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Erosive and Strand Burning of Stick Propellants, Part II:
Theoretical Modeling of Erosive-Burning Processes

W. H. Hsieh* and K. K. Kuof
The Pennsylvania State University, University Park, Pennsylvania 16802

Interior ballistic performance of unslotted single-perforated stick propellants in a large-caliber gun could be
influenced significantly by erosive burning. To analyze erosive-burning phenomena, a comprehensive model,
with special emphasis on the interaction of turbulence and combustion, was formulated to simulate erosive-
burning processes occurring inside the center perforation of an unslotted NOSOL-363 stick propellant. The
numerical results obtained from solving the theoretical model were validated by experimental data in terms of
time variations of internal diameter distributions along the propellant grain. It was found that the erosive-burn-
ing phenomenon was caused by the enhanced heat feedback from the gas phase to the solid phase resulting from
the combined effect of increased turbulence kinetic energy and turbulent heat-transfer rate.

Nomenclature
A; = preexponential factor for reaction involving ith
species, m>/kmole-s
a = flux model absorption coefficients, m~!
b = covolume used in the Noble-Abel equation of

state, m3/kg
Ci,...,C4 = turbulence constants for £ and e equations

C, = constant pressure specific heat, J/kg-K

Cr»Cr, = turbulence constants for transport equation of
reactedness

C; = specific heat of stick propellant, J/kg-K

C, = turbulence constants for eddy viscosity

DR1 = group of species, having delayed reactions,
pyrolyzed from propellant surface

DR2 = delayed reaction species generated from O

and F species
E, = activation energy, J/kmole
E, = blackbody emissive power, = ¢T*, J/m2%-s
F = fuel-rich species pyrolyzed from propellant
H = stagnation enthalpy of /th species,

= EthJ + uu;/2, J/kg

I = outward radiation flux in positive radial
direction, W/m?

J, = inward radiation flux in negative radial direction,
W/m?

k = turbulence kinetic energy, m2/s?

(0] = oxidizer species pyrolyzed from propellant
surface

P = final product species

Pr = Prandtl number

P = pressures, N/m?

Oy rer = surface heat release due to pyrolysis at reference
temperature, J/kg

G rad = radiative heat flux absorbed by solid propellant
surface, W/m?

R = gas constant, J/kg-K

R,,Rp  =reactednesses defined in Eqgs. (3a) and (3b)

R, = universal gas constant, J/kmole-K

® = reflectivity

r = radial coordinate, m

ry = propellant burning rate, m/s

i = inner radius of perforation, m
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7 = outer radius of stick propellant, m
Sc = Schmidt number
s = flux-modeling scattering coefficient, 1/m
T = temperature, K
t =time, s
u = gas velocity in axial direction, m/s
U« = friction velocity, = V7,70, m/s
v = gas velocity in radial direction, m/s
W, = molecular weight of ith species, kg/kmole
X = axial coordinate, m
y = distance away from wall, m
Y; = mass fraction of /th species; i could represent F,
O, DR1, DR2, or P
¥ = specific-heat ratio
] = boundary-layer thickness, m
€ = turbulence dissipation rate, m?/s’
€ = surface emissivity of solid propellant
A = thermal conductivity, W/m-K
T = shear stress, N/m?
U = dynamic viscosity of gas, N-s/m?
e = turbulent viscosity, N-s/m?
v; = number of kmole of ith species
p = density, kg/m? .
o = Stefan-Boltzmann constant, W/m?2-K*
Wr = chemical production term defined in Eqgs. (12a)
and (12b), kg/m3-s
Subscripts
b = burned state
¢ = centerline value
eff = effective
g = gas phase
i = internal perforation region
D = propellant
Ky = surface
u = unburned state
w = wall
Diacriticals
- = mass-weighted average quantity (Favre averaging)
B = time-averaged quantity
Superscript

”

= fluctuation quantity in Favre averaging

Introduction

N a large-caliber gun system using unslotted single-per-
forated stick propellants, the interior ballistic performance
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could-be influenced significantly by the effects of erosive
burning. In order to analyze and predict the performance of
large-caliber gun systems using stick propellants, the erosive-
burning characteristics of the propellants must be determined.
In the past, erosive burning of various solid propellants was
studied extensively under different crossflow situations.! How-
ever, prior to the present study, no suitable theoretical model
was specifically developed to simulate erosive-burning pro-
cesses occurring inside the stick perforation of NOSOL-363 or
low vulnerability ammunition (LOVA) propellants. This is
due to the fact that NOSOL-363 and LOVA propellants have
a distended flame structure and introduce stronger interaction
of combustion and turbulence.? This interaction cannot be
modeled properly by previous theoretical approaches. It is
apparent that a more sophisticated theoretical model is needed
to characterize these erosive-burning processes. The objectives
of this study are 1) to formulate a theoretical model to de-
scribe erosive-burning phenomena, with special emphasis on
turbulence-combustion interaction; 2) to solve the theoretical
model numerically; 3) to validate the theoretical model by
experimental data; and 4) to study the erosive-burning charac-
teristics of stick propellants.

