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PRELIMINARY INVESTIGATION OF COMBUSTION OF DIBORANE
IN A TURBOJET COMBUSTOR

By W. B. Kaufman, J. B. Gibbs, and J. R. Branstetter

SUMMARY

A preliminary investigation was conducted to determine the combustion
characteristics of diborane in a turbojet combustor. A standard J33 com-
bustor and five experimental combustors were investigated. Severe oxide
deposits formed in the J33 combustor and on turbine stator blades at the
combustor outlet. An experimental combustor was developed which gave
satisfactory performance with diborane at the limited test conditions
and short duretions investigated. Three promising technlques were dem-
onstrated for alleviating oxide deposits on turbine blades and other
metal surfaces; namely, extreme cooling, heating, and filming the sur-
Paces with air.

INTRODUCTION

The NACA Iewls laboratory is engaged in a study of special fuels
for jet-propelled aircraft. Consideration is being given to those fuels
which may increase flight range, thrust, and combustion stability beyond
velues attasineble with conventlonal hydrocarbon fuels, These speciel
fuels consist primarily of metals and metallic compounds, which produce
metallic oxides on combustion. These metalllc oxides exist in the
liquid and solid states at the lower exhsust temperatures encountered
during engine operation. Deposlts are therefore likely to form on the
metal parts downstream of the combustor. Because of the problem of
oxide deposition, these special fuels have heretofore been used only
in ram jets and turbojet afterburners where there are no rotating
metel parts immersed in the combustor exhsasust.

Diborane was evaluated &s a ram-jet fuel. in reference 1, and the
flight range with diborane was estimated to be 30 to 50 percent above
the range attainable with avliation gasoline. A compareble extension of
flight range might be expected through the use of diborane iIn turbojet
engines, but in the turbojet the oxide deposition would be much more
severe. Results obtained with diborsne in a turbojet combustor should

IED
UNCLASSIFIED,




2 L) NACA RM E52115

indicete the extent of the oxide deposits to be expected with other
metallic fuels. Reference 1 also reports spatial flame speeds for
diborene-air mixtures as high as 169.5 feet per second, which 1s roughly
50 times the flame speed of paraffinic hydrocarbons. Because of its
high flame speed, diborene would be expécted to burn efficiently under
conditions where ordinary hydrocarbon fuels are inadequate.

An experimental investigation of the combustion characteristics of
diborane in a turbojet combustor was initisted at the request of the
Bureau of Aeronautics, Department of the Navy. This report presents the
preliminary results from this investigation, which were obtalned from
October to December, 1952, in a direct-connect duct investigation of-a
single tubular combustor. A combustor from a J33-A-23 turbojet englne
vas investigated, as well as five additional combustors obtained by
using different liner configurations in the standard J33 combustor
housing to reduce the oxide deposits. Data are presented on combustion
efficiencies, combustor-outlet temperature profiles, and oxide deposits.
Three different techniques that were tried for minimizing oxide deposits
on metal surfaces immersed In the combustor exhaust are also described.

FUEL
Source. - The diborane used in this investigation, obtained through
the cooperation of-the Bureau of Aeronautics, Departuwent of the Navy,
was approximately 95-percent diborane by volume, according to the sup-
plier. The mejor impurities were probably ethane and ethyl ether.

Properties. - Valueg for several of the physical propertles of pure
diborane from reference 1 are as follows:

FOrmula o o o v ¢ vt b e b w e e e s e e s e 6 e e e e e e e BpHg
Formula wedght .« © ¢ ¢« ¢ ¢ ¢ ¢ ¢ o ¢ o & o o & o« « « s ¢« « o« = 27.7
Melting poimt, OF « v ¢ v & v v v v v o v e v e b e e e e e -265
Boiling point, OF at 760 mm Hg e 4 e e e e e e e e e e e e -134.5
Heat of combustion, Btu/lb . . . +. +« « « « ¢ ¢« « ¢ & « « « « . 33,513
Heat of combustion, Btu/cu £t . . « + « v « v v ¢« & « « « « « . 935,2202
Stoichiometric fuel-air ratioc « « + ¢ ¢« ¢« ¢ ¢ ¢ ¢« ¢« ¢ ¢ o ¢ o & 0.0669

88pecific gravity of liquid taken as 0.4470, the specific gravity at
sea-level bolling temperature.

