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II 

RATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
* '  

RESEARCH MZMORANDUM 

A REVIEW OF NACA RESEARCH THROUGH 1954 ON BORON COMPOUNDS AS 

FUELS FOR JET AIRCRAFT (PROJECT ZIP) 

By Walter T. Olson, Roland Breitwieser , and Louis C .  Gibbons 

SUMMARY 

This repor t  reviews NACA work through 1954 on a  project  of t he  Bureau 
of Aeronautics, Department of t h e  Navy, seeking a  high-energy f u e l  s u i t -  
able f o r  turbojet-powered a i r c r a f t .  This work includes thermal and com- 
bust ion p roper t i es ,  experiments with combustors designed t o  use boron 
compounds, evaluation of boron f u e l s  in f u l l - s ca l e  t u rbo j e t s  with and 

w 
without af terburners ,  and ram- j e t  f l i g h t s  on boron fue l s .  Sa t i s fac to ry  

4 e combustion of pentaborane has been demonstrated i n  a  t u rbo j e t ,  an a f t e r -  
burner,  and a  ram je t .  The ant ic ipated reductions i n  spec i f i c  f u e l  con- \ 
sumption have general ly  been obtained. Tota l  running times have been 
qu i t e  b r i e f .  

INTRODUCTION 

The in ten t ion  of t h i s  r epor t  is  t o  review NACA pa r t i c i pa t i on  i n  
Pro jec t  Zip, a Bureau of Aeronautics, Department of t h e  Navy pro jec t  
on high-energy f u e l s  f o r  a i r c r a f t .  Project  Zip i t s e l f  i s  a search f o r  
a t u rbo j e t  f u e l  with a heating value a t  l e a s t  30 percent  higher than 
cur ren t  j e t  f ue l s .  This f u e l  should have chemical, physical ,  and t ox i -  
cological  p roper t i es  t h a t  make it applicable t o  a i r c r a f t .  Prime con- 
t r a c t s  from t h e  Navy t o  two chemical companies a r e  intended t o  develop 
a  s u i t a b l e  f u e l  and methods of producing it econom.2&ally. The most 
promising candidate f u e l s  i n  Project  Zip ,  t o  date ,  a r e  boron compounds. 

The o r i g i n a l  purposes of NACA par t i c ipa t ion  i n  Project  Z i p  were, 
f i r s t ,  t o  a s s i s t  i n  the  measurement of proper t ies ,  e spec i a l l y  thermal 
and combustion p roper t i es ,  of candidate f u e l s  f o r  Project  Zip, and 
second, t o  demonstrate p r inc ip les  f o r  the design of turbo j e t  combustors 
f o r  high combustion eff ic iency,  good outlet-temperature p r o f i l e ,  and 

e minimum boron oxide deposits .  Later ,  two items were added: evaluation 
of boron f u e l s  i n  f u l l - s c a l e  turbo j e t  engines including af terburners ,  
and ram- jet f l i g h t s  on boron fue l s .  

I '  
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Since the  ult imate f u e l  f o r  Project  Zip i s  not yet  ava i l ab le ,  NACA 
research has proceeded with fue l s  t h a t  a r e  ava i l ab le ,  a s  follows : 
diborane, pentaborane, borate e s t e r s ,  and small quan t i t i e s  of a lkyla ted 
boron hydrides . Although borate  e s t e r s  a c tua l l y  have l e s s  heating value 
than ordinary hydrocarbon j e t  f ue l s ,  they  provide boron i n  the  fue l .  
Because they  were ava i l ab le  i n  much l a rge r  quan t i t i e s  than t he  other 
boron-containing f u e l s ,  they were use fu l  i n  conducting preliminary r e -  
search on boron oxide deposits .  

Thp revfew presented here i s  based on an o r a l  presenta t ion t o  the  
NACA Subcommittee on Combustion at i t s  December 9 and 10  meeting, 1954. 
It covers NACA work through the  calendar year 1954. The mate r ia l  i s  pre- 
sented under the  following complete ou t l ine  of t h e  NACA pa r t i c i pa t i on  
i n  Project  Zip: 

I. THEORETICAL PERFORMANCE CALCULATIONS 

11. FUEL PROPERTIES 
Heating Value 
Thermal Decomposition 
Spontaneous Ign i t ion  Temperature 
Ign i t ion  and Blowout i n  2- Inch- Diamet e r  Burner 

111. APPLICATION I N  TURBOJET PRIMARY COMBUSTOR 
Conibustor Studies  

Prel iminary experiments 
Combustor design fea tu res  
Dual-f u e l  combustors 

Engine Tests  with Subst i tu te  Fuels 
Engine Tests  with Pentaborane Fuels 

I V .  APPLICATION I N  TURBOJET AFTERBURNER 

V. RAM-JET FLIGHTS 

To keep t h i s  review b r i e f ,  the re  i s  no discuss ion of apparatus, ex- 
perimental procedure, or  accuracy and prec i s ion  of da ta .  For these  
items, t h e  o r i g i n a l  references  should be  consulted. 

THEORETICAL PERFORMANCE CALCULATIONS 

Theoretical performance ca lcu la t ions  have appeared i n  references 
1 t o  4. Some information on pentaborane i s  summarized i n  f i gu re  1, 
where f u e l  consumption of pentaborane r e l a t i v e  t o  octene-1 (analogous 
t o  j e t  f u e l )  i s  p lo t t ed  aga ins t  a i r  spec i f i c  impulse. The combustion 
temperature of octene-1 required f o r  t he  a i r  spec i f i c  impulse i s  a l s o  
shown. A i r  s pec i f i c  impulse i s  t he  t o t a l  j e t  t h r u s t  per pound of a i r  
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per second a t  a s t a t i o n  where the  exhaust Mach number i s  unity.  The 
f igure  shows tha t ,  a t  low combustion temperatures, the  spec i f ic  f u e l  
consumption of pentaborane r e l a t i ve  t o  the  hydrocubon f u e l  w i l l  be very 
nearly the  inverse r a t i o  of t h e i r  heats of combustion, 0.65. A t  high 
combustion temperatures, vaporization of B203 and dissociat ion take so 

much e n t h a l p y t h a t  t h i s  r a t i o  i s  only 0.84. Experimental data  a re  nec- 
essary t o  determine whether the composition of high-temperature prod- 
ucts  of boron fue l s  remains frozen i n  a rapid expansion. 

FUEL PROPERTIES 

Heating Value 

Figure 2 l i s t s  the  heating values and other proper t ies  of t he  pr in-  
c ipa l  f u e l s  t ha t  have been under investigation by the  NACA i n  i t s  work f o r  
project  Zip. Several of these properties a re  est imates only. Further,  
the  reac t ion  products obtained by a lkylat ing diborane with ethylene and 
subsequently cracking the  material ,  or by a lkylat ing decaborane with 
ethylene, are  i n  a s t a t e  of evolution i n  the  research laborator ies  of 
the  p r inc ipa l  Navy contractors,  the  Callery Chemical Company and the  
Olin-Mathieson Chemical Company. Until  processes have been worked out 
f o r  making these candidate fue l s  f o r  Project Zip, t h e i r  proper t ies  can- 
not be known with cer ta inty .  Heating values of other  mater ia ls  have 
been measured ( fo r  example, r e f s .  5 and 6 )  . 

Thermal Decomposition 

One of the  important f u e l  proper t ies  i s  thermal decomposition. A t  
high supersonic speeds, the  temperature of f u e l s  stored i n  a i r c r a f t  w i l l  
slowly r i s e ,  perhaps even t o  several  hundred degrees, and w i l l  p e r s i s t  
t he re  f o r  appreciable periods of time. Also, and pa r t i cu l a r ly  i n  high- 
speed f l i g h t ,  f u e l  may be subjected t o  400' or 500' F temperatures f o r  
very shor t  in te rva l s  of time as it flows through the  f u e l  systems and 
i n t o  the  engine, which i s  generally a t  a high temperature. 

