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ATTITUDE PERFORMANCE OF A FULL-SCALE TURBOJET
ENGINE USING PENTABORANE FUELS

By James W. Useller, Warner B. Kaufman,
end Williegm L. Jones

SUMMARY

A brief investigation of the use of 85 percent pentaborane - 15 per-
cent hydrocerbon fuel (JP-4 fuel) and of 100 percent pentaborane fuel
mixtures was conducted in e full-scale turbojet engine at a simuleted
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 11 minutes durstion.

A tebuler and graphicel presentation has been made of both the
standard engine performesnce parameters of net thrust, specific fuel
consumptlion, and engine total-pressure ratio, as well as the engine
component performance. Subsequent to operation of the engine with
the pentaborane fuels, the englne was operated wilth JP-4 fuel to
study the diesipation of the boric oxide deposits and the rate of re-
turn of the engine to the normel performance level.

INTRODUCTION

The range of operation of an aircraft can be shown to be a direct
function of the heat released per pound of fuel consumed by the propul-
slon system. Assuming similer efficlency of combustion, the substitu-
tion of a fuel with an Increased hest 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 gpproxi-
metely SO percent greater per pound of fuel than hydrocarbon fuels cur-
rently in use. Of the boron hydrides under conslderation, pentaborane
has been shown to exhibit promise as & turbojet-engine fuel. Therefore,
full-scale turbojet-engine tests were undertaken 1n en NACA altitude
test chamber (ref. 1). The limited aveilebility of penteborane pre-
cluded operation with pentaborane fuel for long periods of time. The
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investigation of reference 1 was limited to concentrations of penta-
borane 1n JP-4 fuel of less than 42 percent because previous small-
scele tests had shown that serious operational difficulties could be
presented by the borlc oxide deposltse of higher concentration fuels.
The effect of the oxide deposits was found to be comparatively lnnocu-
ous at the concentrations investigated and further studies have been
mede using 85 and 100 percent pentaborane mixtures. The results of
the later tests are reported herein.

The engine was operated at conditions simlatling filight at an al-
titude of 50,000 feet end a Mach number of 0.8. This investigation was
conducted at the request of the Buresu of Aeronautics, Department of the
Navy, as & part of Project Zip.

The data bresented herein Include the stendard engline performance
parameters of net thrust, specific fuel consumption, end engine total-
pressure ratlo that reflect the performence svallable from the use of
pentaborane as a fuel. The influence of the boric oxide deposits from
the high-concentratlon pentaborane fuels on englne component performence
ig presented. The combustion system used for penteborane fuel had pre-
viously been developed in single-combustor tests by the General Electric
Company .

Subsequent to operstion of the engine with the pentaborane fuels,
the engine was opersted with JP-4 fuel to study the dissipation of the
boric oxide deposite and the rate at which the englne performance ap-
proached normsl values. These data are elso presented herein.

APPARATUS

Engine. - A schematic sketch of the engine used in this investiga-
tion 18 shown in figure 1. The engine is a standard production model
and contains a lZ-stage axlal-flow-type compressor, eight tubular com-
bustion chembers, and & single-stage turbine. A variable-area exhaust
nozzle permitted operation at the meximum allowasble turbine-outlet gas
temperature, 1250° F, and rated engine speed. The standard engine con-
figuration was modified in thet two special fuel nozzles of the atomiz-
ing type were installed in each of the combustion chambers as 18 shown
In figure 2, and the turbine shroud was modified as is shown in figure
3 to increase the turbine tip clearance from the leading edge to the
trailing edge of the turbine blade. N

Fuel system. - A schematic disgram of the fuel system used with the
pentaborene fuel is shown In figure 4. The pentaborane fuel was pres-
surized with helium forcing it from a suspended tank through metering
devices into the special fuel nozzles. Provislon was made for purging
the penteborane fuel lines with JP-4 and helium to reduce the handling
hezards.
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Fuels. - Pentaborane fuel of approximately 99 percent purlty was
supplied by the Buresu of Aerocnsutics for this investigetion. The
penteborane fuel properties are as follows:

Formula weight . . « ¢ ¢« & v v ¢ v e & v 4 o o s o s o = o o« o o » B83.17
Melting point, OF . & & & ¢ ¢ 4« v 4 « o & « s o o o o o o« » & » « « =52
Boiling point, OF at 760 mm HZ - « + « + « « & » « + + o « o 2 « « « 136
Heat of combustion, Btu/lb . . . « « = + & & « & + o « o « « « . 29,127
Specific gravity, 329 F . . & ¢ ¢« ¢ v & s o o o« o s o s o+ o+ . 0.644
Stoichiometric fuel-air ratio . . . . . . . . ¢ .o + ¢« ¢ o« o« . 0.0764
Pounds of B20z per million Btu . . . . « + ¢« v ¢ ¢ ¢ & ¢ o o ¢« » « «» 94

Boric oxide, Bg0z, exhibits the following melting points:

Crystalline, OF . . . & ¢ & ¢ 4 4 4« 4 o & & o o & s o o« o o« o « « . B42
Vitreous, CF . . + v & 4 v 4 o o « o « o s s o s o s & & « &+ « « « 1070

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

PROCEDURE

The duration of the pentaborane fuel operstion wes spproximately
31 minutes and was limited by the small quantity of fuel availsble.
Special operatlional and data-recording procedures were necessary. The
procedure followed was to estasblish the engine operating condition with
the use of JP-4 fuel and then transfer to the penteborane fuel. Folliow-
ing epproximetely 3 minutes operstion with 85 percent pentsborane - 15
percent JP-4 fuel mixture, the engine was operated for 6 minutes on 100
percent pentaborene. ZFEngine speed and exhaust-gas tempersture were held
nearly constant by varylng the fuel flow and exhsust-nozzle srea. Date
were teken st 15-second intervals. In so far as possible, the engine
was held at constant operasting condltions during the data-recording
cycle.

Following the pentaborane fuel operation, the engine was shut down
and inspected for boric oxide deposition. After this lnspection, the
engine was operated with JP-4 fuel to determine the rate of dissipation
of the boric oxide deposits.
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Data were sdjusted to a condition which corresponds to e simulsated
altitude of 50,000 feet and & flight Mach number of 0.8. In addition
to the gpplication of the temperature and pressure adjustments required
for NACA standard altitude conditions, the engline totel-temperature ra-
tio Tg/T; was adjusted to establish a constant Tg/T; equal to 3.3,

The unadjusted data as taken during the investigation are presented in
tebular form in table I. "Appendix A contsins s list of symbols used
herein, and appendix B demonstrates the method of calculation employed.

3578

DATA PRESENTATICN

Engine and component performance. - The standard engine performance
parameters of net thrust, specific fuel consumption based on net thrust, i
end engine total-pressure ratio are shown in figure 5. The data shown
at zero time are for operation with the conventional hydrocarbon fuel
JP-4. The remsining date shown are for cperation with an 85 percent
pentaborsne -~ 15 percent JP-4 mixture and wilth pure pentaborasne fuel.
Performance during the periocd of tranaition from one fuel to the other
has been omitted. )

The effect of operation with the high-concentration pentaborane
fuels on the combustor and turbine performance 1s presented in figure
6. A cross plot of the data of figure 5 is shown in figure 7, where -
the change in specific fuel comsumption is shown as a function of the
pentaborane concentration in a hydrocarbon fuel. The date for concen-
trations up to 42 percent were taken from reference 1. The data for
concentrations of 85 percent and pure pentaborsne are from this inves-
tigetion and are based on the minimum speclfic fuel consumptions
encountered.

Boric oxide deposits. - Following the 11 minutes of operation of
the engine with the 85 percent mixture and pure pentaborane, en inspec-’
tion of the engine component parts revealed the deposits shown In fig-
ure 8. The nature of the vitreous deposits can be best seen in figures
8(c) and (d). Approximately 120 pounds of pentaborane were consumed,
resulting 1in about 330 pounds of boric oxide. Of course, an appreciable
quantity of this formation was carried off by the exhaust-gas stresm.

