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A two-dimensional model has been developed to study the flame structure above composite propellants using a

vorticity-velocity formulation of the transport equations. This formulation allows for amore stable, robust, accurate,

and faster solution method compared with the compressible Navier–Stokes equations in the low Mach flow regime.

Themodel includesmass and energy coupling between the condensed and gas phases. The condensed-phasemodel is

based on previously reported one-dimensional models and includes distributed decomposition and multistep-

reaction kinetics. The model uses a detailed gas-phase kinetic mechanism consisting of 37 species and 127 reactions.

The kinetic mechanism and species diffusion determine the flame structure of the system; no assumptions are made

beforehand, aside from appropriate boundary conditions. Numerical studies have been performed to examine the

flame structure above an ammonium-perchlorate/hydroxy-terminated-polybutadiene propellant. The predicted

flame structure was found to be qualitatively similar to the Beckstead-Derr-Price model with both premixed and

diffusion flames present. Results present significant insight into ammonium perchlorate’s ability to control a

propellant’s burning rate and illustrate the importance of the primary diffusion flame in composite propellant

combustion.

Nomenclature

cp = heat capacity, erg=g=K
g = gravitational acceleration vector, cm=s2

h = specific enthalpy, erg=g
i = species index
M = Mach number
r = radial distance, cm
r = radial direction
T = temperature, K
t = time, s
v = velocity vector, cm=s
v̂ = diffusion velocity, cm=s
W = molecular mass, g=mol
_w = chemical production rate, g=cm3=s
Y = mass fraction
z = axial direction
� = thermal conductivity, erg=s=cm=K
� = viscosity, poise
� = density, g=cm3

� = dissipation function
! = vorticity vector, 1=s

I. Introduction

AMMONIUM perchlorate (AP) has been in use as a major
propellant ingredient for decades. AP is the standard ingredient

in solid rocket propellants and is used in many applications: ballistic
missiles, military attack missiles, space applications, etc. Two major
reasons for AP’s widespread use are its stability, resulting in safe
munitions, and its ability to control a propellant’s burning rate. By

varying the AP particle-size distribution, it is possible to achieve
vastly different overall propellant burning rates. No other current
oxidizer has the capacity to control a propellant’s burning rate in this
manner. This unique behavior of AP has not been accurately
predicted using detailed a priori numerical models; thus, empirical
studies are still relied upon heavily to characterize AP-containing
propellants.

Combustion of solid propellants involves a combination of pro-
cesses evolving from the various ingredients that constitute the pro-
pellant. These ingredients decompose, evaporate, and/or pyrolyze,
giving off gases, which then react, resulting in energetic flames that
drive the combustion process of the propellant. Based on the oxidizer
size and type, these energetic flamesmay be premixed, diffusion, or a
combination of both. The combustion ofAP composite propellants is
dominated by the diffusional processes, resulting in the characteristic
particle-size dependence of composite propellants. In other (non-
AP-containing) propellants, the effect of the diffusion process
appears to be much reduced, relative to AP propellants. Apparently,
the chlorine chemistry has a very significant effect on the
combustion, which is not observed in other propellants. Unfortu-
nately, the extremely small scale of the particles and flames involved
make experimental resolution virtually impossible at any practical
pressure. Therefore, there is still some debate as to the exact
mechanisms involved in AP composite propellant combustion.

To investigate the impact of diffusion flames on composite
propellant combustion, a multidimensional model with detailed
chemical kinetics has been developed [1–5]. This two-dimensional
model also provides a framework in which detailed kinetic
mechanisms can be developed and applied to premixed and diffusion
flames above an idealized burning propellant. Work by a number of
researchers has focused on the complex surface geometric effects,
employing global or semiglobal reactions in the gas phase. The
current model instead focuses attention on the complex kinetics of
the gas phase. No assumptions have been made as to the flame
structure, aside from appropriate boundary conditions. The
interaction between diffusional processes and the detailed gas-
phase kinetic mechanism is allowed to completely determine the
flame structure. This detailed model has been applied to an idealized
ammonium-perchlorate/hydroxy-terminated-polybutadiene (AP/
HTPB) composite propellant, and calculations show encouraging
promise toward simulating the minute detail involved in the
combustion process that determines the burning rates of AP-
containing propellants.
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II. Background

