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This paper presents the formulation and results for a direct numerical simulations (DNS) of solid propellant
combustion. Finite-rate kinetics of Ammonium Percholate (AP) decomposition and AP combustion with Binder
is simulated in this study with full resolution of the flame zone. Both the solid phase and the gas phase are
simulated with two-dimensional surface regression. A new numerical approach to capture the motion of the
burning surface is developed and used in this study. We analyze the burning of various sandwich and randomly
packed structures. Simulations show that a complex flame structure consisting of premixed and non-premixed
type flamelets is present above the burning surface. Issues related to using this DNS approach for more complex
burning cases, especially at high pressure are also addressed.

1 Introduction
Nearly all missiles are propelled by solid propellant

rocket motors. The current state-of-the-art propellant mix-
tures used in these motors, typically, particles of am-
monium perchlorate (AP) and aluminum (Al) in a fuel
binder, have been created using an extensive empirical
database that correlates propellant mixture to burn rate.
This database is a result of many years of parametric ex-
perimental study but is limited by the experimental range
of conditions that could be simulated in the laboratory. As
a result, future improvements and development of next gen-
eration high-energetic propellants is very difficult since the
current data cannot be reliably extended to other opera-
tional space, for example, higher pressure. For example,
current empirical data is limited to propellant burning up
to 200 atm. Much higher pressures (e.g., 550-1000 atm) of
propellant combustion are of considerable interest since it
is estimated that nearly 60-70 percent of the total volume
of the current missile is made up of the propellant. Thus, a
significant increase in propellant combustion pressure and
the use of highly energetic fuel mixtures could drastically
reduce the volume and weight of the propellant needed
without compromising payload and performance capabil-
ities.

In addition, improvements in the propellant mix and the
use of high-pressure combustion will also reduce the size of
the missile. However, development of such high energetic,
high-pressure propellant is very difficult since parametric
studies in the laboratory are very difficult (if not impos-
sible) and likely to be very expensive. The reliability of
the empirical rules (developed from lower pressure exper-
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iments) at higher pressure is not known since there is no
in-depth understanding of the actual propellant combus-
tion process. Furthermore, even though there is now a
wealth of “empirical” knowledge on how certain ingredi-
ents (i.e., propellant mix) interact and changes the burn
rate, there still are many unresolved issues regarding the
burning rate of these propellants. For example, certain
high propellant formulation (i.e., mixture) exhibits a burn-
ing behavior called “plateau” burning. This refers to a
pressure in-sensitive burning rate within one or more pres-
sure ranges. This behavior is of considerable interest since
it can help provide stable solid rocket motor design and
advantageous performance, provided this plateau burning
can be produced at the desired pressure and burning rate
in a formulation that meets also the other requirements for
manufacture, mechanical properties, safety, etc. Analy-
sis of data has shown that plateau burning can be highly
dependent on many parameters, among them, the relative
proportion of coarse and fine ammonium perchlorate (AP),
particle size, amount and kind of binder, and the amount
and kind of additives such as transition metal oxides. So
far, it has been difficult to exploit this behavior using ex-
perimental formulation and no analytical or computational
model currently exists that can be used to understand the
dynamical interaction between the various factors involved
in AP-Hydrocarbon (HC) combustion process.

The peculiarities even in the currently employed pro-
pellants are not yet fully explored since no analytical or
modeling capability currently exists. Furthermore, the de-
velopment of very high-pressure high energetic propellant
formulation critically requires that a fundamental under-
standing of the basic physics of solid propellant combus-
tion be achieved.

At present, the only viable option is to develop and
employ a first principle DNS capability that includes all
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the dynamical physics (surface structure, propellant pack-
ing, surface kinetics and regression, flame structure, etc.)
without making any a priori assumptions and/or approxi-
mations. Once such a model has been validated against
existing database (which is not a trivial issue since chem-
ical kinetics for propellant combustion is not very well
known), it could be utilized to investigate performance of
high-pressure propellant mixtures. Note that, even though
DNS is computationally very demanding, the alternate ap-
proach of experimental parametric studies is expensive (if
not impossible) economically.

