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In this paper, we present a set of computational simulations of the deflagration of composite propellants

comprising octogen and hydroxyl-terminated polybutadiene. The focus of the investigation is on the parameter

calibration of simplified global kinetics models used to determine gas-phase chemical rates. The calibration is based

on a collection of experimentally measured burning characteristics for pseudopropellants comprising octogen and

hydroxyl-terminated polybutadiene with different solid loadings and uses exclusively homogeneous, one-

dimensional, steady burning information. The task of including a large set of burning characteristics is accomplished

by transforming the calibration into an optimization problem that is solved bymeans of a genetic algorithm.Models

of increasing accuracy are constructed by enlarging the set of matched performance and the parameter space. The

objective is to demonstrate the influence of the calibration of suchmodels on three-dimensional simulations in which

the size of the oxidizer particles is not neglected. A quantitative comparison of prediction and experiments is

presented.

Nomenclature

Ap = preexponential term in the burn-rate power law
Apl = preexponential term in the scaled burn-rate power law
a� = parameter in the thermal conductivity equation
b� = parameter in the thermal conductivity equation
cp = specific heat at constant pressure
Dg;i = preexponential terms of gaseous chemical reactions
Ds = preexponential term of pyrolysis law
e� = temperature exponential in the thermal conductivity

equation
F = fitness function of the optimization algorithm
g = normal component of the temperature gradient at the

solid side of the burning interface
Le = Lewis number
mi = temperature exponents in gaseous reaction terms
Nm = number of matching conditions in the optimization
Nr = number of reactions
Ns = number of species
ni = pressure exponents in gaseous reaction terms
np = pressure exponent in the burn-rate power law
npl = pressure exponent in the scaled burn-rate power law
n� = pressure-exponent scale in the scaled burn-rate power

law
P = pressure
p� = pressure scale in the scaled burn-rate power law
Q = heat release in the solid phase
Rp = pressure response
rb = burn rate
T = temperature

Vb = vector of measured (target) burning characteristics, size
Nm

Vp = vector of predicted burning characteristics, size Nm
Y = species mass fractions
�i = energy conservation coefficients
�s = thermal diffusivity in the solid phase
�i;k = mass conservation coefficients
� = stability parameter
� = scaled activation temperature in pyrolysis law
� = scaled activation temperature in gaseous reaction terms
� = thermal conductivity coefficient
� = pressure exponent in pyrolysis law
�i;k = mass fraction exponents in gaseous reaction terms
� = mass density
	 = supply-temperature burn-rate sensitivity

Subscripts

blend = fine blend of hydroxyl-terminated polybutadiene and
octogen within the solid phase

g = gas phase
hmx = octogen particles within the solid phase
htpb = hydroxyl-terminated-polybutadiene matrix within the

solid phase
s = solid phase

I. Introduction

S OLID propellants most often comprise a heterogeneous
composite material, built as a dispersion of discrete particles of

oxidizer in a fuel-binder matrix. The particle size distribution
influences the deflagration process and the combustion field
supported by the propellant. The interaction between the particle
morphology and the rocket chamber system is of interest for a
number of reasons. Burn-rate control is an obvious one: The particle
size is often used to modify the slope of the burn rate vs pressure
curve in rocket motor applications. Another way in which solid-
phase heterogeneity influences the chamber flow is by rendering the
propellant efflux a stochastic random field. The interaction between
the stochastic efflux and the turbulent flowfield supported by the
burning propellant is the subject of the computational investigation
of Massa et al. [1]. Validation and improvement of combustion
models used in computer simulations is critical to the effectiveness of
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numerical methods in exploring the complex rocket chamber flow
system.

The present investigation has two primary objectives. The first
objective is to explore the accuracy of 3-D computational
simulations of octogen (HMX)-based heterogeneous propellant
deflagration. A computational framework for the simulation of
randomly packed propellant was developed by Jackson and
Buckmaster [2] and was successfully applied to simulate the burning
of ammonium-perchlorate (AP)-based propellant. A propellant mix
of AP and hydroxyl-terminated polybutadiene (HTPB), the
backbone of most solid rocket motor propellants, supports a
moderately corrugated regressing surface and a smooth deflagration
process. Conversely, experimental observations described by
Beckstead andMcCarty [3] suggest that HMX–HTPB oxidizer–fuel
mixes are characterized by a highly corrugated solid-gas interface
and an intermittent burning process. Both of these features result in
an irregular deflagration and considerably complicate the computa-
tional analysis.

The second objective is to present an analysis of reaction schemes
for solid-propellant deflagration and to introduce amodeling strategy
that relies primarily on optimization of an objective cost function.
The issue of kinetic modeling arises due to the very complex nature
of the chemistry involved in the process. A first principle model of
solid-propellant combustion should include a solid phase in which
chemical reactions are scarce, a condensedmulticomponent interface
(solid, liquid, or gas), and a gas phase. Of these phases, only the first
and last are (in some cases, mostly one-dimensional problems)
appropriately modeled from first principle. The major difficulty in
modeling condensed-phase reaction paths is caused by the fact that
the kinetic rates do not generally obey order-n Arrhenius laws.
Therefore, model-free methods such as isoconversional methods
have been devised to overcome this obstacle (Vyazovkin and Wight
[4]). Although great progress has been made in studying the gas-
phase reactions, the weakest link is the condensed layer, in which a
considerable amount of the heat of explosion is released. For
example, Miller and Anderson [5], analyzing HMX deflagration,
pointed out that the gas-phase temperature and species-mass-fraction
profiles can be obtained with a comparable level of accuracy by
considering totally different reaction paths in the solid phase and by
modeling the gas phase with detailed kinetics. Brewster [6] pointed
out that a simple chemistry model based on a single global kinetic
path in the gas phase yields a better agreement than a detailed kinetics
model in predicting the pressure-coupled response function ofHMX.

In addition to issues of uncertainty in the model assumptions,
practical issues (e.g., high computational run time and lack of
robustness) make detailed kinetics models unsuitable for three-
dimensional computer simulations of heterogeneous propellant
combustion. Therefore, 3-D computations are most often carried out
with simplified kinetic schemes that can be either reduced schemes or
global (false) schemes. The advantage of the first choice is the higher
degree of representation of the underlying physics, whereas the
second choice requires less detailed information about the chemistry
and yields, in general, simpler formalisms.

