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I. Introduction

Low velocity injection of mass into the wake region of a projectile reduces the base

drag on the projectile. Since base drag may account for one half of the total drag on a

projectile, substantial reductions in base drag equate to substantial increases in the range

of the artillery system. The base burn concept is to provide mass injection by burning

propellant housed in the base of the projectile. This housing is referred to as the propellant

chamber and the mass injection occurs through a hole in the chamber. The hole is not a

nozzle, such as that found in a rocket-assisted projectile, so that the thrust resulting from

the burning propellant is small.

Accurate measurements and numerical models are uncommon for base flows, owing

to their complexity; hence, systems which reduce base drag are difficult to design. In

spite of this, the 155mm M864 uses a base burn system successfully for extending its

range. However, modeling efforts and system performance would benefit from in-flight

measurements of temperature and pressure in the projectile propellant chamber and base

region.

Certain problems exist which make design of such an in-flight measurement system
difficult. It was realized that many of these problems could be addressed using a spinning
ground test fixture. Therefore, the objectives of the current effort were: (1) to build a
spinning ground test fixture, (2) to obtain performance characteristics of burning propel-
lants, and (3) to examine techniques which could be applied to telemetry instrumented
free-flight projectiles. Since propellant. burning occurs outside of the gun tube and lasts

for a considerable portion of the total flight, the inability to simulate launch conditions
was not a serious deficiency in ground testing. Ground tests simulated spin rates up to 250

rps (15,000 rpm) which are typical of an 155mm projectile launched at maximum velocity.

Also, in consideration of the second objective, variations in altitude over the projectile

trajectory dictate the need for testing in a variety of ambient pressures.

The resulting fixture weighs approximately 50 kg and has dimensions of one-half
meter by one meter by one-third meter high. It holds a projectile base and propellant
combination and is spun by an air motor. The propellant was in a monolithic form and, as
such, will be referred to as the propellant grain. The design of the instrumentation system
was based upon flight tests where forebody and transonic surface pressures were measured

successfully and compared to computed data.' For the ground tests, data signals were

transmitted across a slip ring assembly rather than by telemetry, as required in free flight.

The results presented were obtained at sea level atmospheric pressure. Facilities are

available for conducting tests at lower pressures.

This work was supported by the Project Manager, Cannon Artillery Weapon Systems

(PMCAWS) and the U.S. Army Research Development and Engineering Center (ARDEC),

Picatinny Arsenal, New Jersey.

'Kayser, L.D., Clay W.P., D'Amico W.P., "Surface Pressure Measurments an 155mm Projectile in Free-Flight at Tran-

sonic Speeds," ARBRL-MR-3534, Ballistic Research Laboratory Memorandum Report No. 3534, July 1986.
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II. Experiment

1. Apparatus

A photograph of the spin fixture is shown in Figure 1. The rotor is supported by a

set of duplex bearings at the two pedestal locations. The bearings have a bore diameter

of 30.0 mm, an outside diameter of 55.1 mm, and are rated for speeds in excess of 20,000

rpm. The M864 projectile base and instrumentation canister are seen on the left side of the

photograph. An air motor is mounted on the pedestal between the two bearing supports.

Nitrogen is brought into a plenum through the tube fittings and is then directed toward

the turbine blades through four small nozzles. Signal leads pass from the canister through

the rotor shaft and are connected to the slip ring assembly which is on the far right of the

photograph.

A balancing disc with threaded holes is located near the slip ring. Balancing holes are

also placed in one end of the canister, thus, permitting two-plane dynamic balancing of the

rotor. Two follower-type rollers were mounted near the canister to constrain the amplitude

of vibration in the event a severe resonance was encountered. Without the presence of a

propellant grain, a fundamental resonant frequency of 79 Hz and a harmonic of 350 Hz

were found to exist in the spin fixture.