AP has been the subject of numerous experimental and theoretical
studies in an attempt to explain its unique properties. The most
widely accepted theoretical picture, the Beckstead-Derr-Price (BDP)
model, was developed in 1970 [6,7]. The BDP physical picture is
presented in Fig. 1. This model proposes that the combustion region
above the surface of AP and the corresponding binder/fuel is
composed of three competing flames: the primary diffusion flame
between the AP decomposition products and the binder
decomposition products, the AP monopropellant flame, and the
final diffusion flame between the APmonopropellant flame products
and the binder products (mixed with the primary diffusion flame
products). The impact of these three flames on the propellant burning
rate varies with particle size and pressure.

According to the BDPmodel, large AP particles burnmore slowly
than small AP particles, being driven primarily by the relatively cool
premixed self-deflagrating AP flame above their surface. On the
other hand, the decomposition products from very small particles in
the binder matrix are able to intimately mix with binder pyrolysis
products, resulting in an approximately one-dimensional hot
premixed flame over the AP/binder. Combustion of particles of
intermediate diameter is driven by a combination of these effects,
with hot diffusion flames near the particle edges competing with the
AP monopropellant for AP decomposition products. This flame
structure provides spatially varying heat feedback to the surface. A
previously predicted particle-size dependence of an AP/HTPB
propellant’s burning rate is illustrated graphically in Fig. 2 [7]. Note
that large particles (greater than 200 �m) begin to approach the
monopropellant burning rate of AP, whereas a continual decrease in
particle size increases the burning rate of the propellant until a
premixed limit is reached, at which point the burning rate no longer
changes with particle size. The shape of the curve presented in Fig. 2
varies with propellant formulation and pressure.

Numerous numericalmodels have been developed in an attempt to
predict the effects of changing propellant formulation and operating
conditions on the complex combustion of composite propellants.
These models have progressed through various levels of complexity,
from one-dimensional to multidimensional models and from global
or semiglobal gas-phase kinetics to detailed reaction mechanisms

with dozens of species and hundreds of reactions. The primary
diffusion flame is assumed to be a dominant driving force in AP
composite propellant combustion leading to the particle-size effect;
consequently, it must be considered in any model attempting to
describe AP-based propellants. Thus, two-dimensional models have
been evolving to describe the diffusion flame structure associated
with AP [1,8,9]. The surface boundary conditions for the diffusion
flames depend on the sizes of the particles and the distance between
particles. Therefore, to effectively accomplish such modeling
requires some kind of assumption or calculation of the structure of
the propellant surface.

Various researchers have recently developed two- and three-
dimensional methodologies to describe the geometric packing
effects within solid propellants [10–16]. These models have the
potential to provide the necessary boundary conditions for the
diffusion flame calculations. The earliest of these is the work by
Davis and Carter [10] andWebb and Davis [11] on the ParPack code
that has been ongoing for some time. Sankaralingam and
Chakravarthy [12] also recently developed a packing model to
describe composite propellants. Researchers at the University of
Illinois at Urbana–Champaign have been very active in this area as
well [13–16]. These models represent significant progress toward
developing a realistic geometrical packing description of a solid
propellant. Unfortunately, a quantitative evaluation of the accuracy
of these models is difficult, due to both a lack of quantitative data on
the geometrical distribution of particles in the processed propellant
and the random nature of actual propellants.

Using these packing models, complex unsteady heat transfer and
propellant surface regression for oxidizer/binder sandwiches and 2-
D and 3-D random packs of propellant particles have also been
modeled, but only using global 2- and 3-step reaction mechanisms to
describe the gas-phase heat release. A significant effort has been
expended by researchers at the Center for the Simulation of
Advanced Rockets, University of Illinois at Urbana–Champaign
[17], tomodel composite propellants. Their initial combustionmodel
assumed a premixed AP flame and a final diffusion flame only, and
their initial burning-rate results were poor [17]. They then added a
third flame to their combustionmodel, assuming a three-flamemodel
similar to the BDP model [18], which improved their results.

