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ALTITUDE PERFORFlANCE OF A FULL-SCALF: TURBOJET 

By James W. Useller, Warner B. muf'man, 
and  William L. Jones 

A brief  investigation  of  the  use  of 85 percent  pentaborane - 15 per- 
cent  hydrocarbon  fuel (JP-4 fuel)  and  of 100 percent  pentaborane  fuel 

3 mixtures  was  conducted in a full-scale  turbojet  engine  at a simulated 
8 altitude  of 50,000 feet and a flight  Mach  number  of 0.8. A total  of 

120 pounds of  pentaborane was used, which limited  the  test  period  to 
about ll minutes duration. - 

g A tabular  and  graphical  presentation has been  made  of  both  the 
standard  engine  performance  parameters of net  thrust,  specific  fuel 
consumption,  and  engine  total-pressure  ratio,  as well as the  engine 
component  performasce.  Subsequent  to  operation  of  the  engine  with 
the  pentaborane  fuels, t h e  engine  was  operated  with Jp-4 fuel  to 
study  the  dissipation of the  boric  oxiae  deposj.ts  and  the  rate  of  re- 
turn of the  engine  to the normal performance  level. 

INTRODUCTION 

The  range of operation  of an aircraft C&ZL be sham to  be a direct 
function  of  the  heat  released  per  pound  of  fuel  consumed  by  the  propul- 
sion  system. A s s u m i n g  similar  efficiency  of  combustion,  the  substitu- 
tion  of a fuel with an increased  heat of combustion  will  result in a 
proportionate  increase in the  range of operation  or a decrease in the 
specific  fuel  consumption. 

The  boron  hydride  high-energy  fuels  produce  heat  releases  approxi- 
mately 50 percent  greater  per  pound  of fuel than hydrocarbon  fuels  cur- 
rently in use.  Of  the boron hydrides  under  consideration, pentaborme 
has been  shown  to  exhibit  promise  as a turbojet-engine  fuel.  Therefore, 
full-scale  turbojet-engine  tests  were  undertaken i n  an NACA altitude 
test  chamber  (ref. l}. The  limited  availability  of  pentaborane  pre- 
eluded  operation  with pentaborane  fuel for long periods of time. The W 
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investigation of reference 1 was l u t e d   t o  concentrations of penta- 
borane i n  JP-4 fue l  of less than 42 percent  because  previous amall- & 

sca le   t es t s  had shown that serious operational  difficult ies  could be 
presented by the boric  oxide  deposit6 of higher  concentration  fuels. 
The e f fec t  of the oxide deposfts was found t o  be  comparatively innocu- 
ous at  the  concentrations  investigated and fur ther   s tudies  have been 
made ueing 85 and 100 percent  pentaborane  mixtures. The results of 
the  later  tests  are  reported  herein.  

The engine was operated a t  conditions  simulating flight at an al- 
t i tude of 50,000 f e e t  and a Pllach number of 0.8. This inveetigation wae 
conducted at the  request of the Bureau of Aeronautics, Department of the 
Navy,  a s  a part of Project Zip. 

The data bresented  herein  include  the  standard  engine performance 
parameters of net thnrst, specif ic   fuel  consungption, and engine  total- 
pressure  ra t io  that ref lect   the  performance available from the  use of 
pentaborane as a. fuel. The influence of the  boric  oxide  deposits from 
the  high-concentration  pentaborane fuels on engine caqonent performance 
i s  presented. The combustion system used f o r  pentaborane f u e l  had pre- 
viously been  developed i n  single-combustor tests by the General Electr ic  
Company. 

Subsequent to  operation of the  engine with the  pentaborane  fuels, 
the engine was operated with JP-4 fue l   to   s tudy  the dissipation of the 
boric  oxide  deposits and the  ra te  a t  which the engine  performance  ap- 
proached normal vdues .  These data are  a l s o  presented  herein. 