The pressure transducers used in these experiments were purchased from the Kulite

Corporation and are miniature, solid-state semiconductor strain-gage sensors with a four

element bridge circuit. Figure 2 shows ihe transducer fixture with one transducer inserted

and another transducer not installed. The transducer is equipped with a 10-32 UNF thread
and an O-ring making it convenient for installation. The transducers are rated for 25 psia

full scale; however, they are equipped with mechanical stops for an overload protection of

40 times the rated pressure. The transducer sensitivity to acceleration is very low and is
quoted to be typically 0.0005% of full scale per "g" perpendicular to the diaphragm and

0.0001% transverse to the diaphragm.

A hole was drilled through the transducer fixture and the base so that a thermocou-

ple could be inserted into the propellant chamber. A tungsten, tungsten-rhenium ther-

mocouple was used to measure temperature inside the propellant chamber. A slightly

non-constant cold junction temperature of approximately 800 F inside the instrumentation

canister was considered adequate for the relatively high temperatures to be measured.

The three channel circuit board shown in Figure 3 was mounted inside the instrumen-

tation canister approximately 20 mm above the transducers. Power to the circuit board

was supplied across the slip rings. The board contained a voltage regulator which sup-

plied power to the transducers. Output from the transducers was amplified by a factor of

approximately 30. A timer and switching device which shorted the output of the gages

for 10 msec at 12 sec intervals was also provided in the circuit. The primary purpose in

shorting the gages was to track any zero shift in the circuit. This feature was included pri-

marily for the planned free-flight tests but was also useful in the ground tests. Centrifugal
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acceleration forces caused drastic failures in the electronics. It was found that filling the

voided areas of the instrumentation canister with small (0.3mm) glass beads adequately

supported the electronic components at 15,000 rpn .

, / 2

Figure 3. Circuit Board Photograph

A Lebow Products, Eaton Corporation slip ring assembly, rated at S,000 rpm con-

tinuous use, was used to acquire data signals from the rotating payload. The slip ring

assembly contained 12 epoxy-embedded coin silver slip rings. Two silver graphite brushes,

which were easily replaceable, made contact with each of the rotating rings.

A Kaman proximity motion sensor, which uses the eddy current operating principle,
was placed near the rotating shaft. The output was monitored with an oscilloscope, and

small increases in system vibration were readily detectable. A Scan-O-.Xatic reflective

detector was placed near the balancing disc; output was visually monitored by a frequency

counter and used for controlling the spin rate.

Figure 4 is a sketch of the 155mm M864 base and instrumentation canister. It shows

the paths provided for pressure at the base area to be sensed at the transducers. Holes

of 2.0mm (5/64 inch) diameter were drilled in several segments with split point drills.



Sections of the holes were then plugged by welding to provide a leak free path from the

orifice opening to the transducer. A leak free path was achieved across the threaded joint

of the two base halves through careful alignment of the holes and the use of small O-ring

seals. The alignment was secured by placing three set screws through the threaded section

at circumferential positions between the pressure paths, as shown in Figure 5. Figure 4

also shows the location of the different orifice positions and the circumferential locations;

Figure 4 is not a true cross sectional view.

The testing was conducted in two phases which involved the use of two different

propellant grains. The standard M864 propellant grain, designated as AP-2, was used

for the second phase of testing and its geometry is shown in figure 6. An inhibitor of

approximately one mm thickness is bonded to the outer periphery of the grain so that

burning is limited to the central core and to the slotted areas. The first phase of the test

program utilized a non-standard, faster burning formulation, AP-1, because the standard

grain was not available at that time. The AP-1 grain was similar in geometry, except for

different hole diameters.

Figure 7 shows the projectile base with the propellant and the propellant igniter
housing in place and the ignition apparatus for the AP-2 phase of the testing. Three

grams of black powder were placed in an external igniting apparatus. An additional gram
of black powder was cemented to the surface of the propellant grain. A modified igniter

housing and ignition apparatus for the AP-1 phase of the testing is shown in Figure 8.