An alternative to using particle-packing models with global
kinetics is to use detailed gas-phase kinetics with simplified
geometry. Research by Parr et al. [19,20] used experimental and
modeling work to examine AP/hydrocarbon combustion using a
counterflow device. The experimental setup consisted of a burning
AP pellet with an opposed hydrocarbon stream 5 mm away at
0.92 atm. Flow rates were controlled so that the two gaseous jets met
in the middle of the apparatus. Numerical calculations agreed
reasonably well with experimental data. However, such an
experimental setup eliminates the primary diffusion flame described
by the BDP model, and the numerical model’s principal focus was
the final diffusion flame. Thus, the study helped to verify the far-field
kinetics of thefinal diffusionflame at atmospheric conditions, but did
not fully address the premixed AP flame and neglected the primary
diffusion flame altogether. Further, the scale and operating pressure
make extrapolation to experimental conditions very difficult,
although this is the challenge faced by all experimental designs.

The current work also focuses on incorporating realistic kinetics
into a two-dimensional detailed numerical diffusion model.
However, the focus will be on predicting the flame structure above
a propellant’s surface based on realistic scales and operating
pressures. The work performed at the University of Illinois at
Urbana–Champaign focused in great detail on the condensed-phase
processes and used a simplified gas phase, whereas the current work
focuses on the details of the gas phase and uses a simplified
condensed phase. Calculations using the detailed gas-phase
mechanism give great insight into the fundamental mechanisms
involved in AP/hydrocarbon combustion and illustrate that both
kinetics and diffusion steps have to be modeled with appropriate
chemistry and physics. Coupling these calculations with a geometric
calculation to determine an actual propellant burning rate is yet to be
accomplished.

Fig. 1 Proposed BDP flame structure above an AP/HTPB composite

propellant.

Fig. 2 Predicted particle-size dependence of AP burning rate at 68 atm

[7].
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A. Model Modifications

The first iteration of the diffusion flame model, developed by Felt
and Beckstead [1] and Felt [2], solved the fully coupled Navier–
Stokes conservation equations. Use of these equations results in a
tightly coupled, nonlinear system; the system is coupled because
multiple dependent variables appear in the same equation, and it is
nonlinear because products of the dependent variables appear in the
equations [21]. Amajor difficulty in solving the governing equations
results from the tight coupling of pressure and velocity: a small
change in pressure results in a large change in velocity. Numerical
difficulties become even more prominent at low Mach numbers
(M< 0:3) using the fully coupled Navier–Stokes equations, due to
the pressure term being on the order of 1=M2. As the Mach number
approaches zero, use of the fully coupled conservation equations
begins to suffer in efficiency and accuracy. In spite of these increased
numerical difficulties asM approaches zero, pressure is only a weak
function of density; therefore, it is of minimal importance [22].
Another numerical difficulty is the hyperbolic characteristic of the
momentum equations [21], because of the first-order pressure term,
which dictates the use of a time-marching technique to reach a
steady-state solution. These hyperbolic characteristics create a very
strong convergence dependence on initial conditions. Poor initial
conditions result in difficulty obtaining a steady-state solution. Also,
the very small scale necessary to resolve the flame dictated time steps
between 10�8 and 10�11 s based on the Courant–Friedrichs–Lewy
criteria [23]. The Felt [2] model suffered from efficiency and
accuracy problems due to these inherent numerical difficulties.
Model calculations would take weeks to converge, dozens of code
crashes would be experienced due to divergence, and the final
solution could be inaccurate. Therefore, modification of themodel to
a low Mach number solution technique was undertaken.

LowMach number formulations essentially filter out the acoustics
from the pressure field. A number of methods are available for low
Mach flow. Such methods fall into two categories: density-based
methods and pressure-based methods [22]. Density-based methods
modify the compressible equations to work in the lowMach regime,
whereas pressure-based methods extrapolate the corresponding
incompressible equations up to the lowMach region. Density-based
methods seemed most appropriate in this study because of the
reactive nature of the flow. The methods investigated included the
SIMPLE method [24], projection methods such as the method used
by Massa et al. [25], and the vorticity method used by Smooke et al.
[26]. Implementation of the SIMPLE or projection methods required
vast changes to the solving technique used in the Felt [2] code.
Therefore, the vorticity method was chosen because it could be
solved using the Newton–Raphson method.