The melting points of the two forms of boron oxide, B20Oz, are as follows:

Crystalline, OF « ¢ ¢ v v « ¢ o o & o s o o s o o o s o s o + « . 842
VItreous, OF & ¢ v ¢ v ¢ ¢ ¢ o o o o s o s = s e s o s s s . « . 1070

'ﬂ!
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FUEL SYSTEM AND OPERATING PROCEIURE

The refrigerated fuel system is shown in figure 1. Chamber A served
as & reservolr where methyl cellosolve was cooled by dry ice to -96° F.
The coolant was circulated through chasmber B and the Jjacketed fuel line
and nozzle housing. )

The refrigeration system was started several hours before test time.
When the temperature in chamber B reached -96° F, one of the molybdermum
steel shipping tanks containing 20 pounds of diborene was transferred
from a storage depot (maintained at dry-ice temperatures) to chamber B.
The tank was suspended in the cooclant by & cantilever arm connected to a
strain gage. Each diborane tank was fitted with a siphon extendlng to
the bottom of the cylinder and a gas inlet at the cylinder top. Fuel
was forced from the diborane tank by helium pressure, which was controlled
by a remotely operated regulator. The helium pressure was preset and |
the fuel flow was started and stopped by a remotely controlled pressure-
operated piston valve. The fuel-flow rate was governed by the applied
helium pressure snd by the size of the injection nozzle. The coolant
flow to chamber B was reduced just before each test to eliminate flow
forces on the fuel tank and strain gege. Coolant-bath density changes
were Insignificent during any run. Fuel lines were purged with helium
before and after each run. '

Figure 2 shows the details of the diborane injection nozzle. A
simplex hollow-cone pressure atomizer was used,and the nozzle size was
varied according to the test condition being investigated so as to main-
tain a pressure of approximately 380 psi in the fuel system. TFlgure 2
shows the nozzle cooling system that was used during most of the tests
reported herein. For a part of the investigation the nozzle and nozzle
housing were streamlined by adding a layer of Plasticine (modeling clay)
as indicated by the dashed-line contour in figure 2.

APPARATUS

Combustor installation. - A dlagram of the combustor installation
1s presented in figure 3. Combustion air from the central lgboratory
supply was regulasted by a remote-control velve. The combustor-inlet
temperature was regulated without contamination by a heat exchanger.

The combustion products were discharged into an exhsust plemmm where
they were cooled by water sprays and discharged through an atmospheric
exhaust system. The major portion of the sclid exhaust products and
spray water was drained into a sludge trap, and from there the water was

pumped 1nto a settling pit.
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Combustors. - A total of 6 combustors was investigated. They
include a single tubular combuster from a J33-A-23 turbojet engine and
five additional combustor models obtained by modifying the dome and
liner of the J33.cambustor to reduce the oxide deposite. Combustor
models 1 through 5 are shown in figure 4. Details of the model 6 com-
bustor are presented in figure 5.

Apparatus for oxide-deposit studies, - During the investigation two
devices were used at the combustor outlet to chtain an indication of the
oxide deposits to be expected on the turbine blades and other parts of
the engine. The first of these devices consisted of two turbine stator
blades from a J33 engine. - These blades blocked 54 percent of the area
of the outlet duct and produced sonic flow for, the test condltions
reported herein.

