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ABSTRACT

An experimental investigation was performed on the use of Hybaline
Ajgqasa combuﬂon instability suppressant in a LO2/RP-1 combustion
system. A pulse motor combustion stability evaluation tool was used
for the test fro‘fm. Tests were conducted with three different concen-
trations of A4 in RP-1, These concentrations were, by

, 6.6%, 10.9%, tnd 15.5%. Tests were also conducted using RP-1

‘M.tuvo which provided baseline data for comparative evaluation,
A total of eighteen tests were conducted over a prescribed mixture ratio
range of 2.0 to 3.0 and at two different chamber pressure levels, 300
and 500 psia,

A pulse gun stability rating device was used to artificially perturb
the combustion process. Relative stability characteristics were com-
pared by considering the combustion system response to induce pressure
disturbances, size of disturbance required for instability, damping
characteristics and resultant instability modes and oscillation amplitudes.
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SECTION 1
INTRODUCTION

Backgound

Combustion instability problems have periodically plagued liquid
propellant rocket engine development programs. Such programs have
included the now-operational Atlas engines as well as the more recent
large thrust F-1 engine; both of which use liquid oxygen/RP-1 propellants.
When instability occurs, much time and money are spent to obtain
adequate solutions, or "fixes", that will successfully stabilize the
combustion. Oftentimes, solutions are sought by introducing chemical
additives to one of the propellants in hope that it will serve to decouple
the instability from its sustaining mechanism. This report describes
an experimental effort conducted by the Air Force Rocket Propulsion
Laboratory to evaluate the potential of Hybaline A4 (2-ethylhexylamine
aluminum borohydride) as an instability suppressing additive to RP-1

when used with the LOZ oxidizer.

A preliminary experimental study of Hybaline A, 4 as an instability
suppressant in liquid oxygen - RP-1 systems was conducted by the
Temple University Research Institute (1). Test results indicated that -
low frequency thrust oscillations were significantly reduced when
Hybaline A4 was added to the RP-1 in weight concentrations of 7% and
10%. This was taken to mean that stability characteristics improved when
the Hybaline A, was added. Tests were also performed with a 4% con-
centration, but only marginal stability improvement over nrat RP-1 was
noted.

While these preliminary results proved encouraging, it wae evident

that more conclusive testing with Hybaline AH would be required to

establish its feasibility for use in a large thrust engine system. Temple's

-




testing was performed at low chamber pressur:s (100 psia) in a small
thrust (10-1b) engine. Futhermore, the instrumentation used was not of
sufficiently high frequency response to adequately study instability
phenomena.

The results of an earlier combustion stability investigation conducted
by the AFRPL with N204/Hybalim Ag propellants gave further credence
to the attractiveness of using Hybaline as an instability suppressant
additive (Ref.3). Hybaline A‘l4 is similar to the AS fuel with the exception
that the associated ligand for A)4 has been changed to permit better
compatibility with RP-1. In the program using the AS fuel, attempts were
made to induce combustion instability in a total of thirteen tests over a
wide range of chamber pressures. No instability resulted in any of these

tests.

Objectives and Approach

This Te<hnical Report describes the work conducted and the
experimental results obtained with a Hybaline A)4 additive to RP-1 as a
part of the Pulse Motor Combustion Instability Investigation, Project
305802022,

The objective of the program was:

(1) Evaluate possible combustion stability improvements
resulting from the addition of Hybaline A4 to RP-1 for use in large thrust,
LO,/RP-1 rocket engines.

Pulse motor tests were conducted with three different concentrations
of Hybaline A14 in RP-1. These concentrations were, by weight, 6.6%,
10.9% and 15.5%. Liquid oxygen was used as the oxidizer for all tests.
Tests were conducted over a prescribed mixture ratio range at approxi-
mately 300 psia chamber pressure for each concentration. Additionally,
a few tests were also conducted at 500 psia chamber pressure using one

Hybaline A14 concentration. A series of tests was initially conducted -
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using "neat" RP-1 (i.e., RP-1 without the Hybaline additive) which
provided a baseline for evalu=zting the effect of Hybaline A14 addition on
stability and performance. During each test, the combustion system

was artificially perturbed by the use of the pulse gun stability rating
method. Data was acquired on the magnitude of induced pressure per-
turbations and combustion system response chzracteristics which
permitted relative stability comparisons to be made between each RP-1 +
A, combination, as well as with the neat RP-1 fuel.

SECTION II
DESCRIPTION OF HYBALINE FUEL

The term Hybaline is a Union Carbide Corporation trade name which
designates a family of high energy liquid fuels which were investigated and
developed under Contract AF 04(611)-8164 for the AFRPL (2). Chemically,
the Hybalines are coordination compounds of light metal hydrides or metal
borohydrides, complexed with organic Lewis bases such as amines or
ethers. Hybaline A fuels comprise amine adducts of aluminum borohydride
while Hybaline B fuels are amine adducts of beryllium borohydride. The
Hybalines may be viewed as a densified form of hydrogen bounded by
energetic light metal atoms. The fuel is hypergolic with most oxidizer
propellants. Additionally, it is hypergolic with water and tends to be

reactive with moist air.

