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The work described in this report was performed under Contract
DAAH01-67-C-0947 and Contract DAAH01-68-C-0891 for the explor-
atory development of solid propulsion technology under the technical
cognizance of Propulsion Systems Engineering Branch, Army Propul-
sion Laboratory and Center, Research and Development Directorate,

U. S. Army Missile Command.

This work is a portion of a continuing effort to develop and
demonstrate usefulness of a new approach for obtaining the erosive-
burning characteristics of solic' nropellants. The technique permits
determination of erosive burning rates under realistic motor conditions
with only small quantities of propellant, an important cousideration
when dealing with sensitive, expensive, or toxic materials.
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ABSTRACT

A new technique for measuring average erosive bturning rates
of a propellant fired under realistic motor coanditions is describud.
By utilizing a small test motor attached as a blast tube to a large gas
genarator, a minimal amount of test propelilant is requ.red. Hence
the technique is attractive for evaluating or ranking the erosive-
burning tendencies of compositions in a propellant development pro-
gram. Erosive burning rates were measured for a CTFPB-based
composite propellant. Excellent correlaticn was found between the
erosive burning rate, Mach number at the tail end of the propellant
grain, and chamber pressure. The erosive burning rates measured
in the test motors were independent of the composition of the gas-
generator propellant. Application of the data in the design of an
erosive-burning propellant grain has not been made.
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Section I. INTRODUCTION

In a recent program (1)}, a low-burning-rate propellant for
application in a high-L/D, Army rocket was characterized. Since
low-burning-rate propeilants are more susceptible to erosive burning
than high-burning- rate propellancs and high-L/D rocket motor con-

R

figurations are Jnducive to e-osive burning, it was necessary to rank 4
the various compositions according to their erosive-burning tendencies. ot
Accordingiy, a simple and fast means of comparing the erosive- 3
burning properties of the candidate propellants was required. %
4

Many =xperimental and theorc«*“ical techniques have been :
developed since Mansell in 1908 first observed Lhat solid propellants -
ourn faster when subjected to a high flow rate of hot gases parallel to \z

the burning surface and termed the phenomenon "erosion®. An excel-
lent review of the bulk of the work on erosivity was given by Zucrow,

et al. (2). The experimental approaches for measuring erosive burning
rates include interrupted burning tests, photographic techniques (X-ray
and direct), light pipes, pressure taps, and thermocouples and other
types of wire apparatus embedded in the propellant. The light-pipe
technique was selected initially for these studies since it appeared

most adaptable to available hardware and instrumentation. E

PP e Fa

Light probes made from Plexiglas®? rods were inserted through
the walls of 2 X 4-in. static test motors such that the tips of the rods
protruded less than Y in. within the motor. Propellant grains formu-
lated from compositions to be tested were cast into the moters and
around the rods using an internal-burning, cylindric‘al configuration
with a web thickness of Y, in. Several rods were placed within each ]
motor to permit multiple burning-rate measurements in each test
firing. High gas velocities cver the propellant surface were attained
by attaching the small test motor as a blast tube to a larger gas-generator
motor. Two of the many experimental difficulties encountered were:

(1) ptacement of the tip of the light probe at the desired depth in the

grain was tedious, and (2) the propellant even when modified by the
addition of up to 2% carbon biack was translucent to the intense liqht

of the flame zone,making it extremely difficult to determine wken the ’
grain surface burned past the tip of the probe.
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i INumbers in parentheses indicate references at the end of the report. :?%
2Trademark of Rohm and Haas Company, Philadelphia, Pa. o
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During these probe evaluation tests it was found that the
average burning rate of the test grain could be determined readily
from the pressure trace. Since the gas-generator web was scaled (o
burn longer than the test web, the incremental pressure contribution
from the test grain was superposed upon that of the gas generator,
enablinz accurate determination of the burning time of the test grain.
In view of the simplicity cf the pressure-trace analysis compared to
probe determinations of burning rate, the probe approach was abandoned
and all determinations were made simply from the pressure-time
traces. The techknique appears zpplicable to determination of the
relative evosive burning fcndencies of propellants. However, the
degree to which the data may be used to predict pressure-time history
in typical grain gecmetries subject to erosive burning has not been
determined.
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Section II. EXPERIMENTAL

Erosive burning rates of case bonded, cylindrice. graing fired E
§5 under realistic motor conditions were measured in a 2 X 4-in. static ’
test motor used routinely at these Laboratories, Tnis is a stainless

. steel motcr of inside diameter 2.0 in. and length 4.0 in. Web thicknesses
of ¥;-in. ard Y;-in. were used in the tests. High gas velocities x
across the grain were provided by attaching the 2 X 4-in. motor as a '
blast tube to the end of a 6-in.-d:ameter gas-generator motor (Figure 1),
A mild-steel adapter having a convergent flow area was used to give a
smooth flow of gases frorm the gas generator into the test grain. This
convergent section was not lined, but no problems of erosion or over-
heating were experienced.

