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ABSTRACT

A study was conducted to develop a solid-propellant rocket igniter
system that would build up thrust at a controlled rate of less than 0, 2 g/s.
The system consisted of a long burning, regressive burning, controlled
flow igniter and an inhibited progressive burning surface in the main
rocket motor, The igniter performed the dual role of igniting under vac-
uum back-pressure and low L* conditions the nonrestricted portion of the
propellant and providing the mass addition necessary to sustain combus-
tion until the propellant burning area had increased sufficiently to provide
a stable motor-chamber pressure. Two series of tests were conducted
with existing small test motor hardware to (1) demonstrate the feasibility
of the concept, (2) determine the important parameters governing the sys-
tem, and (3) obtain design guidelines for future scaled-up motor tests,

A quasi-steady-state mass balance for the ignition system was written and

programmed for use as a motor design tool,
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I. INTRODUCTION

Typical solid-propellant motors are ignited and build up thrust very
rapidly (5-50 g/s); however, spacecraft such as those of the Mariner series
cannot withstand high acceleration transients, Therefore, a solid rocket
""g-dot'" ignition system is sought that is capable of building up thrust at a

controlled rate of less than 0. 2 g/s. Three approaches were considered:

(1) To mount additional small solid-propellant motors on the space-

craft to give a precisely timed sequence of thrust.

(2) To use a variable-area throat (ablative or pintle nozzle) and
inhibited progressive burning surface to maintain the motor
chamber pressure above the low-pressure combustion instabil-
ity limit,

(3) To use a long burning, regressive burning, controlled flow
igniter and an inhibited progressive burning surface in the

main rocket motor (see Fig. 1).

Approach (3) was selected as the best method, and a feasibility demon-
stration program was begun. The goals of the program were two-fold:
(1) to show the feasibility of the concept and (2) to generate design data and

guidelines for later scaled-up motor tests.
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II. LOW-ACCELERATION IGNITION SYSTEM

The method is a new adaptation of the fluid control or mass excitation
solid-propellant motor concept (Ref. 1), where the motor is designed to
operate below its low-pressure L* extinction limit when additional gaseous
mass is injected into, or generated in, the motor chamber. A simplified
mass-balance method of illustrating the approach to be discussed is shown
in Fig. 2 (past experience has shown that a nonequilibrium condition such
as the one illustrated occurs at lower pressures below the L* (motor free
volume/nozzle throat area ratio) pressure extinction boundary (Ref. 2). A
certain percentage (in the 75-90% range) of the initial burning surface of an
end-burner motor is covered with a rubber restricter. A regressive burn-
ing, controlled flow igniter then performs the dual role of igniting under
vacuum back-pressure and low L* conditions the nonrestricted portion of
the propellant surface and of providing the mass addition necessary to sus-
tain combustion at pressures below the L* combustion limit throughout the
low-pressure ignition transient period. Both the propellant burning area
of the main motor and, consequently, the chamber pressure increase with
time in a controlled manner as the burning surface advances under the re-
stricted surface until the motor is ultimately able to sustain stable combus-~
tion without additional mass addition from the igniter motor. The ignition
transient is, of course, completed when the burning propellant surface has
increased so as to provide a stable motor-chamber pressure. Note that the
regressive burning, controlled flow igniter motor is required only to ignite

and burn the main motor below its L* combustion limit.

Two series of tests were conducted: (1) low-acceleration ignition
motor firings to (a) demonstrate the feasibility of the concept, (b) carry out
engineering development of igniter motor propellant grain configuration,
main motor propellant restricter configuration, etc.,, and (c¢) determine the
effects of igniter mass flow rate magnitude and main motor initial pressure
on the main motor pressure-time profile; and (2) a series of motor firings
to measure the variation in the L* extinction limit with decreasing igniter
motor/main motor mass flow rate ratio. These data are required to size
the minimum initial mass flow rate of the igniter motor required for desired

initial motor pressure and L* values,
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III, TEST SYSTEM

