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Cc%rlpARISON OF !DE CCMBUSTION PEG'ORMANCE OF SHELL T I M F J  GRADE C J  

AND MIL-F-56ZkCJ GRADE Jp-5 J FUELS IN A HEAVY-DUTY 

MiJ47-W-9 RAM-JET E N G m  

By W. G. Ranscht  and J. M. Farley 

Comparable cambustion  performance data f o r  Shel l  UMF, grade C, and 
MIL-F-5624CJ grade JF-5, fuels w e r e  obtained  using a heavy-duty  version 
of the  XRJ47-W-9 ram-jet engine  operated i n  a 2.75 Mach  number free-jet 
f a c i l i t y .  Data were obtained  for the t w o  f u e l s  over a range of fue l -  
air ratios,   engine  airflows, and engine-inlet  temperatures. The test 
conditions w e r e  selected  to  provide  combustor-inlet  conditions  approx- 
imately  representative of those which  would be encountered  over a range 
of a l t i t udes  and f l i g h t  Mach umbers. The var ia t ion  of combustion effi- 
ciency w i t h  f ue l - a i r   r a t io   fo r   t he  two fuels FS compared at the   severa l  
inlet   condi t ions.  The pilot-burner  ignit ion and operating limits with 
both  fuels are also  included. 

" 

In   general ,  the cambustion efficiency  with Shell W, grade C, f u e l  
was I t o  4 points lower  than  with MIL-F-5624C, grade JT-5, fue l .  

INTRODUCTION - 

The rocket-powered  booster  and  ram-jet-powered Xs"64.A long-range 
surface-to-surface missile of the  WS-104A program are both   to   use   the  
same fuel ;   therefore ,  the fue l   cha rac t e r i s t i c s  must be compatible to   bo th  
booster and missile. The f u e l   o r i g i n a l l y  specified f o r  use is MIL-F- 
5624C, grade JP-5. Studies by the  booster-and-missile  knuTacturer have 
indicated that fuels obtained under this specZfication would be  unsat- 
i s fac tory  for ei ther   the  booster  or the missile. The va r i ab le   fue l  prop- 
erties permitted by the   specif icat ion would cause  difficulty  in  maintain- 
ing  the  correct   mixture   ra t io   to  the rocket  engines. The thermal- 
s t a b i l i t y   c h a r a c t e r i s t i c s  of fuels obtained  under the specif icat ions are 
such- tha t  these fue l s  would be unsatisfactory for the  missile because 
of gm-forming  tendencies  and  the  resultant  detrimental  effect on the 
missile fuel-system r e l i a b i l i t y .  

" 
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To overcome the eorementioned  deficiencies of MIL-F-5624C, grade 
JP-5, f u e l   f o r  the WS-loa, the booster-and-missile  manufacturer pre- 
pared a spec ia l  f u e l  specif icat ion.  This proposed  specification  placed 
s t r ingent   res t r ic t ions  on the  physical   properties and consti tuents of 
the fue l .  A f u e l  that essent ia l ly  meets these specif icat ions i s  desig- 
nated Shel l  UMF, grade C. Preliminary testing of t h i s .  fuel, i n  the 
booster  rocket  engines-  and  in terms of thermal s tab i l i ty ,   ind ica ted  that 
it had significant  advantages  over Jp-5 f u e l  f o r  the booster and missile. 

As a pa r t  of the over-al l  program t o  .evalwt.e. . the  suitabil i ty of 
Shel l  U", grade C, fuel for the  W S - l O U ,  an invest igat ion w a s  conducted 
a t  the  MACA Lewis laboratory  to   evaluate  the combustion charac te r t s t ics  
of the fuel i n  a fu l l - sca le  ram-jet combustor  of the same s i z e  and  gen- 
eral type proposed f o r  use in t he  XS"64A misslle. This  report  canpares 
the combustion e f f ic iency ,   s tab i l i ty ,  and  pilot-burner  operating limits 
of the combustor using Shell  UMF, grade Cy and MIL-F-5624CY grade Jp-5, 
f u e l s .  A heavy-duty  version of the XRJ47-W-9 ram-jet engine,  developed 
f o r  use i n  the X&"@ missile and i n s t a l l e d   i n  a 2.75 Mach number free- 
jet f a c i l i t y ,  was used  for the tests. Cambustor data w e r e  obtained with 
both  fuels  over a range of fuel-air   ratios,   engine airflows, and  engine- 
i n l e t  temperatures. The test  conditions were selected t o  provide 
combustor-inlet  conditions  approximately  representative of those which 
would be encountered Over a range of altitudes at inlet   temperatures 
corresponding t o  the 3.25 f l i g h t  Mach number of the XE"64A missile, the  
test Mach  number of 2.75, and an  intermediate Mach number. 