Pressure measurements were made at the head and tail of both
! gas-generator and test grains. The 2 X 4-in. clamp-type motor (in
ke normal usage the motor is clamped detween a firing head and nozzle
assembly with O-ring seals at both ends) did not have pressure ports.
The pressure at the head of the test grain was taken in the adapter, and
. a motecr extension containing a pressure port was placed between the
test motor and nozzle assembly for the tail-end pressure. It was
g necessary to line the extension section with an ablating, asbestos-
E . filled phenolic tc protect the metal from erosion and overheating.

W R S 2357 o NI 0 BT Y

Standard test nozzles containing carbon throat inserts with 45°
convergent and 15° divergent half angles were utilized. The velocity
of gases across the grain was easily varied by changing the diameter
of the nozzle throat. The maximum throat diameter was limited to
1.44 in. because for larger sizes the nozzle housing had insufficient
bearing surface to hcld the insert in place. A larger throat could
nave been obtained by redesigning the nozzle.
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Cylindrical propellant grains with a 5-in. I.D. and variable .
length (to give desired pressure) were used in the 6-in. I.D. gas-
generater motor. The grains were inhibited on the ends and/ox
slotted as needed to give near-neutral pressure traces. The burning
surface of the gas generator grain was sired to produce an approxi-
mate chamber pressure by assuming the test and gas-generator propel-
lants would follow the P-K curve of the gas-gensrator or driver
propellant. As firings proceeded,a P-K curve, where K was calculated
as the ratio of the total burning surface {s .m of the gas-gener.tor and
test-motor burning surfaces) to nozzle throat area,was generated
(Figure 2). This curve enabled later firings to be made at more
predictable pressure levels,
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The motors were initiated with jelly-roll igniters? placed in
the 6-in. motors to achieve rapid and uniform ignition of the propel-
lant surfaces. Cellulose acetate throat closures, sized for appropriate
expected pressures, were used to give rapid pressure rises in the
mators,

The test propellant was a carboxyl-terminated polybutadiene
(CTPB) composition containing {by weight) 74% ammonium perchlorate,
12% binder, 10% aluminum and 4% additives. Three propellants were
used in the gas generator to determine the eifect of the driver compo-
gition. Cne of the three driver compositions was identical to that of
the test propellant and had a 3068°K flame temperature. The other
two propellants were plastisol-nitrccellulose compesitions with flame
temperatures within 160° K of that of the test propellant. One con-
tained i0% aluminum and had a 3227°K flame temperature, and the
other contained 1% aluminum and had a 2955°K filame temperature.

Since the gas generator maintained a neutral pressure trace by
producing a constant mass flow rate until after the test grain had
burned out, the pressure trace of the test grain was superposed on
that of the gas generator at all four measurement stations as shown
in Figure 3. The superposed pressure traces had sharp tail-offs,
and the time of test grain burnout was determined by bisecting the
tangents to the pressure trace at tail-off. The burning time of the
test grain was taken as the time from which the chamber pressure
first reached 100 psia until test grain burnout, The average burning
rate was determined from the web thickness and burning tme. The
chamber pressure at each of the four transducer stations was averaged
over the burning time of the test grain. The velocity in the test section

~was expressed as the average Mach number at the tail end of the grain

and was calculated assurring an average port area (based on the initial
and final areas), a specific heat ratio of 1.2, and isentropic flow.

3The jelly-roll igniter is made by spreading a slurry of barium
nitrate, powdered magnesium, and potassium perchlorate ina 5%
polyisobutylene in n~-hexane solution on cheese cloth, drying, and
wrapping several layers around an Atlas match.
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Section III, RESULTS AND DISCUSSION

A dual-grain moto~ using a large gas-generator grain with a
small test grain was used to measure the erosive burning properties
of a CTPB propellant cvur a pressure range of 500 to 2000 psia at

Mach numbers from 0.03 to 0.50. Variation of the composition of the :

gas-generator or driver grain at a relatively constant flame tempera-
ture did not affect the erosive burning of the test sample. Although
the test was developed for comparative purposes, there appears no
reason that the data should not be applicable to erosive-burning
predictions in more typical motor configurations.

Normally, under erosive conditions grains burn faster at the
exit end wher~ the gas velocity is highest, the change in burning rate
along the gra 1 being proportional to the change in velocity. In
motors where the velocity does not change significantly along the grain,
as in a motor with a throat-to-port-area ratio much less than one,
there is no significant change in burning rate along the grain. When the
2 X 4-in. test motor with a Y,-in. web is fired by itself (not attached
to a gas generator), the velocity along the grain increases from 0 to -
approximately Mach 0.03. A one-dimensional isentropic analysis of
the gas flow shows the same velocity increases (Mach 0.03 or less)
zlong the grain when the 2 X 4-in. test motor is attached to a gas ’
generator even though the velocities are much higher. This minor
change in velocity is due to the low ratio of gases produced by the
test motor te gases produced by the gas generator.