Theoretical Modeling

The physical model considered in this study consists of two
different regions: gas phase and solid phase. The gas-phase
region is occupied by an axisymmetric turbulent reacting flow
inside the perforation of an unslotted stick propellant (see Fig.
1). The solid-phase region is a NOSOL-363 propeliant with an
initial geometry of a thick-walled cylindrical tube with uni-
form inner and outer diameters. To study the erosive effect,
only the internal perforation surface is allowed to burn.

Two basic assumptions are made in formulating the model.
First, the mean flow is treated as quasisteady, since the flow
residence time is much shorter than the characteristic times
associated with conduction in the solid propellant and surface
regression. This assumption was generally made in earlier
erosive-burning studies. Second, it is assumed that the heat
flux in the direction normal to the propellant surface is domi-
nant because of strong heat feedback from the flame zone.
Thus, the axial heat conduction is considered to be negligible.

As pointed out by Fifer,? the combustion mechanism of
nitramine-based LOVA propellants is very similar to that of
nitrate ester homogeneous propellants such as nitrocellulose/
nitroglycerin (NC/NG) double-base propellants. Following
the description of flame structure provided by Wu et al.? and
Kuo et al.,* the reaction regions for gas/solid interface and gas
phase consist of five different zones, i.e., preheat, foam, fizz,
dark, and luminous flame.

Under the conditions of zero or low crossflow velocities,
Kubota’ found significant flame standoff distances for both
double-base and nitramine propellants. Under strong cross-
flow conditions, the flame could be highly distorted, or even
form pieces of flamelets; hence, the location of the heat-
release zone produced by the reaction of pyrolyzed ingredients
could be quite different from the location of pyrolysis. Finite-
rate chemical reaction kinetics and the interaction of turbu-
lence and combustion must therefore be considered in the
erosive-burning model in order to simulate combustion pro-
cesses inside the perforation of a stick propellant made of
nitrate ester homogeneous propellants.

In modeling chemical reactions, the following reaction
mechanism was adopted from Wu et al.? For surface pyrolysis

Hot combustion
product gases ~ ™
—/’,,15;‘7“97‘—@""” :
2727777
inviscid flow 9/

e
Tes

=

region
Instantaneous surface
location at time t

Stick propellant

Fig.1 Flow and temperature fields inside an unslotted single-per-
forated stick propellant.
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of stick propellant, we have
stick propellant —voO + vpF + vpr DR 1 ¢}

where O represents the oxidizer-rich gases (such as NO,) py-
rolyzed from the surface, F represents the fuel-rich species
(such as CH,0), and the remaining species are designated as
the first group of delayed reaction species DR 1. Three chemi-
cal reactions considered to take place in the gas phase are

veF + voO —~vpra DR2 (2a)
VDRIDRI—’VPIP (2b)
VDRzDRZ"“ szP (2C)

where DR2 represents the intermediate product generated
from the reaction in the fizz zone. After a delay in the dark
zone, the DR 2 reacts in the luminous flame zone to generate
the final product. Group 1 of delayed reaction species also
forms the final product in the final flame.

The stoichiometric coefficients »; in Egs. (2a-2¢) are deter-
mined from the mass balance of the above four reactions. The
heat of formation of these representative groups of species is
obtained from the chemical equilibrium code (CEC76).% De-
tailed procedures are described in Refs. 3 and 4.

It is well-known that one major aspect in modeling turbu-
lent reacting flow lies in the handling of the time-averaged
chemical production term which is complicated by the interac-
tion of turbulence and combustion. The effect of inevitable
fluctuations of flow properties in this source term is difficult
to model. One logical way to circumvent this difficulty is to
adopt a two-variable joint probability density function (pdf)
to obtain statistically averaged physical properties.’