Hybaline A;, was developed as an RP-1 soluble hybaline to improve
the combustion characteristics of RP-1. The chemical name for Hybaline
A14 is 2-ethylhexylamine aluminum borohydride. Properties of Hybaline
A

14 are provided in Table 1.




SECTIO!! III
EXPERIMENTAL PROCEDURE

Test Apparatus

Pulse Motor - All testing was performed with a 15-inch internal

diameter pulse motor. The pulse motor is a combustion stability
evaluation tool used to determine the stability characteristics of selected
injector patterns and propellant combinations. It is designed primarily
for investigating th- ; ngential mode of high frequency combustion
instability. The pulse motor was initially developed by Aerojet-General
Corp. under Air Force sponsorship. Its purpose and use has been

previously described (4, 5).

The pulse motor assembly used in the test program consisted of a
dished injector head, a conical combustion chamber and a nozzie throat
unit. In addition, a circumferential transparent plexiglass window
measuring 15" I.D. - 16.25" O.D. - 0.37" wide was fitted between the
injector head and the combustion chamber to permit the combustion process
to be photographed by a conventional, high speed streak film technique.
When assembled, an approximately 1/8" wide slit was available to the
camera field of view. Major components of the pulse motor are shown

in Figure 1.

A range of operating conditions can be evaluated in the pulse motor
by regulatih-g the propellant flow rate, mixture ratio and chamber
pressure. Chamber pressure can be varied by changing either the mass
flow rate or the nozzle throat diameter. The pulse motor assembly is

shown installed in the associated test stand position in Figure 2.

A representative portion of a desired full-face injector pattern is

placed into injector spuds located around the periphery of the combustion




chamber. This permits stability tests to be conducted at reduced thrust
levels while using large diameter, combustion chamber cavities, similar
to those of full-scale, liquid propellant rocket engines. Approximately
10-20% of the orifices of a full-scale injector pattern are used for the

pulse motor injector spuds.

Injector - The injector head is machined from a solid block of
stainless steel, such that the internal surface simulates the contour of a
typical full-scale injector. Propellant passages, drilled from a manifold
in the center of the head to the eight injector-spud mounting holes at the
periphery of the concave surface, allows propellant to flow from the
dome-shaped manifold to the injector spuds. Mounting bosses, inatalled
circumferentially around 180 degrees of the injector head, receive the
five pulse guns used to introduce perturbations into the pulse motor.
Figure 3 shows the details of the pulse motor injector head with the
injector spuds installed. The damage shown is typical of that incurred
as a result of burn-through of the plexiglass circumferential window when
chamber pressure exceeded 600 psia. The burn-through problem has been
alleviated by a design change from the serrated seal arrangement shown
to an "O-ring" seal. The view in Figure 3 was taken during an earlier

test program and burn-through was not encountered during Hybaline A14

testing.

Ore injector pattern was used for all tests conducted with the RP-1
and RP-1 plus A14 fuels. This pattern is a like-on-like, self impinging
doublet type. The pattern was drilled into injector strips that were
subsequently brazed into position in the pulse motor injector spuds.
Figure 4 shows the injector spud and describes the pattern configuration.
Note that the injector spud face is contoured to the same sperical radius

as the pulse motor dished injector head that was used.

Stability Rating Method

The pulse gun technique essentially consists of firing a gun-like device

within which a calibrated, fast burning powder charge is burned benind a




diaphragm hkaving 2 specified burst pressure rating. When the cavity
pressure exceeds the diaphragm rating, the diaphragm bursts, allowing
a thock-type pressure disturbance to be directed into the combustion
chamber. The pulse gun is located at the periphery of the chamber wall
and can be oriented in almost any direction. Five different pulse charge
sizes were used for the test program. These charges consisted of 10,
15, 20, 40 and 80 grains of Hercules Bullseye pistol powder or equivalent.
Powder weights used were accurate to within £ 0.05 grains. A pulse gun
is shown in Figure 5; its major components are depicted in Figure 6.
Table 2 provides information concerning the pulse charges used in the
test program. A complete description of the pulse gun, its use and
operation, is provided in Reference 6.

Operationally, the pulse gun method permits the use of several guns
during each test. As can be seen in Figures 1 and 2, five (5) pulse guns
are mounted around the periphery of the pulse motor combustion chamber,
immediately downstream of the injector face. Each gun contains a pulse
charge of a different magnitude. The pulse guns are fired electrically in
sequence, introducing successive pressure perturbations, each of
increasing intensity, into the combustion chamber during steady-state
operation. A period of approximately 150 milliseconds is allowed between

successive pulse discharges.

Instrumentation

buring the test program, normal test parameters such as propellant

flow rates, propellant temperatures, run tank pressures, injection
pressures, valve travel and chamber pressure were measured using
conventional techniques and were continuously recorded for each test.

Thrust measurement capability was not available on the test facility.

High frequency, chamber pressure oscillations were measured using
two, water-cooled, Photocon Model 352A transducers located in the same
axial plane, approximately 3.11 inches aft of the injector flange. These




transducers were positioned 90° apart. Figure 7 schematically displays
the location of the instruments. Included in the figure is the location of
the pulse gun discharge ports as well. A modified 35 mm Fairchild
(Model FHSC-001) streak film camera wae used to record the luminosity
traces of the instability waves. The camera was positioned to view the
combustion process over a portion of the thrust chamber diameter through
the plexiglass circumferential thrust chamber window.

