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Nomenclature

average flame-height factor with respect to the oxidizer
kinetic prefactor for surface decomposition

average flame-height factor for the binder
characteristic surface dimension

specific heat capacity of the oxidizer combustion gases
specific heat capacity of the solid

oxidizer particle size

activation energy for surface decomposition

rate constant

mass flow rate

oxidizer/binder ratio

pressure

heat released in the flame

heat of the binder decomposition

net heat released at the oxidizer surface

molar gas constant

burning rate

surface area

oxidizer monopropellant flame temperature

surface temperature

initial propellant temperature

diffusion-flame height

flame standoff distance

mass fraction in the propellant

fraction of the oxidizer that reacts in the diffusion
flame to heat the oxidizer

fraction of the oxidizer that is used to heat the oxidizer
fraction of the oxidizer not involved in the condensed
phase reaction

latent heat of the solid oxidizer

flame reaction order

gas thermal conductivity

dimensionless flame height

density
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Subscripts

b = associated with the binder

j = number of the oxidizer particle-size fraction in the
propellant

ox = associated with the oxidizer

PF = associated with the primary flame

)4 = associated with the propellant

0 = represents the total or initial conditions

I. Introduction

MMONIUM perchlorate (AP) used in composite propellants

consists of various blends of particle sizes for high loading
density and stable combustion. Three or four particle sizes are
commonly used in propellants, which are sufficient to come close to a
viscosity optimum for a specific solid loading. Most of the practical
propellant formulations have a wide-distribution multimodal
oxidizer blend containing both very large (200 to 400 pm) and
very small (1 to 25 pm) AP particles. The oxidizer particle size and
particle-size distribution of various blends of oxidizer have a
considerable effect on the burning rate of the propellant. The general
need is to describe the burning rate of these propellants in terms of
oxidizer particle-size distribution. The objective of this research is to
describe a combustion model for the determination of burning rates
and combustion properties for multimodal AP composite
propellants.

Combustion models based on the multiple-flames concept, such as
the Beckstead—Derr—Price (BDP) model [1], petite ensemble model
(PEM) [2], Cohen and Strand model [3], and Beckstead models [4—
6], have been able to predict the ballistic properties (burning rate and
pressure exponent) of various polydisperse propellants to within
about 10%. These models seek to simplify the statistically three-
dimensional propellant geometry by unimodal oxidizer particles of a
representative size surrounded by some binder layer of an equivalent
extent. The influence of the size distribution on the average burning
rate is predicted by integrating the results of independent analysis of
each particle size. These models, however, are not able to predict the
burning-rate behavior of the wide-distribution propellants.

Wide-distribution propellants have unique combustion mecha-
nisms at the propellant surface. Studies have shown that a thin layer
of liquid binder covers portions of the exposed AP surface, which is a
dominant combustion mechanism for wide-distribution solid
propellants [7]. This binder covering reduces the oxidizer burning
rate, and the difference in the measured and the predicted burning
rates is related to the extent of oxidizer surface covered with binder.
The oxidizer-to-fuel ratio in these propellants plays a dominant role
in combustion. These considerations were accounted for while
formulating the model for burning-rate calculations.

The basic modeling approach is based upon the BDP multiple-
flames concept. The following changes were incorporated in the
original model to achieve the objective:

1) The Price-Boggs—Derr (PBD) model [8,9] for AP deflagration
is adopted with modified input parameters, which provides a realistic
means for examining and understanding the self-deflagration
properties associated with solid propellants. The model includes
variable specific heat capacity and conductivity and describes self-
deflagration as a function of pressure and initial temperature. As a
result, the temperature and pressure dependence of burning rates of
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composite propellants can better be predicted when compared with
the previous models.

2) The oxidizer and binder are assumed with separate surface
temperatures in the current model. Separate energy balances are
taken for the oxidizer and binder to determine their respective surface
temperatures.