APPARATUS 

Ins t a l l a t ion  

Ins t a l l a t ion  of the engine in the free-jet f a c i l i t y  is shown i n  
f igure  1. The supersonic d i f f u s e r  i n l e t  w a s  m u t e d  within the Mach . 

cone  of the 2.75 Mach number supersonic  nozzle. A i r  bypaseed around the  
engine was  diffused i n  the j e t  diffuser t o  the ambient  pressure i n  the  
exhaust  system. 

Engine 

The heavy-duty, 2.75 flight Mach number, D-49 inlet d i f fuser  and a 
heavy-duty version of the ItRJ47-W-9 ram-jet-engine  combustor with water- 
cooled combustor shell and exhaust  nozzle were used throughout the inves- 
t igat ion.  A sketch of the combustor showing the flameholder, adjustable 
fuel- inject ion system, and bask dimensions i s  presented  in figure 2. 

.?. 

c 
4 

" 

c 

4 

The flameholder w a s  camposed of three annular  gutters  interconnected 
by longitudinal  gutters.  Two configurations were used during the 
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investigation. Configuratiou A ( f ig .   3(a))  has ten  longitudinal  flame- 
holder  elements  connecting the m i d d l e  and outer  annular  elements; con- 
f igurat ion B (fig.  3(b)) has fifteen  longitudinal  elements  connecting 
the  corresppnding  annular  elements. The pilot   burner of configuration A 
used a slotted  flameholder and that of configuration B used a cone 
flameholder. The pi lot   burner  and inner  annular flameholder element of 
configuration B were.6 inches downstream of the  location of the  corre- 
sponding  elements of configuration A, as shown by the  dashed l i nes  i n  
f igure 2. The pilot burner of each  configuration  included a sparkplug 
for ignition  purposes. 

Shown i n   f i g u r e  4 is a photograph of the heavy-duty adjustable 
fuel-injection  system  used.with  both  flameholder  configurations. The 
fuel system had 65 spring-loaded  variable-area  fuel-spray  nozzles,  each 
rated at- 860 pounds per hour fuel flow st a p r e s s y e  of 300 pounds per 
square  inch gauge. All f u e l  nozzles were pointed downstream. 

r 
% Instrumentatton B 

* ?  
8 

Location of the  engine  instrumentation is  s h m  i n  figure 1. The 
i n l e t  and ou t l e t  temperatures and the flow of the water used to coal 
the  combustor shell and  exhaust  nozzle were also m e a s u r e d .  

Fuels 

An analysis  comparison of the  two fuels  used  during the tests is 
given i n  table I. The f u e l s  w e r e  suppl ied  to  the engine fuel system at  
a temperature of approximately 800 F. 

The combustion  performance charac te r i s t ics  of Shell W, grade 6, 
and MIL-F-56246, grade Jp-5, f u e l s  were determined oyer a range of fuel-  
air r a t i o s  from  about 0.025 t o  approximately the value whlch would re- 
s u l t   i n   c r i t i c a l   o p e r a t i o n  of the  supersonic inlet diffuser  at the fol- 
lcming test conditions : 

Nominal 
englne 

airf Low, 
Wa,o, 

lb/sec 

120 
100 
80 
60 

Free-stream  conditions - 
~ o m i n d   t o t a l  temperature, 91 

12 10 I 1060 I 990 

I Nominal total   pressure,  lb/sq f t  abs 
I I I -"- I 3545 4240 I 3310 

2825 2555 2645 
2 u o  1900 1970 
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The tes t   condi t ions were selected  to  provide  combustor-inlet  conditions 
approximately  representative of those which would be encountered  over a 
range of a l t i t udes  a t  i n l e t  temperatures  corresponding to- the  3.25 
f l i g h t  Mach  number (free-stream  total  temperature, 1210° R) of the XS" 
64A missile, the test Mach number of 2.75 (free-stream  total  temperature, 
990' R )  , and  an  intermediate Mach number. 

A t  each i n l e t   t o t a l  temperature, the combustor performance data 
were obtained  over a range of f u e l - a i r   r a t i o s  at the selected airflows 
using first MIL-F-5624C, grade 3p-5, fuel, and then Shell  LE", grade C, 
fuel ;  check runs were subsequently made at each  airflow with the JP-5 
fuel .  The &ta  at an i n l e t   t o t a l  temperature of 1210° R w e r e  obtained 
using combustor configuration A. Because of damage t o  combustor  con- 
f igurat ion A i n  the aforementioned testing, the data at i n l e t   t o t a l  t e m -  
peratures of 1060° and 990° R were obtained  using combustor configu- 
r a t ion  B. 