Several attempts at modelling have been reported in the
recent years, for example, sandwich structures1 and ran-
dom 3D packing.2 In these studies compressibility effects
were ignored, parallel flow (Oseen aproximation) was as-
sumed and flow-chemistry was decoupled. These assump-
tions may not be directly applicable in the surface region
where the temperature gradients are large and the surface
is irregular. Also decoupling the flow and the chemical re-
actions may lead to missing the effects of the AP particle
size on burn rates which is the goal of the present simula-
tion.

In this paper, the results of our DNS studies using a fully
compressible solver is discussed. Flow-chemistry is fully
coupled, as is the gas and the solid phase in this study.
Finite-rate kinetics using global kinetics (which is perhaps
the only major assumption here) is employed primarily be-
cause detailed mechanism is currently not available.1

2 Technical Approach
In DNS all scales of motion have to be fully resolved us-

ing a highly accurate simulation model. Here, a fully com-
pressible finite-volume scheme that is nominally second-
order accurate in both space and time is employed. A
fourth-order accurate scheme is also available,3 but is not
used in the present study. Furthermore, although both two-
dimensional (2D) and three-dimensional (3D) version of
this code are available, only 2D DNS is carried out in this
paper. This is considered acceptable at present since the
goal of this study is to develop the fully coupled method-
ology and to demonstrate its application. For sandwich
structures with spanwise extent very large relative to the
cross plane this 2D approximation is reasonable; however,
for randomly packed propellant, 3D effects could be signif-
icant. Future simulations will address 3D effects.

The governing equations for the flow field are the con-
servation of mass, momentum, total energy, and chemical
species for a compressible, multi-species, reacting fluid:
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whereρ is the mass density,p is the pressure,E is the
total energy per unit mass,ui is the velocity vector and

δi j is the Kronecker function. Also,qi is the heat flux
vector given in Fourier’s form:qi = �kg¶ T=¶ xi where
the gas thermal conductivitykg is a function of tempera-
ture T chosen to match experimental results:1 kg = 1:08�
10�4T + 0:0133 (W/mK). Finally,Ym is the mass fraction
of speciesm, Vi;m is the i-th diffusion velocity of species
m, and ˙wm is the mass reaction rate per unit volume. New-

tonian viscous fluid with stress tensorτi j = µ
�

¶ ui=¶ x j

�
�

2
3 µ
�

¶ uk=¶ xk

�
δi j is simulated in this study. The molecular

viscosity coefficientµ = kgPr=cp (Pr = 1) is obtained as-
suming unit Prandlt number and assuming that the specific
heats, molecular weights and diffusion coefficients are the
same for all species. These assumptions are employed at
present due to lack of data on these transport properties for
the species in our study but is not a model restriction and
can be changed when experimental data becomes available.

The pressure is determined from the state equation for a
perfect gas mixture:p = ρT ∑N

m=1 YmRu=Wm whereT is the
temperature,Ru is the universal constant andWm the indi-
vidual molecular weight (0.034 Kg/mol).1 The total energy
per unit volume isρE = ρ(e+ 1

2 u2
k) wheree is the inter-

nal energy per unit mass is given bye = ∑N
m=1 Ymhm� p=ρ

andhm is the individual enthalpy. The diffusion velocities
are assumed Fickian, i.e.,Vi;m = (�Dm=(¶ Ym=¶ xi)) where
Dm is the mixture averaged molecular diffusion coefficient.
The caloric equation of state is:

hm = ∆h0
f ;m +

Z T

T 0
cp;m(T )dT (2)

where∆h0
f ;m is the standard heat of formation at tempera-

tureT 0 andcp;m (= 1255 J/Kg K)1 is the individual specific
heat at constant pressure. The species mass fractions are
constrained by∑N

m=1 Ym = 1. The diffusion velocities are
constrained by∑N

m=1 Vi;m = 0.

2.1 Chemical Mechanism

Four chemical species are considered: AP, AP decompo-
sition products, binder and the products of AP decomposi-
tion products/binder flame. The chemical model includes
two reactions: gaseous AP decomposition and reaction be-
tween AP decomposition products and gaseous binder. The
chemical equations are:

AP! AP decomposition products (APd)

β APd +binder (b)! f inal products (p)

whereβ = 8 is the stoichiometric coefficient.
The reaction rates are:

R1 = D1Pn1
0 [AP] expf�E1=RuTg

R2 = D2Pn2
0 [APd] [b] expf�E2=RuTg

where [AP], [APd] and [b] are the concentrations andDi,
ni andEi are chosen to match experimental results.1 The
data used are:

D1 = 2:234�107; n1 = 1; E1=Ru = 8000K
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D2 = 1:105�107; n2 = 1; E2=Ru = 11000K
The standard heats of formation are chosen such that

the heat release for AP decompositon reaction is 138.6
Kcal/Kg and the heat release for APd-binder reaction is
3675.9 Kcal/Kg.