Laboratory data on thermal decomposition have been obtained by heat-  
ing samples of f u e l  sealed i n  a 1/4-cubic-inch s t a in l e s s - s t ee l  t ~ b e  
( re f .  7 ) .  The samples were held a t  elevated temperatures f o r  f ixed  
times, then cooled, and the  vo l a t i l e  fue l  was removed from the  nonvola- 
t i l e  decomposition products. The weight of t h i s  residue was p lo t ted  
against  t h e  time fo r  the  d i f fe ren t  temperatures a s  shown i n  f igure  3. 
Further,  when the  log of the  time, with 1 minute f o r  i n i t i a l  heating 
subtrac+,ed, was p lo t ted  .against the  reciprocal  of the  absolute tempera- 
t u r e ,  f o r  d i f fe ren t  percentages of decomposition, s t r a igh t  l i n e s  were ob- 
t a ined  ( f ig .  3 ) .  This r e s u l t  implies a simple react ion mechanism tha t  
i s  not a l t e r e d  by the  presence of t he  products of decomposition. 
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Spontaneous I g n i t i o n  Tepperature 

Another important p rope r ty  w i t h  f u e l s  considered i n  P r o j e c t  Zip i s  
spontaneous i g n i t i o n  temperature,  which inf luences  both  t h e  combustor 
performance and t h e  r e l a t i v e  ease  with which t h e  f u e l s  may be handled. 
A low spontaneous i g n i t i o n  temperature a s s i s t s  r a p i d  combust i on  i n  t h e  
engine.  A h igh  spontaneous i g n i t i o n  temperature permi ts  e a s i e r  
hand1 ing . 

There a r e  many l a b o r a t o r y  methods f o r  measuring spontaneous i g n i -  
t i o n  temperature.  No one of t h e s e  methods i s  completely t o  be p r e f e r r e d  
t o  another .  The values of spontaneous i g n i t i o n  temperature f o r  f u e l s  
a r e  very much a f u n c t i o n  of t h e  manner i n  which t h e y  a r e  obta ined  and 
of t h e  composition of t h e  mixture.  

For example, t h e  l e a n  l i m i t s  f o r  spontaneous i g n i t i o n  of pentaborane 
vapor-air  mixtures  a t  77' F and i n  6-cent imeter-diameter  bu lbs  were about  
1 4  volume percent  a t  1 atmosphere and about 55  volume pe rcen t  a t  0 .1  a t -  
mosphere ( r e f .  8 )  . No r i c h  l i m i t s  were determined ( r e f .  8 ) ,  b u t  mix- 
t u r e s  of 75 pe rcen t  pentaborane i g n i t e d  a t  0.066 atmosphere. These d a t a  
exp la in  why explos ions  r e s u l t  when a i r  i s  admi t ted  t o  pentaborane.  Com- 
b u s t i b l e  mixtures  a r e  a t  l e a s t  momentarily formed. 

Rich, explos ive  mixtures  can be producea i n  o the r  ways. For ex- 
ample, i n  r e f e r e n c e  9, a l i q u i d  pool  of pentaborane i g n i t e d  spontane- 
ously. Also, a s p r a y  of pentaborane i n  a i r  i g n i t e d  on a 110' F s u r f a c e .  
An 8 0  percent  b l end  of pentaborane i n  a hydrocarbon of s i m i l a r  vola-  
t i l i t y  i g n i t e d  when sprayed a s  a l i q u i d  on a 212' F su r f ace ,  wh i l e  a 50 
pe rcec t  b lend  r e q u i r e d  420' F. 

I g n i t i o n  and Blowout i n  2-Inch-Diameter Burner 

Another p r o p e r t y  of f u e l s  of i n t e r e s t  f o r  P r o j e c t  Zip is  flame 
speed. Attempts t o  measure flame speed of a l k y l  borane f u e l s  were no t  
succes s fu l  when us ing  t h e  convent iona l  methods, because t h e s e  f u e l s  r e -  
a c t  s lowly on exposure t o  air;  subsequent flame-speed measurements a r e  
t h u s  f o r  oxygenated f u e l s  r a t h e r  t han  f o r  t h e  f u e l s  themselves.  A blow- 
out  v e l o c i t y  appara tus  such a s  t h a t  shown i n  f i g u r e  4 has been s u b s t i -  
t u t e d  f o r  flame-speed measurements. Data obta ined  w i t h  t h e  appara tus  
g ive  an  idea  of t h e  d i f f i c u l t y  t h a t  w i l l  be  experienced i n  maintaining 
e f f i c i e n t  combustion i n  a h igh -ve loc i ty  system l i k e  a t u r b o  j e t .  

The appara tus  i n  f i g u r e  4 atomizes t h e  f u e l  w i t h  some a i r  and i n t i -  
mate ly  mixes t h i s  atomized f u e l  w i th  a l l  t h e  combusti'on a i r  i n  a 1- inch-  
diameter porous-wall  s ec t ion .  The mixture  i s  t h e n  i g n i t e d  i n  t h e  2- 
inch-diameter burner  s ec t ion .  V e l o c i t y  and composition can be c o n t r o l l e d  
independent ly t o  o b t a i n  blowout d a t a ,  u s u a l l y  ,-xpressed a s  v e l o c i t y  
a g a i n s t  equivalence r a t i o .  



Some illustrat&<ve data obtained with t he  blowout ve loc i ty  apparatus 
i n  f i gu re  4 a r e  shown i n  f igure  5. This f igure ,  which i s  f o r  data a t  an 
equivalence r a t i o  of 1, shows the blowout ve loc i ty  aga ins t  the  boron hy- 
dr ide  concentration i n  JP-4 f u e l  f o r  two boron hydride fue l s .  A s  noted 

i n  t he  f igure ,  JT-4 f u e l  blows out at 50 f e e t  per second i n  the  apparatus 
a t  s toichiometric combustion. Propylene oxide, a good reference point  
because i t s  flame speed is about twice that of JP-4 fue l ,  blows out  a t  
100 f e e t  per second. 

Pentaborane sprayed i n t o  a flowing stream of air a t  400 f e e t  per 
second required 500° F t o  i g n i t e  i n  a 14-inch length  ( r e f .  10) .  

It i s  seen that pentaborane and ethylene decaborane a r e  very reac- 
t i v e  fue l s ,  f o r  t h e i r  blends i n  only 30 percent concentration do not 
blow out except a t  ve loc i t i e s  i n  excess of 100 f e e t  per  second i n  the  
apparatus of f i gu re  4.  

APPLICATION I N  TURBOJET PRIMARY COMBUSTOR 

Combustor Studies 

Preliminary experiments. - The boron hydride f u e l s  were next evalu- 
a ted  i n  turbo je t  combustors. This application brings together t h e  pre- 
viously discussed combustion and s t a b i l i t y  cha rac t e r i s t i c s  of t he  fue l s .  
I n  addit ion,  the  problem of dealing with products of combustion contain- 
ing a highly  viscous, s t i cky  f l u i d  i s  introduced. One pound of penta- 
borane w i l l  produce 2.76 pounds of boron oxide ( ~ ~ 0 ~ ) .  This g lass- l ike  
oxide has a high viscosi ty  a t  normal tu rbo je t  operating temperatures. 
The v i scos i ty  charac te r i s t i cs  of boron oxide a re  presented i n  f i gu re  6 
( ref .  11). 

The f i r s t  attempt t o  burn these  fue l s  i n  a p r a c t i c a l  combustor was 
made with  diborane f u e l  i n  a J33 combustor ( ref .  12) ;  t he  combustor- 
en t ry  conditions were : pressure, 1/3 atmosphere ; temperature, 245' F; 
veloci ty ,  115 f e e t  per second. The r e su l t s  of t h e  exploratory t e s t s  
wi th  diborane f u e l  a re  shown i n  f igure  7. Boron oxide mixed with de- 
composed f u e l  and formed large  cl inkers i n  t he  combustor. These c l inkers  
s e r i ous ly  r e s t r i c t e d  the  a i r  flow i n  the combustor l i n e r .  Lower 
combustor-outlet temperatures than the  1 0 8 0 ~  F desi red contributed t o  
t h e  excessive boron oxide deposits. Plugging of f u e l  l i n e s  with de- 
composed f u e l  prevented high combustor-outlet temperatures. 

The l i q u i d  and so l ids  r e su l t i ng  from combustion a l s o  presented 
problems a t  the  combustor ou t l e t  or the en t ry  t o  t he  turbine region. 
This i s  shown i n  f igure  8 by photographs of two elements of t h e  turbine  
nozzle diaphragm t h a t  were located at t h e i r  normal s ta t ion .  These noz- 
z l e s  co l lec ted  very heavy layers  of boron oxide. 
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Subsequent t o  these  e a r l y  t e s t s ,  a va r i e t y  6p co bustion-chamber 
design changes were made, and pentaborane was used $f s. 13  t o  16) . A 
t y p i c a l  combustor l i n e r  used f o r  evaluation of pentaborane f u e l  ( ref .  
14) i s  shown i n  f igure  9. The upstream sec t ion  of a standard J47 l i n e r  
was modified by replacing t he  conventional dome with a porous wire ~ 1 0 t h .  
This reduced t he  r ec i r cu l a t i on  of t he  f u e l - a i r  mixture i n  t he  upstream 
p a r t  of the combustor. 