It was thought that the important flight motor parameters to be sim-
ulated would be the minimum and maximum operating pressure levels,
maximum rate of change of pressure, and main motor initial L¥, Repre-
sentative values for these parameters are minimum and maximum operat-
ing pressure levels of 20 and 100 N/cmz, respectively, maximum permis-
sible rate of change of pressure of 30 N/cmz/s, and main motor initial L*
of 2,5-3,8 m, However, it was not possible to use existing test hardware
to attain the low L* levels that would be characteristic of flight motor de-
signs and still maintain the desired minimum and maximum operating pres-
sure levels, Also, since the low-pressure combustion limits for the fairly
highly aluminized propellants to be used were found in laboratory motor
tests not to be a strong function of L* (Fig. 3), L* simulation was not

attempted in the first test series,

Figure 4 is a cross-sectional view of the major components of the
test system. Existing test hardware was extensively used. The main motor
is 2 12.7 cm-ID by 15, 2 cm-long Jet Propulsion Laboratory (JPL) batch
check motor. For the first test series, end-burning case-bonded propellant
charges were cast and pressure-cured in the motor chambers and then
machined to a web thickness of 3.8 cm. The restricter configuration was
cut from V-52 rubber (General Tire and Rubber Company) that had been
cured to the desired thickness, and was bonded to the propellant surface
with cement (Armstrong Products Co., Inc.). The initial free volume of

the motor was approximately 8 X 10_4 m3.

The igniter motor is a 7. 6 cm-ID by 10. 2 cm-long L* — instability
test motor. Two propellant charge configurations were used: a canti-
levered cylinder restricted on both ends, and a regressive end burner
(Figs. 4 and 5), The end-burner charges were prepared by machining
the propellant charges to give the desired pressure-time curves and potting
the charges in 6.35-cm-~ID micarta tubes (Fig. 5). The cantilevered
cylinder was ignited with the standard test-motor squib-igniter pellet sys-
tem. The end burners used a pyrotechnic paste initiator system (Fig. 5).
The technique is used to rapidly ignite acoustic T-burner propellant grains
(Ref. 3). The initiator consisted of a fuse wire imbedded in a tablet of
dried pyrotechnic paste. After the propellant surface to be ignited was

painted with the paste, the tablet was glued to the surface.
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The motors were fired into the JPL solid propellant test cell vacuum
tank facility (Fig. ‘6). A back pressure of approximately 0, 14 N/cm2 was
maintained for the tests. A copper vacuum diaphragm placed over the

nozzle outlet maintained atmospheric pressure in the igniter motor until

ignition occurred,

Test instrumentation consisted of two absolute pressure transducers
(Statham Instruments, Inc.) on the main motor and one gage pressure

(Taber Instrument Corp.) on the igniter motor.
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IV, TEST SERIES 1

Key information about the igniter and main motors for the tests is
listed in Table 1. The main motor propellant, a JPL formulation called
Saturethane, has a saturated polybutadiene binder, an ammonium perchlor-
ate oxidizer, and 16% aluminum. The oxidizer grains used either a non-
aluminized Saturethane propellant or a polyether polyurethane binder pro-
pellant with 2% aluminum, as shown. The numerical test results are given

in Table 2. The goals and results for each test are summarized here.
A, Test 1

The heat losses in the motor were apparently rather high and, as a
result, in this first test firing, the igniter pressurized the main motor to
a maximum pressure of only 1-2 N/cmz. The igniter burned out without
igniting the main motor charge, probably because the motor pressure gen-
erated by the igniter was below the low-pressure deflagration limit (Pdl)

of the propellant,
B. Test 2

To ensure ignition of the main motor, the igniter mass flow rate was
increased almost an order of magnitude over that of Test 1. The igniter
pressurized the main motor to an initial pressure of approximately
38 N/cmz, The motor pressure continued to rise in an expected manner to

2

a maximum value of 95 N/cm¥®, at which time the motor safety diaphragm

unexpectedly burst, causing the pressure to drop to 45 N/cmz. The motor

then burned erratically (chuffed) until all of the propellant was consumed.
C. Test 3

The igniter mass flow rate was reduced approximately 20% over that
of Test 2 in hopes of dropping the initial motor pressure into the desired
region, The propellant restricter configuration for the main motor was

similar to that illustrated in Fig. 4.