It should be pointed out that this chemical mechanism is
very simplistic and does not include any radical pathways.
However, at present it is not clear what is a good mecha-
nism since data in this arena is grossly lacking.

2.2 Gas Phase Boundary Conditions

The gas phase flow equations are solved subject to
proper boundary conditions. At the outflow, characteris-
tic based outflow conditions4 are imposed while the side
boundaries are periodic. At the solid surface the boundary
condition is determined by the surface condition which is
changing due to surface burning and regression. The im-
plementation of this boundary condition requires solution
of the solid phase thermal transport and proper characteri-
zation of the surface regression process. These features are
discussed in the next two sections.

For the gas flow at the solid surface, the mass, momen-
tum, energy and species fluxes are specified at the surface
as boundary conditions (they are functions of the surface
temperature). The fluxes are Eulerian as there is no species
diffusion through the solid, the viscous heating is very
small compare to the reaction terms, and there is no bound-
ary layer effect as the gas is basically injected normal to the
surface. Due to the irregular surface (see further discussion
below) it is difficult to compute the tangential fluxes, so
only the streamwise fluxes are specified at the surface. Two
possible cases are shown in Figs. 1a and 1b. The informa-
tion will reach the neighboring cell in two time steps. Since
the time step is very small (8�10�10 sec), there is no signif-
icant change at the surface for a relatively long time (e.g.,
around 100 time steps) and therefore, the cells close to the
surface reach a quasi-steady state, so the tangential effect
will be felt most of the time. The only exception is in the
random package case, when the surface switches between
AP and binder. However, even in this case, the transient
phase will not last significantly compared to the time the
surface spends in a cell (between 50,000 and 100,000 time
steps). Detailed analysis of the results has shown that this
approach does not introduce any numerical error or insta-
bilities.

A proper validation of this method using idealized con-
ditions has not yet been conducted and is also very difficult
due to the nature of the present problem. Most ideal test
cases used to validate cut cell methods5 are designed to
simulate a moving fixed-shape surface using mass conser-
vation, whereas in the present case, the surface is moving
arbitrarily in each cell and there is surface mass injection
(sublimation of the solid phase). Nevertheless, this is an
issue for further investigation.

Finally, the species concentrations at the surface bound-
ary are: (a) on the AP sideYAP = 1 and the restYi = 0 and
(b) on the binder sideYb = 1 and the restYi = 0. There

is no need for Newmann boundary conditions at the sur-
face since the species fluxes specified at the surface do not
include the diffusion term.

2.3 Solid Phase Thermal Transport Model

The gas phase processes occur above the solid propellant
surface and in order to capture the proper dynamics, the
heat transport in the solid phase and the surface regression
during combustion both have to be simulated with equally
high resolution. For the solid phase, the energy equation:

cp;mρc;m
¶ T
¶ t

=
¶

¶ xi
(kc;m

¶ T
¶ xi

) (3)

for the temperature in the solid phase is solved in 2D us-
ing a second-order scheme. Here, the thermal conductivity
coefficientskc;m and the densitiesρc;m for the AP and the
binder are chosen to match experimental data.1 In particu-
lar, for AP: kc;AP = 0:405W=mK; ρc;AP = 1950Kg=m3 and
for binder: kc;b = 0:276W=mK; ρc;b = 920Kg=m3. This
equation is solved subject to boundary conditions on the
surface (which is regressing). The solid matrix, at the cold
end, has a constant temperature which is specified and the
side boundaries are periodic. The surface interface balance
conditions are described below.

2.4 The Solid/Gas Interface Balance

The mass flow rate of the gas from the solid surface is
determined by the rate at which solid phase is converted
to gas. This flow rate is determined asM = ρc;mrm, where
rm is the surface regression rate andρc;m is the solid phase
density. The gas velocity at the solid/gas interfaceV is nor-
mal to the 2D solid surface (see Fig. 3) and is determined
from the regression rate by enforcing conservation of mass.
Thus,V = M=ρgas. Once the surface normal velocityV is
known, the two Cartesian gas velocity components (u and
v) are determined by projectingV on to thex andy axes.