Global schemes can be appropriately calibrated to yield
predictions that are as accurate as needed by enlarging the parameter
space. However, these predictions are limited to only global
performance variables; therefore, the success of the model when
applied to problems other than those for which it was calibrated is not
guaranteed. Another drawback of global schemes is reflected in the
question: “How does one choose the model parameters when using
global kinetics?” We advocate using numerical optimization. The
use of numerical optimization to determine themodel parameters is a
consequence of two considerations. First, the kinetic parameters for a
global kinetic scheme do not have a direct physical interpretation,
and so the calibration can only be defined as the calibration that gives
the best match for a set of global performance variables. Second, the
scatter in experimental data makes it impossible to define a model by
exactly matching a subset of performance variables, and so the
definition of a least-squares type of function is a natural choice.

A calibration procedure based on numerical optimization is
applicable to a large class of solid energetic materials. The approach

is discussed by Massa et al. [7], in which the calibration strategy is
illustrated by considering AP- and HMX-based propellants. In this
research, we restrict our attention to modeling HMX–HTPB
propellants and the emphasis is on the accuracy of the optimized
models when applied to 3-D-supported deflagrations. Three models
of increasing complexity are developed, and the ability of such
models to predict 3-D burn-rate data is linked to the number of
parameters and objective targets used in the 1-D calibration.

The present manuscript is organized as follows: Sec. II contains a
review of global kinetic modeling in solid propellants, Sec. III
introduces the reaction formalism used in this research, Sec. IV lists
optimized models for different calibration conditions, Sec. V gives
detailed information about the 3-D analysis, Sec. VI details
computational results for two morphologies, and Sec. VII presents
the conclusions to this investigation.

II. Global Kinetics Models

In the context of global kinetics, it is necessary to recognize that
some of the model parameters have weak physical meaning and
seldom can they be chosen based upon experiments. Global kinetics
are based on a phenomenological description of the combustion
process, one in which each flame (i.e., region of high chemical
energy release) is associated with an Arrhenius reaction term that
describes a very complex set of chemical reactions.

A large number of global schemes for solid-propellant
deflagration have been proposed since Second World War; a critical
review is given byMiller [8]. For pure HMX, we reference the works
of Ben-Reuven and Caveny [9], Ward et al. [10], and Mitani and
Williams [11]. All of these models yield good quantitative
predictions, but with quite different parameter selections.

The accuracy of the model is related to the choice of performance
used to quantify the agreement between the computationalmodel and
experiments. The engineering practice led to the description of solid-
propellant deflagration based upon a set of performance measure-
ments that includes, but is not limited to, steady-state burn rates for
different pressures, adiabatic flame temperatures, sensitivity
derivatives, intrinsic stability information, and pressure-response
data. In the present manuscript, this set of quantitativemeasurements
comprises what we shall call burning characteristics. An appropriate
global kineticsmodel should be able to reproduce observed trends for
most of the burning characteristics. Therefore, the two fundamental
issues in global kinetics modeling are accuracy and uniqueness or, in
another words, how the best model can be chosen given a set of
conditions.

A. Global Optimization

The requirements of accuracy and uniqueness identify the model
as the optimal choice for a subset of the burning characteristics, thus
transforming the calibration into an optimization problem. A global
optimization point is unique and leads by definition to the best
possible agreement with target values. A similar approach was used
by Price et al. [12], who proposed defining uncertain model
parameters based on those that minimize an objective function.

The approach advocated here requires the definition of a scalar
objective function defined on the parameter space and a set of
inequalities that define the boundary of such parameter space. The
objective function needs to be large enough to contain information
about all of the important burning characteristics of the propellant.
The optimal parameters are then determined by using a genetic
optimization algorithm to search for the function’s global maximum
within the parameter space.

A parallel genetic algorithm takes advantage of the intrinsic
independence of random-search-algorithm function evaluations,
thus exploiting computation concurrence in a distributed-memory
parallel-computing environment. The reduced run time of the
message-passing-interface version of the genetic algorithm allows
optimizations of models with a very large number of parameters and
target burning characteristics. A fundamental problem of our
approach, based exclusively on a cost-function minimization, is the
tendency to obtain models that lead to nonphysical behavior. This
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drawback can be overcome by increasing the number of model
parameters and target burning characteristics. The size of the burning
characteristics set is often limited by the availability of experimental
data. When neither the parameter nor the target space can be
increased, appropriate bounds on themodel variables can be imposed
to avoid nonphysical results. Thus, the optimization is unique once
the number of parameters and the bounds have been set. Note that we
use only 1-D information in calibrating the combustionmodel; the 3-
D experimental data are reserved for validation.

The set of one-dimensional burning characteristics considers both
pure-HMX and HMX–HTPB pseudopropellants of different solid
loadings. Theword pseudopropellant is used to describe an ideal mix
of fuel and oxidizer, in which the particle sizes are small compared
with all of the other physical length scales, and so the material can be
considered homogeneous and supportive of premixed combustion.

Different models that are 1-D optimal for the underlying set of
parameters and bounds are considered. The models are tested with
respect to their ability to produce multidimensional burning
characteristics in agreement with the experiments.

B. Genetic Algorithm

The algorithm is described in greater detail byMassa et al. [7]. The
fitness function (i.e., the function that is maximized in the random
search) is taken to be the inverse of the sum of the squares of the error
between predicted 1-D burning characteristics and experimental
measurements. By assembling the target and predicted burning
characteristics into column vectors of length Nm, Vb, and Vp,
respectively, and defining the ratio vector as

r� ��Vb=Vp�1; �Vb=Vp�2; . . . ; �Vb=Vp�Nm�1; �Vb=Vp�Nm �T

the fitness function can be simply written as

F � ��r � 1�T�r � 1���1 (1)

Optimization through a genetic algorithm does not require the
evaluation of gradients of the fitness function to find its global
maximum. Nevertheless, the application of the technique to solid-
propellant modeling requires the evaluation of solution sensitivity
derivatives as part of the definition of the objective function (cf.
Sec. II). Evaluation of sensitivity derivatives involves the exact
determination of the Jacobian of the algebraic expressions obtained
from the spatial discretization of the governing equations. In the
present research, differentiation is performed by rearranging the
computer code in complex arithmetic form, and then the complex
Taylor series expansion (CTSE) technique [13] is used to extract the
derivative information. TheCTSE technique yields a derivative error
of the order of the machine accuracy. The step of the complex
expansion can be as small as desired, because the formulas are not
affected by cancellation error as in finite differences. In FORTRAN,
the run time for complex arithmetic routines is approximately three–
four times the run time of real arithmetic routines. Run-time
considerations limit the number of sensitivity-information data
points that can be included in the model.