Test Facility and Operation

A schematic drawing of the test system is provided in Figure 8.
Tankage and plumbing is all of stainless steel construction. The thrust
chamber propellant valves used to control the flow of propellant to the
injector assembly are two-inch diameter, Y-body, Security valves. These
valves are operated by an electrohydraulic actuator and are capable of
complete closure from fully open positions within 100 milliseconds.
Cavitating venturies were utilized in the fuel and oxidizer feed systems
to provide flow control and isolate the upstream feed system from

pressure disturbances occurring in the combustion chamber.

Both fuel and oxidizer run tanks were pressurized with gaseous
helium. Gaseous nitrogen was used for feed system propellant purge
purposes. As part of the injector curge system, check valves were used
to provide a net positive pressure (in relation to the chamber pressure)
in the injector flow passages during engine start and shutdown transient,
as well as to evacuate all residual propellants within the engine

immediately after shutdown.

All tests were conducted with an approximate 100 to 200 millisecond
oxidizer lead. Engine ignition was initiated by use of conventional
pyrotechnic igniters. The igniters were mounted at the end of a long
stick that was installed through the nozzle throat assembly. When ignition
occurred, the resultant increased pressure and exhaust gas flow ejected
the igniter stick from the motor.




To protect the test hardware from damage during unstable
combustion, the output of a high frequency response chamber pressure
transducer was monitored by an electronic shutdown device. This device
automatically terminates the test when sustained combustion instability
occure, Termination is initiated when peak-to-peak chamber pressure
oscillations exceeding 20% of the steady state chamber pressure level and
having a frequency greater than 600 cps persist for more than 40
milliseconds.

Prior to each test, the liquid oxygen feed system, including the
injector head, was thoroughly chilled. Experience in the early runs
revealed that chilling the large mass of injector head metal was required
to achieve rapid chamber pressure pickup.

Fuel Preparation and Quality Control

Solutions of Hybaline Al 4
procedures outlined in Figure 9. Great care was taken to insure that air

in RP-1 were prepared according to the

and water did not enter the mixing system since Hybaline Al4 is incom-
patible with both. For this study, a special anhydrous RP-1 without dye
was used for ali testing. It was feared that the Hybaline Al4 would react
with the water and dye in standard military specification RP-1 to form
undesirable precipitates. However, during the course of the program, a
laboratory test on the compatibility of Hybaline A14 with Military
Specification RP-1 was performed. They were found to be compatible.

No precipitates formed when the two chemicals were mixed.

Tests to determine actual concentrations of the Hybaline Al4 in
RP-1 were performed each time a propellant batch was prepared. In
addition, samples were frequently taken from the fuel run tank and tested
to insure that no precipitates were being formed and that Hybaline A14
concentrations remained invariant. Concentration analysis was performed
with the use of a DK-2 spectrophotometer. Concertrations are considered
accurate within £ .5%. During the test program, no problems with

variations in concentration or formation of precipitates were encountered.




SECTION IV

DATA INTERPRETATION METHODS

Stability Data

High frequency response pressure data was recorded on magnetic
tape at 60 in/sec. This data was played back in unfiltered form onto
Miller oscillograms by running the tape at 1/8 of the recording speed and
running the oscillograph at 40 in/sec. This resulted in an oscillograph
record with an equivalent data speed of 320 in/sec and a frequency response

flat to 9600 cps.
mined by counting the cycles during a given time interval. Mode identifi-

The combination oscillation frequency was then deter-

cation and phasing were also obtained from the high-speed playback.

Parameters used to evaluate the data for relative stability
characteristics included the size of the pulse charge required for
instability, the peak pressure disturbance created by the pulse, the
damping characteristics of those disturbances not resulting in instability
and the resultant instability modes and amplitudes. Figure 10 identifies
several of the parameters used to characterize a chamber pressure
disturbance. The initial pressure peak created by the perturbation is
designated AP pulse, while the maximum overpressure resulting from
the combustion system amplification is termed AP ,,,5,«. The larger the
disturbance absorbed by the combustion system without resulting in

instability, the more stable the system.

The damping characteristics of the disturbed combustion system
were evaluated using two approaches; (1) the time to damp from a given
disturbance, and (2) the rate of pressure oscillation decay during damping.
The time required to damp a given disturbance is defined to be that time
from initial pressure rise to the point where the pressure oscillations are

reduced to £ 5% of the steady-state chamber pressure.

e
1

2,




Peak-to-peak oscillating pressure values were taken from the

pressure traces and recorded as a function of time from disturbance

initiation., The data was then fitted to an equation of the form: P = Poe-Xt.

By taking the natural logarithm P e "Xt of both sides of this equation, a

polynominal of the first degree was obtained to which the data was fitted
by the method of least squares. Subsequently the coefficients for the
general equation were then found. In this case, the coefficient, Po,
corresponds to the maximum overpressure created t;y the pulse and the

coefficient, x, corresponds to the damping rate.