The resultant pressure-time traces for the igniter and main motor
are reproduced in Fig. 7. Smooth curves were drawn through the plotted

points; i. e., no attempt was made to reproduce any pressure irregularities,
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The main motor was initially pressurized to 15 N/crnZ by the igniter.
Coincident with the igniter chamber filling to its equilibrium pressure level,
the motor pressure rose at a rate of approximately 45 N/cmz/s to a value
of 40 N/crnz. The rate of rise then leveled off to a value of 6 N/cmz/s.

The loss of sonic flow in the igniter motor at an igniter motor pressure of
approximately 120 N/crn2 produced a corresponding drop in the main motor
pressure. The maximum rise rate following recovery was approximately
17 N/cmz/s. A maximum pressure of 110 N/crn2 was attained. At 1l s
from ignition, after the maximum propellant burning area had been reached,
the dislodged restricter segments clogged the nozzle throat, causing the
motor safety diaphragm to burst. The motor continued burning at a reduced
pressure until propellant burnout. Some low-frequency, low-amplitude
oscillations in the main motor pressure were evident during the initial

several seconds of the test.

Because of the rapid pressurization of the motor by the igniter, it was
difficult to deduce exactly when ignition in the main motor did occur. The
test did illustrate the importance of delaying loss of sonic flow in the igniter
motor nozzle or burnout of the igniter motor until most of the main motor

pressurization is being produced by the main motor itself.

D. Test 4

The goals in Test 4 were to investigate the effects of reducing the
initial main motor pressure further and to use an igniter of longer duration
that would continue to flow sonically until its propellant was consumed,

The regressive end-burner propellant charge used in the igniter is shown
in Fig. 5. The main motor restricter configuration used in this and all
succeeding g-dot ignition tests is shown in Fig. 8. It was thought that this
new configuration would allow more rapid flame spreading over the unre-
stricted propellant surface and would have less tendency to pull away from

the chamber and block the nozzle.

The test was highly successful. Smoothed pressure traces of the
igniter and main motor are shown in Fig. 9. Post-test inspection revealed
restricter segments wedged in the nozzle entrance, but no blocking of the
nozzle. The main motor pressure again exhibited the low-frequency oscil-
lations, this time over a fairly distinguishable interval of approximately

3.5 s. The oscillations, which appeared to begin at a chamber pressure of
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approximately 12 N/crnz, grew in amplitude with increasing pressure and
reached a maximum of 19% of the mean pressure at a pressure of approxi-
mately 19 N/cmz, then rapidly dampened out and approached zero at a
pressure of approximately 30 N/cmz. The very low amplitude oscillations
appeared to continue as the pressure increased, but were difficult to dis-
tinguish from the erratic pressure perturbations and instrumentation ''noise!
that occurred throughout the run. The frequency of the oscillations grew
from an initial value of 5 Hz to a value of 10 Hz at 20 N/cmz. At their max-
imum amplitude the oscillations in pressure gave rates of change of pressure
of 110-140 N/cmz/s. These rates were much greater than the desired upper
limit of 30 N/cm?/s.

The fact that the main motor pressure began to oscillate independently
in a nonacoustic fashion at a pressure of approximately 12 N/crnz‘ indicates
that ignition had occurred at or before this point. The initial L™ (free
volume/nozzle throat area) of the main motor for this test was approximately
8.9 m. From the L¥-motor data (Fig. 3), the low-pressure combustion
limit for aluminized Saturethane propellant at an L™ of 8.9 m is between 30
and 35 N/cmz. It was concluded, therefore, that the feasibility of the g-dot
ignition concept had been demonstrated, in that a motor was ignited below its
low-pressure L* combustion limit and successfully made the transition to the