III. Kinetics for HMX–HTPB Propellants: BDP Model

The following sets of equations are assumed to govern the species
and temperature evolutions:

�cp
DT

Dt
� r � ��rT� 	

XNr
i�1

�iRi;

�
DYk
Dt
� 1

Lek
r � ��rYk� 	

XNr
i�1

�i;kRi

(2)

where k� 1; . . . ; Ns and�i and�i;k are coefficients based uponmass
and total enthalpy conservation that are fully determined given a
particular reaction scheme; one example is presented at the end of
this section.

The most successful chemistry model to date for describing
heterogeneous solid-propellant combustion using a small set of
global reactions is the Beckstead et al. (BDP) [14] model, which
postulates that reaction occurs along three preferred irreversible
paths: a monopropellant decomposition flame, a primary diffusion
flame, and a secondary diffusion flame.

The global chemistry reaction scheme is therefore described by a
three-step mechanism. Step 1 is the HMX decomposition flame.
Step 2 is the primary diffusion flame (HTPB vapor andHMXvapor).
Step 3 is the secondary diffusion flame (HMX combustion products
and HTPB vapor).

It is important to emphasize the concept of competitive paths. The
decompositionflame and the primary diffusionflame compete for the
HMX vapor. Therefore, the balance between the kinetic rate
constants of the two steps dictates whether the conversion of
gasification products tofinal product follows the combination path of
step 1 plus step 3 or the direct path of step 2.

The BDP model is a phenomenological model based on global
reaction paths; therefore, it does not specify the molecular
composition of the species that take part in the three reaction steps.
To assign values to the parameters of the reaction scheme, a set of
assumptions about the chemical composition of the mixture is
necessary. Experiments show that at low temperature, the gaseous
products of the pyrolyzing binder comprise, in part, midweight
molecular species (cyclic hydrocarbons consisting of multiple
butadiene units) and, in part, light molecular species (specifically,
ethylene, ethane, and propylene). It is not clear whether these
monomer units are formed in the condensed-phase degradation or in
the gas phase. It is postulated that the fraction of light species
increases with temperature, and for gas temperatures relevant to a
solid-propellant-rocket system, the solid binder decomposes into
ethylene (C2H4).

§ Equilibrium-detailed chemistry computations led
to the identification of the products of the decomposition of HMX as
a mixture of CO, CO2, N2, H2O, and H2. The vapors of the HMX
gasification are assumed to comprise a mixture of gaseous HMX
�C4H8N8O8� and HMX decomposition products, with a mass ratio
dictated by the heat release in the solid phase, which is assigned from
experimental data. The final products of HMX–HTPB combustion
are essentially CO, N2, and H2, according to equilibrium
calculations. Note that for this simple scheme, the secondary
diffusion flame represents an endothermic reaction and so is
inappropriately identified as a flame in the classical sense. Here, the
word flame is used as a region of large chemical activity, not
necessarily associated with exothermic reactions.

According to these assumptions, the steps of the global scheme
can be written as

HMX decomposition:

C 4H8N8O8 ! 3CO	 CO2 	 3H2O	 H2 	 4N2

Primary diffusion flame:

C 4H8N8O8 	 2C2H4 ! 8CO	 4N2 	 8H2

Secondary diffusion flame:

3CO	 CO2 	 3H2O	 H2 	 4N2 	 2C2H4

! 8CO	 4N2 	 8H2

If the three active mixtures are denoted as Yi (where i� 1; . . . ; 3)
with HMXvapor ! i� 1, HMXprod ! i� 2, and HTPBvapor ! i�
3, the reaction rates associated with the three global steps are
expressed in general form:

Ri �Dg;iP
niTmi

Y
k�1;Ns

Y
�i;k
k exp

�
� �i
T

�
(3)

Note that the expressions are made as general as possible so that the
performance of the optimization scheme can be tested. For global

§Private communications with R. Yetter, January 2005.
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kinetics, the species exponents �i;k in the reaction rates do not need to
be related to the stoichiometric coefficients of the corresponding
reaction; their values should be assigned via the optimization
strategy.

A. Surface Gasification and Heat Release

Chemical decomposition in the solid/molten phase is notmodeled.
A set of pyrolysis laws, one for each solid-phase ingredient, is
assumed to govern the gasification. For heating rates typical of the
deflagration wave in most solid propellants, it was demonstrated that
a linear pyrolysis law is consistent with the physics underlying a
single-step decomposition in the solid phase [15] and matches
experimental data with satisfactory accuracy [16]. A pressure-
power-law dependence can also be considered and so we define

rb;hmx �Ds;hmxP
�hmx exp���hmx=Ts� (4a)

rb;htpb �Ds;htpbP
�htpb exp���htpb=Ts� (4b)

The accuracy of a pyrolysis law in describing surface gasification is
diminished by the observation that linear pyrolysis parameters, when
determined from bulk heating experiments, depend upon the
propellant heating rate. Such parameters are usually measured with
heating rates that are several orders of magnitude smaller than those
that are characteristic of the propellant thermal wave [17]. For the
same reason, there is no guarantee that pyrolysis laws determined in
such a way are an accurate approximation for conditions other than
the one-dimensional steady state, even though an activation-energy
asymptotic analysis would suggest otherwise. The issue is that the
previous statement requires the decomposition kinetics to be
independent of the thermal wave. The same argument applies to
modifications such as those proposed by Brewster [6], which take
into account the surface-temperature gradient in the solid phasewhen
defining pyrolysis laws for unsteady regressions.

Chemical reactions in the solid phase are lumped at the surface,
thus the heat release corresponds to the heat of sublimation of the
solid material. In our model, the specific heats of the solid and gas
phases are assumed equal, and so the heat release equals the ratio
between the heat flux balance at the surface and themass flux; hence,
the thermal boundary conditions are

��n � rT� � �Qs _m; �T� � 0 (5)

where the jump operator ��� subtracts the solid value from the gas
value. For HTPB, the heat release in the solid phase is determined by
an energetic balance in the gasification layer. Assuming that the
gasification product is C2H4 and that the heat of formation of HTPB
is 
� 7 cal=g, a value of Qs;htpb 
�455 cal=g is obtained (a
negative heat of sublimation is indicative of an endothermic
reaction). This value is in line with the measurements of Esker and
Brewster [17] (�460 cal=g) and those of Cohen et al. [18]
(�430 cal=g).