Figure 11 provides an example of a typical curve fitted to experimental

pressure decay data. Data scatter is shown to represent as much as a

5 millisec period at the same pressure oscillation value. However, this
occurred toward the end of the damping period and therefore did not have

a heavy weighing influence on the curve fit. Considerable scatter was
obtained during the first four millisec after pulse initiation which did
seriously distort the data fit. For this reason, the curve fit discarded

all data points in that time period. As seen in Figure 11, a good fit of

the data was obtained using this procedure.

Performance Data

Combustion efficiency (C*) performance data was computed to
evaluate the actual percent of theoretical performance achieved. Actual
C#* performance was determined by the well known method using the
equation: C* = Pc A. g

Wy
Chamber pressure was measured by a low frequency response,
~strain gauge pressure transducer located approximately 4.55 inches from
the injector-thrust chamber flange (Figure 7), and was noc corrected to
nozzle stagnation conditions. Therefore, while the absolute value of C¥*
performance may be questionable, a comparative evaluation of the

differences between propellants and injectors can be made.

Thrust was not measured during the test program, hence, Isp perform-

ance was not obtained.

10
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SECTION V
TEST RESULTS

Summary

A total of eighteen tests were conducted tc evaluate the LOZ/RP-I T
Ag propellants. Stability evaluations were made with LOZI RP-1 having
no additive to provide a baseline for comparison with those tests containing
the Hybaline A14. In this manner, the extent of stability enhancement, if
any, could be more easily assessed. Percent Al4 concentrations (by
weight) of 6.6, 10.9 and 15.5 were experimentally evaluated. Tests were
conducted within three areas of mixture ratio; 2.0-2.2, 2.5-2.7, 2.9-3.0.
All tests but two were conducted at chamber pressures varying from
approximately 200 to 300 psia. The remaining two tests were conducted
at approximate!y 500 psi chamber pressure to evaluate possible stability

enhancement, or changes, exhibited by a second pressure level.

Table 3 provides a summary of the tests results. Due to instrumen-
tation difficulties experienced throughout the test program with both the
oxidizer and fuel injector pressure parameters, these data were considered

unreliable and are not presented.

Tabulated s-\i;nmaries of the instability results are provided in
Table 4. It can be reen from the Table that ten of the eighteen tests
resulted with combustion instability. Tables 5 and 6 present specific
test results including the time to damp from various pulse disturbances,

peak pulse pressure and maximum pulse pressure.

A brief resume concerning the test series conducted for each .A14

concentration level is provided below.
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LO,/RP-1 Testing - Six tests were conducted with LO2/RP-1 pro-

pellants containing no A} 4 additive., Tests 1B-3, 2B-3 and 3B-3 were the
primary data tests conducted. All three of these tests resulted in com-
tustion instability, requiring a 40 grain pulse to initiate two instabilities
and a 80 grain pulse to initiate the third. Chamber pressure for the three
tests varied from 251 psia to 284 psia. One test was conducted in each of
the three mixture ratio ranges of interest. Peak-to-peak amplitudes of
oscillation' corresponded to about 35-60% of the steady-state chamber

pressure value.

The remaining three tests conducted with neat RP-1 fuel were of a
special nature and, as such, produced little data to contribute to the
evaluation 'of: the Ai4«'additiv'e. These tests were conducted with the pulse
guns placed’in the same'locations as for the previous tests, but the guns
were fired in 'reverse order; that is, 80, 40, 20, etc. rather than 10, 15,
20, et.. Ths purpose for these tests was to assure that the system would
become unstable when disturbed by the larger pulse charge rather than
display some peculiar characteristic of being more sensitive to a sma’'ier
charge. This distrust of the rating method used is created to a large
extent by the unknowns associated with all rating techniques. Peoples (7)
points out that such an occurrence could happen and reasons that it could
be the velocity component of the driver gas associated with the pulse
charge disturbance rather than the associated pressure component that
excites the potential modes of combustion instability, However, this has

not been demonstrated experimentally.

Combustion instability resulted during all three tests. Two tests
(5B-3 and 6B-3) were driven unstable with the first pulse (80 grain size)
fired and one test (4B-3) went unstable on the second pulse (40 grain size).
Chamber pressures for these tests were somewhat lower than the previous
tests with neat RP-1 fuel. They ranged from 177 psia to 237 psia. However,
mixture ratios were approximately the same. Characteristics of the
instabilities were the same as those obtained from the previous tests.
Peak-to-peak amplitudes of oscillation ranged from 30 psi to 145 psi,
which corresponds to about 12 to 75% of the steady-state chamber pressure.

1z




Examination of the high speed playback pressure records revealed that
both the pulse pressure and maximum pressure created by the 40-grain
pulse of test 4B-3 were greater than the disturbance created by the
80-grain pulse. Furthermore, the pressure levels created by the 80-grain
pulse in t.st 4B-3 were below those which initiated instability in the other
tests. Therefore, it is believed that the disturbance created by the
80-grain pulse charge for test 4B-3 was below the effectiveness normally
obtained with 80-grain pulse charges. It is also possible, but unsubstan-

tiated, that inadvertently, 40-grain pulse charges were loaded into both

guns fired.