B. Conservation Equations

A steady-state vorticity-velocity formulation of the conservation
equations, based onwork bySmooke et al. [26], Bennett and Smooke
[27], and Dworkin et al. [28], is solved with appropriate boundary
conditions. This method filters the pressure and results in elliptical
equations, which can eliminate the need for pseudo-time-stepping to
reach a steady-state solution and greatly decrease CPU time.
Vorticity represents the angular rotation rate of a fluid and is defined
as the curl of the velocityfield. Pressure appears in theNavier–Stokes
equation in the form of a gradient and, by definition, the curl of a
gradient is zero. Therefore, conversion of the Navier–Stokes
equations to a vorticity formulation effectively eliminates the
pressure-field calculation and takes advantage of the essentially
isobaric nature of the system. Vorticity has been employed
extensively for incompressible flow calculations. Work by Smooke
et al. [26] resulted in the development of a vorticity-stream function
formulation for use with compressible two-dimensional diffusion
flame calculations. Their work was further refined to a vorticity-
velocity formulation [27,28] and is the basis for the vorticity-velocity
formulation employed in this study. Equations (1–5) present the two-
dimensional equations in cylindrical form [28], including the ideal-
gas forms of the energy equation [21] and species continuity equation
[29]. Viscous dissipation is included in the energy equation and

gravity is included in the vorticity equation for completeness,
however, both terms are essentially zero for the small scale and slow
velocities of the current problem.
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Vorticity:
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Energy:
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Species continuity:
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where �r � r̂@=@z � ẑ@=@r and div�v� � 1=r@�rvr�=@r� @vz=@z.

C. Boundary Conditions

The system of equations is closed with appropriate boundary
conditions for all sides of the computational domain. The inflow
boundary conditions are determined through iteration with the
condensed phase. To get meaningful inlet boundary conditions
without dynamically modeling the condensed phase, calculations
were made using one-dimensional AP [30] and AP/HTPB [31]
models. These one-dimensional models solve the coupled gas/
condensed-phase problem for each individual ingredient. One-
dimensional calculations were performed over a range of
compositions from pure AP to 75%-AP/25%-HTPB and a range of
pressures.Massflux, speciesmass fractions, and surface temperature
from these calculations were then correlated with the predicted gas-
phase heat flux before running the diffusion flame model. The inlet
boundary conditions for the two-dimensional diffusion flame model
are then determined by calculating the surface heat flux at each node
and feeding these values into the previously determined heat flux
correlations. This iterative process is continued until the model
converges. Such an approach neglects any two-dimensional effects
in the condensed phase, but greatly simplifies the calculation of the
dynamic gas-phase inlet boundary conditions (This is the same
approach used in the Felt [2]model.) The inflowboundary conditions
are presented in Eq. (6):

�vz; T; Yi condensed � heat flux correlations

!� @vr
@z
� @vz
@r
; vr � 0

(6)

The particle centerline and outer radial boundary conditions were
assumed to be symmetrical with no radial velocity or radial gradients
[see Eq. (7)]:
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The outflow is treated as a far-field boundary condition, in which
the radial velocity vanishes as do axial gradients of the remaining
variables [Eq. (8)]:
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D. Thermodynamics and Transport Properties

Solution of the conservation equations requires the calculation of
various multicomponent thermodynamic and transport properties.
These properties include density, mean molecular weight, specific
heat, enthalpy, chemical reaction rates, viscosity, diffusivity, and
thermal conductivity. The CHEMKIN libraries are used to calculate
these properties [32,33]. CHEMKIN is a problem-independent,
general-purpose suite of software from Sandia National
Laboratories, developed in the 1980s. The CHEMKIN libraries
standardize the input of chemical properties into numerical models
by using a database of thermodynamic and transport properties for
individual species. The thermodynamic database includes
polynomial fits of specific heat (cop=R), enthalpy (Ho=RT), and
entropy (So=RT) for each species. The transport database consists of
molecule geometry, Lennard-Jones potential well depth, Lennard-
Jones collision diameter, dipole moment, polarizability, and
rotational relaxation for each species. Input values for the
thermodynamic and transport properties were taken from Jeppson
[31].

E. Solution Technique

Themethod of discretization used for the current problem is a form
of the control-volume approach based on the work of Patankar [24].
The control-volume method divides the numerical domain into a
series of nonoverlapping volumes containing a single point at the
center of the volume. The differential equations are then integrated
across the control volume. Such a methodology results in the
conservation of dependent variables across the control volume and
the conservation offluxes at the cell interface. The currentmodel uses
a second-order discretization for the diffusion terms and the first-
order upwind method for the convective terms, thus making the
overall model first-order-accurate. To help ensure accuracy, both
axial and radial velocities are calculated using a staggered grid, and a
successive ratio is used to group nodes near the surface and the AP/
binder interface.