The reaction paths of solid HMX as it passes through the thermal
wave are not well established. Detailed models by Davidson and
Beckstead [19] and Prasad et al. [20] revealed that at high pressure,
evaporation is predominant over chemical decomposition, an
outcome that implies that the heat release at the surface decreases
with an increase in pressure. However, experimental investigations
byZenin [21] and Lengelle [22] contradicted thesefindings, showing
that the heat release in the solid phase is an increasing function of the
pressure for a steadily burning propellant. According to the
experiments, for the range of pressure of interest in our
multidimensional simulations (P� 40–100 atm), a constant value
ofQs;hmx �	100 cal=gm is used. The values for variables related to
the gasification equations are listed in Table 1.

The coefficients � and � in Eq. (2) are obtained based upon
enthalpy and mass conservation:

�� 794:2 3000 �1169:6
� �

cal=g

��
�1 �5:25 0

1 0 �5:25
0 �1 �1

2
4

3
5

B. Transport and Inertial Coefficients

The thermal conductivity in the solid phase is taken to be constant
for each ingredient (fuel matrix and oxidizer), whereas in the gas
phase, it is assumed to vary according to the temperature power law
�g � a��T=Tref�e� 	 b�. As a first-order approximation, the power
law is assumed to be valid independently of the gas composition. The
specific heats in the gas and solid phases are constant. The transport
coefficients are listed in Table 2.

C. Gas-Phase Kinetics Calibration

The gas-phase kinetic reaction parameters are determined
exclusively as a part of the optimization procedure and are listed next
[cf. Eq. (3)]:

1) The preexponential reaction terms are Dg;1–3.
2) The activation temperatures are �1–3.
3) The reaction-term pressure exponents are n1–3.
4) The reaction-term temperature exponents are m1–3.
5) The reaction terms are �1;1, �2;1, �2;3, �3;2, and �3;3.
The species exponents not reported in the last line of the preceding

list are set to zero, because the species to which they refer do not take
part in the corresponding reaction.

Because HMX self-deflagrates, it can be calibrated a priori (i.e.,
without knowledge of the diffusion flames). As mentioned in the
preceding section, only parameters of the gas-phase reaction scheme
are optimized. The choice of the burn characteristics is fundamental.
A sensible choice would include steady burn-rate data at different
pressures, supply-temperature sensitivity, and T-burner pressure-
response data. The supply-temperature sensitivity is defined as
	 � �@rb=@T0�=rb, where rb is the steady-state burning rate andT0 is
the cold supply temperature. In the regime of vanishingly small
pressure fluctuations, the pressure-response curve can be related to
the pressure exponent np, the pyrolysis parameters, and the cold-
temperature sensitivity using the Zel’dovich–Novozhilov theory
[23]; that is,

A� �Ts � T0�
�solid

T2
s

(6a)

Table 1 Relevant parameters of

the gasification of each HMX and

HTPB ingredient

Ds;hmx 1:8 � 106 cm=s
�hmx 1:27 � 104 K
Ds;htpb 3:82 � 103 cm=s
�htpb 1:22 � 104 K

Qs;hmx 100 cal=gm
Qs;htpb �455 cal=gm
�hmx 0
�htpb 0

Table 2 Relevant transport parameters
for both the gas and solid phases

�s;hmx 6:3 � 10�4 cal=cm � s � K
�s;htpb 4 � 10�4 cal=cm � s � K
a� 1:25 � 10�4 cal=cm � s � K
e� 0.7
b� 0
Tref 700 K
cp;gas 0:3 cal=gm � K
cp;solid 0:3 cal=gm � K
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B� 1

�Ts � T0�	
(6b)

�s �
�
�s
�scp

�
solid

(6c)

�� 1
2
�1	

�����������������������������������
1	 �8i
f�s=r2b�

q
� (6d)

Rp �
npAB

�	 �A=�� 	 AB� �1	 A� (6e)

where the subscript solid refers to either the HMX or the HMX–
HTPB blend. In the latter case, the blend properties are evaluated
using the homogenization formulas detailed by Chen et al. [24]. At
the pressures under consideration, the finest HMX particles (4 �m)
are smaller than the HMX melt layer for a 1-D thermal wave: Zenin
[21] measured a melt-layer thickness of 15 �m at 70 atm.
Homogenization models based on properties and size distribution in
the solid state are still assumed to be valid, because of the little
difference between solid and liquid thermal characteristics and the
short particle residence time in themelt layer that does not allow for a
complete mixing.

Though the values for rb, 	, and Rp data are not independent, a
collection of burning characteristics comprising only steady burn
rates and supply-temperature sensitivities does not convey
information about the thermal length scale of the solid-phase heat
conduction (in this case, �s=rb). The steady burn rate is, in fact,
independent of the solid-phase thermal conductivity. The use of T-
burner data fills this void because of the dependency of � on the
thermal length scale.

1. Pure-HMX Data

The steady burn-rate data are taken from Lengelle [16], who also
reported measurements performed by Boggs. The sensitivity data of
Beckstead et al. [25] are used, and the T-burner pressure-response
data of Finlinson et al. [26] (also reported by Brewster [6]) are also
considered.

The success of the optimization approach depends critically on the
quality of the burning characteristics used in the calibration step.
When comparing the calibration data with other documented
measurements, the burn-rate percent error evaluated using the data of
Lengelle [22], Zenin , and Atwood et al. [27] is roughly in the range
of 0–50%; specifically, at 70 atm, roughly the median value of the
pressure range investigated in this analysis, the percentage of relative
error is above 30%. The sensitivity data are very scattered, with a
maximum error higher than 30%whenwe compare Zenin’s data [28]
with the measurements reported by Beckstead et al. [25]. The
Finlinson et al. [26] T-burner pressure-response data are the only data
we found in the open literature and no error bars are given.

2. HMX–HTPB Pseudopropellant Data

Propellant-blend burning characteristics taken from Beckstead
and McCarty [3] are used to calibrate the heterogeneous reactions:
namely, reactions R2 and R3. Only steady burn-rate measurements
are available; no other source of experimental data is used to verify
the accuracy of the data. The calibration points correspond to two
propellant formulations with only monomodal distributed HMX
particles of 4-� nominal diameter and solids fractions of 70 and 78%.
This size of particle is assumed to be small enough to support
premixed combustion; at the same time, themorphological scales are
deemed to be much smaller than the solid thermal scale, and so the
samples support a one-dimensional thermal field. This conclusion is
assumed to be true for all of the pressures considered, and it is
emphasized that in the 1-D calibration procedure, the heterogeneous

reactions R2 and R3 are still denoted as diffusion-flame reactions,
despite the premixed nature of the streams.