The photograph of the  combustor i n  f igure  9 was taken immediately 
a f t e r  o ~ e r a t i n n ,  The t e n d ~ n c y  for d ~ ~ o s i t , s  t , n  r n l l ~ r t  i n  t,he rombustor 
was reduced. Higher e f f i c iency ,  f l a t t e r  temperature p ro f i l e s ,  and high- 
e r  o u t l e t  temperatures apparently reduced t he  deposits .  Also, b e t t e r  
combustor performance apparently eased oxide-collect ion problems a t  t h e  
r e a r  por t ion of the  combustor. This i s  shown by t he  photograph of the  
t r a n s i t i o n  sect ion i n  f i gu re  9. 

A s e r i e s  of t e s t s  was made on spec i a l  surfaces located a t  t he  r e a r  
of a 533 combustor i n  which diborane f u e l  was burned ( r e f .  1 2 ) .  These 
surfaces  were tubes t h a t  spanned t he  o u t l e t  sect ion.  The tubes were 
kept a t  several  temperatures, and var ia t ions  i n  deposi ts  on t he  surface  
were noted ( f i g  . 10) .  Reading l e f t  t o  r i g h t ,  t h e  f i r s t  tube had no 
cooling o r  heating and approached equil ibrium temperature. The second 
tube w a s  cooled with water t o  about 80° F. The idea  of a cooled surface  
was t o  make the  boron oxide b r i t t l e  so t h a t  it might break loose. The 
t h i r d  tube was heated t o  1750' F, wel l  above t h e  melting point  of the  
boron oxide. This tube was the  c leanest .  The four th  tube was made of 
porous wire cloth.  It was cooled by fo rc ing  a i r  a t  80' F through t he  
pores of the  wire c lo th;  it met with only p a r t i a l  success i n  t h i s  high- 
ve loc i ty  location.  Similar  t rends  were experienced with t he  tubes down- 
stream of a combustor fueled with pentaborane ( r e f .  15) .  

Further work on the  development of combustor l i n e r s  f o r  use with 
pentaborane evolved i n  the  design shown i n  f i gu re  11 ( r e f .  14 ) .  This 
l i n e r  was shor te r  than the  normal combustor by 4 inches. Wire c lo th  was 
used t o  form the  combustor walls .  This produced an a i r  f i l m  on the  in- 
s i de  walls of t he  combustor. Porous wire c lo th  was used i n  the  combustor 
dome t o  reduce both r ec i r cu l a t i on  and l o c a l  f u e l - a i r  r a t i o s .  The depos- 
i t s  a f t e r  a 13.3-minute run a t  1/2-atmosphere pressure a r e  shown i n  f i g -  
ure 11. The weight of the  deposit  i n  t h e  combustor amounted t o  27 grams, 
or  0.3 percent of the  t o t a l  boron oxide formed, assuming complete combus- 
t i o n  of the f u e l .  The good performance of t he  combustor was again para l -  
l e l e d  with reduced co l lec t ion  of oxide i n  t he  t r a n s i t i o n  sect ion,  a s  seen 
i n  f i gu re  11. 

Some of t he  performance da ta  a r e  shown i n  f i gu re  12. Pentaborane 
and a blend of 64 percent  pentaborane with 36 percent  JP-4 f u e l  were 
evaluated a t  a l t i t u d e s  ranging from 40,000 t o  61,000 f e e t .  Two engine 
conditions were simulated corresponding t o  c ru i s e  ( 8 5 - ~ e r c e n t )  speed and 
maximum rated speed. The corresponding combustor i n l e t - a i r  condit ions 
a r e  l i s t e d  i n  the  f igure .  
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The combustion e f f i c iency  f o r  the pentaborane f u e l  was over 90 

w percent a t  a l l  conditions t es ted .  The combustion e f f i c i ency  of t he  64 
percent pentaborane blend was 89 percent. One f ea tu r e  of t he  combustor 
performance t h a t  was i n f e r i o r  t o  conventional combustor performance was 
the o u t l e t  temperature spread, t h a t  is, the  maximum t o  minimum o u t l e t  
temperature. This temperature spread a t  the  r a t ed  engine speed condi- 
t i o n  w a s  ~ 5 0 '  F a s  canpared with about 2200' F f o r  a standard combustor 
fueled with JP-4. Only small amounts of boron oxide deposited on t he  

w surfaces  of t h e  wire-cloth combustor. The heavies t  deposit  was 44 grams 
m + accumulated a f t e r  11 minutes operation a t  a combustor-outlet temperature 
I-' of 1560' F. Because of the  short  t e s t  time, these  r e s u l t s  should not be 

overgeneralized. Duration of the  t e s t s  was l imi ted  by t h e  small quanti-  
t i e s  of pentaborane available.  

Combustor design features .  - Some of t h e  des i rab le  design f ea tu r e s  
of a combustor f o r  boron hydride f u e l  a r e  shown i n  f i gu re  13. These 
r e f l e c t  some of t he  ideas t h a t  may have t o  be incorporated i n  a combus- 
t o r  f o r  f u e l s  containing boron, pa r t i cu l a r l y  one t h a t  must operate over 
a range of operating conditions. The main f ea tu r e s  a r e  as previously  
indicated.  A coolant p ro tec t s  the  f u e l  a s  it en t e r s  t he  combustor. . This coolant w i l l  reduce t h e  tendency f o r  thermal d e c o ~ q o s i t i o n  of t he  
f u e l  i n  the  f u e l  supply l i n e  and spray. I f  the  coolant  i s  a i r ,  it then  
can be u t i l i z e d  f o r  atomizing and preparing a well-defined f u e l  spray. 

I 

It i s  important t h a t  the  f u e l  spray does not impinge on t h e  com- 
bustor wal ls ,  f o r  thermal decomposition of t h e  f u e l  may r e s u l t  a t  t h a t  
point .  The well-formed f u e l  spray i s  then mixed with air t h a t  passes 
through the  upstream end of the  combustor - f o r  example, through a po- 
rous wire-cloth dome. Suff ic ient  a i r  comes through t h i s  dome t o  r e t a r d  
the  normal r e c i r cu l a t i on  t h a t  e x i s t s  i n  most conventional combustors. 

The combustor walls  a r e  protected by  air  filmed through t he  porous 
surfaces .  This air prevents t h e  impingement of f u e l  or  boron oxide 
p a r t i c l e s  on the  surfaces of the  combustor. Many wel l -d i s t r ibu ted  
louvers should a l so  suf f i ce .  

The combustion gases a r e  then mixed with d i l u t i o n  air and allowed 
t o  pass i n to  the  turbine  section.  It seems necessary t o  have t he  sur-  
f aces of t h e  turbine-entry  sect ions  a t  temperatures of 1 0 0 0 ~  F or  above 
t o  prevent accumulation of l a rge  deposits  of boron oxide. 

Dual-fuel combustors. - A more recent combustor design i s  one which 
burns two fue l s .  I f  operation with a boron-containing f u e l  is  l imi ted  
t o  condit ions where t he  temperature of t h e  combushor w a l l s  is  high 

9 enough t o  keep t h e  boron oxide molten, then l e s s  extensive ven t i l a t i on  
of t he  combustor walls  i s  needed. At conditions other than a t  high out- 
l e t  temperature, a conventional f u e l  such as JP-4 can be used. 

*.  
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A fue l  in jec tor  t h a t  resu l ted  from t h i s  design approach i s  shown i n  

f igure  1 4  ( r e f .  16 )  . Pentaborane f u e l  flows through a  center annulus 
and i s  surrounded by atomizing a i r .  This a i r  both cools t h e  f u e l  and 
controls t h e  atomization and penetrat ion of the  pentaborane f u e l  spray. 
The JP-4 f u e l  flows through an ex te rna l  passage and i s  sprayed out 
through three small o r i f i c e s .  The spray from these  o r i f i c e s  i s  broken 
up by a small quant i ty  of the  atomizing a i r  d i rected t o  impinge on these 
f u e l  jets .  Less than 0.4 percent of t he  engine a i r  flow i s  used f o r  
atomization. These j e t s  def lec t  the  JP-4 f u e l  i n to  the  upstream por- 

r 
tLnn  ~f the ccmh lx te r  csn, the no rmz l  l c c a t i c n  fcr fue l  i n j e c t i o n  in a y u 
turbo j e t  combustor. The pentaborane f u e l  i s  f o r c ib ly  in jec ted  downstream pr 

of t he  rec i rcu la to ry  region by  t he  atomizing a i r .  The upstream deposits  
a r e  considerably reduced by keeping t h e  pentaborane f u e l  out of t he  r e -  
c i rcu la to ry  region. 