Once the partial differential equations are approximated, the
system of algebraic equations is then solved using an iterative
Newton–Raphson method that requires an initial estimate of the
solution. When a reasonable initial guess is not possible, a time-
marching technique is employed to progress the solution toward
convergence. This introduces the stability of a time-marching
technique, but without the lowMach flow difficulties inherent in the
Navier–Stokes equations. Transient terms are added to the vorticity,
energy, and species equations when a time-marching technique is
desired, converting the elliptical equations to parabolic equations.
Once the solution appears to be within range of the final solution
(based on the solver residual) the transient terms are removed and the
program rapidly converges. This technique has been used
successfully by Bennett and Smooke [27] for the vorticity-velocity
formulation. The transient terms added to the vorticity, energy, and
species equations are presented in Eq. (9). No transient terms are
added to the velocity equations:

vorticity : � � @!
@t

energy: �cp
@T

@t
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@Yi
@t

(9)

The computer code makes use of the Portable Extensible Toolkit
for Scientific Computation [34] to handle many of the difficulties of
such a large and complex calculation. The libraries manage
parallelization (by domain decomposition), distributed array storage,

and parallel sparse matrix calculations including Krylov subspace
methods, numerical Jacobian generation, preconditioners, and linear
and nonlinear solvers.

F. Kinetic Mechanisms

The full AP/HTPB kinetic mechanism simulating the homoge-
neous binder used in this model was developed by Jeppson [31]. It
consists of 44 chemical species participating in 157 reaction steps
and is a modified form of the smaller AP/CTPB (carboxy-terminated
polybutadiene) mechanism proposed by Korobeinichev et al. [35]
with additions from Korobeinichev et al. [36], Ermolin [37], Wang
et al. [38], and GRI-Mech [39]. To facilitate faster calculations, the
full AP/HTPB gas-phase kinetic mechanism was analyzed for
species and reactions that might be removed without changing the
calculated one-dimensional burning rate. The result of this sensitivity
analysis is a slightly reduced kinetic mechanism of 37 species
participating in 127 reactions. The eliminated species are C, CH,
CH2CO, ClOO, H2O2, NNH, and NOCl. No reactions or reaction
parameters were modified.

G. Verification and Validation

Numerical verification was performed based on an approach
outlined by Roy [40]. Grid convergence studies were conducted for
monopropellant AP combustion using the 37-species mechanism.
Relative surface temperature error, as defined by Eq. (10) with
Ts;fine � 775:7 K, was used for comparison. Unfortunately, an exact
solution to the problem does not exist; therefore, a surface
temperature predicted using a highly refined mesh was used in place
of an exact value. Figure 3 presents the results of the verification
study, which are consistent with the first-order upwind scheme used
in the model:

error �
����Ts;fine � Ts;currentTs;fine

���� (10)

Validation was also performed [5] comparing the numerical
results with an analytical expression for diffusion through a stagnant-
gas film [41], a kinetic mechanism for H2=O2 combustion by Kee
et al. [42], and comparison to experimental data for monopropellant
AP combustion [43] and homogeneous AP/HTPB combustion [44].
Modification of the model to a vorticity formulation successfully
increased the stability and accuracy of the model and decreased
runtime. CPU time decreased substantially, from about 1 month
using the fully coupled Navier–Stokes conservation equations to
around 1.5 days using the vorticity-velocity equations.

III. Results and Discussions

The vorticity formulation of the diffusion flame model has been
applied to an 86%-AP/14%-HTPB propellant with 37.8% (400 �m)
AP and 48.2% (12 �m) AP at 20 atm. The particle size, binder
composition, and AP mass-fraction values were chosen to
correspond to a propellant formulation reported by Miller and
Foster [45]. It was assumed that the 12 �mAPand theHTPB formed
a homogenized bindermixture. The binder thickness was variedwith
particle size to give an overall AP mass fraction of 0.86. The binder

Fig. 3 Surface temperature error as a function of grid size.
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thickness surrounding the AP particle was calculated based on a
spherical particle of AP surrounded by a shell of homogenized
binder, resulting in 89 �m of binder for the 400 �m AP particle.
Taking advantage of the symmetry of the system, only half of the
particle diameter was modeled. The numerical grid was 289 �m
wide, corresponding to the chosen AP particle size and binder
thickness, and 1300 �m long to allow the system to reach
equilibrium. The minimum grid size was 0:008 �m at the propellant
surface. The results presented subsequently illustrate the flame
structure present above the surface of a composite propellant
consisting of large AP particles.