The energy balance at the interface is given by

kc;m
¶ T
¶ xi

= kg
¶ T
¶ xi

�QmM (4)

whereQmM is the term that accounts for the pyrolysis en-
dothermic losses. The value forQm for AP and binder are
matched to experimental data:1QAP = 4:2�105(J=Kg) and
Qb = 2:0� 105(J=Kg). This equation gives the surface
temperature at every instant of time. This equation is ap-
plied perpendicular to the surface. The heat flux in the solid
and the gas phase are computed using points situated at∆x
distance from the surface. The temperature in these points
is determined by interpolation, using a second-order poly-
nomial ax+ by+ cxy+ d. The system is solved using the
Gauss algorithm.

2.5 Surface Regression Model

The surface regression model is critical since both the
phases are coupled at the surface and proper surface regres-
sion is needed to capture the burning rate. Many methods
have been used in the past to simulate surface regression.
In most cases, the grid is aligned to the surface and surface

3
American Institute of Aeronautics and Astronautics Paper 2003



regression involves moving grids. Although such methods
are very accurate, they are expensive and also have some
fundamental limitation when the surface is highly com-
plex 3D shape that changes from cell to cell. An alternate
methodology involves using a fixed Cartesian grid and al-
lowing the physical surface to move on this fixed grid. The
location of the surface is determined by the surface inter-
section in the cell and surface boundary conditions are used
to enforce appropriate boundary conditions. Cut-cell meth-
ods5 have been developed and demonstrated in the past.
Here, we employ a variant of this method. However, as
noted earlier, for the present application a new approach is
needed due to the presence of surface mass injection.

In the present approach, the surface position is tracked
inside all the relevant finite volume cells. For a cell con-
taining the surface, the volume of the cell is the volume
of the fluid in that cell. In order to avoid small cell vol-
umes (which would create numerical instability and restrict
time-step), a restriction is enforced whereby, when the fluid
volume in a cell is smaller than 50% of the original volume,
then this volume is added to the next fluid cell. When the
fluid volume exceeds 50% of the original volume, a new
cell is added to the fluid domain. The volume of the new
cell is equal to the fluid volume of the cell and the previous
oversized cell regains its original volume. This implemen-
tation is only along the surface of the propellant and past
studies have shown that is approach does not create any
significant spurious diffusion when high resolution is em-
ployed (which is the case here).

This method of surface motion has been validated by
tracking the motion of a prescribed surface shape. Fig-
ure 2 shows the motion of a sinusoidal surface moving at
a fixed prescribed rate. The surface is undisturbed (i.e.,
undistorted) and moves at the exact speed at all locations.
Analysis of these results (and others) show that in order to
obtain accurate results, the resolution should be such that
the distance between the surface position in consecutive
cells is not much larger than a cell width. In the present
DNS study this is easily enforced.

The solid surface position is given by the surface inter-
section with the centerlines parallel to x axis (streamwise)
as shown in Fig. 3. The intersection with each centerline
is a single valued variablexsur f . The evolution ofxsur f is
given by the streamwise projection of the regression nor-
mal to the surface:1

¶ xsur f

¶ t
= rm

s
1+

¶ xsur f

¶ y
(5)

whererm is the regression rate of the solid. However,
the angle of the perpendicular is an average of the angles
formed by the two lines intersecting at the center Fig. 3b.
In the present case, the resolution is high enough so that the
surface is smooth and the two lines have almost the same
angle.

In the case of a point of inflection (which may occur at
the AP-binder interface) the velocity vectors will point at

each other, as shown in Fig. 3a, and some modification is
necessary. This configuration is not physical. It is impos-
sible to have velocities with opposite signs at the boundary
between AP and binder. In the real case, there are scales of
motion down to the molecular level and therefore, transi-
tion from AP to binder will be smooth and continuous with
no jump in velocity and temperature. However, in a nu-
merical simulation (even in a DNS) the resolution cannot
be made infinitely small and there is a compromise be-
tween the smallest resolved scale and computational effort
involved. In the present case, the grid resolution is 2µmand
thus, scales smaller that 2µm are not resolved. The impli-
cation is that if the AP-binder interface is smaller than this
size it cannot be resolved.

