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The effect of the oxidizer size and size distribution on the pressure and temperature sensitivity for a
nonaluminized composite solid propellant was investigated using a new mathematical model called the Petite
Ensemble Model. Calculations were made using the new model, taking into account the oxidizer size and size
distribution in determining the burning rates, rate exponents, and temperature sensitivities. Results were ob-
tained for both unimodal and bimodal propellants with oxidizer particle sizes ranging from ultrafine (0.7 g) to
coarse (400 p). For unimodal propellants, it was determined that the burning rate was higher for the smaller
oxidizer sizes, as would be expected. Moreover, the rate exponent was larger for the small and large oxidizer
particles with a minimum exponent obtained for some intermediate oxidizer diameter. Temperature sensitivity
was found to be higher for propellants with larger oxidizer particles. However, it was found that the temperature
sensitivity was constant for small particles. It was shown that for large particles, the temperature sensitivity and
rate exponent decreased as the oxidizer distribution was widened.

Nomenclature
c =constant in St. Robert’s burning rate law, Eq. (3)
D =oxidizer diameter
F = oxidizer mass distribution function
n =pressure exponent in St. Robert’s burning rate law,
Eq. 3)
p =pressure
r =burning rate
T, =initial solid propellant temperature
o = oxidizer mass fraction
Tk =temperature sensitivity, Eq. (5)
o = oxidizer mode width parameter
o, =temperature sensitivity, Eq. (4)
Superscript
() =mean value
Subscripts

( ), =monodisperse pseudopropellant
( )ox =oxidizer

I. Introduction

HE combustion characteristics consisting of burning rate,

pressure exponent, and temperature sensitivity for a
composite solid propellant are highly dependent upon the
physical nature of the oxidizer; that is, the size and size
distribution of each of the individual oxidizer modes. Earlier
steady-state solid propeliant combustion models for com-
posite propellants considered the particle sizes of the oxidizer
to be represented by a single characteristic oxidizer particle
size. The Petite Ensemble Model (PEM) described below
treats the oxidizer in a more realistic fashion in that both the
size and size distribution of the individual oxidizer modes
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comprising a composite solid propellant are considered. The
PEM is capable of considering any number of oxidizer modes
each having a different size distribution.

Calculations are presented which describe that model’s
capability for predicting the effect of the oxidizer size and size
distribution of the combustion characteristics of a composite
solid propellant.

II. The Model

The PEM is a steady-state combustion model which
combines a statistical formalism! and a combustion model
similar in several respects to the Beckstead, Derr, and Price
(BDP) model.2 The addition of the statistical formalism
permits a description of the oxidizer particle size and size
distribution which makes the model more realistic in terms of
actual propellant formulations.

Oxidizer Size and Size Distribution

Since the PEM is capable of describing the combustion of a
solid propellant having a distribution of oxidizer sizes, it is
useful to define two independent parameters that describe a
particular oxidizer distribution. They are the mean diameter
D and the mode width parameter o. Then the mass
distribution of a typical oxidizer grind can be characterized by

alog normal distribution function, F,, ,. Thus,
roo 1 o [ 1[%D—&1D—:|2:| :
8= Qatag) 12 Pl 21 o W

The mean diameter D is termed the 50% weight mean
diameter, since half of the oxidizer’s mass is composed of
particles of diameter less than D. The term o represents the
actual width of the distribution about the mean oxidizer
particle diameter, D. Integration of this expression from one
particular value of oxidizer particle diameter to another
results in the mass fraction of oxidizer within that specified
mode having diameters within those integration limits.

A mode width parameter ¢ equal to unity corresponds to a
monodisperse oxidizer mode; that is, all oxidizer particles in
the mode are of one diameter, D. A mode width parameter
exceeding unity represents a polydisperse oxidizer mode
distribution. In a polydisperse mode, the oxidizer mass is
distributed about the 50% weight mean diameter; the larger
the value of o, the wider this distribution of oxidizer mass
about D.

To illustrate the accuracy of the assumption that actual
oxidizer grinds fit log normal distributions, log probability
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Fig. 1 Oxidizer particle size distribution data.

plots of oxidizer weight percent greater than diameter vs
particle diameter are presented in Fig. 1 for four different
experimental AP oxidizer grinds.?.