One advantage of t h i s  dual-fuel  system i s  t h a t  it involves a  large  
degree of f l e x i b i l i t y  of engine operation. The engine can be s t a r t e d  
and brought up t o  t e s t  conditions with a  standard fue l .  The operation 
can be t ransferred t o  the  pentaborane f u e l  a t  a  constant s e t  of engine 
conditions and a  b r i e f  t e s t  of t h e  pentaborane f u e l s  made. 

A summary of some of the  combustion performance data  obtained with 
t h i s  system i s  shown i n  f i gu re  15  ( r e f .  1 6 ) .  The f u e l  was proportioned 
between the  JP-4 and t h e  pentaborane in jec tor .  A va r i e ty  of f u e l  mix- 
t u r e s  was evaluated over a  range of a l t i t udes ,  engine speeds, and com- 
bustor  conditions, a s  shown i n  t he  t ab le .  One important observation 
was t h a t  t h e  pentaborane operation was more e f f i c i e n t  than t h a t  of t h e  
JP-4 f u e l  a t  t h e  same conditions. Also, the  ou t l e t  temperature spread, 
or  t he  temperature p r o f i l e  a t  the  combustor o u t l e t ,  was b e t t e r  than f o r  
t he  wire-cloth combustor system. 

One s e t  of recent data  (unpublished and unchecked) i s  included i n  
f i gu re  15 f o r  a  six-port  air-atomizing f u e l  in jec tor .  The i n j ec to r  body 
i s  similar  t o  the  one shown i n  f igure  14,  except t h e  pentaborane atomiz- 
ing t i p  i s  changed. The t i p  with s i x  p o r t s  gave b e t t e r  f u e l  atomization. 
The combustion e f f ic iency  was about t h e  same a s  with t h e  single-port  
f u e l  in jector .  The major improvement was i n  the  ou t l e t  temperature pro- 
f i l e .  An acceptable temperature spread i n  a  conventional combustor with 
JP-4 f u e l  is  f200° F. 

Engine Tests  with Subs t i tu te  Fuels 

A number of runs i n  fu l l - s ca l e  engines, both J33 and J47, were 
conducted with borate e s t e r  fue l s .  Although these  f u e l s  a r e  not high- 
energy fue l s ,  they a t  l e a s t  provide boron i n  the  fue l .  Thus, they 
serve a s  a  research a id  i n  t he  study of boron oxide deposits .  A br ief  



..... NACA RM E55B01 e . 0  w : :oo : t.0 :.. . . 0 .  . . . . . . a * .  . . . . . . . . . . . . . . . .  ........................ 
r6sm6 of the  heating value, the  boron oxide per pound of f u e l  burned, 
and t he  boron oxide per 100,000 Btu from combustion of t he  f u e l  i s  given 
i n  t h e  following tab le :  

Borate e s t e r s  produce l e s s  boron oxide than do t y p i c a l  high-energy f u e l s  
of boron. 

Fuel 

Tributylborate - 50 percent JP-4 
Trimethylborate - 30 percent methanol 
Dibor ane 
Pentaborane 
Ethylene diborane product 
Ethylene decaborane product 

A summary of a l l  the  engine t e s t s  t h a t  have been conducted t o  date 
with borate  e s t e r  f u e l s  i s  shown i n  f igure 16. Much of t h i s  work was 
done concurrently with the  other combustor and engine s tud ies  described 
i n  t h i s  repor t .  I n  t e s t  I A ,  t r ibutylborate  i n  50 percent concentration 

1 
by weight i n  JP-4 was run f o r  1- hours i n  a 533 engine on a sea-level  2 
s t a t i c  t e s t  stand ( r e f .  17) .  The engine ran  s a t i s f ac to r i l y .  There was 
no change i n  t h ru s t  through the  run. The spec i f ic  f u e l  consumption of 
the  engine was higher than with JP-4 because of t he  lower heating value 
of t h e  borate  e s t e r  blend. The engine consumed about 4760 pounds of 
f u e l  per hour and produced 360 pounds of boron oxide per hour. This was 
about 5 percent of t h e  boron oxide r a t e  of pentaborane. 

I n  run I I A ,  t h e  engine was run on tr imethylborate azeotrope, a mix- 
t u r e  which contains 30 percent methanol ( r e f .  18) .  During the  f i r s t  45 
minutes of the  run, f u l l  engine speed and f u l l  t h r u s t  were maintained. 
Fuel  flow was 10,300 pounds per  hour, producing B203 a t  about three- 

e ighths  t he  r a t e  of pentaborane. From 45 minutes t o  the end of the run 
a t  1 hour 50 minutes, f u e l  flow, speed,and t h rus t  decreased regular ly .  
Some hydrolysis  of t he  f u e l  from extraneous moisture i n  the  system pro- 
duced boron oxide t h a t  plugged f u e l  f i l t e r  screens. The resu l t ing  lower 
f u e l  flow caused some of the  performance loss ,  and perhaps a l l  of it. 
Inspection of the  engine f o r  run IIA indicated t h a t  about 61 pounds of 
the  more than 2 tons of boron oxide that  went through t he  engine was 
re ta ined  i n  various pa r t s  of the  engine. 

me 9 

~ t u / l b  
(a)  

16,220 
8,150 

31,400 
29,130 

b24,600 
b26,200 

B2°3 9 

~ b / l b  f u e l  

0.075 
.235 

2.5 
2.76 

b1.7 
b2.3 

B2O3 7 

lb/100,000 ~ t u  

0.46 
2.9 
8.0 
9.5 

b6. 8 
b8.9 
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In a l l  the  subsequent runs indicated i n  f i gu re  16, such f ac to r s  
a s  techniques of instrument&tion, f u e l  control ,  use of var iable-area  
nozzle, engine s t a r t i n g  on boron fue l s ,  and engine operation over a  
range of temperatures, including low t e ~ p e r a t u r e s  encountered a t  id l ing ,  
were studied.  A discussion of these r e s u l t s  i s  beyond the  scope of the 
present  paper. 

Figures 17 t o  21 indicate  the  appearance of t he  engine deposi ts  i n  
two of the  runs l i s t e d  i n  f igure  16 ,  and these  i l l u s t r a t i o n s  a re  t yp i ca l  
of the  observations made i n  a l l  the  runs of f i gu re  16. Figure 1 7  (run 
IIA) i s  a  view of the  upstream end of t he  combustors with t h e  dome r e -  
moved. Very heavy deposi ts  were seen a f t e r  1 hour 50 minutes of opera- 
t i o n  with tr imethylborate.  Figures 18 t o  20 a r e  from run LA, but  a r e  
t yp i ca l  of other runs. Figure 18 i s  a view of the  combustor e x i t  J u s t  
ahead of the  nozzle diaphragm. Figure 19 shows t h e  downstream s ide  of 
t he  diaphragm, and deposi ts  a r e  observed on the  convex s ide  of t h e  s t a -  
t o r  blades. Figure 20 shows the  turbine  ro to r ;  only very l i g h t  deposi ts  
were ever observed on t he  turbine  ro to r .  The t a i l p i p e  i s  shown i n  f i g -  
ure 21 (run IU), and here t he  deposits  ranged from 1/8 t o  1 / 2  inch 
th ick  and were a hard glassy mater ia l .  Although the  boron oxide de- 
pos i t s  were frequently discolored a s  i f  by i r o n  ( reddish)  or  by n i cke l  
or  cobalt  (greenish) ,  no evidence of ser ious  corrosion was observed. 

In  conclusion, these  engine runs on borate  e s t e r  f u e l s ,  i n  addi t ion 
t o  aiding i n  many t e s t  techniques, showed t h a t  t he  engine would s t a r t  
and run and would de l ive r  f u l l  speed and f u l l  t h r u s t  with boron-containing 
f u e l s  a t  t he  start of t h e  t e s t .  Furthermore, t h e  ho t  end of t he  engine 
looked as if it might t o l e r a t e  boron oxide more r ead i l y  than had been 
ant ic ipated.  Pressure l o s s  across t he  combustors as  they plugged with 
boron oxide decreased t he  engine speed. It must be remarked t h a t  the  
borate  es te r s ,  a t  most, generated boron oxide a t  about three-eighths the 
r a t e  of pentaborane. 

