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EFFECTS OF PROPELLANT COMPOSITION VARIABLES
ON ACCELERATION-INDUCED BURNING-RATE
AUGMENTATION OF SOLID PROPELLANTS

‘By G. Burton Northam
‘Langley Research Center

SUMMARY

The objective of this work was to define further the effects of propellant composi-
tion variables on the acceleration-induced burning-rate augmentation of solid propellants.
The rate augmentation at a given acceleration was found to be a nonlinear inverse function
of the reference burning rate and not controlled by binder or catalyst type at a given ref-
erence rate. A nonaluminized propellant and a low- rate double-base propellant exhibited

strong transient rate augmentation due to surface pitting resultmg from the retention of
'~ hot particles on the propellant surface.

INTRODUCTION

Acceleration loads imposed on the burning surface of solid-propellant rocket motors
have caused motor performance abnormalities due to alterations in propellant burning
" rate. These changes in burning rate can lead to chamber overpressui‘izatidn, extended
A motor tail-off, and increased chamber heating. The burning-rate augmentation is maxi-
mum when the acceleration load is normal into the burning surface. This leading condi-
tion exists in many spin-stabilized rockets and in maneuverable rockets during the turning
period. Since the successful performance of solid rocket motors depends on knowledge
of the burning rate in the operational environment, various studies have been conducted
to determine (1) the effects of acceleration loading on the burning rate and (2) the mech-

anisms for the rate augmentation.

The results of many of the previous investigations in this area are presented in ref-
erences 1 to 16. Reference 1 is a literature survey that covers work prior to 1968.
. Although many propellant composition variables had been investigated, little had been
done to systematically vary the propellant composition over a wide range of variables
including bmder type

This paper presents results from a systematic study of the effects of ox1d1zer par-
-ticle size, percentage, and blend ratio, propellant binder, and burning- ratev catalyst on the



transient rate augmentation of a series of aluminized composite propellants at 100g
normal acceleration. The 100g normal-acceleration level was chosen since previous
work with a bimodal propellant burning at 7.6 mm/sec (0.3 in./sec) and 4.14 MN/m2
(600 psia) indicated a saturation of the rate increase at this level as the rate was changed
in 20g increments (ref. 11). The transient burning-rate augmentation of a nonaluminized
propellant tested at 100g, 200g, and 250g and results from testing a low-rate double-base
propellant containing lead stearate at 100g are also presented. All tests were conducted
in a 50.8-mm (2-in.) web slab motor with a nominal surface area of 97 cm2 (15 in2)
with normal-acceleration forces into the burning surface. Photographs of extinguished
‘propellant surfaces indicate alterations in local burning due to the imposed acceleration
loading.

SYMBOLS

' Values are given 'in both SI and U.S. Custo'm'ary Units. The measurements and cal-
_culations wére made in U.S. Customary Units. '

a .~ 'burning-rate constant
n pressure éxponent
p pressure
P, rfafe.-xv'ence pressgrg
T 4 ‘ burning rate
Triax | maxi_mum‘lburriing rate
r 0' | re?erghce burningl' rate
an, normal-acceleration load
APPARATUS
Centrifuge

The centrifuge, located at the NASA Langley Research Center (LRC), was previdusly
described in reference 13. A photograph of the modified centrifuge with a test motor
mounted on each arm is shown in figure 1. The motor on the right side of the photograph



includes the extinction apparatus. The test motor is mounted on the centrifuge in a man-

ner that eliminates speed changes due to motor thrust. The increase in acceleration, due
to regression of the 50.8-mm-thick (2-in.) propellant web from an initial radius of 2.03 m
(80 in.), was only 2.5 percent.

Test Motor

The unidirectional burning slab motor shown in figure 2 was utilized to minimize
the effects of propellant grain geometry and spin-induéed vortex flow so that the transient
- burning rate could be investigated in a nearly uniform acceleration environment. Within
the cylindrical pressure vessel were located the lower insert on which the propellant slab
was bonded and the upper insert that formed the top of the rectangular gas port. Propel-
lant slabs used in the motor were nominally 69 mm (2.7 in.) wide by 137 mm (5.4 in.)
long with a web thickness of 50.8 mm (2 in.).

Two ports were machined in the head-end plate to provide for chamber pressure
measurements. Strain-gage pressure transducers were connected to the pressure ports.
Various nozzle throat diameters were used to obtain the desired pressure levels. The
motor was mounted with the motor axis parallel to the centrifuge spin axis with the nozzle
venting upward, and the centrifuge was brought to the desired speed before the test motor
was fired.