stable operating region in a controlled manner,.
E. Test 5

The primary goal in Test 5 was to investigate the effect on the pres-
sure oscillations of increasing the initial igniter motor mass discharge
rate and, consequently, the initial main motor pressure, The initial pres-
sure value of 13 N/cm2 was approximately double that of the previous test.
The thickness of the restricter was also reduced from 0, 64 cm to 0, 25 cm
in hopes that it would completely decompose during the test, The periodic
oscillations appeared to develop immediately following ignition and to be
dampened out when the pressure reached approximately 24 N/crnz (as in
Test 4, the pressure trace was never completely smooth at any time during
the test). The duration of the oscillations was reduced to less than 1 s,

As expected, the maximum growth in the amplitude of the oscillations was
also reduced, to a maximum of 10% of the mean pressure at a pressure of

17 N/cmz. The maximum oscillatory rate of change of pressure dropped
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to 70 N/cmz. The thinner propellant restricter performed as desired, as

no traces of the restricter could be found in the motor after the test firing.
F. Test 6

Test 6 was designed to demonstrate that combustion cannot be sus-
tained in the main motor without mass addition from the igniter motor until
the main motor burning area has increased sufficiently, The igniter was
sized to provide an initial main motor pressure of 20 N/crn2 and to have a
burning duration of 0.3 to 0.4 s, The pressure traces for the test are shown
in Fig. 10. The igniter-chamber-filling process occurred over most of the
igniter duration. The large free volume in this igniter made the pressure
differential greater than normal. The main motor pressure followed the
igniter pressure throughout the test, rising to a maximum level of 51 N/cnn2
and then tailing off with the igniter tail-off. A post-test view of the main
motor propellant surface is shown in Fig, 11, Close inspection of the sur-
face revealed that the propellant surface had begun to recede under the re-
stricter and had therefore indeed been burning. The still small burning

area was unable to sustain combustion after burnout of the.igniter motor,
G. Test 7

For each run, a calculation of the c* value was made by using the
conditions at the point of peak igniter pressure, This point occurred about
1 s after ignition, where the conditions should have reached a quasi-steady
state, but where the igniter and main motor burning areas could still be
roughly approximated by their pre-ignition values. The c* values were
calculated by using the following steady-state mass balance equation for

the overall motor chamber at any given time:

M, +1h | Dok (1)
ig motor c*
where
rhig = the igniter mass discharge rate
= (ApeT)y,
m = gas generation in main motor
motor
B (Abpr)motor
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A, = unrestricted propellant burning area
p = propellant density
r = propellant regression rate

= the main motor chamber pressure

c
At = the main motor nozzle throat area
c* = the main motor characteristic velocity

g = gravitational constant

The calculated c* values varied between 760 and 900 m/s. Since the
values were found to vary up to 60 m/s with small changes in the main motor
pressure chosen, the results are usable only for rough comparison. The
theoretical low chamber-pressure (70 N/cm?2) c* value for both the igniter
and main motor propellants is approximately 1500 m/s, which is 40-50%
higher than the values calculated from the test results. It was thought that
this discrepancy was probably due to heat losses to the heavy steel aft-
closure of the motor. Since the final goal of this work is to provide design

data for larger, flight-weight motors, a test was performed to verify this.

The interior surface of the motor aft-closure was insulated with
approximately a 0.6 cm-thick layer of V-61 material. The igniter burning
area for this test was raised slightly from that of Test 5. The insulated
closure had an appreciable effect on the test results. The ratio of the
initial main motor and igniter pressures was 50% higher than the values for
the previous three tests. Through the use of Eq. (1), a c* value of
1460 m/s was calculated from the test data. This result indicates that
theoretical propellant c¢* values should be able to be used in preliminary-
type calculations to size igniters for insulated, flight-type, solid-propellant

rocket motors.
H. Test 8

In attempts to apply laboratory motor I_,*-PC extinction data in the
design of larger extinguishable solid-propellant rockets, a motor-size
scaling effect was found to exist (Ref. 4). The larger motors extinguished
at lower pressures than would be predicted from the laboratory data;i.e.,

