t  operation were ava i lab le  before 
the tunnel dewpoint became excessive. 
lowed i n  obtaining t r ans i en t  data: 

Inasmuch as the  

The following procedure w a s  f o l -  



0 . 0  am moa__ 0 a m  .am a m a  ma0 a 0  8 0  

a a om a a 0  0 a 0  a a 
m a 0  a a a  m a  a 0  
m m  m a  a a a 0 0 .  ma NACA RM E58A23 5 

,I 3 (1) The p i l o t  was lit. 
\ 

( 2 )  The engine fue l  flow was varied by increasing the  loading tank 
pressure l i n e a r l y  from zero t o  t h e  pressure corresponding t o  t h e  highest 
equivalence r a t i o  desired i n  a time of 10 t o  20 seconds. 

Y 

( 3 )  The f u e l  system w a s  shut down, and air vas p'~g:ed from tunnel  
u n t i l  the  measured dewpoint reached -15Ok5' F . 

Combustion eff ic iency i n  both cases (s teady-state  and t rans ien t  
operation) w a s  calculated from the  enthalpy rise of t h e  gas divided by 
t h e  avai lable  heat content of t he  fue l .  The exit  t o t a l  temperature was 
obtained from t h e  e x i t  t o t a l  pressure by using cont inui ty  r e l a t ions  In  
calculat ions involving t rans ien t  data, e x i t  t o t a l  pressure w a s  measured 
d i r ec t ly  or determined from t a i l p i p e  s t a t i c  pressure by means of a ca l -  
ib ra t ion  obtained during steady-state burning. 
r a t i o  of spec i f ic  heats,  and gas constant were obtained from reference 
8. Combustion-efficiency calculations f o r  t he  t rans ien t  data were some- 
what less accurate than those f o r  the  s teady-state  data because of t he  
complex method necessar i ly  employed in obtaining t rans ien t  data. 

Values used for enthalpy, 

*. I n l e t  pressure recovery and d i s to r t ion  were obtained from the  t o t a l -  
pressure survey a t  model s t a t ion  101.0. The i n l e t  mass-flow r a t i o  w a s  
computed from the  s t a t i c -  and total-pressure survey a t  t h i s  s t a t i o n  and 
a ca l ibra t ion  constant determined f r o m  cold-flow operation. 

RESULTS AND DISCUSSION 

I n l e t  Performance 

I n l e t  performance as determined from cold-flow operation i s  pre- 
sented i n  f igure  6 .  The i n l e t  exhibited approximately 11 counts of sub- 
c r i t i c a l  s t a b i l i t y  a t  zero angle of a t tack;  t he  maximum pressure re- 
covery w a s  approximately 51 percent. 
counts a t  12' angle of a t tack .  
recovery and mass-flow charac te r i s t ics  due t o  a l t i t u d e  var ia t ion  is 
indicated.  

Subcr i t ica l  s t a b i l i t y  f e l l  t o  7 
No apparent change in the  to ta l -pressure  

Since t h e  i n l e t  was i n i t i a l l y  designed f o r  shock-on-lip operation 
a t  a free-stream Mach number of 3.3, i n l e t  operation at a Mach number 
of 3.6 resu l ted  in a sp i l l age  loss of approximately 5 percent of t he  
t o t a l  mass flow. Ram-scoop bleed on t h e  spike shoulder accounted f o r  
approximately another 2- percent of t he  mass flow. 
age l o s s ,  the  addi t ive drag coefficient a t  c r i t i c a l  i n l e t  operation was 

1 
2 

Because of t h e  s p i l l -  
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0.185; t h i s  value is based on t h e  maximum area and determined by t h e  
method outlined i n  reference 9. 
based on maximum area and calculated from t h e  experimental pressure d is -  
t r ibu t ion  along the  cowl surface,  w a s  0.045. 

Cowl-pressure-drag coef f ic ien t ,  a l s o  

Diffuser-flow d i s to r t ion  measured a t  t h e  mass-flow rake s t a t i o n  
(model s t a t ion  101.0) i s  presented i n  f igure  7 .  Flow d i s to r t ion  in- 
creases rapidly with increasing angle of a t tack ,  as indicated i n  figure 
7 ( a ) .  
angle of a t t ack  for burning or cold-flow operation ( f i g .  7 ( b ) ) .  
p rof i les  presented i n  f igure  8 correspond t o  the  points  of d i s to r t ion  
f o r  t he  highest M3 a t  each angle of a t tack  in  f igu re  7 ( a ) .  As angle 
of a t tack i s  increased, peak ve loc i t i e s  i n  t h e  upper half  of the  duct 
s h i f t  toward t he  centerbody; and t h e  flow in the  lower half of t h e  duct 
approaches separation. The p ro f i l e s  a t  zero angle of a t t ack  are repre- 
sentat ive of t he  d i f fuser  conditions under which s teady-state  burning 
operat ion was i n i t i a t e d .  