Also, a new strategy is necessary because the regression
rate is a function of the nature of the surface (if it is AP or
binder). A cell can be either AP or binder. If the surface
is tracked through the intersection with the grid, the pro-
prieties of the interface between AP and binder can not be
computed either with AP or binder formulas (Fig. 3a).

The surface has the tendency to smoothen anyway due to
burning and regression, so this discontinuity persists only
in some isolated cases. The surface spends about 50000
time steps or more in a cell so the surface has time to
smoothen.

The regression rates for AP and binder (mm/s) are given
by pyrolysis laws determined experimentaly:1

rAP = AAP expf�EAP=RuTsur f g (6)

rb = Ab expf�Eb=RuTsur f g (7)

where the parametersAi andEi are for AP and binder, re-
spectively:1 EAP = 22(kcal=mol), AAP = 7:9�10�9(m=s),
andEb = 15(kcal=mol), Ab = 7:5�10�7(m=s).

3 Results and Discussion
Two types of test problems have been simulated using

the DNS code to demonstrate the ability of the solver. The
first case is a simple setup of the sandwich between AP
and binder. This configuration has been extensively studied
experimentally.6 The second test case is a more complex
(and more realistic) setup of arbitrary packing of AP (of
various sizes) in binder. Here, we will focus on some of
the key results obtained in these studies to highlight the
accuracy and the ability of the developed model.

All simulations were conducted using a highly optimized
parallel simulation code. High scalability and efficiency is
achieved in this code using domain decomposition. Typical
simulation employed a resolution of 200 x 240 grid points
(resolution depends on the test case) and required a stor-
age of 159 MB and around 2700 single processor hours on
Compaq SC 45 to complete a simulation. However, note
that these are transient simulations and the amount of time
depends for how long surface burning is simulated. Typi-
cally, “steady-state” burning (i.e., effect of initial transients
is washed out) is achieved in 700 single processor hours.
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3.1 Sandwich Propellant Combustion

Three configurations are studied here to get a better un-
derstanding the nature of flame structure near the surface as
the AP-binder scales are changed. A gas phase computa-
tional domain of 0:4 mm in the streamwise (x) and 0:8 mm
in the transverse (y) direction is resolved using a grid res-
olution of 200 x 240. The solid phase has a depth of 0:16
mm. The grid is uniform in the streamwise direction with
a grid spacing of 2µm while the grid is stretched in the
transverse direction such that in the AP-binder region the
resolution is also 2µm while near the periodic boundary it
approaches 6µm. The typical schematic grid distribution
is shown in Fig. 4. For all cases studied here, the pressure
was 20 bar.

The three cases differ in the sandwich packing between
AP and binder: (a) a single slice of binder of 100µm with
AP on both sides, (b) a single slice of binder of 40µm, and
(c) three slices of binder of 60, 40 and 60µm separated by
two slices of AP of 40µm.

Some characteristic results are discussed below. For the
100µm single binder slice case, Figs. 5a-c present respec-
tively, the temperature field, the AP decomposition reaction
rate and APd-binder reaction rate contours. The tempera-
ture field has a maximum temperature of 2600 K. Multiple
flame structures can be seen in this figures. For example,
the APd-binder reaction rate contours (Fig. 5c) show the
flame front for the reaction between the AP decomposi-
tion products and the binder. The upper side of this flame
is a non-premixed flame since diffusion of both species
is required to initiate reactions. On the other hand, the
lower side is a premixed flame (as it will be proved later).
The horizontal reaction rate contours (Fig. 5b) show the
flame zone due to the AP decomposition reaction. Both
flames are coupled together at the interface between AP
and binder.

Figures 6(a) and 6(b) show respectively, the axial and
tangential velocity components in one-half domain near the
AP/binder interface. The highest velocity gradients are in
the flame region due to thermal expansion. The tangential
velocity component has the largest value at the AP/binder
interface, above the surface. Although the regression rate
is almost the same for AP and binder at the interface, the
solid AP density is more than twice the solid binder den-
sity (1950 to 920 Kg/m3). Thus, the velocity of the AP
gas is twice the velocity of the binder at the surface. This
high speed (which is normal to the AP surface) is inclined
inwards near the AP/binder interface and results in an ef-
fective convergence of the flow from both sides due to the
aforementioned increase in the tangential velocity. The re-
sulting flow pattern is shown imposed over the APd-binder
reaction rate contour in Fig. 7.