were more difficult to extinguish. Although both the 12, 7 cmm-diameter

JPL Technical Memorandum 33-506



10

motor used in these tests and the 7. 6 cm-diameter motor used to obtain
the L*-extinction characteristics of the test propellant (Fig. 3) are small
motors, a test was performed to obtain an extinction data point under

motor conditions similar to those used in this program,

A regressive end-burner propellant charge was machined and potted
in a 12. 7 cm-diameter motor chamber, as shown in Fig., 12, The motor
was fired into the vacuum tank, as in the previous tests. The pyrotechnic

paste technique was used to ignite the 12. 7 cm-diameter propellant surface.

The motor pressure reached a maximum of 90 N/cm? and continued
to burn regressively until extinction occurred at a mean chamber pressure
of 28 N/cmz. Typical L*-instability pressure oscillations for this type of
test (low frequency, low amplitude) began rather abruptly at a motor pres-
sure of 70 N/cm? and continued until extinction. The frequency of the
pressure oscillations prior to extinction was 8 Hz. The post-test motor

3 m3’ resulting in an extinction L*

free volume was measured at 1 X 10"
of 11 m. At this L* value the 7. 6-cm motor data of Fig., 3 would predict
a mean extinction pressure of 31 N/cmz. This difference is within the

scatter in this type of data.
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V. TEST SERIES 2

From Eq. (1), the initial main motor pressure is a function of the
unrestricted propellant burning area, the motor nozzle throat area, and
the igniter mass discharge rate. In any motor design the nozzle throat
area would be fixed by the fully developed maximum chamber pressure
desired. The effects of trade-offs in unrestricted burning area and igniter
mass discharge rate were not systematically studied in the first test series,
the unrestricted burning areas reported in Table 1 having been arbitrarily
chosen. In the effort to minimize the required mass discharge rate, the
mass balance criterion of Fig. 2 is inadequate, as it is a necessary, but
not sufficient, condition for stable burning for motors in the low-pressure,

low-L™ region,

It was shown experimentally (Ref, 1) that a reduction in the second-
ary fluid injection rate resulted in an increased minimum pressure limit
for stable combustion, i.e., combustion instability and extinction occurred
at higher motor chamber pressures. A series of motor firings was carried
out to determine the effect of variation of the igniter motor to main motor

propellant mass addition rates (the mig and m . terms of Eq. 1) on the

moto

main motor L* instability and extinction limits. Their ratio, mig/mmotor’

is analogous to the fluid-to-solid ratio of Ref. 1.

The test system was identical to that used for the first series of
tests, with the exception that, instead of being cast directly, the main
motor propellant grains were first machined to the desired configuration
and then potted in the motor chamber with Ecco Bond No, 45 cement (Emerson
& Cuming, Inc.). The propellants used were Saturethane and later a poly-
ether polyurethane binder, 16%-aluminized formulation with a trimodal
ammonium perchlorate oxidizer blended for reduced burning rate — pres-
sure characteristics (JPL 540 J), Both propellants have similar low-

KN
<

pressure L™ extinction characteristics (Fig. 3) and, though not investigated
in detail, in the 7.6 cm-ID motors their stability boundaries appeared to
be near or greater than 70 N/cm?2 at the L* conditions tested. To allow
lower L* values, the motor free volume was reduced by partially filling
the motor aft-closure with V-61 material. The 2% aluminized polyurethane

propellant of series 1 was used as the igniter propellant.
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The test results are shown in Table 3. Initially the test system
consisted of a regressive burning, main motor propellant grain (Fig. 8)
and a neutral igniter motor. It was expected that, following ignition, the
main motor pressure would decrease until L* instability and eventually
extinction occurred. Instead, in two of the three tests the rhig/rhmotor

ratio increased sufficiently with decreasing m to enable the motors

motor
to continue burning stably until propellant burn-out.