IV. Optimized Models

The investigation focuses on three models differing in regard to
both the parameter space and the burning characteristics that form the
objective function [Eq. (1)]. The goal of the analysis is to determine
the efficacy of the optimization technique by building models of
increasing complexity. The threemodels detailed in this sectionwere
also reported in a concise form byMassa et al. [7]. In that publication,
the emphasis was on the optimization procedure itself, whereas our
investigation focuses on the relation between the 1-D-based
optimization and multidimensional computational analysis.

A. Model 1

In the first model considered, optimization is carried out on a
subset of the model parameters. The species exponents �i;k are set to
unity, and the temperature exponentsmi are set to zero. The rationale
for these two choices is the desire to keep the kinetic rate expressions
in line with previous modeling attempts [9–11]. The burning
characteristics include pure-HMX steady burn rates in the pressure
range of 1–100 atm; pure-HMX burn-rate sensitivity at T0 � 300 K
and P� 20 atm; and pseudopropellant burn-rate data for pressures
of 40, 68, and 108 atm and solid loadings of 70 and 78%. A
comparison between experiments and model predictions is shown in
Figs. 1–3. Figures 1 and 2 refer to pure HMX, whereas Fig. 3 shows
the comparison between experiments and predictions for
pseudopropellant deflagration. Burn rates for all of the measure-
ments [3] (solid compositions, sizes, and pressures) are also shown.
The optimized gas-phase kinetics parameters are listed in Table 3.

A critical analysis of the parameters in Table 3 shows that the
secondary diffusion flame is very strong compared with both the
primary and decomposition flames. The secondary diffusion flame
corresponds to an endothermic reaction in which the ethylene strips
an oxygen atom from each molecule of carbon dioxide and water.
Yetter¶ argues that such a reaction is likely to be very slow and play a
minor role in determining the burn rate. As will be evident from the
following analysis, it is not possible to obtain good agreement with
the pseudopropellant experiments of Beckstead and McCarty [3] if
the secondary diffusion flame is completely discarded.

A key perspective in the physical interpretation of the parameters
ofmodel 1 is obtained by recognizing that in the limitDg;3 !1, the
conversion of gasification products tofinal products along the path of
step 1 plus step 3 is controlled by the decomposition flame, the
slowest reaction. The overall result is equivalent to a reaction with
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Fig. 1 Optimal results for the calibration of pure HMX in model 1;

model prediction (solid line) and experimental (target) measurements

(symbols).

¶Private communications with R. Yetter, January 2005.
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kinetics governed by theHMXdecomposition rate constant, butwith
a cooler flame temperature. The associated adiabatic flame
temperature depends only on the solid loading and is identical to the
flame temperature of the primary diffusion-flame path (step 2).
Although both the combination path of step 1 plus step 3 and step 2
lead to a lowerflame temperature, the combination of theHMXflame
plus an infinitely strong secondary flame is fundamentally different
from the direct path along the primary diffusion reaction. The
rationale is that the primary diffusion and the decomposition flames
are competitive phenomena, and so for the reactants to burn within
step 2, the primary diffusion flame must be stronger than the

decomposition flame that is fixed by the pure-HMX calibration. In
this scenario, a primary diffusion flame much stronger than the
monopropellant flame would lead to an increase in the burn rate,
because the flame is pushed closer to the propellant surface, even
though the flame temperature is lower than that of the pure-HMX
flame. These considerations lead to the conclusion that in the context
of model 1, a strong endothermic secondary flame is necessary to
explain the burn-rate reduction associated with the presence of the
HMX.

B. Model 2

The second model uses a larger set of design parameters and a
larger set of burning characteristics to define the objective function.
The species-mass-fraction exponents �i;k, alongwith the temperature
mi, are considered for all of the reactions i� 1, 2, 3 and all of the
species k� 1, 2, 3. The secondary diffusion flame is dropped by
setting Dg;3 � 0, and so this model provides insight into the
contribution of the primaryflame to the propellant deflagration. Pure-
HMX burning characteristics include steady burn-rate data in the
pressure range of 1–100 atm, sensitivity at T0 � 300 K and
P� 20–40 atm, and T-burner pressure-response data [26].

We use only two sensitivity 	 data points, even though
experimentalmeasurements for a larger set of pressures are available,
for two reasons. First, the increased run time required to evaluate
sensitivity information limits the number of observations to be
included in the model (cf. Sec. II.B). Second, information about the
cold-temperature sensitivity is contained in the T-burner pressure-
response data [cf. Eq. (6b)], measured at pressures of 14 and 68 atm.

For pseudopropellants, the set of burning characteristics is
augmented by requiring that the deflagration intrinsic stability
condition is satisfied for all pressures and solid loadings considered
in the calibration. The stability condition is evaluated by computing
the temporal growth rate of small perturbations to the steady
condition identified by the surface temperature Ts and the burn rate
rb. Letting �� �blend�Ts � T0�=RT2

s for � > 1, the stability condition
is equivalent to

1
2
�

�������������
1
4
	 2�

q
<G0 < 1

2
	

�������������
1
4
	 2�

q
(7)

where

G0 � Ls
dg

dTs
; Ls �

�s
�srbcp

(8)

and g�Ts� is the normal component of the temperature gradient at the
solid side of the burning interface. Note that instability occurs both
for negative and positive values ofG0. The former case occurs at low
pressures and low solid loadings. This condition plays a role in
establishing low-pressure and low-loading deflagration limits
originating from stability considerations. Comparison between
experiments and predictions are summarized in Figs. 4–7. The
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Table 3 Relevant parameters to the

HMX–HTPB deflagration for model 1

Dg;1 2:869 gm=�cm3 � s atmn1 �
�1 1:8 � 103 K
n1 1.787
Dg;2 4:4 � 101 gm=�cm3 � s atmn2 �
�2 0
n2 0
Dg;3 4:9 � 103 gm=�cm3 � s atmn3 �
�3 1:63 � 102 K
n3 2.9
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Fig. 4 Optimal results for the calibration of pure HMX in model 2.
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optimal parameters for model 2 are listed in Table 4. Noting that the
results reported in Fig. 7 are optimal given the parameters and
performance selected, we conclude that model 2 predicts blend burn
rates with considerably larger errors than those ofmodel 1 (cf. Fig. 3)
and that this outcome is linked to the absence of a secondary flame.