There i s  no appreciable difference i n  the  flow d i s to r t ion  at  zero 
Velocity 

Steady-State Burning Performance 

Steady-state burning performance f o r  t h e  burners of t h i s  investiga- 
t i o n  and f o r  burner 3 of reference 4 a re  given i n  f igure  9 .  Although 
burner 3 of reference 4 maintained a high l e v e l  of c a b u s t i o n  eff ic iency 
over a re la t ive ly  large range of equivalence r a t i o s ,  t h e  e f f ic iency  de- 
creased rapidly below an equivalence r a t i o  of 0.275. I n  an e f fo r t  t o  
improve the combustion eff ic iency at these low values of equivalence ra- 
t i o ,  domes were attached t o  the  upstream ends of t he  shrouds enclosing 
the  fue l - in jec tor  bars ,  as reported 5.n reference 5. 
domes was t o  improve lean f u e l - a i r  r a t i o  operation and t o  insure ign i -  
t i o n  at high a l t i t udes  by providing a l o c a l  fue l - r i ch  mixture i n  the  
v i c i n i t y  of the in jec tor  bars .  

The purpose of the  

The performance curve f o r  configuration C indicates  that the  addi- 
t i o n  of domes with 1/4-inch-diameter holes resu l ted  i n  improved e f f i -  
ciency at l o w  equivalence r a t i o s ,  as compared with burner 3 of r e fe r -  
ence 4 .  
ant ic ipated,  based on the  data  of reference 5.  
e x i t  nozzle (configuration D )  and somewhat higher equivalence r a t i o s  
a l s o  resul ted i n  low combust ion eff ic iency . 

The over-al l  eff ic iency leve l ,  however, w a s  somewhat lower than 
Operation with a l a rge r  

An increase in  dome flow area (3/8-inch-diameter holes, configura- 
t i o n  A )  resul ted i n  a much higher leve l  of combustion eff ic iency,  with a 
gradual decrease in  eff ic iency with increasing equivalence r a t i o s .  
der t o  improve combustion eff ic iency a t  high equivalence r a t i o s ,  it appears 
t h a t  a fur ther  -increase of a i r f low through the  domes would be desirable .  

I n  or- 
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The effect of combustion-chaniber length on combustor performance is 
present3d i n  figure 9(b).  
as equivalence r a t i o  increased when the combustion chamber w a s  shortened 
2 feet .  Static-pressure taps  located along the  combustor indicated t h a t  
binning was not complete i n  the 26.6-inch length.  
i nves t ig s t i s c  vas affected more by shortening t h e  t a i l p i p e  than the  16- 
inch-diameter engine of reference 4. 

The conibustion e f f ic iency  decreased rapidly 

The burner of t h i s  

Figure 10 shows the  net  i n t e rna l  spec i f ic  impulse obtained with con- 
f igura t ion  A (convergent nozzle),  t o  indicate the  order of magnitude ob- 
tained. The dashed curve i s  the  calculated ne t  i n t e rna l  spec i f i c  impulse 
f o r  100-percent combustion eff ic iency,  based on t h e  d i f fuse r  pressure re- 
covery of t he  data of configuration A .  
not included. 

I n  both cases,  ex te rna l  drag is  

Transient Burning Performance 

A t r ans i en t  t r ace ,  t yp ica l  of those used f o r  obtaining combustion 
e f f i c i enc ie s ,  is presected i n  f i g m e  11. A t  point 0, t he  f u e l  valve 
opens and f u e l  is admitted t o  the  burner. 
an equivalence r a t i o  of 0.103, burner ign i t ion  is  indicated by a rise i n  
the  t a i l - r ake  t o t a l  and t a i l p i p e  s t a t i c  pressure.  The sharp rise i n  
tail-rake t o t a l  and t a i l p i p e  s t a t i c  pressure between points  1 and 4 in-  
d ica tes  a sharp rise i n  combustion efficiency i n  t h i s  region. The rise 
i n  normal-shock-sensing s t a t i c  pressure a t  point  14  indicates  t he  i n l e t  
approaching c r i t i c a l  operation. 

A t  point 1, corresponding t o  

The effect of a l t i t u d e  on combustion e f f ic iency  a t  zero angle of 
a t t ack  f o r  two engine configurations is given i n  f igures  1 2  and 13. 
burner igni ted at a l l  times a t  zero angle of a t t ack  and a t  pressure a l t i -  
tudes up t o  110,000 feet .  
t o  ign i t ion  at an a l t i t u d e  of 110,000 feet  was  about 80 mill imeters of 
mercury or approximately 1/10 atmosphere. 
a t  a combustion-chamber s t a t i c  pressure of 50 millimeters of mercury 
( a l t i t ude ,  120,000 f t ) .  