The present model predicts the same physical picture as the BDP
model with one variation: a fourth, premixed, flame is present above
the homogenized binder. The fine particles of AP in the binder are
assumed to be homogenizedwith the binder, and therefore the binder
decomposition products react in the premixed fourth flame zone. The
predicted flame structure for AP/HTPB combustion at 20 atm is
presented in Fig. 4. The locations of the different flames, as indicated
by the temperature field, are labeled. As proposed for large particles,
the APmonopropellant flame, which has a final flame temperature of
�1400 K, dominates the bulk of combustion above the 400 �mAP
particle. The AP monopropellant flame standoff distance is within a
fewmicrons of the surface.Aprimary diffusionflame is located at the
interface, in which decomposition products from the binder and
oxidizer mix in a very hot flame. Products from the premixed and
primary diffusion flames react in a final diffusion flame, in which the
adiabaticflame temperature of the system isfinally reached. Thefinal
diffusion flame is too far from the surface to have any substantial
impact on the burning rate. These results give further numerical
support to the validity of the BDP model concepts. Comparison of
Fig. 4 with the original BDP picture (Fig. 1) bares remarkable
similarities.

The predicted flame structure and axial mass flux are presented in
Fig. 5. The four different flame structures are distinctly present in the
temperature profile. The relatively large scale of a 400 �m particle
increases the radial distance across which diffusion must take place
and results in themultidimensional flame structure. The proximity of
the monopropellant flame above the AP particle (�8 �m) controls
most of the combustion above the AP particle. The influence of the
primary diffusion flame is limited to a relatively small section of the
surface, and therefore the combustion of large particles is controlled
by the slower AP monopropellant rate and the premixed binder rate.
The final diffusion flame also appears to close over the AP particle,
with lower temperatures at the outlet boundary above the binder, as
would be expected for a fuel-rich diffusionflame. The axialmassflux
shows a peak at the interface at which the primary diffusion flame is
located, increasing the burning rate at that location. The mass flux
then forms two distinct regions, one above the particle and one above

the binder. This is an interesting result that is common for large-
particle calculations at various pressures. The exiting gases are
unable to completely mix, and differing mass fluxes leave the
propellant surface.

To more clearly show the details of the flame structure and
examine the impact of various flames on combustion, slices of the
axial temperature profile are shown in Fig. 6. Three radial positions
are presented: at the AP particle center (r� 0 �m), at the AP/binder
interface (r� 200 �m), and at the outer edge of the binder
(r� 289 �m). The resultant temperature profiles give insight into
the heat feedback to the surface that drives combustion and to the
controlling mechanism at each location.

The temperature profile at the particle center (r� 0 �m) rises
from the surface temperature (773 K) to approximately 1350 K
within 8 �m, after which it levels off before rising again to its final
temperature of nearly 3000 K, relatively far from the surface.
The intermediate plateau in the centerline temperature profile
corresponds to the position and temperature of the AP
monopropellant flame. The final temperature of nearly 3000 K
corresponds to the final diffusion flame. These trends can be seen in
Fig. 7, in which the particle centerline temperature is compared with
a calculated pure-AP temperature profile at 20 atm. The predicted
heat flux to the surface for the composite system (1246 W=cm2) and
for the monopropellant AP (1245 W=cm2) is essentially identical.
These predictions show that the burning rate at the particle centerline
is controlled by the monopropellant decomposition rate and is not
impacted by the diffusion flames.

Predictions at 20 atm for the temperature profile at the radial
boundary (r� 289 �m), above the fine AP/HTPB binder, reach
95% of the premixed binder’s flame temperature (2150 K) within
80 �m of the surface. The temperature then gradually approaches the
final flame temperature of the system. The temperature profile above
the binder corresponds to the predicted one-dimensional

Fig. 4 Flame structure above a 400 �m particle surrounded by 89 �m
of binder at 20 atm.