Extinction Test Apparatus

A blowoff nozzle and water quench system were employed so that the propellant
could be partially burned under acceleration, extinguished, and then examined for surface
geometry changes. The test motor nozzle assembly was modified to accept two 6.4-mm-
diameter (0.25-in.) explosive bolts for release of a plate holding the graphite nozzle
insert. Upon activation of the explosive bolts during motor burning, the motor throat
area was rapidly increased, and a solenoid valve simultaneously released a small amount
of water into the chamber through a modified head-end plate and upper insert. The water
cooled the chamber and prevented reignition.

DATA REDUCTION

Since there existed no readily available means of measuring propellant burning rate,
the instantaneous rate was calculated (ref. 11) from the measured pressure history and
motor characteristics. Instantaneous burning-rate data were obtained for various pres-
sures at the desired acceleration level. The instantaneous rate was then plotted as a
function of the corresponding pressure, with distance burned as a parameter. Thus, the
burning rate could be inferpolated for fixed values of pressure and distance burned at the
desired acceleration level. The maximum rate augmentation rpax/r, was defined as
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the largest augmentation value from the instantaneous rate data. Because of the wide
range of burning rates encountered during this program, the nozzle geometry was varied
considerably, and the nozzle contour shown in figure 2 is only typical of those used. Dur-
ing static testing of some of the propellants, deposits formed in the nozzle throat and the
instantaneous burning rates could not be accurately calculated; therefore, the reference
or static burning rate r, that appears in the following data was determined from the
average pressure and the web burn time. This deposition problem, although present to
some degree, was minimized during the acceleration tests.

DATA AND RESULTS

Data indicating the effects of oxidizer, binder, and catalyst changes for aluminized
composite propellants subjected to 100g normal-acceleration loading into the burning sur-
face are presented first. The average rate data (based on the burn time of the 50.8-mm
(2-in.) web motor), typical transient burning-rate data, and the maximum burning-rate
augmentation are shown for these propellants. Both the average and the maximum rate
augmentation data show the same general trends as the burning rate was varied. Since
the augmentation is transient, the value of the average rate augmentation is a function of
the web thickness used, and results from various tests cannot be directly compared. The
maximum rate augmentation is of particular concern for several reasons. The maximum
burning rate rp,5x must be considered by the ballistician in motor design to avoid over-
pressurization of the chamber. Also, the maximum rate augmentation is of interest to
the researcher trying to model the combustion of aluminized propellants under accelera-
tion loading. These data are followed by some test results denoting the influence of accel-
eration on the burning rates of a nonaluminized propellant and a low-rate double-base
propellant.

Aluminized Composite Propellants

Since variation of the oxidizer particle size is one of the primary means of control-
ling solid-propellant burning rates, a study was performed to determine the influence of
oxidizer size, percentage, and blend ratio on the burning-rate augmentation of a 16 per-
cent aluminized polybutadiene acrylic acid (PBAA) propellant. Five unimodal narrow-
distribution oxidizers with nominal weight median diameters from 25 to 400 um were used
in a 67 percent oxidizer prbpellant to study the role of oxidizer particle size, and thus
reference burning rate, on acceleration sensitivity. In addition, the oxidizer percentage
of the 200-p.m ammonium-perchlorate (AP) Was varied from 64 to 70 to determine the
influence of this parameter on rate augmentation. Two bimodal propellants were also
made from a blend of oxidizers to determine the difference in augmentation between
bimodal and unimodal distributions at approximately the same reference burning rates.



The propellant compositions and oxidizer particle sizes for the formulations used in this
phase of the work are given in table I.

The effect of binder type was investigated by using 16 percent 7-gum aluminum and
70 percent bimodal (70/30 coarse/fine) oxidizers from the same lots of processed mate-
rials in order to minimize composition variables. The particle size of the coarse mate-
rial was 200 pm, and that of the fine was 20 pm as determined by sieve and Micromero-
graph analyses, respectively. The five binder systems used in this series, in order of
increasing reference rate r, at4.14 MN/m2 (600 psia), were polybutadiene acrylic acid
acrylonitrile, PBAN; carboxyl-terminated polybutadiene, CTPB; polybutadiene acrylic
acid, PBAA; polyurethane, PU; and polysuifide, PS.

The effect of catalyst type on the rate augmentation of a CTPB propellant with
16 percent 7-pm aluminum and the same oxidizer size and blend ratio as that used for
the binder study was evaluated for three different catalysts. A portion of the AP was
replaced by the percentage of catalyst used. The propellants contained, in order of
increasing rates, 1 percent copper chromate, 2 percent iron oxide, and 1 percent
HYCAT 6.