The test system was then changed to a neutral main motor charge
and a regressive igniter charge, resulting in a regressive main motor
pressure-time history. For these tests the initial pressures following
ignition in the main motor were held relatively constant in the low-pressure
region (20-30 N/cmz) desired for later scaled-up motor tests. By mini-
mizing the test firing times and, consequently, the amount of main motor
propellant consumed, better control of the main motor final L* was also
allowed. Tests were performed at initial L* values of approximately 2.5
and 3.8 m. At an L* of 2.5 m, neither of the main motor propellants
could be properly ignited at the low pressures attempted (20-25 N/cm?2),
even with rhig/rhrnotor
in a periodic manner until the igniter propellant was consumed,

values as high as 5.7. The motors would only chuff

At an initial L* of approximately 3.8 m (using JPL 540 J propellant
throughout) the motors were ignited at initial pressures in the 20-30 N/cm?2
range. In each test the main motor burned unstably (pressure oscillation
frequencies of approximately 20 Hz) following ignition for approximately 1s,
extinguished, and then chuffed until the igniter propellant was consumed. A
typical test pressure-time trace is shown in Fig. 13. With final L*'s of
approximately 4.0 m, the mean chamber pressure at extinction was found
to be inversely proportional to the rhig/rhmotor ratio, but rather weakly so
(Fig. 14). Of perhaps greater consequence, the amplitudes of the pressure

oscillations were found to decrease with increasing m ratio, as

ig/rhmotor
shown in Table 3. It became apparent that in scaled-up motors with these
relatively low L* values, the igniter mass flow rates that would be required
to completely eliminate instability in the 20-30 N/cm?2 region would require
unacceptably large igniters, The tests were therefore not pursued to higher
mig/rhmotor ratios. The initial main motor K, values would also become

so small that it was feared this might have some unforeseen effect.
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VI. MASS BALANCE PROGRAM

In the design of an ignition system of this type for a motor, an
igniter motor mass flow vs time profile and main motor propellant re-
stricter configuration must be chosen that will give the desired main motor
pressure-time profile. To assist in this task, the quasi-steady-state
mass balance of Eq. (1) was programmed for solution on the IBM 1620

computer. An expression for the main motor's unrestricted burning area

vs distance burned is first obtained for the desired restricter configuration.

Imputing an igniter motor m vs time profile, the mass balance is then
solved iteratively at fixed distance-burned intervals, At time zero (zero
distance burned) the calculation assumes that the igniter and motor are
completely ignited and at their initial equilibrium pressure conditions, An
example of a typical main motor pressure-time calculation is shown in
Fig. 15. The program has been useful as a trial-and-error design tool
for helping determine the igniter motor output/main motor propellant re-
stricter configuration combination required to give the approximate main

motor pressure-time profile desired.

JPL Technical Memorandum 33-506
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VII. SUMMARY AND CONCLUSIONS

The feasibility of the g-dot concept of controlling pressure build-up
in a solid-propellant motor was demonstrated, in that small solid-propellant
motors were ignited at pressures significantly below their low-pressure L*
extinction limit and brought up to design operating pressure in a controlled

manner,

The ratio of the main motor and igniter nozzle throat areas was found
to be an important design parameter. If the ratio is too large, as was the
case in Test 1, an excessively large propellant burning area is required in
the igniter to adequately pressurize the main motor. If the ratio is too low,
as in Tests 2 and 3, it is difficult to design an igniter motor with a high
enough chamber pressure-time history to ensure sonic nozzle flow through-

out its burning time.

The important parameters in controlling the rate of pressure increase
of the motor are the motor initial pressure, the regressive burning character-
istics of the igniter motor and, of course, the propellant restricter configura-
tion. The higher the initial pressure, the more rapidly the propellant will
regress under the restricter and reach the steady-state burning area. The
initial pressure of Test 7 was approximately five times that of Test 4, and

the motor reached its maximum pressure value in one-half the time.

In Tests 4 and 5, the main motor clearly exhibited a fairly marked
interval of low-frequency pressure oscillations below a chamber pressure
level of roughly 30 N/cmz. The oscillations were of sufficiently high ampli-
tude to exceed the desired program g-dot constraints. The oscillation
interval occurred below the L™ extinction pressure for the motor (Test 8

results).