Engine Tests  with Pentaborane Fuel  

The small-scale experiments indicated t h a t  reasonably high combus- 
t i o n  e f f i c i enc i e s  could be achieved with pentaborane f u e l s .  The sub- 
s t i t u t e  f u e l s  showed only minor losses  i n  engine performance. The ques- 
t i o n  remained: Could these  high combustion e f f i c i enc i e s ,  and hence high 
heating values, of pentaborane f y e l  be t r an s l a t ed  i n t o  improvements i n  
f u l l - s ca l e  engine performance? A prel iminary answer was obtained i n  a  
s e r i e s  of t e s t s  i n  a  f u l l - s ca l e  J47 engine. An ou t l i ne  of these  t e s t s  
i s  shown i n  f i gu re  22. The f l i g h t  condit ion simulated was a  Mach num- 
ber of 0.8 and an a l t i t u d e  of 50,000 f e e t .  I n  a l l ,  t h e r e  were t h r ee  
t e s t s ,  corresponding t o  f i v e  t e s t  runs. 
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. . Test run I A  was a preliminary t e s t  with pure pentaborane i n  an en- 
) gine with wire-cloth combustors. Approximately 120 pounds of f u e l  was 

used. The second run of t h i s  t e s t  (IB) introduced modifications t o  t h e  
O engine and operating technique. A 50 percent blend of pentaborane i n  

JP-4 f u e l  was used and 40 pounds of f ue l  expended. I n  t e s t  runs I I A  
and IIB, a standard combustor and air-akomizing f u e l  nozzles were used. 
The engine was brought t o  s t a r t i n g  conditions with JP-4 f u e l ,  and i n  t h e  
two successive runs maximum concentrations of pentaborane of 33 and 42 
percent were obtained. Quant i t ies  of f u e l  used were 25 and 80 pounds, 
respectively.  For t e s t  111, a conventional combustor w a s  used with two 
in j ec to r s  located on each combustor wall a t  the  s t a t i o n  usual ly  used f o r  
water in jec tors .  Development of t h i s  configuration i s  discussed i n  r e f -  
erence 19. Pure pentaborane was used, and 120 pounds of f u e l  was 
expended. 

The engine with the  standard combustor and modifications t o  it i s  
shown i n  f igure  23. The upstream portion of t he  engine was conventional. 
The f u e l  in jec tors  were modified as  previously discussed. The cooling 
normally supplied through some of t he  hollow p a r t s  i n  t h e  t r ans i t i on  
sect ion between t he  combustor and turbine was reduced. A so l i d  r e t a in -  
ing r i ng  blocked the  cooling a i r  t h a t  would normally have flowed around 
t h e  combustor l i n e r  and through t he  hollow s t a t o r  blades. The turbine  

I 
shroud was tapered so  t h a t  t h e  forward clearance was the  standard 0.09 
inch and t h e  a f t  w a s  0.019 inch. The t a i l p ipe  was wrapped with a re-  
f l e c t i v e  insula t ion t o  a t t a i n  high surface temperatures. I n  t he  t h i r d  
t e s t ,  a f lap-type exhaust nozzle was used t o  give some control  over en- 
gine speed and engine total-temperature r a t i o .  

Tests  I1 and I11 (f ig .  22) of references 20 and 21 a r e  most e a s i l y  
in terpreted.  The data  f o r  t he  l a s t  two s e r i e s  of t e s t s  a r e  shown i n  
f i g u r e  24. Specific f u e l  consumption i s  presented a s  a function of tem- 
perature  r a t i o .  The two engine configurations used i n  these  t e s t s  were 
t h e  engine with t he  air-atomizing in jec tors  placed i n  t h e  normal f u e l  
i n j ec to r  posi t ion,  and t h e  one with the i n j ec to r s  located on t h e  com- 
bustor  w a l l .  The s e r i e s  of t e s t s  i n  which t he  f u e l  i n j ec to r s  were l o -  
cated on t h e  combustor wal l  was run with a variable-area exhaust noz- 
z le ,  which permitted operation a t  a constant temperature r a t i o  and a 
constant engi'ne speed. The engine speed selected f o r  both s e r i e s  was 
95 t o  100 percent of rated.  As can be seen i n  f i gu re  24, increasing 
t h e  pentaborane concentration regular ly  from 11 t o  42 percent de'creased 
t h e  f u e l  consumption. 

The in jec tors  located on t h e  w a l l  were f ixed-area swirl-type noz- 
z les .  These in jec tors  r e s t r i c t e d  t h e  range of f u e l  flows so t h a t  only 
concentrat ions of 85 and 100 percent pentaborane could be conveniently 
evaluated. The data  f o r  both t e s t s  gave a consistent  reduction of f u e l  
consumption with increased pentaborane concentration. 
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Data a r e  shown f o r  t h e  s p e c i f i c  f u e l  consumption of pure penta- 

1 
borane a t  5 and 6- minutes of operation. A s  operat ion with pentaborane 2 
proceeded, the  s p e c i f i c  f u e l  consumption increased.  This e f f e c t  i s  ex- 
plained i n  the  subsequent f igures .  

Figure 25 ( r e f .  20, t a b l e  11) i l l u s t r a t e s  the  l o s s  i n  engine per-  
formance with increased operat ing time of a  35 percent  pentaborane mix- 
t u r e .  These p a r t i c u l a r  da ta  were f o r  t h e  engine with a f ixed-area ex- 
haust  nozzle and the  air-atomizing f u e l  i n j e c t o r .  A loss  14 enzine 
performance i n  t h i s  s e t  of da ta  i s  r e f l e c t e d  by  a l o s s  i n  engine speed, 
inasmuch a s  t h e  temperature r a t i o  was kept e s s e n t i a l l y  constant.  The 
corrected engine speed i n i t i a l l y  dropped a s  t h e  engine was t r a n s f e r r e d  
from operation with J'P-4 t o  pentaborane f u e l .  Speed continued t o  drop 
with increased opera t ional  time. Adjusted s p e c i f i c  f u e l  consumption 
decreased from about 1.3 pounds per pound t h r u s t  per hour with JP-4 t o  
about 1.1 pounds per pound t h r u s t  per hour with 35 percent  pentaborane, 
and increased gradual ly  t h e r e a f t e r .  

A s imi lar  s e t  of da ta  f o r  t h e  s e r i e s  of t e s t s  i n  which t h e  engine 
used a variable-area exhaust nozzle i s  shown i n  f i g u r e  26 ( r e f .  21, 
t a b l e  I).  Engine to ta l -p ressure  r a t i o  and s p e c i f i c  f u e l  consumption 
a r e  presented as  functions of t h e  time of opera t ion i n  minutes. Since 
t h e  speed was adJusted by  changing the  exhaust-nozzle a rea ,  t h e  l o s s  
i n  to ta l -p ressure  r a t i o  r e f l e c t s  a  l o s s  i n  over -a l l  engine performance. 
The pressure r a t i o  of the  engine dropped with t h e  t r a n s f e r  from JP-4 
t o  pentaborane operat ion.  Increased opera t ing time with pentaborane 
f u e l  f u r t h e r  increased t h e  l o s s  i n  engine to ta l -p ressure  r a t i o .  Ad- 
jus ted  spec i f i c  f u e l  consumption decreased from about 1.32 pounds per  
pound t h r u s t  per  hour with JP-4 t o  about 0.86 pound per pound t h r u s t  
per  hour with 100 percent  pentaborane', and increased t h e r e a f t e r .  

Par t  of t h i s  l o s s  i n  t h e  performance of t h e  engine, p a r t i c u l a r l y  
the  i n i t i a l  l o s s  with pentaborane f u e l ,  can be explained by  t h e  thermo- 
dynamic c h a r a c t e r i s t i c s  of t h e  products of combustion. When pentaborane 
f u e l  was used, t h e  amount of working f l u i d  was reduced, because t h e  
lower spec i f i c  f u e l  consumption reduced t h e  mass of f  ue l -a i r  mixture. 
The boron from t h e  pentaborane combined with t h e  oxygen present  i n  t h e  
a i r  t o  form a l i q u i d  combustion product t h a t  f u r t h e r  reduced t h e  mass of 
gas passing through t h e  turbine .  This ,  i n  t u r n ,  caused an i n i t i a l  l o s s  
i n  performance. Presumably, t h e  continuing l o s s  i n  performance with 
operating time was due t o  an accumulation of boron oxide on some c r i t i -  
c a l  component of t h e  engine. 