LO,/93.4% RP-1 plus 6.6% A4 - Three tests were conducted with
the RP-1 containing 6.6% A4 additive. All three tests resulted in insta-
Chamber
pressure and mixture ratios were similar to those tested during the pri-

Peak-to-peak amplitudes of oscillation

bility with each being induced by a 40-grain pulse charge.

mary neat RP-1 test series.
during instability ranged from 45-145 psi, which corresponds to about 15

to 55% of the steady-state chamber pressure.

LO,/89.1% RP-1 plug-10.9%A j4 - Five tests were conducted with
10.9% A4 fuel additive; howewver, two of the tests were terminated pre-
maturely and therefore produced little instability data.  Of the remaining

three tests, only one resulted in instability. Test 1B-3A2 went unstable

when disturbed with an 80-grain pulse. The .other tests assimilated all
five pulses without any resultant instability. These tests .did; however,
establish a tendency to oscillate at 2000 cps (4B-3A2) and 1700 <ps

(5B -3A2) during their damping period. Peak-to-peak amplitude of oscil-
lation for the unstable run was similar to that experienced at different

concentrations in other tests. The test value was 100-140 psi, which

corresponds to approximately 34-48% of the steady-state chamber pressure.

LO,/84.5% RP-1 plus 15.5% A4 - Four tests were conducted with
15.5% A4 fuel additive.

Two chamber pressures were examined; 300 psia

and 500 psia. One test, 4B-3A3, incurred a pulse gun firing circuit
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malfunction and therefore only had the 10 and 15 grain pulse charges fired
during the run. Additionally, the 80 grain pulse charge failed to fire during
test 3B-3A3. Both of these tests were conducted at the 300 psia chamber
pressure level and therefore limits the extent of the instability data at this
chamber pressure with 15.5% concentration. No cases of instability were
encountered during testing with the 15.5% A4 concentration at 500 psia

chamber pressure.

SECTION VI
DISCUSSION ON PERFORMANCE

Combustion efficiency (C*) perforrmnance was determined for each test
firing. Chamber pressure was measured at a position 4.55 inches from
the injector-thrust chamber flange. Chamber pressure values used in the
calculations were not corrected to the stagnation pressure. Therefore,
while absolute values of C* are not reported, comparative evaluations can

be made between the various RP-1 formulations tested.

Theoretical characteristic exhaust velocity (C*) data for LO2/RP-1
plis A4 propellants at 300 psia chamber pressure is displayed in

Figure 12. Values are shown only for 7% and 10% Aj4. It is seen that

increases in theoretical performance are very small between the neat
RP-1 and RP-1 with the addition of Hybaline A;4. A maximum increase
of only 30 ft/sec in C* performance is available at the optimum mixture

ratio between neat RP-1 and the higher 10% concentration of Aj4.

C* data obtained from the experimental test firings conducted at
approximately 300 psia Pc is presented in Figure 13. The data has been
corrected to correspond to those values that would have been obtained had
the chamber pressure been exactly 300 psia. This was done by simple
interpolation techniques and provides a common baseline for comparison
of the experimental results. Because of the low resultant chamber pres-
sure from three tests with neat RP-1 (4B-3 through 6B-3), data from those

tests were omitted from the evaluation rather than attempt to make gross

14
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corrections for same. Because of the very small number of test runs at
each concentration, only a few data points are available to help define
performance trends. For that reason, the data points are connscted by

straight lines and no attempt was made to establish a fitted curve.

The test results reveal higher values of performance were obtained
for the 10.9% concentration of Hybaline A;4. However, it is noted that
the majority of the tests were conducted at mixture ratios higher than the
value corresponding to the optimum performance point. As the optimum
mixture ratio (2.0-2.2) is approached, the difference between C* achieved
with 10.9% A4 and with neat RP-1 gets smaller. The two curves even

appear to be intersecting and crossing each other at an extrapolated mix-
ture ratio of 2.0.

Comparing the various concentrations of additive, it is seen that the
10.9% concentration delivered the highest C* performance, 6.6% the next
highest, and 15.5% the lowest. It is noted that although the 15.5% is rep-
resented by only two data points, the trend of the curve is similar to the
other concentrations at the higher mixture ratio.

SECTION vVII
DISCUSSION ON STABILITY

To investigate the stability characteristics associated with the various
Hybaline concentrations in RP-1 under different operating conditions, a
mixture ratio versus chamber pressure survev was conducted. General
test results are provided in Table 3. Tabulated summaries of the insta-
bility results are also provided in Tables 4, 5 and 6.

Instability Characteristics

Table 7 presents the calculated acoustic mode frequencies for the pulse
motor using the LO2/RP-1 propellant combinations. These frequencies are

not appreciably different for the other RP-1/Hybaline blends tested. All

resultant instabilities were classified as the spinning first tangential mode
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at a frequency of 1900-2000 cps. This corresponds closely to that which
is predicted analytically from the acoustic wave equation. In all cases of

instability, the direction of spin was the same and was in that direction
enhanced by the tangentially oriented pulse gun. This corresponds to a
counter-clockwise rotation (looking at the injector face from the nozzle
end) where Pp); leads Ppy) by 90 degrees (Figure 7).

No appreciable differences were observed in the peak.-to-peak ampli-
tudes of resultant instability between the various Hybaline Aj4 concentra-
tions evaluated. The values of steady-state oscillation amplitudes averaged
between 80 to 140 psi.