Since a straight line on this type of graph represents a true
log normal distribution, a linear least-square fit of each set of
data was obtained, and the mean diameter D and mode width
parameter ¢ for each fit of the grind data are presented on the
figure. A vertical line on this figure would indicate the
monodisperse (c=1.0) case, and the more polydisperse a
distribution becomes, the less the slope of this line. Mode
width parameters for typical AP oxidizer grinds run from
near monodisperse to very polydisperse (a ¢ of the order of
3.0). This log normal polydispersion of oxidizer particle size
was exhibited by all eight oxidizer grinds of Ref. 5, although
only four are shown.

By utilizing the log normal distribution function, each
oxidizer mode within a composite propellant can be
represented by two independent parameters, the 50% weight
mean diameter D and the mode width parameter o. In ad-
dition to these two parameters, each oxidizer mode is
characterized by a given oxidizer mass fraction, such that the
summation of the mass fractions of all the modes equal the
total oxidizer mass fraction for the composite propellant
considered. The overall propellant oxidizer distribution
function F, utilized in the burning rate expression given in the
next section, is the summation of the oxidizer mass
distribution function of each mode, each being multiplied by
their respective value of oxidizer mass fraction. With this
more realistic description of the oxidizer incorporated within
the PEM, the effect of the size and size distribution of the
oxidizer mass on burning rate, pressure exponent, and
temperature sensitivity can be determined. :

Burning Rate

To determine the burning rate of a polydisperse propellant,
the propellant is first mathematically rearranged into a series
of monodisperse pseudopropellants. The mass flux from the
entire polydisperse propellant surface and, consequently, its
burning rate can then be determined by a statistical sum-
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mation process of all the mass fluxes from these monodisperse
pseudopropellants. The monodisperse mass fluxes are
determined from the unit flame combustion model which
mathematically describes the combustion of a single per-
chlorate particle submerged in an annulus of fuel. For that
particle, the burning rate is obtained from a solution to a set
of simultaneous equations which include the surface geometry
and surface temperature. Imbedded in those equations are the
geometrical and combustion variables describing the
propellant in detail. A more complete description of the
combustion model is given in Ref. 4.

Utilizing this statistical methodology, a mathematical
expression for the total propellant burning rate, 7,34 can be
written in the following form:

r'-—-S 4 F dtD o)
D Cld

In this expression, r,;, a4, and F, are the burning rate,
oxidizer mass fraction, and oxidizer distribution function,
respectively, for each monodisperse pseudopropellant of a
given oxidizer diameter (as designated by the subscript, d).
The monodisperse burning rates, r,, are calculated from the
monodisperse mass fluxes.

In this manner, the total propellant burning rate is ex-
pressed in terms of propellant formulation variables and the
monodisperse pseudopropellant burning rates. The propellant
formulation variables are selected in the form of the oxidizer
particle size and size distribution, the oxidizer mass fraction,
and the other oxidizer/binder characteristics. The integration
over all oxidizer particles sizes for the burning rate for a
polydisperse propellant forms the Petite Ensemble Model.

The PEM just described thus permits consideration of a
real propellant having an oxidizer particle size distribution.
This model represents a significant improvement over the
more conventional models,2%7 which require that a single
particle size be selected to represent the polydispersion of
oxidizer particle sizes present in all real propellants.

Pressure Exponent )
In order to determine the pressure exponent n in the St.
Robert’s law
r=cp" 3)

the burning rate is determined using the PEM for three dif-
ferent values of pressure—3.45, 6.89, and 13.79 MPa, and for
a constant value of initial temperature, 294 K. Then, a linear
least-square fit of the calculated points on a logarithmic rate
vs pressure plot is determined. The reported value of the
pressure exponent at a pressure of 6.89 MPa is the slope of
this ‘“fitted’’ line. This technique for determining the pressure
exponent is similar to that of the experimental study® used for
comparison purposes.