The second device consisted of & bank of four_l/Z-inch-diameter
tubes extending across the combustor exhaust duct. Each of the tubes
was designed differently to evaluate techniques for reducing turbine
blade deposits. One tube was sealed on both ends so that its surface
temperature would epproach the temperature of the gas stream. The
second tube was water-cooled. The third tube was heated above the gas-
stream temperature by passing current from an electric-arc welder.
through the tube. The fourth tube was faormed from porous_wire cloth
through which 80° F air was passed to provide a cool-alr film surround-
ing the {tube.

Instrumentation. - Alr flow was metered by an A.S.M.E. orifice.

The pressure upstream of the orifice, the combustor-iniet total pressure,
and the fuel-tank pressure were indicsted by calibrated gages. The
orifice pressure differential and the pressure drop through the combustor
were Indicated by water-filied manometers. - '

The fuel welght was recorded continuously by means of a strain gage
and an osclllograph. The fuel weighing system wae calibrated immediately
before each run. The fuel-flow rate was computed from the slope of the
fuel welght-time curve.

Figure 6 shows the details of construction and the location of the
16 thermocouples at the combustor outlet. Single thermocouples were
used to indicate combustor-inlet air temperature, fuel temperature near
the injection nozzle, fuel coolant temperature, and the temperature of
the tubes used to simulate the. turbine blades. The more Important tem-
peratures were recorded at regular intervals during each test by self-
balancing strip-chart potentiometers. Additional temperatures were
manually recorded from the readings of indicating, self-balancing
potentiometers.
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PROCEDURE
Test conditions. - Three test conditions were investigated, as
follows:
Test Combustor {Combustor | Air flow®, Conmbustor [Similated £light
condi- inlet inlet 1v/(sec)(sq £t) | temper- conditionsP
tion total tempers- ature
pressure, ture, rise, Altitude, |Percent
in. Hg ebs kg of rated
rpm
A 34 230 7.44 810 | ~=em—- -
B 34 268 6.32 680 40,000 85
C 34 368 5.30 1180 44,000 100

8pir flow per unit of maximum cross-sectional area of combustor housing.
bgimilating a £light Mach number of 0.6 in a typical turbojet having a
5.2:1 compressor pressure ratio at sea level and reted rpm.

Calculations. - Combustion efficiencies were computed from the fol-

lowing approximate relation:

Equivalence ratio theoretically required for measured temperature rise

‘I']b=

Actugl equivalence ratio

The date of reference 2 were used for these calculetions.

The average combustor-outlet temperature was computed as the arith-
metic mean of the 16 outlet thermocouple indications.
made for radistion or velocity effects on the bare-wire thermocouples.

No correction was

The total-pressure loss through the combustor and cobstructions in
the outlet duct was computed as the dimensionless ratio of the measured

total-pressure drop AP to the calculated reference dynamic pressure gq,.
The value of g, was computed from the combustor-inlet density, the alr-
flow rate, and the maximum cross-sectional area of the combustor housing.

RESULTS AND DISCUSSION

The results of the tests with the 6 combustors are presented in
table I. The exact test conditions are also listed in table I; these
values did not check closely with the standard test conditions in all
cases. Some of the more importent results are discussed in the follow-
ing paragraphs. ’
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Model 1. - After 31.5 minutes operation at test condition A, the
standard J33 combusgltor contained large oxlde deposits In the dome and om
the injection nozzle and some additionael deposits on the liner walls;
photographs of these deposits are shown in figure 7(a). The deposits on
the nozzle, dome, and liner had a total weight of 716 graems. The large
clinker in the dome was a glassy deposit; the other deposits were
crystalline. The average combustor-ocutlet temperature ranged from 370°
to 450° F during the test. These temperatures are considerably lower
then the desired temperature for test condition A. The low ocutlet tem-
perature resulted from a fuel-flow rate which was lower than the value
anticipated for the particular injection nozzle and fuel tank pressure
used in the test. . The low fuel flow was apparently caused by vepor lock
and by solld deposits inside the injection nozzle; the nozzle was exam-
ined at the conclusion of the test and was fouhd to be filled with a
yellow solid. This deposit was probably a boron hydride polymer form&d
by thermal decomposition of diborane. The injection nozzle and a short
length of the fuel line were not cooled on the model 1 combustor, and
the minimum tempersture of the diborane in the fuel line entering the
combustor was -38° F during the test. With such high diborane tempera-
tures vapor lock in the nozzle would be expected; vapor lock results in-
& marked decrease in fuel-flow rete and severe heating of the small
quantity of—fuel passing through the nozzle. ' '