The average burning rates for the aluminized propellants as determined in the
50.8-mm (2-in.) web test motor are shown in figure 3 at normal-acceleration load on
equal to Og and 100g. These data are shown in order to document the effect of the com-
position variables on both the static burning rate and the average rate due to the 100g
acceleration load normal into the burning surface. Since under acceleration loading
many of the propellants exhibited strong transient burning rates, the reader is cautioned
that these are the average for the duration of the tests with the 50.8-mm (2-in.) web, and
different average rates can be expected for similar propellants with different web thick-
nesses. As shown in figure 3, the acceleration load affected both the rate constant a
and the pressure exponent n in the rate equation r = a(p/po)n for most of the propel-
lants. The constants a and n were determined by least-squares fitting the rate data
~ to the above equation. The reference pressure p, was 3.45 MN/m2 (500 psia). (Some
data obtained beyond the 6.9-MN/m2 (1000-psia) pressure level are not shown in the log-
log plots of figure 3 for convenience of presentation.) The effects of acceleration on the
average burning-rate augmentation T/T; inthe 50.8-mm (2-in.) web motor are summa-
rized in figure 4. This figure shows rate augmentation as a function of reference burning
rate r, at pressures of 2.07 MN/m2 (300 psia), 4.14 MN/m2 (600 psia), and 6.21 MN/m?2-
(900 psia). The decrease in average rate augmentation for most of the propellants tested
correlated well with increased r, regardless of the mechanism whereby r, was
changed. One notable exception to this correlation was the PBAA, 200-um, 70 percent
AP batch that did not show a pressure exponeht change with acceleration loading. Thus,
the average rate augmentation was essentially independent of binder type, catalyst type,
and AP modal distribution at the 64 to 68 percent AP levels.



Figure 5 shows the effect of 100g normal acceleration on the instantaneous burning
rates of three PBAA propellants with various oxidizer sizes. The rate data are plotted
as a function of distance of propellant burned with combustion pressure as a parameter.
The solid symbols at either side of the plot are the reference burning rates at the per-
spective pressures. The 400-gum and the 50-um AP propellants were chosen to illustrate
the different transient rates near the extremes in r,. The 400-um AP propellant expe-
rienced a maximum rate early in burning as compared with the faster burning 50-um AP
propellant. Note that the higher rate 50-pm AP propellant required greater distance
.burned before the rate became steady. The bimodal 400/50-um AP propellant exhibited
stronger transient effects at the higher pressures than the unimodal formulations. This
change in the transient rate probably resulted from alterations in the size and number
density of the aluminum droplets retained on or above the burning surface by effecting
what has been called the "polymer pocket size," that is, the equivalent diameter of the
volume of propellant that contains the fine aluminum between the relatively large oxidizelf
crystals. '

It is generally accepted that the rate augmentation of aluminized propellants is con- '
trolled by alterations in the combustion-zone heat transfer by the retention of metal drop-
lets on or just above the surface. Previous works indicated that the transient rate was
controlled by the size and number density of particles on the surface rather than the total
weight. (See refs. 11 and 15.) Thus, any formulation variable that affects aluminum par-
ticle size and/or number density might be expected to have a pronounced effect on accel-
eration sensitivity.

Plots similar to figure 5 were generated for each of the propellants, and the maxi-
mum rate augmentation results are summarized in figure 6. The maximum rate augmen- -
tation rpax/ro at 2.07 MN/m2 (300 psia), 4.14 MN/m2 (600 psia), and 6.21 MN/m?2
(900 psia) is presented in figure 6. This figure shows the correlation of 'max/To as
a function of r, with the AP size, percentage, and modal distribution, propellant binder,
and burning-rate catalyst used to achieve changes in ry. Increasing r, by decreasing
AP particle size, adding catalysts, and changing the binder resulted in a nearly systematic
reduction in rmax/ro. The correlation shown in figure 6 is very similar to that in fig-
ure 4 for the average r/r, data. Exceptions to this correlation were the PBAA, 400-um
AP propellant at all pressures, the PBAA, 400/50-um AP propellant and the PBAA,

. 200-pum 70 percent AP propellant at 4.14- and 6.21-MN/m2 (600- and 900-psia) pres-
sures. This strong inverse correlation of rp,y/ro with increasing rg is in general
agreement with inverse linear prediction of Crowe's heat-transfer model (ref. 3). How-
ever, the model fails to account for the strong nonlinear effect observed. The nonlinear
effect may have resulted from alteration in agglomerate characteristics as ry was
varied through composition changes.