Further tests showed this instability to be sensitive to the motor
characteristic length L* and the igniter motor to main motor propellant
mass addition rates ratio rhig/rhmotor'
depressed the motor L* extinction pressure and reduced the amplitudes of

Increasing the mig/mmotor ratio

the pressure oscillations, but the instability persisted at the L* and motor

pressure conditions investigated up to the highest m ratios

ig/rhmotor
tested. As predicted from present L™ instability theories, Ref. 5 as an

example, lowering the motor L* increased the exponential growth rate
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constant for the amplitude of oscillations, producing stronger pressure
oscillations and chuffing. It was concluded that the burning time in the low-
pressure instability region should be kept to a minimum, cutting down on

the time for growth of the oscillation amplitudes.

In the first test series, irregular, nonperiodic pressure perturbations
occurred in the main motor, They appeared to be superimposed upon the
low-frequency instability and often continued to occur throughout the burn-
ing time of the motor. Post-fire examination of the motors always revealed
a good deal of aluminum and alumina deposition on the nozzle inlet and throat
regions. It has been concluded from previous small motor experience that
such a build-up and sluffing off of solid material in the throat region can
produce perturbations in the measured motor pressure. At present it is
postulated that the irregular pressure oscillations experienced in this work
have the same origin., Future scaled-up motor firings should help to clarify

this question,

A quasi-steady-state mass balance expression, with an assumed motor
c* efficiency of 90%, was extensively used as a tool for predicting the initial
equilibrium pressure conditions in the insulated main motor and, to a lesser
extent, for predicting the approximate main motor pressure-time history.
This performance parameter is being used for preliminary g-dot ignition

system design.
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Table 2.

Test Series 1:

Numerical test results

2 2
igniters N/em® | P4 op Nem _ | Initial m(i‘;";;fin
Test t., s dP/déc, dP/dt,
N/cm?é/s N/em?/s
Iluttial|viaxunumy Initial| Maximum
1 170 1.4
2 141 160 38 96 2 41 17
Truncated
3 160 190 15 110 10 45 17
4 150 200 6.2 120 111/2 5,4 19
5 350 410 13 83 81/2 15 9.0
6 460 700 21 51 0.4 145
7 450 500 30 160 51/2 66 29
®Time between ignition and attainment of maximum main motor
pressure,
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Fig. 1. Low-acceleration ignition concept
0.06 T T T T T T
16%-ALUMINIZED SATURETHANE PROPELLANT
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Fig. 2. Motor propellant gasification rate rhg and

nozzle exhaust flow rate mg vs motor
chamber pressure, with motor propellant
burning area Ay as independent parameter
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Fig. 3, L° vs mean chamber pressure at com-
bustion extinction
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SECTION A-A

Fig. 4, Test system

Fig. 5, Igniter end-burner propellant charge,
Test 4
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Fig. 6. Test system mounted on vacuum tank
inlet pipe

N
(6]

MAIN MOTOR
———— IGNITER MOTOR

o
o

W ~N
o w

MAIN MOTOR PRESSURE, N/cm?
N
w

IGNITER MOTOR PRESSURE, N/cm2

TIME, s

Fig. 7. Igniter motor and main motor test
pressure -time traces, Test 3
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Fig. 8. Main motor propellant restricter config-

uration, Tests 4-7
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Fig. 10, Igniter motor and main motor
test pressure-time traces,
Test 6

Fig. 11. Post-test view of main motor propellant
surface, Test 6
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Fig. 12, Cross-section of regressive end-burner

propellant charge, Tests 8, 10, and 11
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Fig, 13, Igniter and main motor pressure-time records, Test 16
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Fig, 14. Main motor mean pressure at combus-
tion extinction vs ratio of igniter motor
to main motor propellant mass addition
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Fig. 15. Sample calculation: main motor mass
balance computer program, main motor
pressure vs time
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