The approach used in modeling the chemical production
term is similar to that of Janicka and Kollmann® in their
studies of turbulent H,-air diffusion flames. The present ap-
proach differs in the selection of independent variables. Jan-
icka and Kollmann used the mixture fraction with a single
reactedness; the present approach adopts two reactednesses
due to the fact that in premixed flames it is impossible to use
mixture fraction as one of the independent variables. One
specific feature of the present approach is similar to that of
Bray and Moss,® who also used a joint pdf with two reacted-
nesses as independent variables. In their studies, two consecu-
tive reactions were used to simulate hydrocarbon-air combus-
tion, whereas a set of competitive and consecutive reactions
are considered in the present study.

The two independent variables chosen for the pdf are react-
ednesses of reactions, Egs. (2a) and (2b). They are defined as

Yr—Yr,
R, = —F_ “Fu (3a)
Yep — Yru
Ypri — YDRiu
Ry = DR1 DRI, (3b)

Yor1,6 — Ypr1u

The transport equations for mean reactednesses and mean-
square fluctuations of reactednesses® are given as

oR R 19 oR
Pl +p Do == — r<ﬁ> —| + o )
X r ror Sc/ o Or
L OR™ R —13[r<—‘i> aR™
p ar ° ar  ror Sc/ ey Or
aR\? R A
+CR][L,5; _CRzP',;R +2R 7w (5)

where R can be either R4 or Rp.
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In general, there are two approaches to determine the rela-
tionship between the pdf and the two selected variables. One
approach is to solve the equation of evolution of the pdf. The
modeling of the pdf evolution equation was proposed by
Dopazo,'® Pope,!' and O’Brien,'? and applied to turbulent
diffusion flame by Janicka et al.'® This approach was not
adopted in the present study because of the extraordinary
numerical effort required to solve the evolution equation. The
second approach, to assume a functional relationship between
the pdf and selected variables, has been used extensively in
calculation of different turbulent diffusion or premixed
flames.?® In this study, a simple beta functional form was
chosen to relate the pdf to the two reactednesses and their
variants. The beta pdf is defined as

R*=1(1 — Ry
O(R) = LK) ©)
loR==1(1 — R)*-1dR
where
=R [———R(l; R)_ 1] )
R"Z
. | RQ—-R
6=(1—R)[—(~—’—1] ®
R"

Under the assumption that R, and Rj are not correlated, the
joint probability function ®,(R 4, Rg) can be expressed as

®,(Ra, Rp) = OP(R4) - ®(Rp) ®

By using pdf, mean chemical production terms in Egs. (4) and
(5) can be expressed as

101
g = S S @r ®;(R4, Rg) dR4 dRy (10)
0J0

1Pl
R g = S S (R — R)ig ®;(R4, Rp) dR4 dRy  (11)
0J0

The instantaneous chemical production térm? is given by
wg = —Arp exp(~Eor/R,T)0*YeYo/Wo/(Yrs — Yru)
for R =R, (12a)
r = —Apg exp(—Eq pr1/RyT)0*Y g1/ Wpri/(Ypr1b
for R =Rp (12b)

- YDRl,u)s

For premixed flames, in circumstances in which all species
are assumed to have the same coefficient of diffusion trans-
port, the carbon element mass fraction Z, and the Schvab-Zel-
dovich variable £ can be regraded as constants, i.e.,

Z.= Y (ko)) Y; = constant (13)
4
=Yy — <y0 0> Yr = constant (14)
VFWF

The sum of the mass fractions for all species is equal to one,
i.e.,

E Y, =1 (15)
The mass fractions of all five species can be solved from five

algebraic equations [including Egs. (3a), (3b), (13), (14), and
(15), after R, and Ry are solved from Egs. (4) and (5).

J. PROPULSION

The turbulent flow inside the center perforation of the stick
propellant can be described by the following set of conserva-
tion equations for mass, momentum, total enthalpy, transport
equation of turbulent kinetic energy, and transport equation
of turbulent dissipation rate, as well as the equation of state in
the Favre-averaged form. These equations were derived with
the following assumptions: 1) Favre-averaged flow properties
are quasisteady; 2) boundary layer is axisymmetric; 3) body
force and gas-phase radiation heat transfer are negligible; 4)
Soret or Dufour effects are small; and 5) Fick’s law of mass
diffusion is valid.

a
2 esmn+Lean=o (16)
ax ar
SENVL R T () B
P ox p ar  ror ueff&r dx
) 13{[( >
P TP Tra Pr, effar
)\ o2
+ ) er — Pr/er ar (8

/ A=\ 2
+,L,<al> —pe (19)

or
_ .0 _ _d 129 we \9€
gt rsoi =12l (b))
N cw,(%)zi —ca (20)
. RT
P~ iwn 5 @

Turbulent viscosity y, is expressed in terms of k and ¢ as
k2
o @2

In deriving the above equations, the following relationships
were used.