Temperature Sensitivity

A number of related parameters may be defined for
describing the temperature sensitivity characteristics of a solid
propellant. Since the PEM is concerned with the deter-
mination of the burning rate, the effect of the initial
propellant temperature 7, on the burning rate is one of the
parameters for which computations have been made. Thus,

Afnr
0,=_—
r aTo p=const

4

Another parameter of interest is the temperature sensitivity

7, which is related to o, and the pressure exponent n. Thus,
wg=0,/(I—n) (5)

Therefore, the calculated values of both ¢, and m are
presented.
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In order to calculate o, the burning rate is determined for
initial solid propellant temperatures of 284, 294, and 304 K. A
second-order fit of these points on a semilogarithmic burning
rate vs initial temperature plot yields o,,, which is the slope of
this fit at an initial temperature of 294 K.

I¥1. Determination of Propellant Constants

As is the case with other steady-state burning rate models,
the PEM requires the use of several constants, such as the
activation energies and the pre-exponential frequency factors
for the several reactions, the heats of the fuel pyrolysis and
the oxidizer decomposition, and the specific heats and
thermal conductivities for both the gas and the solid phases.
Some of these input parameters are known only to a small
degree of precision. In order to determine the appropriate
values for these constants, experimental burning rate data
were used.’

The burning rate and pressure exponent were determined
experimentally for a series of AP/HTPB nonmetallized
propellants® at a pressure of 6.89 MPa and an initial tem-
perature of 294 K. These composite propellants were for-
mulated from eight individual oxidizer grinds with the total
oxidizer mass fraction held constant at 87.4% for each blend.

The theoretical burning rates and pressure exponents were
obtained using the PEM and subsequently compared to the
experimental values. In this manner the numerical value for
the input constants were varied, each within certain prescribed
limits, until the best fit of the experimental data, both burning
rate and pressure exponent, was obtained.

Table 1 gives the values for some of the more important
input parameters, along with some of the better known
constants such as the fuel and oxidizer solid phase densities.
Once the values for these parameters had been established,
they were not changed during the calculations for burning
rate, burning rate exponent, and temperature sensitivity.

Figures 2 and 3 present the results for the experimental
data. Figure 2 depicts the predicted burning rate vs the ex-
perimental rate for the twenty-one propellant configurations
considered, and Fig. 3 presents the PEM prediction of
pressure exponent vs the experimental exponent for the same
propellants. The small numbers beside the data points in Figs.
2 and 3 refer to the ith propellant of Ref. 5’s series SD-111-88-
i. These propellants are primarily trimodal, so in that case
there are three separate values for D and o characterizing a
propellant. In both cases, the PEM prediction matched the
experimental data quite well with over 70% of the data within

Table 1 PEM input parameters

SIZE DISTRIBUTION EFFECTS ON PROPELLANT COMBUSTION

Heat of pyrolysis of fuel 1812 kJ/kg
Density of fuel 903 kg/m?3
Pre-exponential for fuel surface decomposition 40,000 kg/m?2 s
Activation energy for fuel surface decomposition 70,710 kJ/kmol
Heat decomposition of oxidizer -502 kJ/kg
Density of oxidizer . 1950kg/m?3

Pre-exponential for oxidizer surface
decomposition

Activation encrgy for oxidizer surface
decomposition

Molecular weight of primary flame products

Molecular weight of final flame products

Pre-exponential for primary flame kinetics

Pre-exponential of oxidizer monopropellant
flame kinetics

Activation energy for primary flame

Activation energy for oxidizer monopropellant
flame

Primary flame reaction order

Oxidizer monopropellant flame reaction order

Specific heat of solid and gases

Viscosity of gases

Thermal conductivity of gases

Diffusion parameter

4-10% kg/m? s

96,232 kJ/kmol

28.00 kg/kmol

20.78 kg/kmol
1885s°!

70,000s !
62,760 kJ/kmol

121,336 kJ/kmol
2.0
1.8
1.255kJ/ke - K
5.0-10° kg/m-s
1.255-10% kJ/m-k-s
7.7-10° N/K 175 .5
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the 10% band. In some instances for which the experimental
value was outside or near the 10% theoretical bands, it was
noted that the modal structure of the oxidizer was comprised
of very large and very small particles. In such cases, the
assumption of noninteracting unit flames may be a poor
one.?