Perturbation Magnitude Required for Instability

A general summary of the instability results is provided in Figure 14.
The various propellants tested in the experimental program are displayed
together and the size of pulse charge required to drive each system unstable
is given along the ordinate. The number of tests associated with each pulse
charge size are displayed in parentheses within each bar. The three tests
conducted with the pulse guns fired in reverse order are not included for

obvious reasons.

It can be seen that some instability resulted when concentrations of
6.6% and 10.9% of A4 were added to the RP-1. Testing with the neat RP-!
resulted with two of three tests driven unstable with the 40 grain charge and
the third with an 80 grain charge. The fact that a variety of pulse charge
sizes were required to induce combustion instability is not surprising since
variations in mixture ratio and chamber pressure are known to influence
combustion stability characteristics. With 10.9% concentration
Hybaline A ;4 added to the RP-1, instability resulted in only one of three

tests, requiring an 80 grain charge to be induced.

No instabilities were observed during tests with 15.5% concentration
of A4 additive. However, since the 300 psia chamber pressure tests were
hampered by equipment malfunctions, no stability limits could be deter-
mined as all the pulse guns could not be fired. At 500 psia chamber




pressure conditions, all the pulse guns fired during tests with the 15.5% 'v.
solution and no instabilities occurred.

No appreciable enhancement in stability was apparent with the addition 2 ¥
of 6.6% A14. All three instabilities at this concentration resulted from
40 grain pulse charges. g PO

Figure 15 displays the maximum overpressure data obtained during ’ ,
the test program for the various pulse charges used to evaluate the differ- -
: ent mixtures of RP-1 plus A4 fuel. The observed scatter of resulting #

pressure magnitudes from a given size pulse charge or poor reproducibil-
‘ ity in overpressure, probably results from the inability to properly
' decouple the created disturbance from the combustion process. From the
data it is observed that the disturbances created during pulse tests of both
the neat RP-1 and the 6.6% A4 concentration resulted in approximately
the same level of pressure intensity. The largest disturbances were
created during tests with the 15.5% A4 concentration whereas, the lowest
disturbance levels were obtained during tests with the 10.9% Aj4. Since
* both the 15.5% and 10.9% concentrations were stable in only one test, it is
‘ not known what significance, if any, can be attached to these results.

il

The results of the maximum overpressure data are inconclusive.
The six instabilities obtained with neat RP-1 resulted from disturbances
of 500 psi or greater. However, there were four other pulsed disturb-
ances with RP-1 which exceeded 500 psi without resultant instability.
Therefore, a threshold value of pressure disturbance required for insta-
bility could not be obtained. Furthermore, there were insufficient insta-
bilities with the mixtures of RP-1 plus A;4 to permit a comparison of the

disturbance magnitudes required for instability among the various fuel
blends evaluated. As can be seen from Figure 15, the 6.6% A4 concen-
tration tests resulted in instability with disturbances of 600 psi or greater,
whereas, disturbances greater than that value were withstood by both the
10.9% and 15.5% A 14 concentrations.

It is interesting to note that very little differences were obtained in the

. disturbances created by the 20, 40 and 80-grain pulse charges. The reasons
t for this are open to speculation at this time and not at all fully understood.




Table 5 presents a summary of the time to damp data obtained during
the experimental test firings. The data is presented in tabular form for
each pulse charge fired during each test. Two values of damp time are
given; one for each of the two high frequency response pressure trans-
ducers used during each test.

An average damp time is obtained by simply taking the arithmetic
average of the two values cbtained for each pulse within each test.
Figure 16 summarizes *hi- *ata for all tests conducted at the 200-300 psia
chamber pressure level. Si = many of the tests resulted in instability
with pulse charges of 40 grains or greater, only the data for the 10, 15
and 20 grain powder charges are presented.

The results demonstrate a definite trend toward reduced damp times
as the concentration of A4 becomes greater. The upper line of the band
formed by the data obtained for all tests represents the maximum average
time required to damp the pulse induced disturbances for the various addi-
tive concentrations tested; the lower line of the band represents the mini-
mum average damp time required. The trend appears to indicate that the
10.9% A4 concentration is more '"optimum'' for stability than either the
6.6% or 15.5%. However, looking at the data scatter obtained during the
tests, this conclusion cannot be strongly substantiated. The data definitely
shows that the use of the A)4 additive provides some stabilization over the

use of neat RP-1. It is also seen that there appears to be a minimum aver-
age damp time of approximately 15-17 milliseconds that is essentially
invariant over the range of A4 concentrations tested.

Damping Characteristics f

Evaluations were made of the damping characteristics associated with
the pulse induced disturbances from tests with the neat RP-1 and
Hybaline A,  concentrations. These evaluations primarily involved the
rate of pressure oscillation decay during damping. Decay rate data is
interpreted as an indicator ¢f a combustion systems ability to assimilate




a pressure disturbance and return to its steady-state operating condition;

the faster the decay rate, the more resistant, or stable, the combustion
system.

The experimental results compare the damping characteristics of the
various A ]4 concentrations with neat RP-1 and each other and are dis-
played in Figures 17 through 22 for 10, 15 and 20-grain pulse disturbances.
The data is presented for two of the three mixture ratios tested; 2.7 and
3.0. However, as discussed later, mixture ratio did not appear to influ-
ence the stability results. Included on the figures along with the A, 4 con-
centration is the particular test number for which the data is presented as

well as the coefficients that satisfy the equation: p =P e-Xt.