The influence of the  boron oxide should be evident  from engine 
component e f f i c i e n c i e s .  The instrumentat ion t h a t  was ava i l ab le  i n  the  
engine measured combustion e f f i c i e n c y  and tu rb ine  e f f i c i e n c y ,  which a r e  
presented a s  funct ions  of time i n  f i g u r e  27 ( r e f .  21, t a b l e  I ) .  The 
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*. combustion eff ic iency i s  shown f o r  both 85 and 100 percent pentaborane 
concentrations. For a l l  p r a c t i c a l  purposes, the  combustion e f f ic iency  
may be assumed t o  be 90 percent. The values above 90 percent were 
measured during t he  change i n  f u e l  concentration. The combustion e f -  
f i c iency  increased s l i g h t l y  with the  higher concentration of penta- 
borane, and no influence of operational time on combustion e f f ic iency  
was apparent. I n  contras t ,  the re  was a de f in i t e  l o s s  i n  turbine e f -  
f i c iency  with increased operating time. The turbine  e f f ic iency  shown 

w includes t a i l p i p e  losses,  s ince t he  to ta l -pressure  measurements used 
(3 + f o r  es tab l i sh ing  turbine  eff ic iency were those located upstream of the  

I P turbine  nozzle and immediately upstream of the  exhaust nozzle. The 
I 
I l o s s  amounts t o  about 2 percent f o r  the 10-minute t e s t  period. 

Photographs of t he  engine ( f igs .  28 t o  30) show some possible  
sources of performance loss .  Figure 28 i l l u s t r a t e s  t h e  type of deposits  
observed i n  t h e  engine t e s t s  with the  wire-cloth combustor and with t he  
conventional combustor with in jectors  located on t he  wall.  When the  
wire-cloth combustor was used, 110 pounds of boron oxide passed through 
the  engine; and 330 pounds of boron oxide passed through the  engine with 
the  conventional combustor system. The photographs indicate  t h a t  t h e  
wire -c loth  combustor gave l e s s  deposit than t he  conventional combustor 
system. However, f o r  t he  short-duration t e s t  with the  conventional com- 
bustor system, t h e  small amount of oxide present d id  not appear t o  a f -  
f e c t  any of t h e  flow conditions or pressure drop i n  t h e  combustor. 

Views of t he  conibustor systems i n  f i gu re  29 indicate ,  again, t h e  
small amount of oxide t h a t  i s  collected i n  t he  short-duration t e s t  de- 
s p i t e  t h e  f a i r l y  large  amounts of boron oxide passed through. The t . w ~  
views a r e  t he  conventional combustor with t he  air-atomizing nozzle and 
the conventional combustor with t he  in jectors  located on t h e  wall .  In 
each of these  t e s t s ,  operation with the pentaborane f u e l  w a s  followed 
with JP-4 operation fo r  the  time indicated i n  the f igure .  The JT-4 opera- 
t i o n  d id  not clean out the  t h i n  deposits i n  t he  combustor t o  any appre- 
c iable  'extent, as  can be seen by comparing f igures  28 and 29. 

Deposits i n  t h e  engine a t  the  turbine and ta i lcone posi t ions  a r e  
shown i n  f i gu re  30. The top  photograph was taken immediately a f t e r  t h e  
engine was shut down a f t e r  operation with pentaborane fue l .  The engine 

1 
was subsequently r e s t a r t ed  and run for  1-2 hours with JP-4 f u e l ,  a f t e r  

which t he  same sect ion was photographed. Operation with JP-4 apparently 
cleaned the ta i lcone and t a i l p ipe  ra ther  wel l .  The turbine  ro to r  w a s  clean 
even a f t e r  immediate shut-down with pentaborane fuel ;  the turbine s t a t o r  
was not completely clean (see f i g .  19).  These observations were consis tent  
with the  r e s u l t s  with the trimethylborate fue l s .  

A summary of the  performance of pentaborane f u e l  i s  shown i n  f i gu re  31. 
The performance i s  presented i n  terms of a range index as  es tabl ished by 
the  Breguet range equation: 
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where 

H hea t ing  va lue  of f u e l  

7 i e f f i c i e n c y  te rm c o r r e c t i n g  f o r  thermodynamic c h a r a c t e r i s t i c s  of 
c ~ ~ a u c t  

combustion e f f i c i e n c y  

7  e  engine e f f i c i e n c y  

L/D l i f t - d r a g  r a t i o  of a i r c r a f t  

WG gross  weight of a i r c r a f t  

empty weight of a i r c r a f t  

The l i f t - d r a g  and weight r a t i o s  a r e  assumed cons t an t .  

The range index f o r  a v a r i e t y  of pentaborane concen t r a t ions  from 
0 t o  100 pe rcen t  a r e  shown i n  t h r e e  columns (f ig.  31).  The f i r s t  
column i s  t h e  range  index t h a t  would be p r e d i c t e d  on t h e  b a s i s  of h e a t -  
i ng  value a lone ,  assuming cons tan t  engine component e f f i c i e n c i e s .  The 
second column modif ies  t h e  range index by  accounting f o r  t h e  thermody- 
namic c h a r a c t e r i s t i c s  of t h e  exhaust .  Thus, t h e  s p e c i f i c  h e a t s  and 
condensed phases  a r e  accounted f o r .  The t h i r d  column shows t h e  range  
index a s  determined b y  t h e  s p e c i f i c  f u e l  consumption d a t a  i n  t h e  a c t u a l  
engine.  The a c t u a l  performance c l o s e l y  matches t h e  t h e o r e t i c a l  va lues  
based  upon t h e  impulse of t h e  f u e l .  The range index i n  f i g u r e  3 1  i s  
h ighe r  a t  t h e  100-percent pentaborane concen t r a t ion  tha.n t h o s e  va lues  
p r e d i c t e d  b y  a n a l y s i s  ( ~ 7 ~ )  because of t h e  h ighe r  combustion e f f i c i e n -  

c i e s  of pentaborane f u e l  compared w i t h  JP-4. 

APPLICATION I N  TURBOJET rnTERBURNER 

A s i n g l e  t e s t  was made w i t h  pentaborane wi th  a f u l l - s c a l e  a f t e r -  
burner  ( r e f .  2 2 ) .  The o b j e c t i v e s  of t h i s  work were s i m i l a r  t o  t h e  p r e -  
vious ones; namely, t o  s e e  i f  t h e  h ighe r  h e a t i n g  value of t h e  f u e l  can 
be  t r a n s l a t e d  i n t o  improved engine s p e c i f i c  f u e l  ccnsumption, and t o  
determine t h e  na ture  of t h e  problems t h a t  might a r i s e  from t h e  use of 
t h e s e  f u e l s .  The s tandard  a f t e r b u r n e r  t a i l p i p e  ( f i g .  32)  from t h e  
547-17 engine was used i n  t h e s e  t e s t s .  S l i g h t  mod i f i ca t ions  were made 
t o  t h e  t a i l c o n e .  The f lameholders  normally p r e s e n t  f o r  hydrocarbon 
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operation were removed. The only flameholding surface present was a 
bluff  end t o  t h e  t a i l  cone. Thi r ty  air-cooled f u e l  i n j ec to r s  were l o -  
cated around the  perimeter of the  afterburner.  The same cooling air  
was used f o r  atomization and penetrat ion of t h e  fue l .  The a i r  and f u e l  
j e t s  were located a t  r i g h t  angles t o  the  stream. 

The data  obtained i n  t h i s  afterburner a r e  shown i n  f i gu re  33. The 
conditions of operation were almost the same as  f o r  t he  previous engine 
t e s t s :  an a l t i t u d e  of 50,000 f e e t  and a Mach number of 0.6. The JF-4 
f u e l  was used i n  t he  primary combustors; pentaborane, i n  the  af terburner .  
The data a r e  presented i n  terms of net and j e t  augmented t h r u s t  r a t i o s  
as functions of augmented l i q u i d  r a t i o .  The value of unity represents  
operat ion of the  engine a t  rated-speed conditions without a f t  erburning . 
Included i n  the  f i gu re  are  theore t ica l  curves f o r  pentaborane and JF-4 
f u e l  assuming 100-percent combustion eff ic iency.  Actual data  f o r  JP-4 
i n  an afterburner using the  flameholder system of about 30 percent 
blocked area  i s  shown ( r e f .  2 3 ) .  The ac tua l  pentaborane performance i s  
higher than t he  i dea l  f o r  3P-4 fue l .  The maximum combustion e f f i c i ency  
a t  an augmented t h r u s t  l e v e l  of 1.46 was about 88 percent. JP-4 operat-  
ing a t  t h i s  condition gives a maximum combustion e f f ic iency  of about 
8 2  percent. The r a t i o  of improvement of the  ac tua l  performance of pen- 
taborane f u e l  t o  t h a t  of t he  JP-4 f u e l  was approximately i n  proportion 
t o  t h e i r  heating values. Par t  of t h i s  improvement was due t o  t h e  higher 
combustion eff ic iency of t h e  pentaborane fue l .  