Deposit dissipation. - Operation of the engilne with JP-4 fuel sub-
sequent to the use of the pentaborane fuels dissipated the boric oxlde
deposits, and the englne performance approached its normal value. The
rate of dissipation and return to normal performance are shown in figure
9. TFollowing 80 minutes of operation with JP-4 fuel, vlisual Inspection
revegled that only very modergte amounts of borlc oxide remsined on the
englne components, as may be seen in figure 10.

Lewis Flight Propulslon Labordtory
National Advisory Committee for Aeronsutics
Cleveland, Ohlc, November 9, 1954
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

area, sq ft

thrust system scaele reading, 1b

jet thrust, 1b

net thrust, 1b

fuel-air ratio

acceleration due to gravity, £t/sec?
enthalpy, Btu/lb

lower heating value of fuel, Btu/lb
thermodynamic constant

Mech number

mass flow, slugs/sec

engine speed, rpm

total pressure, lb/sq ft

static pressure, 1b/sq ft

total temperature, °R

inlet velocity, ft/sec

eir flow, 1b/sec

fuel flow, 1b/hr

ratio of specific heats

ratio of engine-inlet total pressure Pq
altitude, 50,000 ft

to P at My = 0.8;
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6y ratio of engine-inlet total temperature T;
altitude, 50,000 ft

M efficiency

Subscripts:

& air

b cambustor

c campressor

cl campressor lZ-stage leakage flow

m fuel manifold

mix  pentaborane - JP-4 fuel mixture

t turbine

t1 turbine cooling

o free stream

1 engine inlet

3 campressor ocutlet

4 turbine inlet

5 turbine outlet

9 exhaust-nozzle inlet

NACA RM E54K09

to T at M; = 0.8;

. 3578
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APPENDIX B

METHOD OF CALCULATION

The velues used for specific heat at constant pressure, ratio of
specific heats, and verlous enthalpies for air and hydrocarbon products
of combustion were obtalned from reference 2 and for pentsborane, from
reference 3.

Engine air flow. - The compressor-inlet sir 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 compressor snd one on the tur-
bine. Therefore,

Wa,3 =Wa,1 = Wa 01, ~ Wa,c1, - Wa,t1,1

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

F.j = Fd + AS(Pl - Po)
where A, 1s the areas of the seal around the engine inlet.

The net thrust was determined by subtracting the inlet momentum
from the jet thrust:
Wg 1V
—F, . 2210
F, FJ 2

When the test conditions deviated from the desired simulated flight
conditions (Mg = 0.8; altitude, 50,000 ft), the data were adjusted by

the eppropriate values of 8 and 5g.

Combustion efficiency. - The combustion efficiency of the engine
cambustor was defined as

(1 + £)bg,0 - by,
T = The

The JP-4 Tuel combustion efficiency was determined from

Ty Ap + B Tg
hB. + f{——
Ty m+ 1 T,

Mp = fhe
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Ap + B ’ T
where ey accounts for the difference between the enthalpy of car-
bon dioxide and water vapor in the burned mixture and the enthalpy re-
moved from the air by thelr formation (ref. 2). The temperature of the

fuel prior to entry Into the engine is Ty,.

Penteborane. - Penteborane fuel comhuszién efficlency was calcu-
lated ag follows: o o

(h9 - ha;l) - f(K) .
My = fhf

vwhere hg and K are from NACA unpublished data based on thermodynamic
data of reference 2.

Turbine efficiency. - The turblne efficiency was calculated from

A 5-percent total-pressure loss in the tailpipe was assumed as deter-
mined from previous tests.

REFERENCES
1. King, C. R., Breitwieser, Roland, snd Sivo, J. N.: Preliminary Per-

formance Evaluation of Blends of Penteborane and JP-4 Fuel in a
Full-Scale Turbojet Engine. NACA RM ES4J05, 1957.

2. Turner, L. Richard, and Bogart, Donald: Constant-Pressure Combustion

Charts Including Effects of Diluent Addition. NACA Rep. 937, 1949.
(Supersedes NACA TN'!'s 1086 and 1655.)