C. Model 3

The observation that led to the development of a third kinetic
model is that the three-step scheme presented in Sec. III is not able to
explain the burn-rate diminution due to the presence of binder shown
in the experiments, unless a nonphysical strong secondary flame is
assumed. To circumvent this difficulty while remaining in the
framework of an irreversible three-step scheme, the assumption is
made that the presence of the binder can inhibit the pure-HMX
kinetics and produce an overall anticatalytic effect on the HMX
reaction rate. Tomodel this, theHMX-flame reaction-rate expression
in Eq. (3) is transformed by

R1 ! R1 � �1 � Y3��1;3 (9)

where Y3 is the mass fraction of the ethylene in the mixture. The
addition of the new parameter �1;3 allows us to improve the optimal
calibration within the same systematic framework. Note that in a
global kinetic model, the form of the reaction-rate terms dependent
on species concentration is not directly derived from stoichiometry
considerations as it would be for a detailed mechanism. Therefore,
the addition of a term dependent on the mass fraction of ethylene in
the HMX rate expression is not in contradiction with the kinetic
model itself; it is an extension of the argument by which noninteger
species exponents are used for the species concentrations inmodel 2.
Moreover, the transformation of Eq. (9) allows for the HMX kinetics
to be calibrated independently of the diffusion-flame calibration, as
in the previous twomodels. Therefore, results for pure HMXwill not
be shown in this section, being identical to those presented for
model 2.

The same set of burning characteristics used for the calibration of
model 2 is considered. Comparison between experiments and model
predictions, for the pseudopropellant only, are summarized in Fig. 8.
It should be noted that the calibration error is significantly smaller
than that of models 1 and 2.

The optimal parameters for model 3 are listed in Table 5. The
limited number of burning characteristics for blends and, in
particular, the absence of measurements of sensitivity information
prevent us from obtaining a meaningful calibration for every
parameter. In fact, some parameters have a small effect on the
objective function, and so function values not significantly different
may correspond to considerably different values of these parameters.
For example, in Table 5, the species-mass-fraction exponents �3;2
and �2;3 have values of around 20. These two parameters have little
influence on the particular objective function. Large values of the
species exponents can be limited by imposing proper bounds on the
calibration parameter space.
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Table 4 Relevant parameters to the

HMX–HTPB deflagration for model 2a

Dg;1 5:6 � 103 gm=�cm3 � s atmn1 �
�1 2:5 � 103 K
n1 1.8
m1 �1
�1;1 0.5
Dg;2 2:75 � 101 gm=�cm3 � s atmn2 �
�2 9:84 � 103 K
n2 0.8
m2 1.48
�2;1 0.51
�2;3 3.74

aThe parameters of the secondary diffusion flame
are not listed because the secondary flame was not
considered in this model.
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V. Multidimensional Analysis

The fundamental issue in the development of simplified kinetics
models for solid propellant lies in the accuracy of reaction
formalisms calibrated against 1-D burning characteristics when
applied to deflagration supported by a three-dimensional, intrinsi-
cally random, combustion field. This issue has not received enough
attention in past literature, particularly when it is noted that most
solid propellants used in aerospace applications have oxidizer
particles larger than the thermal length scale. The goal of the set of
computations presented in this section is to quantify the ability of
models that are 1-D-optimal to predict the burning characteristics of
3-D propellants (particularly, propellants characterized by having
particles larger than, or comparable in magnitude to, the thermal
scales in the solid phase, nonnegligible surface corrugation, and gas-
phase chemistry with noticeable diffusion effects).

A. Packs

The first pack chosen to conduct a multidimensional analysis
contains an HMX bimodal size distribution identified as mix A:
42.75% at 200 �m and 42.75% at 58 �m. A bar plot of the volume
fraction and a vertical slice plot displaying particle location are
shown in Figs. 9 and 10; note that the convention used in this and the
following figures is to use the x and z Cartesian coordinates to
represent the plane normal to the average regression speed and to use
y to indicate the height above the plane. A log-normal distribution is
independently assumed for each cut. In Fig. 9, the irregularities in the
distribution for large diameters are due to the diameter consolidation
necessary when dealing with integer numbers of particles [29]. The
total number of particles is 1 � 104, the largest sphere has a diameter
of 338 �m, and the smallest sphere has a diameter of 20 �m. The

first pack is referred to in the following as pack A. Note that in this
paper, we explicitly differentiate between the experimental
specification of the propellant (mix) and its computational
representation as spheres randomly packed in a periodic Cartesian
domain (pack).

The second pack (pack B) has a bimodal distribution of particles,
with cuts specified by the followingmass-fraction/nominal-diameter
set (mixB): 42.75%at 200 �m and 42.75%at 4 �m. In packB, all of
the 4-�m cut is homogenized with the binder. A slice plot of the
second pack is shown in Fig. 11; note that the overall solid loading is
identical to that of the previous pack, but a large volume fraction of
thematrix region is occupied by oxidizer. This region is treated in the
computations as a homogeneous propellant blend (a fine mix of
HMX and HTPB). The thermal and inertial properties of the blend
are evaluated by using rationally derived homogenization formulas,
as detailed by Chen et al. [24].

Both packs are cubic periodic packs, in which periodic boundary
conditions are imposed at the faces parallel to the mean burning
direction. The side of the cube has the dimensions of 970 �m for the
first pack and 475 �m for the second. More details about the
algorithms used to generate the packs can be found inKnott et al. [30]
and Kochevets et al. [29].

B. Numerical Method

We solve the 3-D field equations using the Oseen approximation
to determine the fluid-dynamics fields. The Oseen approximation
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Fig. 8 Comparison of optimal results and experiments formodel 3; the
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Table 5 Parameters relevant to the HMX–

HTPB gas-phase chemistry for model 3a

�1;3 8.9
Dg;2 1:34 � 104 gm=�cm3 � s atmn2 �
�2 2:62 � 102 K
n2 0.03
m2 3.8
�2;1 5.0
�2;3 17.9
Dg;3 1:87 � 102 gm=�cm3 � s atmn3 �
�3 7:14 � 103 K
n3 0.005
m3 3.54
�3;2 20.0
�3;3 8.27

aThe parameters of the HMX flame (with the exception
of �1;3) are identical to those tabulated inTable 2, and are
therefore not listed.
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assumes that the stream tubes can be regarded as vertical structures of
a constant cross-sectional area. When applied to a multidimensional
deflagrating propellant with a corrugated surface, the mass flux
within each stream tube is found by accounting for the total volume
of propellant swept by the regressing front. A 3-D computational
analysis presented in Massa et al. [31] demonstrates that the relative
computed burn-rate error between Oseen and Navier–Stokes
predictions is less than 10%, well within the measurement error bars
(cf. Sec. III.C.1). More detail on the application of such an
approximation to propellant deflagration analysis can be found in
Jackson and Buckmaster [2]. The nonlinear PDE set is discretized
using the Crank–Nicholson scheme; the resulting linear system is
inverted with a Newton–Krylov (GMRES) solver. More details of
the solution algorithm can be found in Massa et al. [32].