Another encouraging fea ture  can be seen i n  f i gu re  34, i n  which a 
view of the  t a i l p ipe  from the  exhaust-nozzle s t a t i o n  is  shown. The 
t a i l p i p e  a f t e r  afterburning with pentaborane i s  compared with a s imilar  
view of the  t a i l p ipe  i n  which pentaborane was run a t  the  same a l t i t u d e  
and engine speed conditions with primary combustion alone. The same 
quant i ty  of f u e l ,  120 pounds, was used i n  each t e s t .  Both t e s t s  were 
followed with shor t  periods of operation on JP-4 i n  t he  primary combus- 
t o r .  The photograph shows t h a t  operation of only t h e  afterburner with 
pentaborane resu l ted  i n  much cleaner t a i l p ipe  surfaces than operation 
of only  the  primary combustor system with pentaborane. This i s  probably 
a t t r i bu t ab l e  t o  the  higher surf ace t e q e r a t u r e s  of t h e  t a i l p ipe  with 
afterburning.  The run was too br ie f  t o  permit observations on possible 
corrosion from molten boron oxide. 

Thus, with t h e  afterburner,  high combustion e f f i c i enc i e s  have been 
achieved and the  combustion system appears t o  be only s l i g h t l y  a f fec ted  
by t h e  presence of t h e  boron oxide products of combustion. The sim- 
p l i c i t y  of t h e  afterburner makes application of t h i s  f u e l  t o  it look 
easy. 



RAM-JET FLIGHTS 

A ram-jet-powered veh ic l e  t o  t e s t  pentaborane was assembled. It 
had t o  be smal l  enough t o  use a  minimum of f u e l  t h a t  was sca rce ,  ye t  
l a r g e  enough t o  c a r r y  e i g h t  channels of te le rne ter ing  of t h e  s o r t  a l -  
r eady  Geveloped by  NACA. The t e l eme te r ing ,  t oge the r  wi th  t h e  t h e o d o l i t e  
and r ada r  obse rva t ions ,  was j u s t  enough t o  g ive  t h e  t h r u s t ,  a l t i t u d e ,  
speed, and a c c e l e r a t i o n  of t h e  veh ic l e ,  and a l s o  t h e  e s s e n t i a l  f low,  
p re s su re ,  and performance c h a r a c t e r i s t i c s  of t h e  d i f f u s e r  and combustor. 

Figure 35 i l l u s t r a t e s  t h e  p a r t i c u l a r  veh ic l e  t h a t  was developed. 
lt weighed 156 pounds, i nc lud ing  9 pounds of f u e l .  The combustor diam- 

5 
e t e r  was 9- inches.  The d i f f u s e r  was a  simple c o n i c a l  type  wi th  a  

4 
s i n g l e  obl ique shock; it was designed f o r  Mach number 1.8. A manned 
a i r c r a f t  launched t h e  t e s t  veh ic l e  by dropping it a t  about 35,000 f e e t  
over t h e  A t l a n t i c  Ocean. 

The combustion system and t h e  f u e l - s p r a y  system were developed i n  
a  d i r ec t - connec t  duc t .  Typica l  d a t a  from t h e s e  t e s t s  a r e  given i n  f i g -  
u r e  36. I n  t h i s  f i g u r e ,  combustion e f f i c i e n c i e s  over a range of equiva- 
l e n c e  r a t i o s  a r e  shown f o r  p re s su re s  frorr. 1/4 t o  2  atmospheres. The 
c ~ n ~ i t i o n s  cover most of t hose  t o  be  met i n  f l i g h t .  The combustion ef - 
f i c i e n c i e s  ranged from 85  t o  100 pe rcen t  ( r e f .  2 4 ) .  

Resu l t s  from t h r e e  f l i g h t s  a r e  dep ic t ed  i n  f i g u r e  37. The p l o t  
shows the  Mach number throughout t h e  f l i g h t  a s  t h e  veh ic l e  f a l l s  and 
a c c e l e r a t e s  from the  launching p o i n t  of 35,000 f e e t .  

I n  the  f i r s t  f l i g h t  ( r e f .  25) ,  v i o l e n t  a c c e l e r a t i o n  surges  and 
l a r g e  b u r s t s  of flame from t h e  engine occurred a t  about  31  o r  32 sec -  
onds. D e t a i l s  of t h e  d a t a  i n d i c a t e d  t h a t  t h e  d i f f u s e r  e j e c t e d  i t s  
nor:nal shock and buzzed a s  a r e s u l t  of h igh  tempera tures  i n  t h e  com- 
bus to r .  These h i ~ h  temperatures  r e s u l t e d  from u n a n t i c i p a t e d  very  h igh  
combustion e f f i c i e n c i e s  and f a i r l y  r i c h  ope ra t ion .  

I n  f l i g h t  2 ( r e f .  26 ) ,  t he  engine was r u n  a t  an  equivalence r a t i o  
of 0.23 as  con t r a s t ed  t o  t h e  0.55 of t h e  f i r s t  f l i g h t .  This  t ime,  hov- 
ever ,  the engine d i d  not  u se  a l l  t h e  f u e l  be fo re  reaching  t h e  ocean. 
The d a t a  showed t h a t  t h e  f u e l  e j e c t i o n  b a r  plugged. It was deduced 
t h a t  the flame somehow reached t h i s  i n j e c t i o n  ba r .  Designs t o  e l i m i n a t e  
t h i s  l~roblern were t e s t e d  i n  t h e  d i r ec t - connec t  duc t  and incorpora ted  
i r l t  o t h e  tlext f l i g h t  engine. 

ln r ' l i ( :h t  3 a l l  t h e  t'uel inins collsumed a t  about  35 seconds and be-  
i 'orc  t i l e  erlgirle rencned sea l e v e l .  A f l i g h t  Mach number of 2,  which 
i s  i n  c:.cess of tlle design value ,  was achieved. 
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Figure 38 i s  a rgsume'of t h e  performance achieved i n  these  ram-jet 
f l i g h t s  with pentaborane. A range index i s  used i n  which a Breguet 
f l i g h t  path  is  assumed and the index of uni ty  is  taken f o r  i dea l  perform- 
ance, including 100 percent  combustion e f f i c iency ,  with JF-4 .  'The 
heights  of t he  pentaborane bars  a r e  the i d e a l  curves f o r  the  same f l i g h t  
conditions. The shaded p a r t s  of t h e  bars represent  t h e  r e l a t i ve  range 
mul t ip l ied  by  the  combustion eff ic iency as experimentally observed. The 
combustion e f f i c i enc i e s  used f o r  t h e  shaded bars  with JP-4 a r e  average 
values from 16-inch-diameter f l i g h t  engines. A 47-percent increase i n  
p o t e n t i a l  a i r c r a f t  range over t h a t  t heo re t i c a l l y  poss ible  with JP-4 may 
be sa id  t o  have been ac tua l l y  demonstrated i n  ram-jet f l i g h t s  with 
pentaborane . 

FINAL SUMMARY 

A f i n a l  s=ary of t h e  experimental da ta  obtained with pentaborane 
i n  t h e  severa l  programs i s  shown i n  f igure  39. The heights  of t h e  ba r s  
i n  f i g u r e  39 correspond t o  the  range calculated from the  equation shown 
a t  t h e  bottom of t h e  f igure .  The bas is  i s  un i t y  f o r  i d e a l  performance 
with JP-4. The cross-hatched p a r t s  of t he  bars  represent  t he  experi-  
mental da ta  obtained on t h e  average fo r  research with the  various en- 
g ines  noted. I n  t he  case of t h e  pentaborane experiments, with t he  t h r ee  
types of engines noted, t h e  cross-hatched data  were obtained and averaged 
f o r  t he  period shown immediately under t he  bars ;  t h a t  i s ,  5 minutes f o r  
t he  primary combustor i n  t he  t u rbo j e t ,  5 minutes f o r  t he  af terburner ,  
and 1/3  minute f o r  the  ram je t .  The t o t a l  experience with pentaborane 
i n  which experimental ranges g rea te r  than t h a t  t h e o r e t i c a l l y  poss ible  
with JP-4 were obtained i s  a l so  l i s t e d  i n  f i gu re  39: 25 minutes f o r  
t h e  primary combustors of t h e  t u rbo j e t ,  5 minutes f o r  the  af terburner ,  
and 3 f l i g h t s  with t he  ram je t .  Total  t e s t  time on pentaborane f u e l  is 
noted a s  well. 