3. Huff, Vearl K., Gordon, Senford, snd Morrell, Virginias E.: General
Method and Thermodynamic Tables for Camputation of Equilibrium
Composition and Temperature of Chemical Reactions. NACA Rep.
1037, 1951. (Supersedes NACA TN's 2113 and 2161.)
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TABLE I. - TABULATED ENGINE FERFORMANCE DATA
Rup Fuel Tiwa of | Altitude | Engine- |Engins- [Conprassor P Combustor| Ex EThaust-Engine | Engine- |[Compressor| Turbine e| Jat MHat
Tt Fenta- operetiom,| anbisnt iniet inlet ‘| outlat sor outlet noxsle |noxzla [spead,| inlet outlet outlet fuel |thraat, | thruet,
- nt| b . uin pressurs,| total tatal total outlet | total inlet inmlet » |aip flow,| air flow, |2ir rlow,| flow IJ, L
p'g:m pmné Pre preasura, |tewpsr- | prassurs, | tokal [pressurs,| tota) totsl | rpa ¥y 1. LS Wy 5 Ve, b 1
welght b,'””m't: 18 i ature, Fg, taMpara- ) prassurs, | tomper- 1b/s80 1b/aap 1/mec | 1b/ne
T 1h turs, P, ature,
q 15 1k ]
1q Pt abe| 9} [ T |55 fCabe]_1b g'gr
[
.}
11100 0 —— 534 425 520 2224 b H] 2107 783 1887 Ti92 19,85 18.07 19,19 1268 | 1278 are
2 |100 o 335 23 B20 aw? 921 Mo 78R 1492 7748 18.53 19.07 19.18 1368 | 1278 a30
3|10 [ 558 23 620 2127 023 2110 784 ez 1797 19.83 19.07 18.19 1283 | 1278 Has
4 1109 —— 358 20 520 K56 922 aan1e 788 1892 7108 19.4E 18.99 18,11 1983 | 1874 8ag
5 100 ——— 1 420 B20 aBsL (1] /114 784 le9l 7801 18.45 l8.58 19.11 1383 | 1272 as
& (100 o o] 358 420 520 1] 2115 7a% 1880 7801 18.45 10,00 18,12 1283 | 1280 arz
T | 18.20 £5.80 4.5 553 419 220 ALod 009 2079 83 1784 T 19,45 18,98 19,10 W58 | 1287 874
A| l4.03 85.07 2.7 538 418 320 45 a5 2]28 o 1780 7981 19,88 19,2] 18,33 w31 | 127 aas
8] 15.84 84,38 3.1 540 420 620 4297 852 2081 8L 1886 7803 19.48 18.99 10,11 88% | 1238 80
10 | 16.86 B84.58 S 543 20 21 ale4 120 2078 s 1700 T4 19.18 18.71 18,85 888 | 1223 ass
11 | 15,68 44,844 5.7 MO 43 580 2la0 918 2085 b4 lep? 7685 19,89 18.83 14,85 387 1830 1% ]
1% | 15.37 £4.83 .0 340 AR3 ) 21 914 2069 R laps THQ 19.237 1B.82 18.93 Bad | 14y 856
13 | 18.37 84,83 4.8 30 420 B8R0 ai92 s €077 Ml lapr 7748 19458 18,99 19.11 a8 | 1a30 a52
14 | 18.0% 84.92 4.8 540 23 Rl 2253 17 alr -3 1784 TEN¢ 19,82 18.08 19.18 Bos | 13y Aa?
15 Q 100 4.9 535 410 820 2281 922 218+ 740 1723 | 7965 19,48 18, 9.33 841 | 1298 Be?
18 o 100 8.2 55 430 a1 2233 826 2117 748 1778 7819 19,43 18,97 1%, 813 | 1277 884
17 8.8 - M0 420 -Fi 2223 928 207 R 1718 7188 19,44 18.98 13.10 BOL | 1248 BEE
18 1,8 554 480 Ba) 22p8 Frr] 4 081 748 1710 TTR6 19.18 i4.18 le.8? BO4 1232 849
18 4.1 340 425 B2), 2213 (%) 2008 e 1728 7735 18,47 18,80 18,92 804 | 1224 a5k
20 a.5 354 428 B2 2211 014 2097 kL) 1728 e 19.27 18.83 18.9% Bas | L2448 a51