Power to ignite the electric match was supplied across the slip ring.

2. Test Set-Up and Data Acquisition Procedure

Figure 9 is a photograph that shows the spin fixture installed in a test chamber at
the Interior Ballistics Division of the U.S. Army Ballistic Research Laboratory. The test

chamber is equipped with a large exhaust fan that was used for quick removal of the

propellant gasses. The photograph shows the base closure removed; the remains of a

propellant liner and other residue are visible. After each burn, the propellant chamber was

cleaned prior to installing another propellant grain.

For the AP-1 tests, the electric match leads were spot welded to molybdenum wires
coming through the base as shown in Figure 8. The propellant grain was installed so

that the gap between the propellant grain halves was aligned with the propellant chamber

pressure orifice; the base closure was then installed.

For the AP-2 tests, one magnesium-teflon igniter was placed inside the igniter housing
shown in Figure 7. The grain was then installed and the external ignition device, shown in
Figure 7, was positioned. The test chamber was secured and data acquisition could begin.

Two high pressure (3,100 psi) nitrogen bottles were manifolded together, and nitrogen

was supplied to the plenum of the air motor The pressure at the air motor turbine blades
was held at 200 psi until the rotor approached the desired spin rate. At that time the

pressure was decreased to maintain the desired spin rate. Pressure was controlled manually

with the hand valves on the nitrogen bottles, and rotor speed was held constant to within

6
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LOCKING SET SCREW THREADS

Figure 5. Alignment Set Screws

two rpt.. A spin-up time of about 70 seconds was required to bring the rotor up to 15,000

rpm (250 rps).

The propellant was ignited by applying a 20-volt pulse to the electric match that
ignited the black powder which then ignited the propellant grain. Data recording on a
Honeywell 101 analog tape recorder commenced with the start of spin-up and continued
during the burning phase and for most of the spin-down period. A video camera, supplied
by the Interior Ballistics Division, recorded the burning phase of the test. Table 1 shows

data recorded on magnetic tape for both phases of the test.

Table 1. Recorded Data for Phase I and II

Phase I, AP-1 Propellant Phase I1, AP-2 Propellant

1. Throat pressure, 0 DEG 1. Chamber temperature, 210 DEG

2. Chamber pressure, 300 DEG 2. Chamber pressure #1, 120 DEG

3. Base pressure, 60 DEG 3. Chamber pressure #2, 300 DEG
4. Motion Sensor 4. Motion Sensor

5. Scan-O-Matic, rps 5. Scan-O-Matic, rps
6. Ignition pulse 6. Ignition Pulse

8
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Figure 7. Base, Propellant, and Igniter for AP-2 Propellant Tests

3. Test Run Summary

A summary of the test runs is given in Table 2. The first phase of testing used five
AP-1 propellant grains which had the faster burning formulation and in the second phase
of the test program, seven of the AP-2 propellant grains were burned. Notice that the
hole size (inside diameter, ID) varied for some of the grains. From Table 1, it can be seen
that the basic measurements involving channels 1,2, and 3 are different for the two test

phases. During the first phase, the throat pressure orifice often became plugged or if it was
not plugged the measured pressure was very close to ambient. Also during the first test
phase, the base pressure was found to be equal to the ambient pressure. For the second
phase of testing, a temperature measurement was substituted for the throat pressure and
an additional chamber pressure was substituted for the base pressure.