Certain trends can be observed from the experimental results. Com-
paring the damping rate for the various Aj4 concentrations evaluated, it is
seen that in almost every case the results for the 15.5% concentration are
approximately the same as those for neat RP-1. These damping rates are
somewhat lower, indicating a lower stability rating, than those obtained
for the 6.6% and 10.9% concentrations. These results are most strongly
evidenced from Figures 18 and 22. As can be especially observed in
Figures 20 and 22, the results obtained for the 6.6% and 10.9% concentra-
tions are similar. The conclusion that tends to be established by the bulk
of the experimental results is that maximum damping appears to be

obtained within the A4 concentration range of 6.6-10.9%.

In all cases of damping from pulse induced disturbances, the combus -
tion system tended to establish oscillation frequencies corresponding to the
first tangential acoustic mode of high frequency instability. This is the
same mode that was obtained when sustained instability resulted.

Influence of Chamber Pressure on Stability

To evaluate the influence of chamber pressure on the stability charac-
teristics of RP-1 containing the A, additive, two tests were conducted at
an elevated chamber pressure level of approximately 500 psia. Both tests
were conducted with a 15.5% concentration of Aj14. Actual chamber




pressures obtained during the tests were 493 psia (1B-3A3) and 479 psia
(2B-3A3). Figur.c 23 compares the average damp time required to damp
disturbances created by 10, 15, 20 and 40-grain pulses at 500 psia cham-
ber pressure with those required for test 3B-3A3 at 300 psia.

The test results indicate that an approximate 75% enhancement is
obtained in stability at the higher chamber pressure level. Note that
comparisons are made for tests conducted at vastly different mixture
ratios; 1.53 and 2.135 for the 500 Pc tests and 2.96 for the 300 Pc test.
However, the two test points at the 500 psia levels reflect good reproduci-
bility in damp time and therefore tends to discount any strong influence

of mixture ratio on the resultant stability.

The stabilizing influence obtained at higher chamber pressures is
substantiated by the damping rate data obtained for the 20-grain pulse
disturbance initiated in the same three tests referenced above. Figure 24
displays these experimental results and it is seen that the damping rate

increased as chamber pressure increased.

Since tests were not conducted at the higher chamber pressure level
wit!: either neat RP-1 or other A;, concentrations, comparisons as to the

relative stability among the various fuel mixtures could not be made.

Influence of Mixture Ratio on Stability

No pronounced effect on stability by mixture ratio was evident by the
experimental results. Mixture ratio was varied during the test program

over a range of values from approximately 1.53 to 3.0. Examination of

the pressure disturbance mag‘ﬁitude » time to damp and decay rate data

revealed no correlation with mixture ratio. In fact, as mentioned earlier,
the two test points at 500 psia chamber pressure, obtained at two different
mixture ratios (1.53 and 2.13) demonstrate excellent reproducibility in all

three parameters.




SECTION VIII
SUMMARY AND CONCLUSION

From the analysis of the experimental data, it appears that the opti-
mum concentration of Hybaline A]4 additive for the L.O,/RP-1 propellant
combination is in the vicinity of 10.9%. This is substantiated by both the
performance and the combustion stability results. Although there are
some contradictory results, the bulk of the data indicates that increased
stability is obtained as the concentration of additive is increased to 10.9%.
As the concentration was increased from 10.9% to the 15.5% level, both
the time to damp and decay rate data indicate a degradation in combustion
stability. In fact, the decay rate data tends to indicate that 15.5% A4 in
RP-1 is no better than neat RP-1. This, however, is not substantiated by

the other data.

With regard to operating conditions, it appears that mixture ratio does
not have a large influence on the combustion stability characteristics of the
LO2/RP-1 plus Ay  propellant combination. As would be suspected, how-
ever, mixture ratio does influence the obtainable C#* performance with the
highest performance obtained at a mixture ratio of 2.7. However, it is
recognized that much more data is required over a better defined range of

mixture ratio hefore such a conclusion is acceptable.

Limited experimental data indicates that increased stability could be
obtained at increased chamber pressure levels. Increasing chamber
pressure from 300 to 500 psia during the test program resulted in an
approximate 75% enhancement in stability characteristics. This observa-
tion would need to be more thoroughly investigated to substantiate it for

engine system application.