2L a,8 343 420 E3L 4200 620 2048 758 1708 TR 19.44 19,00 1e.18 815 | 1218 B48
2 7.1 545 423 521 2180 07 2078 54 112 7898 10,24 18.78 1a.80 e27 | 121e .15 8
23 Tk 547 420 20 aalp 914 2008 738 1730 7103 18,31 18,1 18.86 es7 | leo2 o]
i 7.7 347 428 521 an 2] ®111 45 1746 TH42 18.27 18.62 18.94 859 | L21s a5%
] 8.1 347 433 52) 2224 N9 awls 740 1752 T4 18,27 18,80 18,92 es1 | 1ms .1+
2¢ 8,4 3¢7 433 s 2280 20 2117 {1 1753 1151 19.%7 18.81 18,93 BBE | 1920 a38
" 8,0 347 4\8 B2g &2¢) 933 a2y T4R 1753 1781 19.40 8.03 18,08 eTa | 8%y a9
Fl] .3 364 €23 21 aauh 923 B 738 1738 7788 9.50 19.08 18,17 810 | 1194 an
1] 10,1 381 427 521 R4 922 2131 735 a7 718 19,37 18,91 18,03 a70 | 1191 &53
30 10,8 361 442 R1 2242 21 2128 787 1758 7847 19.084 18.78 1a.90 arn | 1164 860
3 10.9 36Y 427 ?1 2842 jut) 2128 150 1748 1872 19.37 18,91 19,03 g810 [.1.)
Dissipation of daposits with JP-4 fusl
12 100 0 0 334 427 [3%4 2280 815 2143 730 lgms 7803 1g.80 18.21 19.54 1263 | 1289 820
33 1 359 427 Blp 2255 a3 ¥139 %7 1883 7% 19.88 16.117 19,29 1274 | LR&s 847
34 1 534 428 B21 2231 9% 138 77 1688 7198 18,84 18.17 19,29 1263 | 1278 [ ]
35 17 334 427 Ble awss 21 218 5 1676 7783 18.41 18.92 19.04 1388 | 1280 £85
34 =] 334 424 820 2258 -2 2120 e lepl 707 1.3 18.83 15,04 1RB3 | 1262 884
37 30 332 427 820 2844 92R 2128 790 1681 788 19.85 18.17 10,29 1280 | 1295 s7a
38 38 I3 427 Bap 2241 el 2130 7% 1684 7792 16,85 18.18 19,28 1263 | 1293 883
e 45 534 427 B20 2240 923 2124 781 le8) 7803 18.83 18.16 1p.28 1268 | 12a% 879
40 b2 359 427 B30 w37 922 2l 786 less 182 16.43 19.16 19.28 1263 | 1293 845
41 1] 339 427 B21 2237 923 2lm 78R lea? 7T 10.61 19.14 le.28 1368 | l2m1 883
=2 82 42 427 833 2437 923 2121 794 les? 1787 19.59 19.12 19,24 1280 | 1276 685
43 a7 341 427 519 2240 21 2124 795 1667 TT%4 19.88 16.18 19,30 1285 | l26% 490
4 77 338 422 520 2231 Pag 2121 785 1686 TTH 16.83 18.16 19.28 12688 | 1293 8%
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Flgure 1. - Schematic sketch of turbojet-engine installation.
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Figure 2. - Conlcel flow fuel nozzle installed in engine combustion.
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Shroud
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(a) Standard turbine shroud.
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T
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(b) Modified turbine shroud.
Pigure 3. - Cross section of standard and modified turblne shroud.
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Plgure 4. - Disgram of engine fusl system.
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Fet thrust, Fps 10