Pilot-burner  operating limits of combustor configuration B were 
investigated with an i n l e t  t o t a l  temperature of 990° R at engine air- 
flows of 60 and 80 pounds per second; these were selected as the most 
severe  conditions i n  order t o  observe any s ignif icant   dif ferences  in   the 
operating limits w i t h  the two-fuels.  Pilot-burner  lean  ignition limits 
were found by increasing  the pilot fuel -fla"d%h-Che sp&k on u n t i l  
ignition  occurred.  Rich  ignition limits w e r e  obtained by reducing  the 
p i l o t  fuel flow from a value beyond r i ch  blowout until   ignit ion  occurred. 
Lean and rich  pilot-burner blowout limits were obtained  without use of 
the  spark  ignition. 

The 
given i n  

- .. - -  . -I . - " 
symbols  and  methods of calculat ions  used  in  t h i s  report   are  
the appenuxes . - 

.." .. - " 

PRESENICATION OF RESULTS 

A complete tabulation of the combustor  performance data obtained, 
tclgether with the  tes t   condi t ions,  is presented  in   table  I1 fo r  MIL-F- 
5624C, grade Jp-5, f u e l  and i n   t a b l e  I11 for  S h e l l  W, grade C, fue l .  

For Shell UMF, grade C, fuel ,   the   var ia t ion o f  combustion e f f i -  
ciency with fue l -a i r   ra t - io  at the  various-engine  airflows i s  s h m  i n  
figures 5 ( a ) ,  (b) , and (c)  f o r   i n l e t   t o t a l  temperatures of 1210°, 1060°, 
and 990° R, respectively.  MIL-F-5624C, grade Jp-5, and Shel l  W, grade 
C,  fue ls   a re  compared d i r ec t ly  on the basis of the vsr ia t ion  of combus- 
t ion   e f f ic iency  with fue l -a i r  ratio at each i n l e t  condi t ion  in   f igures  
6, 7, and 8. 

. 
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Pilot-burner  operatling limits for   bo th  f u e l s  are presented i n   f i g -  
ure 9 for  engine  airflows of 60 t o  80 pounds per second at an  i n l e t  
t o t a l  temperature of 990' R. 

At an i n l e t   t o t a l  temperature of 1210' R, corresponding t o  the  3.25 
rc f l i g h t  Mach  number of the  Xs"64A mfssile, the peak  combustion effi- 
.-I ciency  with  Shell UMF, grade C, f u e l  varied from 0.89 t o  0.92 as the * engine  airflow w a s  increased from. 60 t o  I20 pounds per  second. The com- 
N. 

bustion  efficiency with this fue l ,   in   genera l ,  w a s  1 t o  3 points lower 
than  with MIL-F-5624C, grade Jp-5, f u e l  over the  range of f u e l - a i r   r a t i o s  
and engine  airflows at the above inlet   temperature.  A t  the lower i n l e t  
total   temperatures,   the combustion eff ic iency decrement of the Shell 
UMF, grade C, f u e l  i n  general w a s  1 to 4 points at fue l - a i r   r a t io s  above 
0.030 and somewhat greater  at lower fuel -a i r   ra t ios .  

The operating l l m i t s  of the pi lot   burner  w e r e  s imi la r   for  the two 
fuels. 

Lewis Flight  Propulsion  Laboratory 
National  Advlsory Canrmittee for Aeronautics 

Cleveland, Ohio, November 19, 1956 
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SYMBOLS 

The following symbols are used i n   t h i s   r e p o r t :  

A 

CD 

f /a 

hf. 
K 

P 

T 

‘a 

Wf 

‘b 

mcooling water 

Subscripts : 

eff 

i d  

0 

3 

6 

area, sq f t  

exhaust-nozzle f l o w  coeff ic ient ,  0.99 

fuel . -a i r   ra t io  

fuel heating value, Btu/lb 

engine  airflow  parameter 

to ta l   p ressure ,  Ib/sq f t  abs 

total   temperature,  OR 

airf law, lb/sec 

fuel flow, Ib/sec 

combustion eff ic iency 

cooling water enthalpy rise, Btu/sec 

e f fec t ive  

ideal 

free-stream condition (free- jet  nozzle i n l e t )  

supersonic diffuser ou t l e t  

engine  exhaust-nozzle  throat 

. 

.” 
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APPENDIX B 
A 

CALCULATIONS 

A i r f l o w .  - The engine was  operated  supercrit ically  throughout the 
investigation, and e m n e  inlet airflow was determined from the r e l a t ion  

Value of the airflow parameter K varied w i t h  the fac i l i ty   p ressure  
r a t i o  and engine i n l e t  (or  free-stream)  total  temperature, and w a s  de- 
termined from an airflow cal ibra t ion  of the engfne. 