3) The model is extended to incorporate the multimodal oxidizer
sizes using a pseudopropellant approach following the Cohen and
Strand model [3]. The burning rate of each pseudopropellant is
calculated independently, using the monomodal model. The
aggregate propellant burn rate is determined from all the mass flow
rate and surface-area contributions of all the pseudopropellants.

II. Experimental Work

Ammonium perchlorate (oxidizer), hydroxyl-terminated poly-
butadiene (HTPB) (binder), aluminum (fuel), toluene diisocyanate
(curing agent), and some common propellant additives were selected
as the propellant ingredients for formulation experimentations. Three
to four particle sizes of AP were used in varying proportions to study
the effect on burning rate and pressure exponent. A sufficient
quantity of all the raw materials was prepared and homogenized to
ensure a uniform batch. A small-scale vertical mixer was used for
mixing the propellant slurry and later the scale was enhanced to a
larger mixer to observe the effect. Several mixes of propellant slurry
were prepared to observe the effect of the formulation variables.
Propellant slurry was cast in rectangular cartons under vacuum and
cured at 70°C in an oven for three days. Samples were prepared from
the cured propellant and were tested for burning rate, pressure
exponent, temperature sensitivity of burning rate, and various
mechanical properties (stress, strain, and modulus). The results
obtained (statistical mean value of five test samples) from these tests
are summarized and discussed next.

The effects of varying the mixing ratio of coarse and fine AP and
the catalyst on propellant burning rates were studied. In the first step,
trimodal AP compositions were varied but the total contents of AP
remained unchanged. Three types of spherical and one type of
nonspherical AP were used, referred to as types 1, 2, 3, and fine,
respectively. The mass average diameters d,; of types 1, 2, and 3
were measured as 340, 250, and 135 pm, respectively. The average
diameter d,; of the nonspherical (fine) AP was measured as 10 pm.
The proportions of various AP fractions with the measured burning
rate and pressure exponent are given in Table 1.

In formulations AH-101 and 104, types 1, 3, and fine AP were
used. Formulation AH-105 was reproduced with the same
compositions as that of no. 104, but replacing type 1 AP with
type 2. This change resulted in increasing the burning rate and
reducing the pressure exponent of the propellant, which is according
to the expected trend. The rest of the propellant formulations were
prepared by using type 2 AP as the coarse fraction. In formulations
AH 106-108, the fine-AP proportion was increased from 5-25%,
which was further increased up to 35% in formulation leading to
no. AH-113. Formulation AH-110 was just the repetition of no. 108
to verify the results. A good reproducibility of the results was
observed from nos. 108 and 110.

The results of the burning rate versus fine-AP contents are plotted
and shown in Fig. 1. It can be seen from the figure that the burning
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Fig. 2 Change in the burning rate with the AP mean diameter.

rate rises with the increase in fine-AP contents. The rise becomes
quicker when fine-AP contents are increased from approximately
20% onward. This effect is more clearly visible from Fig. 2, in which
the mass average diameter d,; of the three AP fractions is plotted
against the burning rate at 5.5 and 6.0 MPa.

The burning rate decreases noticeably with d increasing, but at
large d, the dependence of burning rate on d becomes weak. Such
behavior of burning-rate dependence on d was also observed in
previous studies with bimodal oxidizer at stoichiometric oxidizer/
fuel ratios [10,11].

III. Combustion Mechanisms of Wide-Distribution
AP Propellants

Wide distribution denotes a multimodal oxidizer blend containing
both very large and very small oxidizer particles. The size difference
allows higher levels of oxidizer-to-fuel ratio for the propellant to be
achieved. The general need is to describe the burning rate of these
propellants in terms of oxidizer particle-size distribution and binder
composition. Combustion models based on the multiple-flames
concept, such as BDP and the PEM, were able to predict the ballistic
properties of previous polydisperse propellants to within about 10%.