APPARATUS 

Engine. - A schematic  sketch of the engine used in this Fnvestiga- 
t i on  is  sham i n   f i gu re  1. The engine i s  a  standard  production model 
and contains a 12-stage  axial-flaw-type compressor, eight  tubular com- 
bustion chambers, and a single-stage  turbine. A variable-area  exhaust 
nozzle pemitted  operation a t  the maximum allarable turbine-at t le t  g a s  
temperature, 1250' F, and rated  engine speed. The standard  engine con-. 
figuration w a s  modified i n  that two special   fuel  nozzles of the atomiz- 
ing type were ins taUed  in  each of the canbustion chambers as i s  sham 
in figure 2, and the turbine shroud was modified as is  shown i n  figure 
3 to  increase  the  turbine  tip  clearance Orcap  the leading edge t o  the 
t r a i l i n g  edge of the  turbine  blade. 

Fuel system. - A schematic diagram of the f u e l  system  used with  the 
pentsborane f u e l  i s  sham in  figure 4. The pentaborane f u e l  was pres- 
surized w i t h  helium forcing it frm a suspended tank through  metering 
devices  into  the  special fuel nozzles.  Provision was made f o r  purging 
the  pentaborane fuel   l ines   with Jp-4 and helium t o  reduce the handling 
hazards.  

. 
1 
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Fuels. - Pentaborane  fuel of approximately 99 percent  purity w&8 
supplied  by  the  Bureau  of  Aeronautics  for  this  investigation.  The 
pentaborane  fuel  properties  are as follows: 

Formula weight . . . . . . . . . . . . . . . . . . . . . . . . . .  63.17 
Melting  point, ?i? . . . . . . . . . . . . . . . . . . . . . . . . .  -52 
Boiling  point, ?E' at 760 mm Eg . . . . . . . . . . . . . . . . . . .  136 
Heat  of  combustion,  Btu/lb . . . . . . . . . . . . . . . . . . .  29,127 
Specific  gravity, 32O F . . . . . . . . . . . . . . . . . . . . .  0.644 
Stoichimetric  fuel-air  ratio . . . . . . . . . . . . . . . . .  0.0764 
Pounds of BzO3 per  million  Btu . . . . . . . . . . . . . . . . . . .  94 
Boric  oxide,  B2O3,  exhibits  the following melting  points: 

Crystalline, ?F . . . . . . . . . . . . . . . . . . . . . . . . . .  842 
Vitreous, '?F . . . . . . . . . . . . . . . . . . . . . . . . . . .  1070 

Instrumentation. - Location  of  the  instrumentation  stations  and  the 
instrumentation  at  each  station  are  shown in figure 1. The  total- 
pressure  probes damRtresm of the  combustor  were of the  purge  tSTpe  to 
prevent  contamination  and  plugging  by  the  boron  oxide.  Engine  air flow 
was measured  at  the  engine  inlet,  station 1. The  fuel  flow  was  measured 
by  Potter flow meters and the  engine thrust was  measured  with a null- 
type  thrust  cell. 

PROCEDURE 

The  duration of the  pentaborane fuel operation was approxFmately 
11 minutes  and  was  limited  by the small quantity of fuel  available. 
Special  operational  and  data-recording  procedures  were  necessary.  The 
procedure  followed  was  to  establish  the  engine  qperating  condition  with 
the  use  of JP-4 fuel  and  then  transfer to the  pentaborane  fuel. Follow- 
ing approximately 3 minutes  operation  with 85 percent  pentaborane - 15 
percent Jp-4 fuel  mixture,  the  engine  was  operated  for 6 minutes on 100 
percent  pentaborane.  Engine  speed  and  exhaust-gas  temperature  were  held 
nearly  constant by varying the  fuel flow and exhaust-nozzle  area.  Data 
were  taken  at  15-second  intervals. In  so far  as  possible,  the  engine 
was  held  at  constant  operating  conditions  during  the  data-recording 
cycle. 