Figure 7 is a summary of the correlation of rpax /To With r, infigure 6 for the
three pressure levels examined. At a given r,, increasing the pressure resulted in
increased rate augmentation similar to the effect reported in reference 11.

These results indicate that for propellants that are to operate at high acceleration
levels, for example, at 100g, low pressures and high-burning-rate propellants should be
used to minimize burning-rate augmentation.

Nonaluminized Propellant

‘ The transient rate augmentation of a nonaluminized propellant was also evaluated
by using the slab motor with the 50.8-mm (2-in.) propellant web. The formulation used
was a PBAA propellant containing 82.8 percent bimodal AP and 0.2 percent carbon powder

to make the propellant opaque. Acceleration levels of 100g, 200g, and 250g were used,
and the resulting burning-rate augmentation is shown in figure 8 as a function of propel-

" lant distance burned at 4.14 MN/m2 (600 psia). Contrary to the reports of some (refs. 3
and 15), the nonaluminized propellant experienced considerable transient rate augmenta-
tion at the 200g and 250g acceleration levels with no indication of having reached a maxi-

" mum rate in the 50.8 mm (2 in.) of propellaf}t burned. The exact mechanisms for the raté
' augnientation of nonaluminized propellants are not understood. Several models have been
proposed that deal with alteration of the heat release by the retention of the larger AP
particles on the burning surface or by the formation of an altered flame due to accelera-
tion (refs. 14 and 16).

. . To gain some insight into the mechanism of rate augmentation, the nonaluminized
propellants were extinguished at o, = Og and 250g. Photographs of the extinguished
samples are shown in the top of figure 9. The nonaluminized propellant tested experi-
enced surface pitting. The pitting is similar to that reported for aluminized propellants
(ref. 11) except that the pits formed are well-defined cones with a pointed apex as com-
pared with the rounded pits of aluminized propellants. The pitting was more severe since
the number of sites in the nonaluminized formulation is reduced and the pits can grow

| larger and deeper. Small particles of an unidentified material were found in many of

~ the pits following extinction. The presence of these particles appeared to be the cause

of the well-defined cones. An extinction test was conducted with one-half of the slab

normal to the acceleration vector and the other half inclined at 15° to determine if non-

aluminized propellants had an orientation sensitivity similar to that of aluminized propel-
lants. A photograph from this test is shown in the lower part of figure 9. At ap, = 100g
and a 2.0-sec burn time, the normal surface was somewhat pitted, whereas the inclined
surface showed no signs of pitting except at the aft restricter interface. The undercut at
the interface is similar to that experienced by aluminized propellants and indicates migra-
tion of particles down the inclined surface due to the tangential component of the accelera-
tion load. It is difficult to imagine this type behavior with large pure AP particles. It is
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hypothesized that the rate augmentation of this nonaluminized propellant was due to some
impurity in the propellant, possibly the 0.2 percent tricalcium phosphate used as an anti-
caking agent in the oxidizer.

Low-Rate Double-Base Propellant

A limited number of tests were conducted to determine the effect of acceleration
on the burning rate of a moderately-low-rate (ro = 6.4 mm/sec (0.25 in./sec)) double-
base propellant. The propellant contained 59.1 percent nitrocellulose (NC), 25.3 percent
nitroglycerin (NG), 13.7 percent plasticizers, and 1.9 percent lead stearate.

The pressure histories for @, = 0g and 100g are shown in figure 10. Since only a
few tests were conducted, transient burning-rate data were not derived from the tests.
The progressive pressure history at a, = 100g indicates a transient burning rate. Pho-
tographs - of extinguished slabs of this propellant are shown in figure 11 for a, = Og and
100g. This propellant also experienced surface pitting as a result of local increases in
the burning rate due to particles altering the combustion-zone heat transfer. In this case, .
the small percentage of lead stearate was reduced to metallic lead which was found in some
of the pits of the extinguished slab and on the lower inserts of burnout motors. Thus it
appears that the lead stearate in this propellant was operative in the acceleration sensi-
tivity of this double-base propellant. These results differ from the observations of
Bulman and Netzer of the Naval Postgraduate School (ref. 6) in that their double-base
propellant containing 2.5 percent monobasic cupric salicylate lead did not'experience
rate augmentation at this acceleration and pressure level. The effect of acceleration in
a homogeneous NG-NC propellant with no additives should be determined to see if such
a system is insensitive to acceleration loading.