4. Data Reduction

The analog signals, initially recorded on one-inch magnetic tape, were digitized at
500 samples per second by a Digital AD11-K analog-to-digital converter and were stored
on a Digital VAX 11-730 computer. The analog-to-digital converter was controlled using

Signal Technology's Interactive Laboratory System software. Analog signal conditioning
was performed with a Precision Filters Model 32 Programmable Multi-Channel Filter

System in order to low-pass filter the signal at 400 Hertz and to impart a gain of 5 to the

10
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Figure 8. Igniter for AP-1 Propellant Tests

Table 2. Test Run Summary

- -* IDPhase I, AP-1 Propellant
Rn RPS ID(mm) Burn Time (sec) Comment

1 55 41 23.4-
2 133 53 16.1 -

3 133 41 21.5 instrumnent failure
4 115 41 22.4 -

15 0 41 23.8-

-~Phase 11, AP-2 Propellant
1 0 48 - ignition failure
2 0 48 40.0 mag-teflon did not burn
3 99 48 31.9 electronic failure, also

mag-teflon did not burn
4 142 48 29.0 -

5 176 48 27.4 -

6 199 48 26.0 -

7 226 48 23.9 -

8 253 48 22.8 -

11



Figure 9. Test Installation Photograph
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* signal. Prior to low-pass filtering, the analog pressure signal was offset to a value between

0 and 1 volt with a Tektronix model AM 502 Differential Amplifier. Pressure data were

normalized with the local atmospheric pressure.

III. Results

The presented results include the propellant chamber pressure, propellant chamber

temperature, and the effect of spin rate on the time of propellant burn. The base pressure

and throat pressure, obtained during the first phase of testing (AP-1 tests), did not differ

significantly from ambient pressure and therefore are not presented. The AP-1 tests were

limited to 8,000 rpm, as dictated by the slip ring design; but it was believed that higher

spin rates would be possible for short duration experiments. Several spin excursions, up

to 15,000 rpm, have been made without any noticeable slip ring problems.

Five of the AP-1 grains and seven of the AP-2 grains were burned in both phases

of the tests. The propellant grain for run number two of the AP-1 phase was unique in

geometry, i.e. a larger hole diameter, and therefore not useful for comparison to the other

AP-1 grains. Also, no data were obtained for run number three which leaves three AP-1
tests at 0.0, 55, and 115 rps for comparisons. No data were obtained for the 100 rps run of

the AP-2 tests leaving six runs at spin rates of 0, 142, 176, 199, 226, and 253 rps for useful
comparisons. (For the AP-2 propellant tests, one magnesium-teflon igniter was installed

in the igniter housing, although the ho.using is designed to hold two igniters.) Figure 10
is a photograph of the base during an AP-2 propellant burn at zero spin rate. It shows a

bright plume of flame, which indicates that some burning occurs outside of the propellant

chamber. As spin rate increases the plume shortens and becomes broader.

Figure 11 presents the burn time of the AP-1 and AP-2 propellants plotted against
the spin rate. The effect of increasing spin rate is shown to decrease the burning time

substantially or, conversely, to increase the burning rate. The experiments were video

taped and the time of burn was measured using both the video tape and the pressure

data. The length of burn from video records was taken to be the time interval for which

the exit flame could be seen. From the recorded data, time zero was the instant that
the electrical pulse was applied to the electric match and the time of burn-out was the

instant when the chamber pressure returned to ambient pressure. Subsequent data show

that noticeable burning of the grain started about 0.2 second after the electrical initiation

pulse. Burning, sufficient to cause pressure buildup, started at about 0.4 second. Note
that no pressure or temperature data are available for the AP-2 propellant at 100 rps;

however, a burn time was extracted from a video tape made of that experiment.

In contrast to the effects of spin rate on burn time presented here, there is apparently
no need for a firing tables correction for spin effects 2 . A constant value of 32 seconds is

used as the propellant burn time for all quadrant elevations and muzzle velocities fired.

The range of spin rates, at launch, for flight tests are approximately equal to the four

highest spin rates of the ground tests. The corresponding burn times for the ground tests
2

Lieske, R. F.. "Determination of Aerodynamic Drag and Exterior Ballistic Trajectory Simalation for the 155mm. DPIC,1I.