Following the  pentaborane  fuel  operation,  the  engine  was  shut d m  
and  inspected  for  boric  oxide  deposition.  After  this  inspection,  the 
engine  was  qperated  with Jp-4 fuel  to  determine  the  rate  of  dissipation 
of the  boric  oxide  deposits. 
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Data were adjusted  to a  condition which corresponds t o  a  simulated 
a l t i tude  of 50,000 f ee t  and a flight Mach number of 0.8. In addition 
t o  the  application of the temperatur-e a d  pressure  adjustments  required 
f o r  NACA standard altitude  conditione, the engine  total-temperature ra- 
t i o  T9/T1 was adjusted  to   es tabl ish E constant Tg/Tl equal t o  3.3. 
The unadjusted  data as taken during the- invest igat ion are presented  in 
tabular form i n  table  I. Appendix A contains a l i s t  of symbols used 
herein, and appendix B demonstrates  the m e t h o d  of calculation employed. 

Engine and component performance. - The standard  engine  performance 
parameters of net  thrust;  speci'fic  fuel consumption based on net thrust, 
and engine  total-preesure  ratio  are sham in figure 5. The data shown 
a t  zero tFme are  for  operation with the  conventional  hydrocarbon fue l  
JP-4. The remaining data shown are for  operation with an 85 percent 
pentaborme - 15 percent 3p-4 mixture and with pure  pentaborane fuel .  
Performance during the  period of t r d t i o n  from one fuel   to   the  other  
has been  omittea. " 

. 
The effect  of operation with the  high-concentration  pentaborane 

fue ls  on the combustor and turbine performance is  preeented in figure 
6.  A cross  plot  of the  data of figure 5 is shown in figure 7, where 
the change in specific  fuel  cmsumgtim 1s sham as a function of the 
pentaborane  concentration in a hydrocarbon fuel. The data for  concen- 
t ra t ions  up t o  42 percent were taken from reference 1. The data   for  
concentrations of 85 percent and pure  pentaborane a re  from this inves- 
t iga t ion  and are based on the minimum specific fuel con8umptims 
encountered. . .  . . =  

Boric  oxide  deposits. - Following the ll minutes  of._operation of 
." 

the  engine with the 85 percent  ndxture ana pure pe&aborime, &R inspec- 
t ion  of the  engine component parts  revealed  the  deposits Shawn in f ig -  
ure 8. The nature of the  vitreous  deposits can be best seen in figures 
8( c )  and (a ) .  Approximately 120 powads of pentaborane were  consumed, 
resu l t ing- in  about 330 pounds of boric  oxide. O f  course, an appreciable 
quantity of this formation was carried  off by the  exhaust-gae stream. 

. .  

Deposit  dissipation. - Operation of the engine with JP-4 f u e l  sub- 
sequent t o   t he  use of the  pentaborane  fuels  dissipated  the  boric  oxide 
deposits, and the engine performance  approached i t s  normal value. The 
r a t e  of dissipation and return  to  normal performance are shown In figure 
9. Following 80 minutes of operation with JP-4 fuel,  visual inspection 
revealed that on ly  very  mderate amounts of boric oidde remained on the 
engine components, as m a y  be  seen in   f i gu re  10. 

Lewis  Fl ight  Propulsion Laboratory 
National Advisory Committee-for  Aeronautics 

Cleveland, Ohio, November 9, 1954 
'L 
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Fd 

pJ 

Fn 

f 

Q 

h 

hf 

K 

M 

m 

1J 

P 

SYMBOLS 

The  following symbols are  used in this  report: 

area, sq ft 

thrust  system  scale  reading,  lb 

jet  thrust,  lb 

net  thrust, lb 

fuel-air  ratio 

acceleration  due  to  gravity,  ft/sec 

enthalpy,  Btu/lb 

luwer  heating  value of fuel,  Btu/lb 

thermodynamic  constant 

Mach  nmiber 

mass flow,  slugs/sec 

engine speed, r p m  

t o t a l  pressure,  lb/sq ft 

static  pressure,  lb/sq ft 

totd temperature, 91 

inlet  velocity,  ft/sec 

air  flow,  lb/sec 

fuel flow, lb/hr 
ratio of specific  heats 

ratio of engine-inlet  total  pressure  P1  to P at MI = 0.8; 