—  am —=7 W IR
_ TR - —, - //R o __ LT R
puv f or Y Sc, or
———— o 0H
—_ v I/H ” = 23
p Pr, or 23)

Turbulent constants used in the above governing equations are
listed in Table 1.

To determine the instantaneous temperature profile in the
stick propellant, as well as the surface-temperature distribu-
tion, a transient one-dimensional heat conduction equation is

Table 1 Constants used in turbulence modeling

Constant Value Refs.
(&) 1.0 14-16
C 1.3 14-16
C3 1.57 16
Cy 2.0 17
C, 0.09 14-16
Cr, 2.7 8
Cr, 1.79 8




JULY-AUGUST 1990

considered. This equation!? is given as

o, 2C 1 ia—(rxs 95) ralt, —E) + U, ) (24)
at rar ar

which takes into account the subsurface radiation absorption
for translucent propellants such as NOSOL-363. The determi-
nation of the source terms containing both outward and in-
ward radiant fluxes requires solution of the flux-transport
equations. Based on a two-flux model,'® the two transport
equations for I, and J, can be given as

d(rl, 1
—(;r ) - +a)l, +arEy, +J, + 3 srld, + J,) (25)
d@J; 1

_S_rl =(s +ayt, —arE, + J, — 5 sr(l, +J.) (26)

A set of boundary and initial conditions must be specified to
complete the theoretical formulation. At the solid-gas inter-
face, balances of mass and energy fluxes can be written as

- 3y,
psrpYis = (pDY}), — <I>D —6—> 27
r/e
aT. ., oT
_)\_a.;s S=(Qrad net_>\g_a'7 .
+ pstp [(Cs - Cp) ° (Ts - Ts,ref) + Qs,ref)] (28)

where Q; ..r is defined as the net surface heat release at refer-
ence temperature T rer; (§1aa )ne: 1S the net radiation flux on the
interface, and is related to I, and J, by the following equation.

+ ¢;J,

r=r-

- esngs 29)

=rt
r I‘I

(q l{,ad )nel =1

Other boundary conditions at the solid-gas interface are

=0, D=5/ Dy, R? = Rg =0 (30)
which represent nonslip condition, mass continuity, and zero
fluctuation of reactednesses, respectively. The boundary con-
ditions for the k and e equations at the near-wall region are
identical to those of Arora et al.’®

When the flow inside the perforation of the stick propellant
is not fully developed, flow properties are considered to be
either continuous or constant at the edge of the boundary
layer, i.e.,

l7=ug, T= TL’ 5;=5= (31)
- i dR7? AR}
Ri=1, Rz=1, a: = af =0 (32)

When the flow is fully developed, the symmetric conditions
are used at the axis, i.e.,

dn 3T 3k 3¢ 3R, 4R

=—2 _—F -—— -9 (33)

The initial condition for the solid-phase heat-conduction
equation is
T, =Ty, att=0 G4

where T, is the initial temperature of the propellant.
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Boundary conditions for Eq. (24) and the radiative heat-
flux equation at the gas-solid interface are

Tp'r:r,zTglrzri (35)
I =(1 = ®oT:, —e;oT2 + ®,J, (36)

and at the outer radius are
Tp Ir:ro = Tpi (37)

Jo=(—®R,)oT} — 0Ty (38

The initial & and e profiles were calculated from the following
equations.?’

PR c052<1 y/6> (39)
= -
7e 5 \z
ul 1
— cos3}| = 7wy /8 y =<0.09 6/k
ky 2
€= 40)

ui L1
0.09 cos <2 7ry/6> y>0.09 6/k

The set of gas-phase simultaneous partial differential equa-
tions was solved by the implicit, finite-difference method of
Patankar and Spalding.?! Using a central-difference technique,
the transient heat-conduction equation and radiation heat-flux
equations were solved for the solid phase to obtain the temper-
ature distributions in the stick propellant as a function of
time. Detailed finite-difference equations and numerical pro-
cedures for both regions can be found in Refs. 22 and 23.