M864 Base-Barn Projectile," to be pablished as a Ballistic Research Laboratory Memorandum Report. 196i'.
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Figure 10. Photograph of Base During AP-2 Propellant Test
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are in a fairly narrow range of about 23.5 to 27.5 sec. Since the flight trajectories involve
increasing altitudes (lowering ambient pressures), burn times should be greater than the

ground test values. The reason for the nearly constant burn time of 32 seconds cannot
be readily explained but there may be compensating factors; for example, a higher launch
velocity resulting in a higher spin rate could cause faster burning, but the higher launch
velocity also increases the average altitude which would reduce the burning rate. This
reasoning would apply for a constant quadrant elevation but static or ground tests would
indicate that burn time should increase with increasing quadrant elevation for a given

launch velocity.

The effects of spin rate are further demonstrated in subsequent figures which show the
chamber pressure versus time for propellant formulations AP-1 and AP-2 at the different
spin rates. Miller 3 measured burning rates of the propellant in a laboratory strand burning
apparatus. Applying his data to the zero spin cases, burn times of 21.1 seconds for the
AP-1 propellant and 41.9 seconds for the AP-2 propellant are predicted. This compares to
the experimentally measured times of 23.8 seconds for AP-1 propellant and approximately

41 seconds for the AP-2 propellant. The experimental "time" could have been adjusted
for the ignition and startup of propellant burn which would decrease the AP-2 "time" by
about 1.5 sec and decrease the AP-1 "time" by about 0.3 sec. The agreement for the AP-2
is good but the agreement for the AP-1 is considered to be fair. It should be noted that
conditions of measurement in the spin fixture are significantly different than those in the

strand burner of Miller.

Figure 12 shows the early pressure-history for the propellant formulation AP-1 which

was ignited as described in section II. A 20 volt pulse was applied to the electric match

at time zero and ignition of the black powder produced a pressure pulse that peaked at
about 40 milliseconds (marked by the letter "A"). The pressure dropped toward ambient,
but then increased as the propellant began to burn. There seems to be an effect of spin on
this early history which is indicated by higher peaks in the pressure at lower spin rates.

Figure 13 shows the pressure histories for the three AP-1 propellant tests. After the

first few seconds, the pressures do not differ substantially, although it is noted that the

range of spin rates is much less than for the AP-2 tests. It appears that the pressure
orifice was partially obstructed near the end of the burn for the 115 rps case. This partial
plugging caused the pressure decay to be delayed and indicated a burn time of about 26

sec, but the video record indicated a burn time of 22.5 seconds which is believed to be

correct.

The AP-2 propellant formulation results for chamber pressure, port number one,

are shown in Figure 14. Severe plugging occurred in chamber pressure, port number
two, and those results are not presented in this report. At low spin rates, the maximum
chamber pressure occurs near the start of the propellant burn and decreases gradually
to atmospheric pressure. As the spin rate is increased, the maximum chamber pressure

occurs towards the end of propellant burn and the chamber pressure drops rapidly from this
maximum to atmospheric pressure. The magnitude of the pressure fluctuations increases
with increased spin rate. This is shown further in Figure 15 which gives the 0.5 Hz high

3
M.S. Miller, H.E. Holmes, "An Experimental Determination of Sub-Atmospheric Burning Rates and Critical Combustion

Diameters for AP-HTPB Propellant," Proceedings of the 24th JANNAF Combustion Meeting, October 1987
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pass filtered, chamber pressure as a function of time and spin rate. Although Fourier

analysis of the signals did not reveal a characteristic frequency of the fluctuations, the

pressure fluctuations increase neac the end of the propellant burn. There appears (Figure

14) to be a single large pressure fluctuation between 10 and 15 seconds at the four higher

spin rates and, currently, there is no explanation for this phenomenon.