The turbine stator blades, which were located at station C-C
(£ig. 4), were covered with the oxide deposits shown in figure 7(b).
These deposits were crystalline and welghed 2.4 grams.

Model 2. - Combustor 2 had no dome, and a sleeve was inserted in
the liner to block most of the air-entry holes and force the alr to enter
the liner at the open upstream end. During 5 minutes operation at test
condition A only slight deposits were formed on the nozzle and on the
liner walls &s shown in figures 8(a) and (b); combustion was smooth. = The
performance of the model 2 combustor was therefore satisfactory except
for the outlet temperature profile. The difference between the maximum
and minimum readings on individual thermocouples at the combustor out-
let was approximately 1000° F, and there was a severe hot core in the
exhsust gases. The turbine blades located at station C~C were covered
with a glessy deposit welghing 37 grams. These deposits are shown in
figure 8(c). The fuel line and injection nozzle were cooled on model 2
and all subsequent models as shown in figure 2. The deposits in the
nozzle reported for. the model 1 combustor were not obtained with the
cooled injection nozzle. ' '

Model 3. - Combustor 3 represents a compromise between models 1
and 2 by which it was hoped to retain the good deposit characteristics
of model 2 while restoring the uniform outlet temperature profile of
model 1. The sleeve used with model 2 was drilled to provide additiomal

2820
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liner air-entry holes, and the dome was installed agaln but with &
Sg—inch hole in the center of the dome., The oxide deposits in the com-

bustor were agaln very slight, but the outlet temperature profile showed
little or no improvement over that obtalned with model 2.

Model 4. - Combustor 4 represents a compromlse between models 1
and 3. The dome had a 3§—inch hole in its center; the injection nozzle

and its housing were streamlined by adding e layer of Plagticine as
indicated in figure Z2; and the sleeve was removed from the liner. After
5.5 minutes at test condition A the liner and dome contained deposits
which were slightly heavier than those for models 2 and 3. The

deposits on the nozzle were substantially reduced. The outlet tempera-
ture profile was somewhat improved over that of models 2 apnd 3. The
profile was not considered satisfactory, however, as a hot core of gases
was obtained with a maximim difference between individusl thermocouple
readings of 740° F. '

Model 5. - The dome was repleced by a short truncated cone having

a8 Zg-inch-diameter opening at ite upstream end._ The standard liner was

shortened by cutting off 1% inches st its upstreem end. After 3.5 min-

utes operation at test condition A, a glassy deposlt covered the walls
of the cone. The deposits in the liner were about the same as those
for model 4. The combined deposits In the cone and the liner welghed
71.3 grams. The outlet temperature proflle was less uniform than with
model 4.,

The combustion efficiency of the model 5 combustor at test condi-
tion A was approximetely 98 percent. This value was computed from the
fuel~injector pressure differential and a knowledge of the pressure-flow
charscteristics of the fuel nozzle. The fuel-welghing tank system pro-
duced erroneocus readings during the tests of models 1 through 5, so
accurate values of combustion efficlency are not available for these
combustors.

Model 6. - Combustor 6 was similsr to the model 4 combustor
which had produyced the best over-all performance of the earlier designs.’
The hole in the center of the dome was reduced in size and a row of
small holes was added to the dome (fig. 5). After 10.8 minutes at test
condition B the combustor contained 61.8 grams of deposits in the liner
and dome. After 11 minutes at test condition C the deposits welghed
193.4 grams. These deposits are shown in figure 9. The dome deposits
consisted of a thin, continuous, glassy f£ilm covering the walls; the
liner deposits contalned both glassy and crystalline material.
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After operatlon at condition B with an average outlet tempersature
below the melting point of B0z, the thermocouple rakes at station C-C
were covered with heavy crystalline deposits as shown in figure 10(a).
After operation at condition C with an average ocutlet temperature above
the melting point of BpO0z, the outlet thermocouples showed no appreci-

sble depcsits (fig. 10(b)).