IV. Computer Propeliants

In order to understand fully the effects of oxidizer particle
size and size distribution on the combustion properties of
polydisperse composite propellants, it is necessary to consider
propellants which have a wide range of oxidizer particle sizes
and size distributions. Since it is not experimentally feasible to
make that many propellants, the propellants used for this part
of the study are ‘“‘computer’’ propellants whose compositions
have been selected to provide the wide range necessary for
illustrating the effects of the oxidizer particle size and size
distribution. Clearly, the ranges of values selected for the
computer propellants are wide enough so that all realistic
propellant formulations will be included. Thus, the propellant
chemist may understand the effects of wide variations in
oxidizer formulations. The value of the solids loading for all
of the computer propellants was selected as 87.4%, since the
combustion properties at that value showed remarkable
agreement with the available experimental burning rate data.

Only two types of ‘‘computer’’ propellants—unimodal and
bimodal—are considered. In each case the propellant is a
composite having ammonium perchlorate for the oxidizer
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with an HTPB fuel binder and no metal additives or catalysts.
The necessary propellant constants are those determined by
the method described in the previous section.

For the unimodal computer propellants, the weight mean
diameter of the individual oxidizer mode has a value ranging
from 0.4 to 400 u. To determine the effect of changing the
oxidizer’s size distribution, three different mode width
parameters are considered: the monodisperse case, 0=1.0;
and two polydisperse cases, 0 =2.0and 6=3.0

For the bimodal computer propellants, the coarse oxidizer
fraction’s weight mean diameter is held constant at 400 u,
while the weight mean diameter for the fine oxidizer fraction
is changed in steps from 0.4 to 400 u. The coarse-to-fine ratio
for the bimodal blends is changed in steps, from 40/60 to
70/30, and results were obtained for two particle size
distributions (6=1.0 and ¢=2.0).° However, only the
polydisperse results are reported.

For all of the computer propellants, the burning rate,
pressure exponent, and temperature sensitivity have been
computed, and the results are presented to demonstrate the
importance of considering both the oxidizer’s size and size
distribution in propellant formulation studies. The values of
burning rate, pressure exponent, and temperature sensitivity
are determined for a combustion pressure of 6.89 MPa and an
initial solid propellant temperature of 294 K.

V. Results and Discussion

The results of the calculations for the computer propellants
can best be understood by first considering the results for the
unimodal series of propellants, followed by a consideration of
the results for the bimodal series.

Unimodal Propellants

The first series of results are those for the unimodal
computer propellants. Figures 4-6 give the calculated values
of burning rate, pressure exponent, and temperature sen-
sitivity for the three different values of the mode width
parameter ¢ as a function of the mean diameter D. For these
calculations, the combustion pressure was 6.89 MPa and the
initial temperature of the solid propellant was 294 K.

Burning Rate

In Fig. 4, the general S-shaped curve is representative of
both experimental® and theoretical %7 burning rate results.
The small particles yield high burning rates. As particle size
decreases, the burning rate approaches a limiting value
determined by the premixed kinetic reaction standoff distance
for a kinetically controlled primary flame between the
oxidizer and fuel binder. Conversely, the large particles yield
low burning rates. As the particle size increases, the burning
rate approaches a limiting value determined by the kinetically
controlled decomposition of the pure oxidizer. The burning
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Fig. 6 Unimodal temperature sensitivity results.

rate for the intermediate diameters is determined by com-
peting processes within each of the three flames above an
individual oxidizer particle. The diffusion and Kkinetic
reactions within the primary flame, the kinetic reaction of the
monopropellant flame, and the diffusional processes of the
final flame all contribute in the overall determination of the
burning rate.

In order to explain the variations in the burning rate for the
various oxidizer size distributions, it should be emphasized
that one of the assumptions in the PEM is that each oxidizer
particle burns independently of all the other oxidizer particles
within the propellant. Therefore, for any given D, the burning
rate for a polydisperse propellant can be calculated by
superpositioning the monodisperse burning rates for particles
within the distribution. The effect of widening an oxidizer
distribution about some given mean diameter D then is
dependent on the character of the burning rate results for the
oxidizer whose diameters are both larger and smaller than D
making up a given distribution. If the effect on the total
propellant burning rate due to the faster burning smaller
particles within the distribution is greater than that of the
slower burning larger particles, then an increase in the width
of the distribution will result in a corresponding increase in
the burning rate. The reverse trend is also true, as can be
observed by the results shown in this figure for the unimodal
propellants.