Fue l -a i r   ra t io .  - The fue l - a i r   r a t io  was ca lcu la ted   d i rec t ly  from 
measured f u e l  flow and airflow: 

Combustion efficiency. - Combustion eff ic iency was determined by 
t h e   r a t i o  of corrected ideal f u e l - a i r   r a t i o  and ac tua l   fue l - a i r  ratio: 

The ideal f u e l - a i r   r a t i o  is the t h e o r e t i c a l   f u e l - a i r   r a t i o  re- 
quired (assuming 100 percent combustion e f f ic iency)   to   ob ta in   the  m e a s -  
ured values of engine  total-pressure  ra t io  pdp0. Values of ideal 

fue l -a i r   ra t lo   for   bo th   fue ls  w e r e  obtained from charts  of (f'/a) 
against  P6/KPO for  various  values of engine- in le t   to ta l  temperature. 

id 

Calculations of these charts used the following  values: 

MIL-F-5624CI 
grade JP-5 

Fuel  heating  value,  Btu/lb . . . . . . . . . . . 18,600 
Fuel hydrogen-carbon r a t i o  . . . . . . . . . . . . 0.161 
Effective  engine  exhaust-nozzle throat area, sq f t  . . . . . 
Hfective  engine  exhaust-nozzle area A6,eff w a s  determined 

Shell UMF, 
grade C 

18,525 
0.150 - - 6.805 

f rm 

A = A C  6,eff 6 D 



8 - NACA FM E56K16 

The cooling-water  fuel-air ratio accounts f o r  the heat 1 0 S S  t o  the com- 
bustor  and  engine  exhaust-nozzle  cooling water: 

c 

( f / 4  - A % ~ K c L L ~ ~  water - 
cooling water hf Wa,o 

The cooling-water  enthalpy rise w a a  determined from the  measured flow 
and temperature rise of t he  engine cooling water. 
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TABLE I. - FUEL ANALYSIS 

Fuel  properties 

Dis t i l l a t ion ,  ?F 
Initial boiling  point 
Percent  evaporated 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
95 

F.inal boil ing  poipt  
Residue,  percent 
Loss, percent 

lnaline  point,  OF 
Sravity, OBI 
specific  gravtty,  6o0/mo F 
3ydrogen-mbon r a t i o  
Lower heating  value, Btu/lb 

MIL-F-5624CJ 
grade C grade JP-5 

438 

44 6 
449 
453 
458 
462 
468 
474 
402 
492 
508 
526 
548 
1.1 

0 
159.1 
34.5 
0.852 
0. E O  
18,525 

346 

360 
370 
380 
390 
400 
410 
a20 
434 
448 
4 64 
476 
500 
1.2 
0 

146.5 
43.0 
0.811 
0.161 
18,600 

9 
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Figure 4. - Heavy-duty sdJuustable fuel-spray beS6 for XRJ47-W-9 ram-jet engins. 
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Figure 7. - Continued. Cornpariaon of combustion  efficiencies  obtained with Shell UHF, 
m e  C, and bKL-F-5624C, grade JP-6, fue ls  at a nomina2. inlet total tapemtare of 
1060~ R. Cambustor  coniiguration E. 
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ratio, f/a 

(b) Engine airflaw, 100 pound8 per second; f'ree-stream total pressure, 
3205 pounds per square f w t  absolute. 

F i g m e  8. - Contlnued. Colagarlaon of cambustion efficlencicte obtained wlth 6hell 
W, grade C, and MIL-F-S624C, grade JP-5, fuel8 at a xaniml inlet total tam- 
perature of 990' R .  Cambustor configuration B. 
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(c) -ne airflow, 80 pounds ga secondi free-stream total pressure, 
2555 pounds per square foot absolute. 

Figure 8 .  - Continued. ComparrSon of combustion efficiencies obtsined vith Shell 
UMF, made C, and HIL-F-562CCI grads JP-5, fuels at P mmlnal inlet total tam- 
perature of 990° E. Ccmbustor coniiguration B.  
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Figure 9. - Comparison of p i lo t -burner   opera t ing   l imi t s  ob- 
ta ined  with Shell UMF, grade C, and MIL-F-5624C2 grade 
Jp-S, fuels at a nominal i n l e t  total tempra;tlrre of 990' R. 
Combustor configuration B. .L-: . 
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Abstract 

Combustion performance charac te r i s t ics  of Shell UMF, grade C, and 
MIL-F-5624C, grade JP-5, fue l s  were compared i n  a heavy-duty version of 
the XRJ47-W-9 ram-jet engine. Wfth the  engine  operating i n  a 2.75 Mach 
number f r e e - j e t   f a c i l i t y ,  data were .obtained with both fuels over a 
range of fuel-air   ratios,   engine airflows, and  engine-inlet temperatures. 
The variat ion of  combustion eff ic iency w i t h  f u e l - a i r   r a t i o   f o r t h e  two 
fue l s  i s  compared at the  several   in le t   condi t ions,  and the pilot-burner 
ign i t ion  and operating limits with both fue ls  are also Fncluded. 