By computing the mass flow rate for each species with
both convective and diffusion effects, the path of AP and
binder though the gas phase can be obtained and is pre-
sented in Fig. 8 (a) and Fig. 8 (b), respectively. It can
be seen that in the near surface region, the convective ef-
fect is dominant whereas, close to the APd-binder reaction

zone this effect is overcome by the diffusive effect. The
concentration of the reactants behind the reaction zone are
extremely small (between 0.0001 right after the reaction
and 10�9 at the end) so the streamlines after the high reac-
tion correspond to insignificantly small quantities of APd
(respectively binder).

The thickness of the diffusion flame (the distance be-
tween the two location of the medium reaction rate) has
been recorded for several positions. All the values were
around 20µm (15 µm in the premixed zone and 22µm in
the diffusion region). For the AP flame the thickness in-
creased from 13µm in the high reaction rate region to 35µm
far from the diffusion flame.

When the final “steady” burning shape is reached, the AP
surface near the AP/binder interface is extremely inclined
and the tangential velocity component is more than 50% of
the incoming AP gas jet. This component therefore, deter-
mines the flame position. As the slope of the surface at the
interface becomes steeper, the flame moves from the inter-
face above the binder. Only in the transient phase, when the
surface is flatter, the highest regression rate is in the AP grid
cell closest to the binder. After that the flame moves away
from this position and stabilizes on the top of the binder.
This increases the effective heat transfer to the binder and
as a result, the binder has the highest regression rate. This
is different from what has been observed experimentally.6, 7

The computed features of the flame are consistent with the
observation but the regression rate (about 10 mm/s) is about
twice the experimental value (4 mm/s).6 The discrepancy
in shape may be due to the global mechanism employed.
The right regression rate can be achieved with a suitable
choice of the parameters in the Arrhenius rates. We revisit
this case below to demonstrate the sensitivity of the predic-
tion to the parameters in the kinetics model.

When the binder width is small, the 40µm case, the sur-
face of the binder is almost flat and slightly below the inter-
face due to heat conduction to the colder AP. The temper-
ature, the AP decomposition reaction rate and APd-binder
reaction rate contours are shown in Figs.9a-c, respectively.
Other features are qualitatively similar and therefore, are
not repeated here for brevity.

The temperature contours inside the computational do-
main (the gas and the solid phase) are shown in Fig. 9 (a).
The highest temperature in the gas field is above the binder,
in between the two diffusion flames. The highest gradients
are in the premixed reaction zone. In the solid phase the
surface temperature is higher in the binder even though the
conductivity of the binder is smaller than the AP conduc-
tivity (0.276 W/mK and 0.405 W/mK). The reason is that
the heat flux is larger above the binder (the flame sits on
top of it!) and also the sublimation heat is lower for binder
(2:0�105 J/Kg versus 4:2�105 J/Kg for AP). The gradient
is steeper in the binder due to the lower conductivity.

Comparing the reaction rates and the concentrations, it
is noted that the fastest reaction for the APd-binder reac-
tion occurs in a premixed mixture (fuel and oxidizer in
equal proportions), decreasing for the leaner and the richer
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mixtures. In order to visualize better the limits between
the premixed and diffusive flames, in Fig. 10, the double
lines are used to identify a stoichiometric mixture within
0.5% ([b] �β=[APd])�= 1 whereβ = 8 is the stoichiomet-
ric coefficient, [b] is the binder concentration and [APd]
is AP decomposition products concentration). In this fig-
ure, the contours represent the APd - binder reaction rates.
The location where the slope of the stoichiometric mixture
changes and the maximum reaction rates shifts away from
the stoichiometric mixture may be considered the begin-
ning of the premixed flame. The whole flame above the
limit line is stoichiometric within 5% (so it is a diffusion
flame). The maximum reaction rate for the diffusion flame
occurs for the concentration closest to stoichiometric sur-
face (the double lines) slightly toward the richer mixture.
The regression rate in this case is 9.5 mm/s and the maxi-
mum temperature is 2665 K.