The 

The combustion-chamber s t a t i c  pressure p r i o r  

Ign i t ion  could not be attained 

Perf o m n c e  curves f o r  configuration A (50.6- inch combustion chamber 
length)  presented i n  f igure  1 2  indicate sa t i s f ac to ry  combustor perform- 
ance i s  possible a t  t h e  pressure a l t i tudes  invest igated.  A s  a l t i t u d e  in- 
creased, t h e  equivalence r a t i o  necessary f o r  high eff ic iency operation 
increased s teadi ly  u n t i l ,  a t  an a l t i t ude  of 110,000 f e e t ,  an equi.valence 
r a t i o  of 0.250 w a s  necessary t o  a t t a in  p r a c t i c a l  e f f i c i enc ie s .  Alt i tude 
e f f e c t  on configuration B (26.6-inch combustion chaniber length)  a t  pres-  
sure a l t i t u d e s  up t o  100,000 f e e t  is given i n  f igu re  13. Again, data in- 
d ica te  t h a t  t h e  combustor performance is sa t i s f ac to ry  throughout t h e  a l t i -  
tude range and that t h e  equivalence r a t i o  m u s t  be increased with a l t i t u d e  
f o r  e f f i c i en t  burning. The data,  however, a r e  i n  c loser  agreement with 
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steady-state burning data than f o r  configuration A. 
l eve l  of combustion eff ic iency is  not adversely effected by increasing 
pressure a l t i t ude .  
points indicated on the t race  of f igure 11. 

In  general, the  

The points numbered on the  figure correspond t o  the  

It was  possible t o  i - i te  the burner f o r  configurations A and B at 
angles of a t tack of 6' and 12' a t  pressure a l t i t udes  as high as 100,000 
f e e t .  For these conditions, i n l e t  d i s tor t ion  before igni t ion would be 
as high as 68 percent, as indicated i n  f igures  7 and 8. Combustion eff i -  
ciencies obtained f o r  these t races  are  similar t o  those a t  zero angle of 
a t tack  and are  not presented. 

The i n l e t  a i r  temperature during burning operation was 750' R com- 
pared w i t h  1410° R,  which would be obtained in  f l i g h t  at  the same Mach 
number and a l t i t u d e .  Because of t h i s  lower air  temperature, combustion 
severity a t  an a l t i t ude  of 110,000 f e e t  i n  the 10- by 10-foot tunnel i s  
approximately the same as  a t  118,000 f e e t  i n  f l i g h t ,  a s  calculated from 
the severity parameter of reference 10. 

SUMMARY OF RESULTS 

The following r e su l t s  were obtained during a study of the in t e rna l  
performance of a 28-inch ramjet using gaseous hydrogen as a f u e l  a t  Mach 
number 3.6 i n  the NACA Lewis 10- by 10-foot supersonic wind tunnel: 

1. Data indicate tha t  burning was i n i t i a t e d  under severe d i s to r t ion  
conditions and tha t  sa t i s fac tory  combustor operation was accomplished up 
t o  a pressure a l t i t ude  of 110,000 f e e t  at  zero angle of a t tack .  Burning 
was  a l so  accomplished a t  angles of a t tack  up t o  12' a t  pressure a l t i t udes  
up t o  100,000 feet. I 

2.  Effect of a l t i t ude  on the leve l  of combustion eff ic iency appeared 
t o  be negligible; however, as a l t i t ude  was increased, the equivalence ra-  
t i o  necessary f o r  e f f i c i e n t  burning a l so  increased. 

3. Perforated domes attached t o  the shrouds of the burner resul ted 
i n  improved operation a t  low equivalence r a t i o s .  

4. Shortening the  combustion chamber decreased the combustion e f f i -  
ciency a t  the higher equivalence r a t i o s .  

L e w i s  Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, February 4, 1958 
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(a) 114- Inch-diameter- hole configuration. 

Figure 3. - Front view of flameholder. 
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(b) 3/8-Inch-diameter-hole configuration. 

Figure 3. - Concluded. Front view of flameholder. 
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Figure 4 .  - Rear view of flameholder showing p i l o t  conf'igwration. 
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Figure 6. - Diffuser performance characteristics at a Mach number of 3.6. 
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(a )  E f f e c t  o f  angle of a t t a c k .  
40 

'LO 

0 
.10 .14 .18 .22 .26 -30 .34 

D i f f i s e r  e x i t  Mach number, Mg 

(b) Eff'ect of' bmning;  ang le  of a t t a c k ,  0'. 

Figure 7. - Inlet d i s t o r t i o n  c h a r a c t e r i s t i c s .  
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( a )  Effec t  of dome hole size and nozzle s i z e  on combustor performance. 

Figure 9.  - Steady-state combustor performance. Angle of a t t ack ,  0'; a l t i -  
tude ,  77,000 f e e t .  
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(b) Effect of combustion-chamber length on com- 
bustor performance. 

F i p e  9. - Concluded. Steady-state combustor 
Angle of attack, 0'; altitude, performance. 

77,000 feet. 
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Figure 10. - Comparison of calculated specific impulse 
based on 100-percent cmbust ion efficiency with experi- 
mental data of configuration A .  
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