2 

." 

altitude, 50,000 ft 
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ea ratio of engine-inlet total tenperature TI to T at M1 = 0.8; 
altitude, 50,000 f t  

9 efficiency 

Subscripts: 

8 

b 

C 

cl 

m 

mix 

t 

tl 

0 

1 

3 

4 

5 

9 

air 

cmbustor 

cmpressor 

ccgnpressor 12-stage leakage flow 

fuel manifold 

pentabonme - Jp-4 fuel mixture 
turbine 

turbine cooling 

free stream 

engine I n l e t  

campressor outlet 

turbine inlet 

turbine mtle t 

exhauet-nozzle inlet 

. 

a 
IC 
Lo 
M 

.. 
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APPENDIX B 

METHOD OF CALCULATION 

The  values  used  for  specific  heat  at  constant  pressure,  ratio  of 
specific  heats,  and  various  enthalpies for air  .and  hydrocarbon  prcducts 
of combustion  were  obtained  from  reference 2 and  for  pentaborane,  from 
reference 3. 

eE1 ur 
42 
0 Eagine  air flaw. - The  canpressor-inlet  air  flow  was  determined 

from  total  and  static  pressure and temperature  measurements at the 
engine  inlet,  station 1. The  compressor  and  turbine  leakage was meas- 
ured  at two instrumented  stations on the ccuupressor and one on the tur- 
bine.  Theref  ore 

Thrust. - The  jet  thrust  determined  fram  the  thrust-system  meas- 
urements  was  calculated  from  the  following  equation: 

- 
Fj = + AB(P1 - POI 

- where A, is  the  area of the  seal around the  engine  inlet. 

The  net  thrust was determined  by  subtracting  the m e t  momentum 
from  the jet thrust: 

When  the  test  conditions  deviated fram the  desired  simulated  flight 
conditions (Mo = 0.8; altitude, 50,000 ft), the data  were  adjusted by 
the  appropriate  values  of ea and 6,. 

Ccmibustion  efficiency. - The cmbustion efficiency  of  the  engine 
combustor was defined  as 

(1 + f h , 9  - ha,l 
% =  

The JP-4 fuel ccmibustion  efficiency was determined from 

fhC 



8 

A, f B 
m + l  

. .  . .  . . . . .  

where accounts for  the  difference between the  enthalpy of car- 

bon dioxide and water  vapar i n  the burned  mixture and the  enthalpy  re- 
moved from the air by t h e i r  f ormation ( ref .  2 ) .  The temperature of the 
fue l   p r io r   t o   en t ry   fn to   t he  engine i s  T,. 

Pentaborane. - - Pentaborang. f u e l  cambus,tipg efficiency was calcu- 
la ted  a8 follows: 

(hg - %,l) - 
qb = 

fhf 

where hg and K a re  frain NACA unpubl5shed databased on thermodynamic 
data of reference 2. 

Turbine  efficiency. - The turbine  efficiency was calculated from 

T9 
1” 

T4 
rlt = Y-1  

1 

A 5-percent  total-pressure loss i n  the ta i lp ipe  W&8 assumed as deter- 
mined frm previous  tests.  

1. King, C. R. ,  Bl‘eitwieser, Roland, and S i n ,  J. W.: Preliminary  Per- 
formance Evaluation of Blends of Pen‘takmGe and JP-4 Fuel in a 
N - S c a l e  Turbojet  Engine. NACA RM E54J05, 1957. 

.. ” 

.. 

.. 

2. Turner, L. Richard, and Bogart, Donald: Constant-Pressure  Caubustici 
C h a r t s  Including  Effects of lXluent.Additi.&;. MACA Rep. 937, 1949. 
(Supersedes NACA T m *  s 1086 and 1655.1 

- 
.~ . . 