Pressure traces with sharp tail-offs (indicative of uniform
burnout) supported the above analysis, i.e. near constant velocity along
the test section. Additional support was provided by two other experi-
mental observations. High-speed movies of grain burnout in trans-
parent Plexigias motor cases showed uniform burnout of the test grain.
The timely failure of the bolts attaching the test motor te the gas
generator provided an interrupted firing test. The extinguished test
grain had burned 0.184 + 0,005 in. at the head and 0.189 X 0.005 in.
at the tail,

The velocity of gases in a motor also changes as the grain is
consumed due to the increased flow or port area. The velocity
expressed in terms of Mach number (M) at the tail end of the grain,
the specific heat ratio (y) of the gases, the nozzle throat area (A.T),
and port area (A.P) is given by Shapire (3) as
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The port area in the 2 X 4-in. test motor increases 44% with a
1.5-in. perforated grain and 23% with a 1.75-in. perforation, and the
Mach numbers decrease accordingly. Typically the Mach number for
a 1.75-in. grain would decrease during a test firing from 0.41 to 0.20
(Round 9234 of Table I), During each test the Mach number may be
corsidered to decrease linearly (with less than 3% error) as the port
area increases.

In spite of the Mach number variation with time in each test,
excellent correlations of burning rates with the chamber pressure ad
average Mach number at the tail end of the grain were obtained. The
data are summarized in Table I. At constant pressure the burning
rate of the CTPB composition increased linearly with Mach number
(Figure 4). TFigure 4 also shows close agreement of data obtained from
test grains having 1.5- and 1.75-in. perforations. The clope of the
log P—1log r curve was constant for constant Mach number and increased
with Mach number (Figure 5). The reduced burning rate (ratio of
erosive burning rate, r, to non-erosive burning rate, r;), also plotted
in Figures 4 and 5, behaved sirnilarly to the erosive burning rates.

It was not nccessary to use the same propellant in the gas
generator as in the test motor. Figure 4 shows close agreement
between data from tests in which the gas-generator propellant was the
same CTPB propellant (10% aluminum) as used in the test motor and
two plastisol nitrocellulose composite compositions containing 10%
and 1% aluminum. The flame temperature of all gas-generator
propeliants, however, did not vary more than 160° C from that of the
propellant being tested. This flexibility permits evaluation of new
compositions by using limited quantities of the propellant.

A few tests were made with a longer (2 X 8-in.) test motor, and
ne differences were observed between the burning rates obtained in the
2 X 4-in. and 2 X 8-in. motors (Table I). Since the longer motor has a
bigger change in velocity along the grain and requires twice as much
propellant, little emphasis was placed on these tests.
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Section IV. SUMMARY

A new technique for measuring average erosive burning rates
of a propellant fired under realistic motor conditions was developed.

. The technique, by utilizing a small test motor attached as a blast
tube to a large gas generator, requires a minimal amount of test
propellant and is attractive for evaluating or ranking the erosive-
burning tendencies of compositions in a propellant development pro-
gram. Erosive burning rates were measured for a CTPB-based
composite propellant. Excellent correlation was found between the
erosive burning rate, Mach number at the tail end of the propellant
grain, and chamber pressure. The erosive burning rates measured : X
in the test motors were independent of the composition of the gas-

generator propellant. Application of the data in the design of an erosive-
burning propellant grain has not been made.
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Secticn V. KECOMMENDATIONS

The simplic ~- of the experimental procedures makes the
technique described 1 this report an attractive means of obtaining
ercsive-burning-rate data. However, the data reduction procedure
produceg average burning rates—good only for comparative-type
analyses. It is recommended that the data reduction be refined to
more accurately define the burning rate as a function of velocity and
pressure and that the applicability of these data to convantional grain
design be evaluated.
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GLOSSARY
. AP Cross-sectional area of grain port
AT Cross-sectional area of nozzle throat
- ATM Mean cross-sactional area of nozzle throat
~ . CTPB Carboxyl-terminated polybutadiene
1.D. Inside diameter of propellant grain ,
K Ratio of propellant burning surface to cross-sectional
area of nozzle throat
L Length of propellant grain
M Mach number
C.D. Outside diameter of propellant grain
P Chamber pressure
: Erosive-burning rate
) Ty Non-erosive burning rate
. Sm Mean burning-surface area
Y Ratio of specific heats of a gas
3
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13, ADETRACT
A new technique for measuring average erosive burning rates of a propellant

fired under realistic motor conditions is described. By utilizing a small test motor
attached as a blast tube to a large gas generator, 2 minimal amount of test propel-
lant is required. Hence the technique is attractive for evaluating or ranking the
erosive-burning tendencies of compositions in a propellant development program,
Erosive burning rates were measured for a CTPB-based composite propellant.
Excellent correlation was found between the erosive burning rate, Mach number at
the tail end of the propellant grain, and chamber pressure. T.e erosive burning
rates measured in the test motors were independent of the composition of the gas-
generator propellant. Application of the data in the design of an erosive-burning
propellant grain has not been made. * ;
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