The three-binder case shows interesting behavior of
flame interactions. The APd-binder flames seated right
above the AP slices (premixed flames) have the same be-
havior as the single slice for the external diffusion flames
and the overall temperature contours show similar trends
as in the single binder case (Fig. 11a). For the thin AP
slices, the AP decomposition products are consumed as
soon as they are produced (Figs. 11(b) and 11(c)) because
the binder is in excess. The reaction is very fast, so the
APd-binder flame has to be a premixed flame above the
thin AP slice.

Since both the 40 and the 100µm cases discussed above
predicted higher regression rates than was measured in the
experiment, another case of the 40µm have been performed
with slightly modified parameters for the AP decomposi-
tion and the AP decomposition products-binder reaction.
The new parameters are:

D1 = 0:4�2:234�107; n1 = 1; E1=Ru = 8000K
D2 = 0:1�1:105�107; n2 = 1; E2=Ru = 11000+100K
These changes had a remarkable result. The stand-

off distance for the APd-binder flame increases and the
premixed and the diffusive reactions merged together, as
shown in Fig. 12. The maximum temperature drops to
2400K and the regression rate is 3.7 mm/s, which is very
closeto the observed value.6 Furthermore,this case also
shows that the AP surface is leading the burning surface, as
in experiments6 and the surface is much flatter than in the
previous case. The stoichiometric mixture is also shown in
Fig. 12 (the double line) and this suggests that the reaction
is occuring mostly in the premixed state.

The sensitivity of the flame structure and regression of
the burning surface to slight changes to the kinetic rates in
the reaction model highlight the need for a more compre-
hensive data base for the reaction mechanism and the rel-
evant rates if the physics of propellant combustion is to be
properly resolved. However, the DNS capability developed
here demonstrates that subtle changes in the flame struc-
ture can be captured with spatial and temporal accuracy and
therefore, this capability can be exploited to anchor global
mechanisms to measured data as well. Parametric studies

can also be conducted to determine the impact of differ-
ent sandwich preparations. If and when properly validated
mechanisms become available such features can be easily
incorporated in this code since it allows for arbitrary num-
ber of species and reaction kinetics.

3.2 Random Packed Propellant

A more realistic propellant preparation is a randomly
packed AP in a binder base. Typically, the AP particles are
of random 3D shapes of various sizes. In the present study
we consider random packing of AP cylinders of various di-
ameters. The computational gas phase domain ofx = 0:8
mm andy = 0:36 mm with a solid phase depth of 0:2 mm
is discretized using a 400 x 180 uniform grid in both direc-
tions so that the smallest scale resolved is a 2µm square. A
typical domain and random packing is shown in Fig. 13.

The package is generated by randomly placing the center
of the AP particles in the solid domain, initially occupied
only by the binder. In order to avoid overlapping, first the
domain assigned to the particles is checked and if another
particle is already there, the center is moved to the next grid
point. The number of grid cells occupied by each species
is counted to obtain the required volume fraction (in a stoi-
chiometric case, AP/binder: 80/20 by volume).

The gas flow, the surface shape and the reactions are
tightly coupled in this case. The characteristic reaction
time and the characteristic flow time are of the same or-
der of magnitude (8x10�10 sec.). The streamlines in Fig.
14 show how the gas comes out normal to the surface and
then is diverted by the APd-binder reaction, and the accom-
panying heat release induced volumetric expansion.

Figures 15 (a) and (b) show respectively, the AP decom-
position and the APd-binder reaction locations and magni-
tude. The AP decomposition flame thickness is almost con-
stant above the surface. Due to the nature of the packing,
the APd-binder flame has a premixed component above the
surface and some diffusive branches. This type of mixed
flame structure is likely to be related to the characteristic
length scales between the various AP particles and the in-
termediate binder. A careful parametric study is planned to
determine how the flame structure changes from diffusion
type to a fully premixed type. These results will be reported
in the near future.

A time sequence of the surface burning and regression
along with the flame structure is shown in a time series in
Figs. 16a-h. In this sequence it can be seen that the diffu-
sion flame has an on-off-on behavior due to the burning at
the packing surface. This is related to the change from the
diffusion flame to the premixed flame when the AP/binder
interfaces are replaced by pure AP boundary. The ability
of the DNS code to capture this sort of rapid changes in the
flame structure points to the ability developed in this effort.