Pressure Exponent

The calculated pressure exponent is plotted in Fig. 5 again
as a function of the mean diameter D and the mode width
parameter o for the unimodal computer propellants. For the
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monodisperse (o =1.0) case, the pressure exponent decreases
from a near unity value for the submicron size oxidizer
particles to a minimum of about 0.4 for intermediate oxidizer
diameters between 10 and 100 p. Above 100 u, the pressure
exponent begins to increase, approaching near unity for the
very large oxidizer diameters. To explain the phenomena
exhibited by the monodisperse propellants, it is necessary to
examine the burning rate behavior predicted by a multiple
flame combustion model like the PEM. For a given oxidizer
diameter, the effect of pressure on its burning rate indicates
that at different pressures, different flames dominate. This
competition between the flames surrounding an individual
oxidizer crystal greatly affects its burning rate behavior. At
low pressures, the burning rate is controlled by the kinetic step
in the primary flame, since diffusion distances are small and
the oxidizer monopropellant flame and the final diffusion
flame are not present. This results in a slope of the rate-
pressure curve or a pressure exponent near unity. For in-
creased pressures, the diffusional processes in the primary
flame begin to compete with kinetic reactions. With further
increases in pressure, the oxidizer monopropellant flame and
the final diffusion flame begin to compete with the primary
flame in determining the burning rate. The result of these
steps is a lowering of the pressure exponent as pressure is
increased. Finally, for even higher pressures, the primary
flame and the final diffusion flame begin to have a negligible
effect on the burning rate, with the oxidizer monopropellant
flame becoming the rate-controlling step in the combustion
process. This step corresponds to an increased pressure ex-
ponent, once again approaching unity.

The same type of flame dependencies and interactions occur
in the propellants having different oxidizer sizes; however, the
pressures at which these processes occur depend on the
oxidizer diameter. For example, it was shown in Ref. 9 that
the primary kinetic flame dominates the burning process up to
a pressure of 0.5 MPa for a 100 y particle. This dependency,
however, extends up to a pressure of 4 MPa for a 10 g particle
and a pressure of 30 MPa for a fine 1 u particle. Returning to
Fig. 5, the general shape of the pressure exponent vs diameter
curve for the monodisperse case is the direct result of the
various flame dependencies and interactions decribed
previously that are occurring at a pressure of 6.89 MPa for the
different size particles.

Having discussed the reasoning behind why the
monodisperse pressure exponent vs D curve behaves as it
does, some mention should be made regarding the effect of
considering the size distribution for the oxidizer mode. As was
the case with the burning rate for the polydisperse
propellants, the calculated pressure exponent for a
polydispersion of oxidizer particles will be influenced to some
extent by each of the particles within the distribution. For
example, for a unimodal propellant with a 50% weight mean
diameter of about 40 u, the pressure exponent calculated for a
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Fig. 7 Unimodal temperature sensitivity results.
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Fig. 8 Bimodal burning rate results.

polydisperse distribution is greater than the pressure exponent
obtained for the monodisperse case. To understand this, one
need only notice that the monodisperse (o = 1.0) curve predicts
that particles with diameters both larger and smaller than 40 u
yield an increased pressure exponent. Thus, the overall effect
of considering a distribution of oxidizer particles about this
mean diameter is to increase the pressure exponent above the
value determined for the monodisperse case. Similar
reasoning can be applied to any particular D.

The difference between the pressure exponents calculated
for the polydisperse distributions and the monodisperse
distribution depend on the shape of the monodisperse curve
within the diameter range considered by a distribution. The
pressure exponent will be greater for the polydisperse case if
the particles in the distribution yielding higher exponents
outweigh the effect of the particles in the distribution yielding
lower exponents and vice versa.

Temperature Sensitivity

The results of the PEM’s calculations for the unimodal
lemperature sensitivity, o, are presented in Fig. 6. For a
mean diameter D below 10 u, the temperature sensitivity was
found to be a constant independent of the size distribution
considered. However, as the size of the oxidizer increases, the
temperature sensitivity increased, becoming, at the same time,
a strong function of the mode width parameter. From the
pressure exponent results of Fig. 5, it is evident that for a
pressure of 6.89 MPa, the burning rate of small diameter
oxidizer particles is controlled by the primary flame and the
burning rate of the larger particles by the oxidizer
monopropellant flame. Therefore, it is apparent from these
results that the oxidizer monopropellant flame is more sen-
sitive to changes in initial solid propellant temperature than
the primary flame.