The computational simulations are performed on a distributed-
memory Apple G5 cluster located at the University of Illinois. The
computationalmeshes have the size of �152 � 152 � 52 � 2�: thefirst
two numbers indicate themesh dimensions in the plane normal to the
average burning direction, the third number indicates the number of
mesh points in the burning direction, and the last number indicates
that meshes of identical dimensions are used in the solid and gas
phases. The simulations require approximately 1 h per 3 ms of
burning on 64 processors.

C. Domain Dimension Analysis

Periodic randomly packed propellant samples accurately
represent a deflagration under zero crossflow conditions provided
that the dimensions of the domain are large enough to not introduce
an artificial nonphysical length scale. The relation between the
domain size and the surface-averaged burn rate is explored in the
context of AP–HTPB propellant by Massa et al. [33]. The domain
size influences the deflagration process for HMX–HTPB propellant
more profoundly than for AP–HTPB propellant because of the large
difference between the deflagration characteristics of the two solid
ingredients. Moreover, the irregular burning behavior is expected to
be accentuated when the percentage of coarse oxidizer cut is
increased. Consequently, it is appropriate to restrict the analysis to
pack A.

This section presents an analysis of the effect of the domain size on
the burn rate by considering a pack of identical oxidizer composition
as packA (cf. Sec.V.A), butwith a substantially larger domain (1610
vs 970 �m for the edge of the x–z section) and a larger number of
particles (20,000 vs 10,000). The pack denoted as pack C has a
rectangular x–y section, with a height of 700 �m. The validation is
carried out at a single pressure of 68 atm because of the large
computational resources required to simulate large packs. The

computed average regression rate for pack A is equal to 0:335 cm=s,
whereas for pack C, it is equal to 0:286 cm=s, with a relative error
approximately equal to 15%. The experimentally measured average
regression rate is 0:323 cm=s. The difference between the two
computational results is considered comparable to measurement
errors and therefore acceptable, based on the magnitude of the
measurement error for pure HMX discussed in Sec. III.C.1 and
comments about the reliability of the experimental data for HMX–
HTPB mixes reported by Beckstead and McCarty [3]. Therefore,
results are presented in the next section using pack A.

VI. Multidimensional Results

The experimental data of Beckstead and McCarty [3] are
summarized in Fig. 12, in which the burn rate of each mix is plotted
against the burn rate averaged over all mixes with equal solid
loading; results for loadings of 70 and 78% are separated in the two
panels. The filled symbols are reserved for the propellant blends, and
the dashed lines represent �40% deviations from the average. The
measurements show only a slight effect of the particle size on the
time–space-integrated regression speed. The overall trend shown by
the experiments is that the particle size effect on the burn rate is
stronger at high pressure. Nonetheless, 3-D burning effects are
observed to be pronounced, as demonstrated by the highly
corrugated burned sample surface. These two observations are in
contrast with the experimental evidence relating deflagration
characteristics to the particle size in AP-based propellants, and they
suggest that in HMX-based propellants a fundamentally different
oxidizer–fuel interaction is present. Even though the pack
morphology has a scarce influence on the regression rate, the role
of diffusion flames cannot be dismissed as insignificant, based upon
the sharp reduction in the burn rate with a decrease in solid loading
observed in propellant blends: the burn-rate reduction cannot be
explained by assuming an inert oxidizer–fuel interaction, as
demonstrated in Sec. IV.

A. Model 1

No burn-through time result was obtained using model 1;
quenching of the specimen was obtained for both packs at all
pressures. This outcome is associated with the nonphysical fast
secondary flame detailed in the model description section. The
burning history for pack A at 68 atm is shown as a paneled series of
temperature color maps in Fig. 13. In this figure, it should be noted
that the HMX particles ignite immediately when exposed to the hot
gases, but not enough heat is generated to sustain the pyrolysis of the
endothermic binder. According to experimental observations by
Beckstead and McCarty [3], HMX–HTPB propellant burns very
irregularly; the term intermittent burning is used to describe the
deflagration process. Two factors are primarily responsible for
deflagration irregularity in heterogeneousmixes. Thefirst is the large
difference in regression speed of the two solid ingredients for typical
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deflagration values of the surface temperature: HMX is considerably
faster thanHTPB. The second is the energetic disparity of the surface
gasification reactions: the binder is strongly endothermic, whereas
the oxidizer is exothermic. The disparity in burning behavior at the
surface leads to quenching of heterogeneous propellant if the
pyrolysis of the binder is not adequately supported by the gas-phase
thermal feedback. The conclusion is that even though model 1
produces pure-HMX and homogeneous-blend burning character-
istics in good agreement with experiments, the kinetic model is not
adequately calibrated to yield accurate predictions for heterogeneous
propellants.

B. Models 2 and 3

Burn-rate predictions for model 2 and 3 are shown in Figs. 14 and
15 for pack A and pack B, respectively. Complete burning of the
packs is achieved. This outcome confirms the conjecture that the
quenching obtained with model 1 is due to a secondary diffusion
flame of nonphysical strength.

Models 2 and 3 are characterized by having the same
monopropellant flame model, but encompassing a different

treatment of the diffusion flames. The computational analysis shows
that for both packs and for all pressures, model 3 yields burn rates
significantly closer to the experiments than those of model 2,
indicating a better treatment of the heterogeneous reactions. The
diminishing of the error with the increase in the complexity of the
model demonstrates the validity of the optimization approach: the
better 1-D calibration yields the better model.

Experiments and model 3 computations also agree on a series of
qualitative observations. The sensitivity of the computed burn rates
to the particle size increases with pressure; moreover, the pressure
exponent is lowered when the particle size is increased. In the
computations, however, the pressure exponent is significantly more
sensitive to the particle size than in the experiments. As a result, the
pressure exponent is accurately matched for pack B, whereas it is
markedly underpredicted for pack A. The deviation between
predictions and measurements is quantified by calculating the
percent ratio between the error L2 norm (integrated over the pressure
range) and themeanmeasured burn rate (integrated over the pressure
range) for both packs and models. For model 2, this ratio is 39 and
117% for pack A and pack B, respectively. For model 3, the same
ratio is reduced to 19 and 20%. Note than an error of 20% is well
within the range of typicalmeasurement error for the solid-propellant
burn rate. Consider as a reference the errors reported in Sec. III.C.1,
in which the pure-HMX measurements are introduced.