1.12 -

1.10 - 253 RPS
~226 RPs

1.08

1.06 -CK 176 RPS

Vf) 142 RPS

0.98

0 5 10 15 20 25 30

TIME - SEC

Figure 14. Effects of Spin Rate on Chamber Pressure, AP-2 Propellant

Figure 16 shows the ignition phase of the AP-2 tests. Again, a 20 volt pulse was
applied to the electric match at time zero and a pressure pulse from ignition of the external

black powder (marked by the letter "A") was clearly detected. A second pulse (marked

by the letter "B") corresponds to the burning of black powder that ras cemented to

the propellant grain. This pulse is longer in duration than the initial pulse, which is

expected, but is still in the form of a pulse, indicating that full ignition of the propellant

has not yet occurred. The letter "C" designates the approximate location on the pressure

history where ignition of the propellant can be detected. The onset of rapid fluctuations of

pressure can be seen near this point. The zero spin case is omitted from Figure 16 because

it first appeared that that the propellant was not going to ignite; however, after about six

seconds, the propellant began to burn vigorously. (For this and other reasons, one gram of

black powder was subsequently cemented to the surface of the propellant grain to insure

ignition.)
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Figure 15. Chamber Pressure Fluctuations, AP-2 Propellant
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Figure 17 shows the first five seconds of the chamber pressure for the AP-2 tests
where the magnesium-teflon igniters ignited and burned. The magnesium-teflon igniters
were designed to burn for approximately 2 seconds and the two second burn phase could be

detected on chamber pressure curves. A distinct pulse in the pressure, believed to occur at

burn-out, is precedeed by an increase in pressure for about two seconds; this is marked by
the letter "D" in four of the five pressure histories. This event in the pressure history has
been correlated with an increased brightness of the burning gasses leaving the propellant
chamber in the video tapes of the experiments. These pressure distributions, during the
first few seconds of burn, do not seem to be effected substantially by the spin rate. Note
that there is no correlation between spin rate and the time of ignition nor the the burn
rate of the magnesium-teflon igniters.
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Figure 17. Early Chamber Pressure History, AP-2 Propellant

Figure 18 shows the measured chamber temperatures. These temperatures are be-
lieved to be lower than that of the propellant gas. It is speculated that the thermocouple
becomes quickly coated with propellant residue which prevents efficient convective heat
transfer. The thermocouple is also located close to the igniter housing and the base bulk-
head which would adversely affect radiation heat transfer. The thermocouple responds
quickly to the ignition phase and also shows a steep gradient at the end of burn and may
therefore be useful for determining burn time in free-flight tests.
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IV. Analysis and Discussion

The results presented here should provide guidance in the formulation of a model for
the burning propellant, but this current effort is not intended to include such a model. A
brief examination of the data suggests that a number of items could influence the modeling
and that a number of parameters may be easily determined or approximated.

The very broad assumption is made that the burn history can be approximated by an
equivalent "burn" at a constant chamber pressure. The constant chamber pressure would
be less than the maximum value and the length of burn would likely be shorter. Estimates
of equivalent "burn time" were made without any significant analytical backing. If the
Mach number of the exhausting gas is substantially less than sonic, the incompressible
Bernoulli equation provides a reasonable estimate of dynamic pressure in the jet flowing
out the propellant chamber. The total pressure (pt) is assumed to be equal to the chamber
pressure and the ambient (atmospheric) pressure is assumed to be equal to p.:

Pt = p. + PV2 /2.

The mass flow rate is:

= pAv

where term A is the area of the exit hole if a discharge coefficient of 1.0 is assumed. There
are now two equations with the two uxiknowns of p (density) and v (bulk velocity of the
gasses in the jet). The mass flow rate was assumed to be the mass of the propellant grain
divided by the length of burn. Table 3 gives the equivalent "burn times" with the densities
and velocities determined by the above procedure.