Compressibility effects are shown in Fig. 17. For a tem-
perature range of 900 K to 2700 K and a pressure p = 20
bar, the density is between 3 and 9Kg=m3. The plots show
density variation along line 1 (streamwise), line 2 (tangen-
tial), and line 3 (streamwise in the flame region). For higher
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pressures the gradients will be larger.

4 Conclusions
A 2D DNS code to simulate solid propellant combus-

tion with fully coupled gas-solid phase has been developed.
Many different types of packing including sandwich and
random packing with arbitrary AP particle size can be sim-
ulated with this code. Although a global kinetics model
is employed at present, the current code has the capability
to deal with any type of kinetics. Parallel implementation
has allowed very fast calculations with very fine resolu-
tion of the flame zones. It has been shown here that the
flame structure above the surface is a combination of lean-
rich premixed and diffusion flames and the state can rapidly
change as the surface regresses (especially in the randomly
packed case). For the sandwich case, it has been shown that
the surface regression rate is very sensitive to the global ki-
netics parameters employed and this suggests the critical
need to get a better reaction kinetics model for this type of
combustion.
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a) b)

Figure 1 The surface fluxes for two surfaces. If a fluid cell has a neighbour containing the surface, the tangential flux between
those two cells is not computed.

Figure 2 Movement of a sinusoidal surface at a fixed speed through the stationary grid. Surface remains undistorted and moves
at the same speed on all points at the surface. This demonstrates the accuracy of the regression model.

a) b)

Figure 3 (a) Velocities from AP and binder have opposite sign. If the surface is tracked using the intersection with the grid then
the regression rate at the interface AP/binder would be undefined (b) Velocity direction is an average of the two normals.
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Figure 4 Computational domain used for various sandwich simulations. The length of the gas domain is400 µm and the width
is 800 µm. The length of the solid subdomain is160 µm.

a) b) c)

Figure 5 Temperature and reaction rates contours for the100 µm case. (a) Temperature; (b) AP decomposition reation rates;
(c) AP - binder reaction rates.

a) b)

Figure 6 Velocity components (in m/s) near the solid surface. Only one-half of the domain is shown for clarity. (a) Axial (x-)
velocity component and (b) Tangential (y-) velocity component.
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Figure 7 Streamline pattern near AP-Binder Interface. Also shown is the APd-binder reaction rate contours.

a) b)

Figure 8 Mass flow of gases from AP and binder. (a) AP gas motion, (b) Binder gas motion.

a) b) c)

Figure 9 Temperature and reaction rates contours for the40 µm case (a) Temperature; (b) AP decomposition reation rates; (c)
APd - binder reaction rates.
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a) b)

Figure 10 (a) The structure of APd-binder flame. The double line is stoichiometric mixture and the contours are reaction rates
for APd/binder reaction rates; (b) Detail: The line is the limit between diffusive and premixed flames.

a) b) c)

Figure 11 Temperature and reaction rates contours for the three-slice case (a) Temperature; (b) AP decomposition reation
rates; (c) APd - binder reaction rates.

Figure 12 For a lower reaction rate, the premixed and diffusive flames merge together an the stand-off distance increases. The
AP is leading the regression. The double line shows the stoichiometric mixture.
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Figure 13 Computational domain for random packing (the circles are AP particles with binder in between, the dark color is
the gas phase). The package consists of AP particles of 10, 30, 40 and 80µm embedded inside a binder.

Figure 14 Temperature and reaction rate contours for a random package. The vertical lines are the streamlines, contours are
APd/binder reaction rates, and the colors represent the temperature field (K). In the solid region the circles are AP particle
boundaries.

a) b)

Figure 15 Reaction rates contours. (a)AP decomposition flame and (b) Apd-binder flame.
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a) b) c) d)

e) f) g) h)

Figure 16 Reaction rates contours and temperature field at four instants in time. The top sequence shows the AP decomposition
contours. The bottom sequence shows the APd/binder reaction contours. The colors represent the temperature (same scale as in
Fig. 14). (a),(e) t = 0.0044 s; (b),(f) t = 0.0088 s; (c),(g) t = 0.0132 s; (d),(h) t = 0.0176 s.

Figure 17 Compressibility effects. The plots show the density variation along lines 1 (streamwise), 2 (tangential), 3 (streamwise
in the flame region). The contours show the temperature distribution.
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