The tubes installed at station D-D to evaluate various technigues
for alleviating turbine deposits are shown in figure 11. The tube on..
the left .in figure 11 is the tube designed to operate at gas-stream
temperature. The deposits on this tube were similar to those on the
outlet thermocouples; heavy crystalllne deposits were formed et condi-
tion B (fig. 1l(a)), and no appreciable deposits were formed at condi-
tion C (fig. 11(b)).

The tube second from the left is the water-cooled tube which was
free of-deposits after operation at condition B (fig. 11(a)). Deposits
probebly formed on this tube and then spalled. Figure 11(b) shows an
oxide layer Just begimning to bresk away at the conclusion of operation
at condition C. As a layer of low-conductivity oxide formed on this
water-cooled tube, the inside surface of. the axide layer approached the
water temperature and the outsilde surface approsched the exhaust-gas
temperature until the thermal gradient across the oxide layer became
sufficient to cause spalling. If the solid particles resulting from
this spalling are not so large as to damage the rotor blades, then
extreme turbine cooling may be a feasible method for eliminating oxide
deposits. v Lre e o -

The third tube from the left in figure 11 was electrically heated
to 1180° F during operation at condition B, end was covered with a thin
glassy deposit (fig. 11(a)) which appears to be far less harmful than

the deposits found on the unheated tube. This tube was heated to 1750° F

during operetion at—condition C, and no apprecisble deposits formed on
the tube (fig. 11(b)).

The tube on the extreme right in figure 11 was formed of porous
wire cloth through which 80° F air was passed. After operation at con-
dition B the air-filmed portion of the tube wae free of deposits
(fig. 11(a)). At one end a heavy deposit was formed, but the tube was
not porous near this end due to sealing of the pores during febrication.
During operation at condition C, however, this tube was covered with a
heavy deposit (fig. 11(b)); the air flow through the pores was not ade-
quete at this condition.

These data indicate three promising techniques for eliminating
severe oxide deposits on turbine blades and other metal parts. The

2820,
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three methods are: (1) extreme cooling; (2) heating; and (3) filming
the surfaces with air.

The over-all pressure drop through the combustor and the thermo-
couples and tubes in the downstream duct is plotted against time in
figure 12. The oxide deposits were accumilating throughout the opera-
tion at condlitlion B, but had apparently reached an equilibrium level
during operation at condition C.

The combustion efficiencies computed for the model 6 combustor at
test conditions B and C were approximately 105 and 96 percent, respec-
tively. The high value presumably resulted from continued malfunction-
ing of the fuel-weighing tank system, although considereble improvement
had been made in the system.

The outlet temperature profiles at the-two test conditions are pre-
sented in figure 13. The temperature profiles were more uniform than
those obtained with models 2 through 5. The maximim difference between
individual thermocouple readings was 168° F at condition B and 610° F at
condition C. These temperature proflles are very simlilar to those
obtained with production-model combustors.

SUMMARY OF RESULTS

The results obtained in the investigation of diborane fuel in s
standard J33 combustor and five experimental combustors are summarized
ag follows:

1. Severe oxide deposits formed in the standerd J33 combustor and
on turbine stator blades at the combustor outlet.

2. An experimental conmbustor was developed which gave satisfactory
performance with diborane for the limited test conditions and short
durations investigated. The deposlts in the combustor consisted of thin
layers of oxide on the walls and did not obstruct the air-entry holes.
The combustor-outlet temperature profile was similar to that obtained
with production-model combustors. The combustion efficiencies were
approximately 100 percent.