Experimental data are often presented in terms of the burning-
power-law coefficients Ap and np for the data best fit rb � Appnp .
For narrow and uncentered pressure ranges, it is convenient to center
and rescale the pressure data (Massa et al. [7])

rb � Apl�p=p��npl=n
�

(10)

to avoid cancellation of errors in the best-fit calculation ofAp and np.
Suitable values for n� and p� are the standard deviation of ln p and
the geometric mean pressure, respectively. A comparison between
power-law coefficients calculated based on experimental data and
predictions is reported in Table 6, which shows that model 3
produces satisfactory results for all of the parameters but the pressure
exponent for mix A. Table 6 also shows that model 3 is significantly
more accurate than model 2.

Fig. 13 Numerical experiment inwhichquenching of the sample occurs

formodel 1 and packA; temperature colormapwith a scale range of 700

(blue) to 3300 (red); panels span in the horizontal direction across the
pack and in the vertical direction in time; space lag between adjacent

columns is 242 �m and time-lag between adjacent rows is 5 � 10�3 s.
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Fig. 14 Comparison between predicted burn rates and experiments [3]
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Table 6 Empirical analysis of the burn rates [cf. Eq. (10)]

Experiments Model 2 Model 3
Mixa Apl, cm/s npl Apl, cm/s npl Apl, cm/s npl

Mix A 0.33 0.36 0.45 0.11 0.34 0.071
Mix B 0.36 0.31 0.89 0.41 0.42 0.30

aThe propellant mixes are defined in Sec. V.A.
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Three-dimensional effects in HMX–HTPB deflagration are
showcased in the next set of figures, which corresponds to model 3.
Figure 16 shows the location of the burning surface at equal time
intervals for pack A at 68 atm for a two-dimensional vertical cut. A
three-dimensional view of the burning surface is presented for two
representative times in Fig. 17, in which the surface temperature is

shown as a color map, and the packmorphology is shown in the solid
phase for two vertical cuts corresponding to the minimum x and z. A
large degree of surface corrugation can be noted. The surface
corrugation is an important parameter in determining the magnitude
of multidimensional deflagration effects due to 3-D heat flow in the
solid-phase thermal layer. Massa et al. [33] reduced the 3-D heat-
conduction equation in the solid phase to a 1-D form by adding a
series of source terms to obtain a predictive formalism, isolated the
source term derived from the surface corrugation, and demonstrated
that this significantly augments the burn rate.When such a term is not
considered, the 1-D predictions deviate by more than 15% from the
direct numerical 3-D simulations. In the HMX–HTPB simulations
reported here, the lack of amodel for the HTPBmelting can be one of
the factors that leads to the overprediction of the burn rate shown in
Figs. 14 and 15.

Surface corrugation is caused by the difference in the burning
speeds of the two ingredients. The burn rate of pure HMX is
significantly larger than the binder burn rate, which makes the
deflagration an intermittent process. A burning-rate colormap for the
propellant surface at different times is shown in Fig. 18. The figure
refers to pack B, model 3, at 40 atm. Each panel corresponds to a
different time of the deflagration; the time lag between consecutive
panels is 4 ms. The figure highlights the difference in deflagration
speed between the oxidizer and binder. It also shows that locally, the
HMX burns close to the 1-D steady rate for that pressure. Figure 19
shows a comparison of the surface-averaged burning-rate time traces
for packA at the three pressures considered and demonstrates that the
irregularity in burning is augmented by an increased pressure.

VII. Conclusions

A numerical framework for the simulation of 3-D HMX–HTPB
composite propellant combustion is presented. The analysis centers
around the determination of global (false) kinetic models suitable for
simulation of multidimensional randomly packed propellant. The
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Fig. 16 Time history of the surface location for pack A at 68 atm; time

lag between levels is 3 � 10�3 s; two-dimensional slice of the pack that

corresponds to cut 8 in Fig. 10.

Fig. 17 Surface temperature and corrugated interface for pack A,

model 3, at 68 atm.

Fig. 18 Burn-rate distribution for pack B, model 3, at 40 atm; each

panel refers to a different time; time lag between consecutive frames is

4 ms.
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Fig. 19 Time history of the surface-averaged burn rate for pack A,
model 3; time interval of 0.1 s is representative of the pack burn-through

time and, at 68 atm, corresponds to 460 �m of burning (approximately

half of the pack period).
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proposed approach involves global optimization of model results
against a set of burning characteristics measured in 1-D steady
combustion conditions. A genetic algorithm is used to maximize an
objective function containing up to 18 parameters and determined as
the deviation of the predicted burning characteristics from
experiments. The optimization technique is flexible, computation-
ally inexpensive, and does not require detailed knowledge of the
reaction paths in the gas and condensed phases; thus, the method is
applicable to a large class of propellants.

Three models of increasing complexity are considered in this
research; all are optimal design points given the underlying set of
performance measures, burning characteristics, and design
parameters. For the first model, the one-dimensional calibration
reveals that to match blend burn rates, the diffusion-flame reactions
must be strong. Such heterogeneous reactions are supported by the
HMX–HTPB vapors, act to decrease the gas temperatures close to
the surface, and result in decreasing the burn rate when the fuel
content is increased.

Experimental and detailed chemistry evidence suggest that the
strength of the endothermic reaction associated with the secondary
diffusion flame is nonphysical (an outcome of the simplified
chemistry modeling); such a reaction is therefore neglected in
model 2, with the goal of demonstrating its importance within the
BDP [14] model.

The difficulty associated with matching blend burn rates is
circumvented in model 3 by hypothesizing that the presence of the
HTPB gas in the oxidizer stream reduces the chemical energetic
contribution of HMX decomposition, not only by reducing the
temperature at which reaction occurs, but also by inhibiting the
reaction itself, thus providing an anticatalytic effect. On the other
hand, model 2 is obtained with a strategy similar to that in model 1,
but the secondary diffusion flame is neglected to demonstrate its
necessity.

The ability of the models to predict burning characteristics of
realistic (randomly packed and heterogeneous) propellants is
demonstrated by carrying out a multidimensional analysis using two
periodic pack samples with different particle distributions.
Comparing predicted time–space-integrated burn-rate data and
experiments shows that both models 1 and 2 yield poor results, with
model 1 predicting quenching of the sample.Model 3 gives results in
satisfactory agreement with experiments with errors around 20%.
Therefore, the simulations demonstrate the ability of the
optimization strategy to produce accurate chemistry models once
an appropriate reaction framework is deduced.
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