Table 1 Various proportions of coarse and fine AP with burning rate and pressure exponent

Formulation code AP, % r (6.0 MPa), mm/s Pressure exponent n
Fine Type3  Type2  Typel
AH-101 35 24.0 —_ 40.0 5.81 0.420
AH-104 11.5 28.0 —_— 28.0 6.02 0.398
AH-105 11.5 28.0 28.0 —_— 6.44 0.387
AH-106 5.0 31.5 31.0 —_— 6.49 —_—
AH-107 15.0 26.5 26.0 —_ 6.39 0.400
AH-108 25.0 21.5 21.0 —_— 6.93 0.430
AH-110 25.0 21.5 21.0 —_— 6.88 0.430
AH-112 30.0 19.0 18.5 —_— 7.48 —_—
AH-113 35.0 16.5 16.0 —_ 8.74 0.530
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The influence of size distribution on the average rate is predicted by
integrating the results of independent analysis of each particle size.
These models, however, are not able to predict the burning-rate
pressure dependence of wide-distribution propellants.

Comparison between measured and predicted burning rates from
the previous studies are given in Fig. 3. Incrementally increasing the
replacement of fine particles with the coarse particles in the trimodal
AP propellant resulted in a decrease in measured burning rate.
Results of PEM calculations are close to the measured burning rates
at lower concentrations of coarse particles, but miss the decrease in
rate as the coarse fraction is increased. Two possible phenomena that
could cause this difference are 1) control of the ballistics by the fine-
AP/HTPB (pocket propellant) matrix and 2) local intermittent
burning related to the mass fraction of the coarse oxidizer particles.
Because of the fuel-rich nature of the fine particle combustion, these
propellants also exhibit extreme sensitivity to changes in binder
composition.

Wide-distribution propellants have unique combustion mecha-
nisms. The ballistic results of these propellants reveal anomalous

Similarly, the binder mass flow rate is given by

_Esh
RTsh) @

my = ppry = Ay exp(

B. Separate Energy Balance for Oxidizer and Binder
The energy balance for the AP is written as

mnxSnx[Cs(Tsnx - To) + AHY + QL]
= ﬁOXlBF(mOXSOX + mbSb)QPF exp(_éPFox)
+ ﬂox(l - ﬂF)moxsonox CXP(—%_OX) (3)

The surface temperature of the oxidizer is calculated from the
preceding equation and is given by

T, =T,

SOX

+ ﬁoxlgF(moxSox + mbsh)QPF exp(_gPFox) + ﬁox(l B ﬂF)moxSonox exp(_%_ox) _ AHs + QL

burning rates. High-speed photographs and examination of
extinguished propellant surfaces have shown evidence of molten
liquid binder flowing on the propellant surface. This was indicated by
the beads of binder flowing off the burning surface in the window-
bomb movies and thin layers of binder covering portions of the
oxidizer particles on the extinguished surface [7]. The binder flow
increases significantly as the oxidizer-to-fuel ratio of the pocket
propellant is lowered.

The binder covering reduces the oxidizer burning rate and is the
main cause of differences between the predictions made with the
PEM combustion model and the experimental results for wide-
distribution propellants. The fraction of the AP burning surface
covered with the molten binder determines the magnitude of the
propellant burning-rate suppression. Experimental evidence
suggests that lowering the oxidize-to-fuel ratio of the pocket
propellant increases the binder-covering fraction. The binder-
covering fraction also varies with the combustion pressure [12].

IV. Combustion Modeling

The combustion model is based on the BDP multiple-flames
concept [1]. Separate surface temperatures for the oxidizer and
binder were assumed following Beckstead and McCarty [5]. A
complete description of the model is given in [13]. The key equations
used in the model are summarized next.

A. Mass Flow Rates

The mass flow rates of the oxidizer and binder depend solely on
their respective surface temperatures through the Arrhenius
pyrolysis law. The mass flow rate of the oxidizer for a given surface
temperature is calculated by

RT

SOX

—E,
mDX = IOOXrOX = ASOX exp( jOX) (1)

4
CSmOX SOX CJ ( )
Similarly, the energy balance for the binder is taken as
mbSb[Cs(st - TO) + quel]
= (1 - ﬂox)(moxsox + mbsb)QPF exp(_gPFb) (5)
Equation (5) is used to calculate the 8., which is given by
ﬂox =1 mbsb[c.v(st - To) + quel] (6)

a (moxsox + mbSb)QPF eXP(_SPFb)

C. Binder Regression Rate

The binder regression rate is calculated by continuity of the
propellant:

thb = moxS()x (&) (7)
ry="" ®)
Po

This regression rate is used in the surface-area calculations to
determine S, . Unlike the BDP model, it is done in iteration, because
r,, is function of S, in this calculation. The regression rate is then
used to determine T, from Eq. (5).