Fig. 5 Temperature and axial mass flux profiles for a 400 �m particle

at 20 atm.

Fig. 6 Temperature profiles for a 400 �m particle at 20 atm for three

radial positions: particle centerline (r� 0 �m), particle/binder interface

(r� 200 �m), and radial boundary (r� 298 �m).
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homogenized binder temperature for 77.5% AP in HTPB, as seen in
Fig. 8, before rising to the final flame temperature. The predicted heat
flux above the binder was 2738 W=cm2 compared with
3024 W=cm2 for the premixed binder alone. There is a slight
impact from the diffusion flames at 20 atm, but the impact is minimal
and combustion is dominated by the premixed binder flame. Because
of the higher heat flux above the binder, surface regression is faster at
the binder boundary than it is at the particle centerline.

The primary diffusion flame above the particle/binder interface
(r� 200 �m) causes a much steeper temperature gradient near the
surface than either the AP monopropellant flame or the premixed
binder flame (see Fig. 6). The predictions show that a temperature of
2700 K is reached within approximately 35 �m of the surface: a rise
of nearly 2000K. The variation in temperature across the surface of a
400 �m particle illustrates the scale and complexity of the flame
structure above a composite propellant, demonstrating why it is so
difficult to obtain detailed experimental data for such a system. The
heat flux above the interface is 5736 W=cm2, roughly 2 times higher
than the heat flux above the binder and 4 times higher than at the
particle centerline. Therefore, the corresponding burning rate is
significantly higher at the interface, compared with the rest of the
surface.

The influence of the primary diffusion flame is shown graphically
in Fig. 9, in which the heat flux to the surface and the corresponding
mass flux are plotted as functions of radial position. The heat flux to
the surface is the driving force for the decomposition and gasification
of the condensed-phase materials. The mass flux at the particle/
binder interface (r� 200 �m) is more than 4 times higher than the
mass flux of the AP particle at its center (r� 0 �m) and more than
twice themassflux of the homogenized binder (r� 289 �m). This is
due to the significantly higher heat feedback from the primary
diffusion flame at the interface, relative to the heat flux from the AP
monopropellant or binder premixed flames. The predictions indicate

Fig. 7 Predicted temperature profiles for a 400 �m AP particle in a

composite propellant at the particle centerline (r� 0 �m) and for pure-

AP monopropellant at 20 atm.

Fig. 8 Predicted temperature profiles for a 400 �m AP particle in a

composite propellant above the binder (r� 298 �m) and the

homogenized AP/HTPB monopropellant at 20 atm.

Fig. 9 Surface heat andmass flux for a 400 �mAPparticle with 77.5%

AP in HTPB binder at 20 atm.

Fig. 10 Species mass fractions for the creation of N2 from NH3 in an

oxygen-rich environment above a 400 �m AP particle at 20 atm.
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that the area around the edge of the particlewould be regressingmuch
faster than the rest of the surface, creating a dynamic nonplanar
burning surface. However, the surface of an actual composite
propellant is expected to be much more linear, due to the changing
location of the particle/binder interface as the particle burns.

The predicted regression rate is consistent with the experimental
observations for sandwich-burning experiments. Korobeinichev
et al. [46] and Price et al. [47] observed that the interfacial regions
between laminas of AP and a binder were recessedwith respect to the
rest of the surface at moderate pressure. Also, note that the burning
rates at both edges of the domain approach constant values,
illustrating that the individual premixedflames control combustion at
those locations. Examination of the mass flux above the particle
shows that nearly three-fourths of the particle surface area is
regressing at the AP monopropellant rate. Therefore, large-particle
regression is controlled by the monopropellant rate; thus, the overall
burning rate approaches the AP monopropellant limit, as expected.

These rather dramatic heat and mass flux results point out two of
the limitations of the current model: the predictions are for a steady-
state system and the surface is assumed to be planar. However, even
with these limitations, the understanding of the flame structure that
these predictions provide is significant.