CONCLUDING REMARKS

The burning-rate augmentation of several solid propellants was characterized by
use of a 50.8-mm (2-in.) web slab motor with a nominal burning surface area of 97 crn2
(15 in2) at acceleration levels of 0g, 100g, 200g, and 250g normal into the burning surface.
Extinction tests were conducted on a nonaluminized and a double-base propellant to deter-
mine the alterations in the burning surface due to acceleration load.

Variations in the oxidizer particle size, percentage, and blend ratio, propellant
binder, and burning-rafe catalyst of a family of ammonium perchlorate propellants-indi-
~cated a nonlinear ”ihver's'é'dei)end‘énc'e of acceleration-induced rate augmentaion with ref-
erence or static burning rate. The rate augmentation was independent of binder and cata-
lyst used at a given reference burning rate. The results indicate that when rockets are to
operate with high acceleration loads into the propellant surface, low pressures and high-
burning-rate propellants should be used whenever possible.
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The rionaluminized propellant tested exhibited strong transient rate augmentation
resulting from the retention of unidentified particles on the burning surface that caused
" severe surface pitting at increased pressures and acceleration levels.

The lead stearate contained as a ballistic modifier in the double-base propellant
tested was responsible for the acceleration-induced rate augmentation of this formulation.

Langley Research Center, :
National Aeronautics and Space Administration,
Hampton, Va., September 11, 1972,
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TABLE I.- COMPOSITIONS OF ALUMINIZED COMPOSITE PROPELLANT

FOR AMMONIUM PERCHLORATE SIZE STUDY

[16 percent 7-pum aluminum]

Nominal | Percent | Percent | Percent angaglg; Log ' . )
.AP ) P-BAA coarse fine diameter stax;dayd Method of analysis
designation| binder AP AP Lm * | deviation
400 17 67 --- 430 1.18 Sieve
200 17 67 --- - 200 1.33 Sieve
200 20 64 --- 200 1.33 Sieve
200 - 14 70 --- 200 1.33 Sieve
100 17 67 --- 107 1.30 Sieve
50 17 --- 67 48 ©1.39 Micromerograph
25 17 --- 67 24 1.59 Micromerograph
400/50 17 26.8 40.2 430/48 |1.18/1.39| Sieve/Micromerograph
200/25 17 26.8 40.2 200/24 |1.33/1.59] Sieve/Micromerograph
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Figure 4.- Summary of average burning-rate augmentation data
at 100g normal acceleration.
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' three PBAA propellants with various oxidizer particle sizes.



®
]

PBAA,25u,67%A P
PBAA, 400/50u,67%A P
PBAA, 200 u,70%A P
PBAA, I0Ou,67%A P
PBAA, 50u,67%A P
PBAA,200u,67%AP
PBAA,200u,64%AP
PBAA, 400w, 67%A P
PBAA, 200/25up,67%A P
CTPB, Control, 68%A P
CTPB, 1% Copper Chromate,6 7%A P
CTPB, 1% HYCAT, 67%A P
CTPB, 2%Fe03,66% A P
PBAA, 68%A P
PS,68%A P

PBAN, 68% A P

PU,68%A P

PPPPVPOPERODODDPDPODOO

MAXIMUM BURNING-RATE AUGMENTATION, rmax /%o

i|i1./secI

3 4 5 6 7 8 9 T}
mm/sec

REFERENCE BURNING RATE

(a) 2.07 MN/m2 (300 psia).

’ro

Figure 6.- Maximum rate augmentation at 100g as a function
of reference burning rate as the AP characteristics,
binder type, and catalyst type varied.
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Figure 6.- Continued.
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Figure 6.- Concluded.

27



28

MAXIMUM BURNING-RATE AUGMENTATION, rmax/"o

1.8 —
17—

1.6 —

15— P=6.21 MN/m?

(900) psia

14—

13—

1.2 -

-

1.0 ! | [ ;| J
) .20. 30 40 .50 60
in./sec
! | I | | | l ! | ! J
3 4 5 6 7 8 9 10 1l 12 13 14 15

mm/sec

REFERENCE BURNING RATE, o

Figure 7.- Effect of pressure on maximum rate augmentation
at 100g normal acceleration.
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Figure 9.- Effect of acceleration on propellant surface of a nonaluminized propellant.
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.Figure 10.- Effect of acceleration on burning rate. of a low-rate double-base propellant
containing lead stearate.
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Figure 11.- Effect of acceleration on propellant
surface of a low-rate double-base propel-
lant containing lead stearate.
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