Specific fuel consumption, sfc, 1b/hr-1b
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(b) Specific fuel consumption.

Figure 5. - Effect df Gperation with peataborane fuels on turbojet-engine
performence. Altitude, 50,000 feet; flight Mach number, 0.8; engine
total-temperature retio, 3.3.
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Fuel %
A JP-4
O 85% pentaborane
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» 0 100% pentaborane
i FEREE FEEE
S i 1
o :
R
>
G
D o- 1.8 =
23
i i
o e
2
1.7
Time, min

(c) Engipe totel-pressure ratio.

Figure 5. - Concluded. Effect of operation with pentaborsne fuels on
turbojet~englne performance, Altitude, 50,000 feet; flight Mach mmber,
0.8; engine total-temperature ratio, 3.3.

E0XPSH W VOVH




NACA RM E54K09

16

3578 1 :

12

“ “ PAREN LN RS AR -___uu_w LH + ““ - - .
+ o HHH f T __ T " !
T o 9 :
! m o t T
f i t
&% O =
o .w b
it 3 8 i
. 2 L
H [l Lan Q
H ~ o £ H —
i o o o] rH
] : £ Tw ] :
mw n O HH
. 8 i a1 - In
' . H M
| i . < 0 O; W o
m i B HH = o
i HE .
_ w HHEH w T m
. F 9 F (]
; 3 ] HHE § TiT
! & T & H
“ v : : R
g i) ;
H L bl H
HrHH - f 8 H
inidie 3 s 3 H
a 5 b H
& _ i 9
0 {
O -+ I % HH
C i o i
m g ~~ m
- H
4 [T -
: HH
1 J“ - H 2
3 b . o o
o] & it
S & @ g B m 2 S
<
qusdzad \nﬁ WlLMlml ‘gs0T pr
- 4
¢LOUDTOTIIS UWOTLSNQUMO d d 1uaaoxad
133 L3snquoy amgsaxd~Te101 JI018NQWOY ¢£OUSTOTIIS OUTQINT

Time, min
Altitude, 50,000 feet; flight Mach number, 0.8;

(¢} Turbine efficiency.
engine total-temperature rstio, 3.3.

- Effect of operation with pentaborane fuel on turbojet-engine

component performence.

Flgure 6.



3578

CH-3
QO Reference 1 3
O This investigation
~ 100 ! I
a9y " ! 1
5% B ': :
aﬂU ) :
o om 90 A
o G~
do 88 ;
2358 80
mgdo K
fH-a -\81 B
.y 70 :
288 :
B A
Mo
o = 60
0 20 40 60 B8O 100

Pentzborane in JP-4 fuel mixture, percent by weight

Figure 7. - Change in turbojet-engine specific fuel consumption
with pentaborane concentration in hydrocarbon fuel mixture.
Altitude, 50,000 feet; flight Mech number, 0.8; englne total-

temperature retio, 3.3.
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C-36806

{a) Combustor.

Figure 8. - Boric oxide deposits in turbojet-engine components
following 11 minutes of operation with pentaborane fuels.
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{(b) Combustor - turbine-inlet transition.
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Boric oxride deposits in turbojet-engine components following

11 mimites of operatlon with pentaborane fusls.

Figure 8. - Comtinmed.
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Figure 8. ~ Contimued.

(c) Exhsust teilpipe and diffuser.

NACA RM ES54R09

C-368796

Boric oxide deposits in turbojet-engine components following
11 minutes of operation with penteborane fuels.
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(d) Engine exhaust nozzle.

Pigure 8. ~ Concluded, Boric oxide deposits in turbo jet-engine components following
11 mimutes of operation with pentsborane fuels.
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Figure 9. - Dissipation of boric oxlde deposition
in turbojet engine during operstion with JP-4
fuel and return to normal performance operation.
Altitude, 50,000 feet; flight Mach number, 0.8;
engine total-temperature ratio, 3.3.
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(8) Combustor.

23

engine components followlng

Figurs 10. - Reduced horlc oxlde deposits in turbojet-
80 mimrtes operation with JP-4 fuel.




(b) Combustor - turbine.-inlet tranaition.

Figure 10. - Contimued. Rasdnced boric oxide deposite in turbojet-engine components

following 80 mimutes opsration with JP-4 fuel.
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(c) Exhaust tailpipe and diffuser.

Figure 10. - Contimued. Reduced boric oxide deposits in turbojet-engine components
following 80 mimites operation with JP-4 fuel.
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(d) Engine exhaust nozrla.

Figure 10. - Concludsd. Reduced boric oxide deposits In turbojet-engine camponents
following 80 mimttes operation wlth JP-4 fuel.
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