3. Three promising techniques were demonstrated for alleviating
oxide deposits on turbine blades and other metal surfaces; namely,
extreme cooling, heating, and fllming the surfaces with air.

Lewls Flight Propulsion Laboretory
National Advisory Committee for Aercnautics
Cleveland, Ohio, December 15, 1952
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TABLE I - OFERATING COMDITIOR3 AND REIULII

0Z8z

Combus-| Pael Fasl | Test |Cowbus~|Combus-| Alr flow, Tuel [Equive-|Combus.|Cosbus-| Pue) [Combus~|Dura- | Welght |Time at |Avaraga| Maximm |Minlmm
tor |noxzle |nomzleioondi-| Hor tar 1b flow, | lence tor tar  [injec- tar |{tiom of whd ch combus-| individ- [indivia-
model |nominel|spray | tion | inlat | inlet |18850)(sq IT) lbfaao ratic |tempar-| effl- | tar valoo~ | of depoaita|data waa R ual ual
nire, |nngle, total atirre (olensy, | pres- ity, (1inar +|recorded,| cutlet | outlet | outlet
;!J/'hr deg ature, | pres- rise, |paroant| sure {t/neclatden,| dome), nin temper-| tempera- | tempera~
oy wure, op d1ffer- umin g ature, ture, tura,
in. Hg ential, op op O
eba 1b
£
1 8.0 a0 A 245 40.6 789 |=emmmm— | 1BB _— 400 04 1.5 | T8 1B 420 - —
2 7.8 80 A odd 48.3 T:40 weitm——|  —————| 1026 — 580 a7 8.0 |< 50 5 1273 1718 880
- 7.8 48 A 254, 48.5 T8 e | i ~| 818 - 400 87 &5 (<50 1.5 1160 1385 710
3 7.5 45 i 259 4.4 T | mm— -| 88) —— 380 114 3.5 |< BO 2 1120 1870 670
4 7.5 48 i 250 43.2 T.33 | mmm—a] 722 —— 580 78 B.8 |« BO 3 561 1400 660
s 7.5 80 A 49 35.1 7.48 0.0204]| 0.162 | 1116 :]:] 380 115 5.E T2 e bR ] 1610 620
6 4.0 en B 273 34.8 6.26 .0040| .0558| 324 108 560 14 10.8 61.& 3 BB7 660 628
] €.0 -] c 310 35,2 E.B4 L0l4l] 142 | 1014 J:1] 580 29 11.0 | 123.4 1 1384 1742 1132
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(2) Domee. (b) Photograph of dome and liner assembly.

Figure 5. - Details of model 6 combustor.
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Figure 7. - Deposits with model 1 combustor.
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Figure 9. ~ Depnaits on liner and doms of model 6 combustor,
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{b) After 11,0 minutes at teet conditiom C.

¥igure 9. - Concluded. Deposits on liner and dome of model 6§ combustor.
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Figure 10. - Deposite on the outlet thermoccuples of model § cembustor.
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(b) After 11,0 minutes at test condition C.

Figure 10, - Conolpded, Deposits on tha ontlet thermocouples of model § combustor.
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(a) After 10.8 minmutes at test conmdition B,

Figure 11. - Dspoaits on special tubes at outlet of model 8 combustor.
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(b) After 11,0 minutes at test condition C.

Figure 11l. - Comoluded. Deposite on special tubes at cutlst of molel 5 combuster,
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Figure 12. - Variatlon with time of the total pressure drop through
the model 6 combustor plus obstructions in the exhaust duct.
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540 522 600 690
613 576 625 630
619 603 600 808
553 630 563 584

(a) Test condition B.

1180 1132 1313 1742
1349 1372 1575 1545
1459 1415 1561 1425
1291 1262 1270 1264

{(b) Test comdition C.

Figure 13. - Outlet temperatures for model 8 combustor,
Temperatures in degrees F.

NACA - Langley Field, Va.
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