Use of a detailed mechanism allows for the prediction of the flame
structure without any prior assumptions, aside from the inlet species.
It also allows for the prediction of species profiles. Examination of
species profiles above the surface is instructive. The formation ofN2

as a final product from the destruction of NOx species follows the
general paths NO2 ! NO! N2O! N2 and NO2 ! NO! N2,
wheremost of theNOx species are created from the oxidation ofNH3

in the oxygen-rich environment above the AP particle. These trends
are readily seen by examination of these species profiles above the
surface, shown in Fig. 10.

A major decomposition product of AP isNH3. As seen in Fig. 10,
virtually all of theNH3 is destroyed in the AP monopropellant flame
within a fewmicrons of the surface. TheNH3 released from theAP in
the binder is not readily consumed due to the lack of oxygen in that
region. Further, the NH3 released above the binder undergoes a
decomposition path that does not include NO2 as an intermediate.
This is due to the fuel-rich nature of that region. The destruction of
NH3 above the AP particle leads to the formation of NO2. As the
concentration of NH3 drops, the concentration of NO2 rises. The
destruction ofNO2 leads to the formation of NO, which has a longer
residence time, as noted by its presence 500 �m from the surface.
NO is then either converted toN2O or directly toN2. The conversion
ofN2O toN2 is apparently very rapid, as noted by the essentially zero
mass fraction of N2O in the entire domain. Examination of Fig. 10
shows that as NO is destroyed, the amount ofN2 increases above the
particle. It can also be seen that the lack of oxygen above the binder
results in much slower production of N2, and the equilibrium mass
fraction of N2 above the binder is not achieved within the calculated
grid.

The mixture of AP/HTPB in the binder results in much of theNH3

from the AP being quickly converted to HCN. The lack of oxygen
creates an alternative path in which NH3 is converted to N2 by
NH3 ! NH! N2. The HCN is slowly converted to N2, as seen in
Fig. 11.

Fig. 11 Species mass fractions for the production ofN2 in the fuel-rich

region above the binder for a 400 �m AP particle at 20 atm.

Fig. 12 Speciesmass fractions forCl2, HCl, andCl above a 400 �mAP

particle surrounded by binder.
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Another decomposition path of interest is the formation of HCl
and Cl. The path generally follows Cl2 ! HCl! Cl and can be
seen in Fig. 12. Large amounts of Cl2 are generated by the
monopropellant flame above the AP particle. This is then converted
into HCl. Then, when large concentrations of HCl are present at high
temperatures, the radical Cl is created in small amounts.

Comparison of the O2 concentration to some of the major final
species is presented in Fig. 13. When O2 exists in large
concentrations, above the AP particle, many of the final species are
absent, particularly carbon-containing species. Oxygen and carbon

must diffuse together before those species are created. Large
amounts ofCO2 exit the primary diffusion flame, in which oxygen is
in abundance, but as CO2 interacts with the fuel-rich products,
oxygen is transferred from CO2, creating CO. Also, the lack of
oxygen results in large amounts of H2 being created in the fuel-rich
region of the flame as the carbon is converted to CO.

IV. Conclusions

A two-dimensional model has been developed to simulate the
complex flame structure above an idealized AP/HTPB composite
propellant using a vorticity-velocity formulation of the conservation
equations. A detailed gas-phase kinetic mechanismwith 37 chemical
species and 127 reaction steps is employed to describe the reactions
involved. Inlet conditions to the gas phase are derived from one-
dimensional-model calculations. The inlet conditions along with the
kinetic mechanism and species diffusion are allowed to determine
the flame structure of the system.

Themodel was applied to an 86%-AP/14%-HTPB propellant with
37.8% (400 �m) AP and 48.2% (12 �m) AP. It is assumed that the
12 �m AP and the binder make up a homogenized binder mixture
that can be modeled as a premixed flame. The predicted results show
the detailed diffusion flame structure above the idealized composite
propellant surface, and results are qualitatively consistent with the
BDP model. The AP monopropellant flame, the primary diffusion
flame, and the final diffusion flame are all apparent in the prediction,
along with a premixed flame over the binder. The dominant
contribution of the primary diffusion flame to the propellant’s
burning rate is shown. The predictions show that the heat flux at the
AP/binder interface is approximately 4 times that at the AP center
and 2 times that above the binder, emphasizing the importance of the
primary diffusion flame. Use of the detailed kinetic mechanism also
allows one to follow the species concentrations of various reaction
intermediates, thus providing better understanding the chemistry of
the flames.
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