It is concluded that even though some stability enhancement appears
promising with the addition of Hybaline A4 to RP-1 for LOZ/RP—I appli-
cations, the gains do not appear to be major. Therefore, the use of the
A )4 additive depends upon the extent of stability required in the system
application weighed against any problems that might be created by




incorporation of the additive as part of the propellant system. In the case
of Hybaline A4, problems could be created in fuel handling beciuse of the
apparent incompatibility of the Hybaline with water.
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TABLE 1. PHYSICAL PF.OPENRTIES OF HYBALINE A4

Name

Structural Formula

Empirical Formula
Molecular Weight
Density, gm/m1l 20°C

Vapor Pressure,
mm Hg 21.6°C

v Boiling Point, 9C
j - Viscosity, cp 20°C
S Freezing Point, °C

Auto Ignition Point, °C
* Shock Sensitivity, Kg/cm

[ Heat of ¥'orrnation,
Kcal/gm-mole

2-Ethylhexylamine Aluminum
Borohydride

CH3CH,CH,CH;,C2,HsCHCH,
NH,:A1(BHy)3

CgFiz) NA1Bj

200.78

0.780

22.0

>300 (extrapolated)

30.0

-78.0

100.0

120.0 (limit of detection)
~-54 .4 (estimated)

Specific Heat, cal/gm, 0.605
[ 26°C
. TABLE 2. PULSE CHARGE CHARACTERISTICS
5 Gun Powder Powder Charge |Burst Diaphragm
Type Grains psi

I 0.38 Special

I 0. 38 Special
III 0.300 Magnim
IV. 0.300 Magnum
0.300 Magnum

10 = 0.05 7,500
15 £ 0.05 10,000
20 £ 0.05 20,000
40 £ 0.05 20,000
80 + 0.05 20,000
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TABLE

LU

5.

TIME REQUIRED TO DAMP FROM
VARIOUS PULSE CHARGE DISTURBANCES

% Conc. Time to Damp, tp (milliseconds)
Run No. of Additive
(by Weight) 100Gr. 15Gr. 20 Gr. 40 Gr. 80 Gr.
1B-3 0 38.0 29.5 66.0 Unstable -
37.0 25.0 64.5
2B-3 0 30.5 30.5 49.3 62.2 Unstable
21.6 27.2 62.9 62.2
3B-3 0 - 26.3 79.8 Unstable -
25.5 71.7
4B-3 0 - - - Unstable 54.0
= — - 51.7
5B-3 0 - - - - Unstable
6B-3 o - - Unstable
1B-3al 6.6 27.6 30.0 44.4 Unstable -
18.7 31.3 45.0
2B-3al 6.6 - 26.8 31.2 Unstable -
p— 23.0 36.0
3B-3al 6.6 19.4 19.1 26.1 Unstable -
12.0 19.1 32.8
1B-3a2 10.9 26.2 22.1 30.0 55.5 Unstable
28.8 20.6 3317 59.1
2B-3a2 10.9 Malf - High Frequency Data did not record
3B-3a2 10.9 20.0 Cutoff occurred prior to firing
16.0 other pulse charges
4B -3a2 10.9 24.0 22.0 25.5 45.0 71.0
22.5 21.0 27.0 45.0 71.0
5B-3a2 10.9 20.0 22.5 17.0 24.0 29.5
15.5 21.0 22.0 30.0 35.5
1B-3a3 15.5 18.7 15.7 26.8 34.8 39.2
18.7 22.5 27.5 34.8 44.7
2B-3a3 ¥5.9 3A-1 Photocon Parameter lost
. 20.6 20.8 25.1 32.7 52.6
3B-3a3 15.5 45.0 38.0 39.0 48.0 Pulse Gun
32.0 30.0 40.0 48.0 Malf.
4B-3a3 15.5 18.0 22.0 Pulse Gun Malf.
17.0 18.0

Notes: (a) tp defined as the time required for pressure disturbance to

attenuate to x 5% of the steady-state chamber pressure.

(b) Pulse guns fired in reverse order during runs 4B-3,5B-3,6B-3.

(¢) t;y measured by the two high frequency response pressure trans-
Jducers located in the chamber and is provided in the order

Pp; Pp,




TABLE 6 - PULSE PRESSURE SUMMARY

Pulse Pressure (PSI) -AP pulse
AP max

ﬂ Conc.
of Additive 10 Gr. 15Gr. 20 Gr. 40 Gr. 80 Gr.

0 170 196 461 253 -
273 402 672 576 -

270 215 495 225
415 440 545 600

160 565 225
285 565 535

x aF —

i I F
- il
il B

F
1 IR ms
SLlR
, A - L




TABLE 6 - (CONTINUED

Pulse Pressure (PSI) - AP pulse
AP max

100Gr. 15Gr. 20Gr. 40 Gr. 80 Gr.

215 220 505 225 160
395 420 645 600 730

- - -

125
550

135
480

160

700

NOTE:

Pulse Pressure data presented in the order AP pylge for each pulse
charge. AP max

See Figure 10 for identification parameters.




TABLE 7

THEORETICAL ACOUSTIC MODE FREQUENCIES
15* DIAMETER PJLSE MOTOR ASSY.

. THEORETICAL
INSTABILITY FREQUENCY *
MODE (CPS)

1 Tangential 1960
2 Tangential 3220
3 Tangential 4440
1 Radial 4050
2 Radial 7385
1 Longitudinal## 2765

2 Longitudinal*# 5534

*Assumes 100% Theoretical C¥,
**Assumes Effective Chamber Length of 9".
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Figure

3.

15" Diameter, Pulsc Motor Dished Injector Head




uiailjedq 1032afuy 3arqnog BurBurdusg
rT~uo~aNyry jo uonydurdsa(q ~pndg 10309fuy 1030 @8ng ‘YT .S ¥ 2anBrg

—| 2810

y/an




Figure 5. Thz Pulse Gun Stability Rating Device




Major Components of the Pulse Gun

Figure 6.
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