To emphasize t he  r e l a t i v e l y  s m a l l  amount of experimental t e s t  time 
wi th  pentaborane t o  date,  a t a b l e  of the approximate quan t i t i e s  of f u e l  
used f o r  t he  various kinds of work follows: 

Item 

2-Inch-diameter i gn i t i on  and 
blowout t e s t  

Turbo j e t  combustors 
Turbo j e t  engine 
Turbo je t  af terburner  
Ram- j e t  combustor 
Ram- j e t  f l i g h t s  

Fuel  quanti ty,  
l b  

SO 

240 
390 
120 
100 

30 
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CONCLUSIONS 

1. Sa t i s f ac to ry  combustion of pentaborane and h igh-concent ra t ion  
b lends  of pentaborane has been demonstrated i n  a  t u r b o j e t ,  an a f t e r b u r n e r ,  
and a ram d e t .  The a n t i z i p a t e d  r educ t ions  i n  specif ic :  f u e l  consump~ion 
ha ~ e n e r a l l y  been obta ined .  

2. Deposits i n  t h e  t u r b i n e  engine have been truublesdme. Fue l  t e s t s  

have been too few and tou b r i e f  t o  r e v e a l  t h e  f u l l  magnitude of t h i s  problen 

3. The one run  made i n  an  a f t e r b u r n e r  i nd ica t ed  t h a t  i t  might be 
f a i r l y  easy t o  apply a  boron compound t o  t h i s  component. 

4 .  Most of t h e  work done t o  d a t e  should b e  a p p l i c a b l e  t o  f i n a l  can- 
d i d a t e  f u e l s  f o r  P r o j e c t  Z i p ,  f u e l s  l i k e  e thylene  diborane and e thylene  
dezaborane cornpounds t h a t  a r e  planned f o r  p i l o t  -p l an t  product ion .  How- 
e f e r ,  much more engine ope ra t ion  w i l l  be r equ i r ed .  This  dork must be 
i a r ~ e l y  cn the  f i n a l  f u e l s  bo th  t o  deterrnine t h e i r  s u i t a b i l i t y  f o r  use  
and t o  solve engine problems encountered i n  t h e i r  use .  A i r c r a f t  and en- 
g ine  f u e l  systems w i l l  p r e s e n t  problems, and t h e r e  a r e  che many problems 
of f u e l  supply, s to rage ,  and handl ing.  

Lewis F l i g h t  Propuls ion  1,abora Lory 
National  Advisory Committee f o r  Aeronaut ics  

C1.e veland, Ohio, February 4 ,  1955 
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Figure 1. - Consumption of pentaborane r e l a t i v e  t o  octene-1 
aga ins t  a i r  spec i f i c  impulse f o r  combustion p re s su re  of 
2 atmospheres. Frozen composition; Mach number i n  
combustor, 2.  
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Figure 3. - Thermal decomposition of pentaborane. 
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Figure 4 .  - Blowout-velocity appara tus .  
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Figure 5. - Blowout ve loc i t i e s  of boron hydride - JP-4 
f u e l  mixtures. Equivalence r a t i o ,  1.0. 

800 1000 1200 1400 1600 1800 2 0 0 0  

TEMPERATURE, O R  

Figure 6. - Viscosity of v i t reous  boron oxide B203 ( r e f .  11).  
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Figure 7. - Boron oxide deposi ts  from diborane i n  combustor 
configuration 1. 

LEADING EDGES TRAILING EDGES 

Figure 8. - Boron oxide deposi ts  from diborane on tu rb ine  
s t a t o r  blades.  
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MODIFIED J47 COMBUSTOR 

COMBUSTOR TRANSITION SECTION 

Figure 9. - Experimental combustor l i n e r  f o r  pentaborane. 
Operating time, 6 minutes; pressure, 1/2 atmosphere; 
o u t l e t  temperature, 925O F. 

EQUILIBRIUM WATER HEATED TRANSPIRATION 
COOLED (1750" F) COOLED 

Figure 10. - Deposits on special  tubes a t  combustor o u t l e t .  
Cas temperature, 1 3 8 0 ~  F. 



............... . . . . . .  . . . . . . . . . . . . . . . .  ......... .... . . . . . . . .  * . . .  ...... .... 
26 NACA RM E55B01 

COMBUSTOR 
- - 

TRANSITION SECTION 

Figure 11. - Wire-cloth combustor l i n e r  fo r  pentaborane. 
Operating time, 13.3 minutes; pressure, 1/2 atmosphere; 
o u t l e t  temperature, 925' F. 

Figure 12. - Performance of wire-cloth combustor. 
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Figure 13. - Desirable design features  of a combustor fo r  
boron hydride fue l s .  
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Figure 14. - Dual-fuel in jec to r .  
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Figure 15. - Performance of combustor us ing  a i r -a tomiz ing  
f u e l  i n j e c t o r s .  
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Figure 16. - Engine t e s t s  w i t h  s u b s t i t u t e  t u e l s .  To ta l  t e s t  
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Figure 17. - Deposits from trimethylborate i n  upstream end 
of combustor. Domes have been removed. 

Figure 18. - Buildup of deposits a t  combustor ex i t .  
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Figure 19.  - Buildup of depos i t s  on nozzle diaphragm. 
Downstream view. 

Figure 20. - Buildup of d e p o s i t s  on t u r b i n e  r o t o r .  
Downstream view. 
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Figure 21. - Deposits on ta i lpipe.  
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Figure 22. - Primary-combustor t e s t s  with pentaborane i n  f u l l  scale engine. 
Simulated f l i gh t  condition: Mach number, 0.8; a l t i tude ,  50,000 f ee t .  
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I. FUEL INJECTORS 
4. TAILPIPE 2.COM8,USTOR-TURBINE TRANSITION 5 .  EXHAUST NOZZLE 

3.TURBINE SHROUD CLEARANCE 
Figure 23. - Engine used with pentaborane fue l .  CS-9912 

o AIR-ATOMIZING INJECTORS 
INJECTORS ON WALL 

1.2 2 2 

\ 85 
100, 6$ MIN 

- =  100, 5 MIN 

L I 
2.8 3 . 0  3.2 3.4 3.6 

TEMPERATURE RATIO CS-9927 

Figure 24.  - Engine performance of pentaborane and Jp-4 
f u e l  mixtures. Alti tude, 50,000 feet ;  ~ c h  number, 0.8. 
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Figure 25. - Effect of operating time on engine pereormance. 
Fixed-area exhaust nozzle; a l t i tude ,  50,000 fee t ;  Mach 
number, 0.8. 

TIME, MIN CS-9916 

Figure 26. - Effect of operating time on engine performance. 
Variable-area exhaust nozzle; a l t i tude ,  50,000 f e e t ;  Mach 
number, 0.8. 
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Figure 27. - Effect of operating time on component performance. 
Variable-area exhaust nozzle; in jec to r s  located on combustor 
w a l l ;  a l t i tude ,  50,000 f e e t ;  Mach number, 0.8. 
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Figure 28. - Deposits i n  Combustors immediately a f t e r  operation 
with pentaborane fue l .  
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Figure 29. - Deposits i n  combustor wi th  pentaborane f u e l  
followed by JP-4 opera t ion .  

. . . - -  

IMMEDIATE SHUT DOWN 

-- - 

RESTART AND 1 1/2 HR RUN WITH JP-4 

Figure 30. - Deposits i n  turb ine  and t a i l cone .  In j ec to r s  
a t  wall ;  330 pounds of boron oxide formed. 
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I PENTABORANE , 1 RANGE INDEX I 

Figure 31. - Influence of performance of pentaborane i n  engine 
on range. 
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Figure 32. - Pentaborane a f t e r b ~  ner.  
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Figure 33. - Af'terburner performance. Alti tude, 50,000 f e e t ;  

Mach number, 0.6. 
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PRIMARY COMBUSTOR OPERATION 
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Figure 34. - Comparison of t a i lp ipe  deposits.  Alti tude, 50,000 
f e e t ;  330 pounds of boron oxide formed. 
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Figure 35. - Free - f l i gh t  ram j e t .  
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Figure 36. - Pentaborane performance i n  connected-pipe 
combustor. 
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Figure 37. - Ram-jet f l i g h t s  with pentaborane. 
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Figure 38. - Relat ive  performance of pentaborane and JP-4 
i n  ram-jet f l i g h t s .  
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Figure 39. - Summary of pentaborane data. 
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