D. Flame Heights

The BDP model used an approximation of the Williams and
Burke-Schumann diffusion flame to determine an effective
diffusion-flame height over the AP. The same basic approach is
used for the calculations of the diffusion-flame height. However, a
separate averaging method is applied to the diffusion-flame height
over the oxidizer and binder.
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Fig. 3 Comparison of predicted and experimental measured burning
rates.

The dimensionless flame height over the oxidizer is given by

CSm (X:X +X OX)
N ©)

g

XDox = Afh X XD (10)

The dimensionless flame height over the binder is given by

X3 X
prh :—mep( )PLF * Dh) (11)

8

Xpp = Bm X Xp 12)

It turns out that the factor By, is much smaller than A, the average
flame-height factor with respect to the AP. Thus the binder is heated
by a relatively close-in flame, which is consistent with Burke—
Schumann model solutions for flames that extend over the fuel.

Xy 1s calculated by the following relationship:

m

Xpp=—L 13
= (13)

Calculations of the diffusion-flame height X, and the heat-release
term used in Eqgs. (4) and (6) are adopted from the BDP model and
elaborated in [14]. The characteristic surface dimension b thatis used
to determine the diffusion-flame height X, is different from the BDP
model and is given later in this paper.

E. Multimodal Propellant Calculations

Several different approaches were used for building up the
component modal contributions to express the aggregate propellant
burning rate. The two most common approaches presented by Cohen
and Strand [3] and Beckstead [6,10] were explored during this study.
The original Cohen and Strand [3] modeling approach failed to
calculate the burning rates of AP propellants having a wide
distribution of particle sizes. In his later models, Beckstead [6,15]
used a time-averaging approach, assuming that the propellant burns
through alternate layers of binder and oxidizer at significantly

— — model (90/200 um)

m  experimental (90/200 um)
model (9/90 um)
experimental (9/90 um)

r,cm/s

0.1 T

1 10 100
P, MPa

Fig. 4 Results of bimodal AP/HTPB propellants compared with the
experimental data.

different rates. The model gives good results for nitramine
propellants associated with a significant ignition delay time. The
Cohen and Strand [3] model is used for the purpose of present
calculations, which gave good results with modifications described
earlier.

In the Cohen and Strand [3] approach, each modal component is
viewed as a pseudopropellant. Each pseudopropellant includes an
assigned portion of the binder. The burning rate is determined from
all of the mass flow rate and surface-area contributions by serially
building up pseudopropellant contributions:

n—1

mp,n Z Soj = (mnxsox)j=n + (mbSb)j=n + mp,n—] Z Soj (14)
1 1
r=-22 (15)

The first two terms on the right side of Eq. (14) are the mass flow
contributions of the oxidizer and the binder for last pseudopropellant.
In the calculation procedure, j = n represents the coarsest-particle-
size pseudopropellant. The characteristic surface dimension b; for
multimodal propellant calculations is given by [35]

_ Doxj pox/ph
=" [1 i (O/F),} (1o

The parameter (O/F); depends upon the apportioning of the
binder to the oxidizer among the pseudopropellants. Cohen and
Strand used a constant (O/F); value in their model. This was
changed and the effective O/F ratio for each pseudopropellant is
assigned according to their relative proportion in the propellant. This
approach affords the opportunity to predict more realistic burning
rates and accounts for wide-distribution phenomena. The surface-
area expressions used in the BDP mode are extended to incorporate
the multimodal propellants.