3. Huff, Vearl IB., Gordon, Sanford, and Morreu, . Virginia- E. : General 
Method and Thermodynamic Tables f o r  Ccmrputation  of Equilibrium 
Composition and Temperature of Chemical Reactions. mACA Rep. 
1037, 1951. (Supersede6 NACA TN s 21L3 and 2161. ) 

- 
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Instrumentation  stations 
1 
I 

3 

I 
9 

1 

I I 

Instrumentation 
Static I Total I Total 
pressure pressure temperature , 

EngFne I n l e t  1 8 24 12 
Compressor outlet 3 2 12 .12 
Combustor  outlet 4 .. 8 16 
Exhaust-nozzle  inlet 9 - 12 12 

Figure 1. - Schematic  sketch of turbojet-engine  installation. 
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Flow 

Atomizing fuel nozzle 

#- 

- Fuel 

Atomizing fuel nozzle 

C r o s s - m e r  

Figure 2. - Conical flow fue l  nozzle installed in  engine combustion. 
chamber. 
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0.090 "I 

0.090" I 

(b) Modified turbine shroud. 
Figure 3. - Cross section of standard and modified  turbine shroud. 
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(a) N e t  thrust. 
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(b) Specific fuel consumption. 
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1.8 

1.7 

(c) Engine  total-pressure  ratio. 

Figure 5. - Concluded. EPfect of operation with pentaborane fuels on 
turbojet-engine performance. Altitude, 50,000 feet; fllght Mach number, 
0.8; engine  total-temperature ratio, 3.3 .  

1 
2 4 6 0 

Time, min 

10 12 

. .  . .. 
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(a) Combustion efficiency. 

.. 

0 85% pentaborme 

I 

(b) Combustor total-pressure lose. 

" 

0 2 4 6 8 10 12 

Time,  min 

(c)  Turbine . s f fLcieuy.  

Figure 6. - Effect of operation xith pentaborme fuel on turbojet-engine 

' engine  total-temperature  ratio, 3.3. 
component performance.  Altitude, 50,000 feet; flight Mach number, 0.8; 

" 
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0 20 40 60 a0 100 
Pentaborane in Jp-4 fuel mixture, percent by weight 

Figure 7. - Change in turbojet-engine  specific fuel consumption 
wlth  pentaborane  concentration  in hydrocarban fuel mixture. 
Altitude, 50,000 feet;  flight Mach number, 0.8; engine  total- 
temperature  ratio, 3.3. 
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(a) Combustor. 

Pigure 8 .  - Boric oxide deposits In turbojet-engine components 
following 11 minutes of operation w l t h  pentaborane fuels. 
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Figure 8 .  - Continued. Boric oxide deposita in turbojet-engine components followling 
II minutes of operation with pentaboram fuels. 
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(a) Net thrust. 

1.5 

1.4 

1.3 

(b) Specific fuel consumption. 

1.9 

1.8 

1.7 
0 20 40 60 80 

Time, min 

(c )  Engine total-preeeure ratio. 

Figure 9. - Dissipation of boric OB deposition 
in turbojet engine during operation vlth Jp-4 
fuel and return to normal performance  operation. 
Altitude, 50,000 feeti Plight Mach -n-mberi 0.8~ 
engine total-temperature ratio, 3.3. 
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(a) Combustor. 

Tigure 10. - ReCced boric oxide deposits in  turbo*-@e components following 
80 mimrtes CrpaTation with Jp4 fuel. 
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(b) Combustor - turblne-inlet transition. 

Figure 10. - Continued. Reduced boric &de deposits In tnrbojet-engine comgonents 
followLng 80 almtus operation vith JP-4 fuel. 
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( c )  Exhaust tailpipe and diffuser. 

Figure 10. - Continued. Reduced baric oxide deposits i n  turbojet-englne components 
following 80 minutes  operation  with JP-4 fuel. 
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