The effect of the oxidizer’s size distribution on the tem-
perature sensitivity can be explained in a fashion similar to
that employed in both the burning rate results and the
pressure exponent results.

From these results and the pressure exponent results of Fig.
5, the second temperature sensitivity parameter, w, can be
obtained as a function of the mean diameter D and mode
width parameter o for the unimodal propellants. These results
are depicted in Fig. 7.

Bimodal Propellants

Figures 8, 9, and 10 present burning rates, pressure ex-
ponents, and temperature sensitivities, respectively, as
calculated by the PEM for the bimodal computer propellants..
For the bimodal results, the mode width parameter for both
the coarse and the fine oxidizer fractions is equal to 2.0, and
the coarse fraction mean diameter is held constant at 400 p.
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In evaluating the resulting calculations for the burning rate,
pressure exponent, and temperature sensitivity for the
bimodal propellants, the results obtained for the unimodal
propellants should be kept in mind. For the unimodal
polydisperse cases previously discussed, the overall burning
rate, pressure exponent, and temperature sensitivity are
shown to be some type of weighted superposition of all the
burning rates, pressure exponents, and temperature sen-
sitivities within the distribution, since it is assumed that all
oxidizer particles burn independently. In analyzing the
Bimodal results, it should be evident from the previous
discussion that the magnitude of the burning rate, pressure
exponent, and temperature sensitivity obtained for a bimodal
blend are influenced by the values of these combustion
parameters for each mode acting independently as a unimodal
propellant. The absolute magnitude of the calculated com-
bustion parameter is also dependent on the coarse-to-fine
ratio.

Since the mean diameter of the coarse fraction for each of
the bimodal computer propellants is held constant at 400 p. for
any coarse-to-fine ratio, the effect on the overall burning rate,
pressure exponent, and temperature sensitivity due to the
coarse fraction will be a constant factor. Thus, the variation
in the calculated combustion parameters is due entirely to the
contribution of the fine fraction. With this in mind, the shape
of the burning rate, pressure exponent, and temperature
sensitivity curves for the designated bimodal computer
propellants should show a similar variation with the mean
diameter of the fine fraction, Dy, as the unimodal
propellants did with D. In Fig. 8 the burning rate obtained for
small values of Dy . is shown to be highly dependent on the
percentage of the fine fraction. This is because the con-
tribution to the overall rate by the small particles comprising
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Fig. 11 Bimodal temperature sensitivity results.

the fine fraction is much larger than that of the 400 u coarse
fraction.

Figure 9 indicates that the coarse-to-fine ratio has a
significant effect on the bimodal pressure exponent, especially
for the intermediate values of D,,.. The temperature sen-
sitivity results in Fig. 10 conform to a predictable form as the
coarse-to-fine ratio is varied. Finally, the temperature sen-
sitivity parameter 7, for bimodal propellants obtained from
the two previous figures is presented in Fig. 11.

V1. Conclusions

It may be concluded that the Petite Ensemble Model has the
ability to predict the burning rates and pressure exponents for
a series of AP/HTPB proprellants within 10% of the ex-
perimental values. It is concluded that this exceptional
predictive capability is the result of the model’s capability of
describing both size and size distribution of the oxidizer
particles within the burning rate calculations.

By using the PEM, the burning rate, pressure exponent, and
temperature sensitivity were calculated for a series of com-
puter propellants, unimodal and bimodal, and the results
were reported. For the unimodal propellants, the oxidizer size
had a predictable effect upon the calculated combustion
parameters. But more important, it was shown that the
oxidizer size distribution has a substantial effect upon the
burning rate, pressure exponent, and temperature sensitivity.
In each case, the particular effect was related to a specific
flame, and the trends were shown to be dependent on the
flame structure in a manner that agreed with the available
experimental data. :

For the bimodal distributions, the results were consistent
with those that could be inferred from the unimodal results.
With these propellants, the burning rate, pressure exponent,
and temperature sensitivity were shown to be strong functions
of the coarse-to-fine ratio and the mean diameter of the fine
fraction.

Finally, it may be concluded that the PEM is unique in its
ability to predict the effects of the oxidizer size distribution on
the combustion characteristics of the composite solid
propellant.
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