Table 2 Experimental and calculated results for trimodal aluminized propellants

Formulation AP proportions 10/135/250/340 pm Burning rate,* mm/s Pressure exponent?
Experimental Calculated Experimental Calculated

AH-101 3.5/24/——/40 5.81 5.10 0.420 0.361
AH-104 11.5/28/——/28 6.02 5.58 0.398 0.358
AH-105 11.5/28/28/—— 6.44 5.62 0.387 0.387
AH-106 5/31.5/31/—— 6.49 5.28 — —_—
AH-107 15/26.5/26/—— 6.39 5.82 0.400 0.412
AH-108 25121.5/21/— 6.90 6.38 0.430 0.485
AH-112 30/19/18.5/—— 7.48 6.67 0.430 0.520
AH-113 3.5/16.5/16/— 8.74 6.96 0.530 0.562

“The pressure is 6.0 Mpa. "The pressure range is 4-10 MPa.
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Fig. 5 Pressure dependence of the burning rate for trimodal AP/HTPB
formulations.

V. Results and Discussions

Calculations are performed for a bimodal propellant and compared
with the experimental data of King [16] and Miller [17,18] for the
verification of the model. These propellants are good choices
because they encompass a range of size distributions and AP
concentrations. Calculation results are compared with experimental
data of King’s [16] formulation having 82% AP (90/200 pm, 1/5
ratio) and Miller’s [17,18] formulation having 80% AP (9/90 pm,
1/1 ratio) and are shown in Fig. 4. The results show very good
agreement with the data in both cases. A rise in the slope 0 9/90 pm
propellant curve is attributed to the shift from the diffusion-flame-
control regime to AP flame control at about 10 MPa.

The model is extended to calculate the burning rates of wide-
distribution particle sizes and aluminized propellants. Our own
experimental data, which contain various formulation results of
aluminized AP/HTPB propellants [19], are used for the calculations.
These data are a good choice due to their versatile nature, having
trimodal AP with variable particle sizes and proportions, and they
provide the pressure exponent for most formulations. These data
represent the real practical formulations. The results of burning rate
and pressure exponent are compared and shown in Table 2. The
calculated results are in very good agreement with the relevant
experimental data. All of the results are within 20% deviation: 75%
results lie within 15% deviation, and 50% calculations are within
10% deviation. The statistics shows the excellent predictions for such
a practical wide-distribution aluminized propellant formulation. The
pressure versus burning-rate curve for all the formulations of [19] are
also plotted and shown in Fig. 5. This shows the good computational
capability of the model with respect to both pressure and particle-size
effects. Thus the desired purpose has been achieved.

All of the propellants were calculated at the initial temperature of
298 K. The effect of initial propellant temperature requires further
work, which is still in progress.

VI. Conclusions

A model is presented for the combustion calculations of AP-based
composite propellants within the framework of the BDP model. The
model differs from the BDP model in the sense that it accounts for the
latest PBD model for AP deflagration with modified parameters. A
separate energy balance is assumed for the binder to calculate
different surface temperatures of the oxidizer and binder. A
pseudopropellant approach is used for extension of the model to
multimodal AP propellants. New parametric values used in the PBD
model enable more widened and more realistic surface-temperature
calculations of oxidizer and better predictions of monopropellant
rates. Burning-rate calculations for various monomodal AP/HTPB
propellants were performed and compared with the experimental
data. Results are in good agreement. Then the model is extended to
multimodal propellants and results are compared for bimodal AP
propellant formulations that again show good agreement with the
data. Finally, the results are computed for the most practical
propellant formulations containing aluminum and trimodal AP in a
wide distribution of particle sizes. The results of burning rate and
pressure exponent are in very good agreement with the experimental
data. Results show the good capability of the model for determining
the effect of both pressure and AP particle size. The dependence of

burning rate on initial temperature is not computed in the present
study and work on that is still in progress. Because the model predicts
the combustion properties of practical propellant formulations to a
reasonable accuracy, overall propellant optimization can be
performed and, as such, significant gains can be reached by

reducing the time and cost for new propellant formulation
development.
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