Table 3. Equivalent Burn Time

RPS pt t t (sec) rh t p (kg/m 3 ) v (m/sec)
0.0 1.027 38 .0263 .0577 308
142 1.045 27 .0370 .0686 365
176 1.053 25 .0400 .0678 398
199 1.060 23 .0435 .0708 415
226 1.080 22 .0455 .0580 529
253 1.090 21 .0476 .0566 568
t t represents the equivalent length of burn
L unit mass flow rate, i.e. 1.0/t

Figure 19 shows how the mass flow rate varies with chamber pressure; an increasing
chamber pressure corresponds to an increasing spin rate. With this data it would now
be possible, for a given "burn," to look at the instantaneous chamber pressure, determine
the instantaneous mass flow rate, integrate the mass flow rate as a function of time, and
compare the result with known propellant weight.

Figures 20 and 21 show, respectively, the estimated densities and velocities. The
densities are not expected to vary too much since the gas temperature of the burning
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propellant should be relatively constant and the chamber pressure changes by only a few

percent. The chamber pressure histories, Figure 13, for the two highest spin rates are the

most "non-constant" and their equivalent burn times are likely to have the largest error. It

does appear that the densities for the two highest spin rates (highest chamber pressures)

are too low; this would result from an estimated equivalent burn time that is too long.

The velocities of Figure 21 show a monotonic increase with increasing chamber pressure as

expected, but the two velocities at the highest pressure appear to be too large. If shorter

equivalent burn times were used for the two highest spin rates, the densities would increase,

the velocities would decrease, and smoother variations with chamber pressure would result.
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Figure 21. Estimated Throat Velocities

The speed of sound in the gas is not known, but if the temperature is assumed to

be 20000 Kelvin and the ratio of specific heats is 1.4, the speed of sound would be 900

meters/sec. The Mach number at higher velocities would be greater than 0.5, but still

significantly less than sonic.

Figures 10 and 13 demonstrate the enhanced burning from the higher spin rates; how-

ever, the specific enhancement mechanism is not yet well understood. Enhanced burning

from increased pressure, due to the centrifugal force of the gas at the highest spin rate, is

estimated to increase the burning rate by only 0.25 percent. This is based on the Miller
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strand burner tests with varying ambient pressure.

Enhanced burning may be caused by the circumferential flow in the chamber. If a
thin layer of gas has just been formed by burning, it will be moving at the same angular
rate as the solid propellant. As the layer moves toward the center of the chamber the
angular velocity must increase in order to conserve angular momentum. If viscous forces
are sufficient, boundary layer type velocity gradients could result in cross flow velocities
near the propellant surface, which would increase the burning rate. If these speculations
are valid, -the circumferential or swirling flow would be small initially. As the surface of
the grain recedes, the swirling action would increase and result in higher burning rates.

After the initial pressure rise, for the zero spin case (see Figure 13), the pressure
steadily decreases for the entire burn. This qualitative behavior would be expected if
the entire surface, including that in the slotted areas, was burning and the surfaces were
regressing linearly. Pressure variations with spin are not substantially different for the
first 3.5 seconds; but after that, it takes 10 to 15 seconds in order to reach near-maximum
pressure. This behavior seems to be consistent with the analysis of the previous paragraph,
but other possibilities exist. Burning enhancement may occur only on the central core and
not extend into the slotted areas, which would give the relatively long time for pressure to
build to the maximum. If the high-g centrifugal forces distort the grain and close off the
slotted areas, the surface area for burn would be significantly different.

Starting with the estimated data of Figures 19-21, iterative procedures could be ap-
plied until the intergrated mass flow rates are equal to the mass of the propellant grain.
Velocity , density, and mass flow rates as a function of chamber pressure should be more ac-
curately determined. Similarly, various models for burning surface area could be assumed
and iterations made until one model is capable of predicting the experimental pressure-time
histories.

V. Conclusions

o Propellant burn characteristics have been successfully measured.

o Throat velocities are subsonic.

* These experimental results along with the experimental burning rates provide a basis
for semi-empirical modeling.

e Tests at simulated altitudes are needed.

e Temperature measurements may be valuable even though they are not accurate.

* Problem areas identified as critical to free-flight testing are location of pressure orifices
to avoid plugging and the thermocouple installation for measurement of chamber
temperature.
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