Experimental Work

In this study, a test rig using a center-perforated cylindrical
propellant grain with large web thickness (~ 1.0 cm) was
designed and constructed to observe erosive-burning phenom-
ena and to obtain a data base for model validation. Instanta-
neous locations of the internal burning surface of a cylindrical
stick-propellant grain were determined by real-time x-ray ra-
diography, which consists of a constant potential continuous-
wave x-ray system, an image intensifier, a Spin Physics high-
speed digitized movie system, and a digital image-processing
system. Detailed descriptions of the test chamber design, real-
time x-ray radiography system, and data-acquisition system
can be found in Ref. 24.

Discussion of Results

In order to perform the numerical simulation of erosive-
burning processes inside the internal perforation of a NOSOL-
363 stick propellant, a set of physical and chemical properties
of NOSOL-363 must be supplied as input to the computer
code. The chemical ingredients of the NOSOL-363 stick pro-
pellant and their molecular weights, mass fractions, and heats
of formation are given in Table 2. The other properties used in
the calculation are given in Table 3. Sources of references for
some of the properties are also given in Table 3.

Figure 2 shows the comparison between the calculated ra-
dius and experimental data obtained under erosive-burning
conditions.?* Theoretical predictions compare well with mea-
sured data at various times. Time variation of erosive-burning
rates along the propellant grain is shown in Fig. 3. The burn-
ing rate apparently decreases as time increases, due to the fact
that pressure and mass flux flowing over the burning surface
decrease with respect to time (see Fig. 4). In the early time
period (¢ <0.37 s), the burning rates at downstream locations
are higher than those at upstream locations because of in-
creased mass flow rate in the downstream direction. As time
passes, the cross-flow velocity drops as the port area increases,
and the effect of pressure becomes more important. This
causes the site of maximum burning to move in the upstream
direction.
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Table 2 Chemical ingredients of the NOSOL-363 propellant and
their molecular weights, mass fractions, and heats of formation

Molecular Mass

Ingredient Chemical weight, fraction, A#h f" s
name composition kg/kmole % kJ/kg
NC 1265
(nitrocellulose) CeH7.5505(NO2)2.45 272.25 45.75 —2583.8
METRZO
(metriol
trinitrate) CsHoO3(NO2)3 255 40.92 —1737.6
TEGDN
(triethylene
glycol dinitrate) CgH1204(NO2) 240 10.07 —2261.5
DNPA
(di-normal
propyl adipate) C12H2204 232 0.98 —3736.5
EC
(ethyl centralite) C17H200N2 268 1.05 —-391.5
KS
(potassium
sulfate) K2SO4 174.1 0.97 —8231.7
0oto Y T T T
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Fig. 2 Comparison between calculated internal radius and experi-
mental data obtained from erosive-burning test using a thick-walled
NOSOL-363 stick-propellant grain (Test No. 24).
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Fig. 3 Calculated time variation of distributions of erosive-burning
rates along the internal perforation of thick-walled NOSOL-363 stick-
propellant grain.

Figure S shows the calculated velocity profiles at three axial
positions. The centerline velocity is increasing with x due to
mass addition and growth of boundary-layer thickness along
the axial direction. Because of the higher mass injection rate
from the burning propellant surface, the velocity profile be-

J. PROPULSION
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Fig. 5 Calculated velocity distributions in the internal perforation of
a thick-walled NOSOL-363 stick-propellant grain.

comes fuller at downstream locations. These phenomena were
also reported by Trainean et al.? in experimental data ob-
tained in a cold-flow test of a nozzleless rocket motor.

The distributions of turbulence kinetic energy at different
axial positions are shown in Fig. 6. As x increases, the magni-
tude of turbulence kinetic energy increases, indicating the
enhanced turbulent heat- and mass-transfer rates at down-
stream locations. The enhanced turbulent heat-transfer rate at
a downstream location causes more energy to be transferred
from the gas phase to the propellant surface, resulting in
higher burning surface temperature and burning rate. This
trend of increased turbulence energy was also reported by
Yamada et al.?6 and Trainean et al.?*

Figure 7 shows a set of distributions of mass fractions of
fuel, oxidizer, and delayed reaction species of group 1 (DR1)
at three different axial locations. The concentration profiles of
these species are quite steep near the propellant surface. This
implies that a certain portion of the chemical reactions occur
very near the propellant surface. From the overall mass-frac-
tion distributions, it is also noted that the chemical reactions
away from the propellant surface are not insignificant. The
interaction of turbulence with chemical reactions is important
throughout most portions of the reacting boundary layer.

In order to examine the effect of various important thermo-
physical and thermochemical properties on the erosive-burn-
ing rate, a parametric study was conducted with the numerical
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Table 3 Thermochemical and thermophysical properties used in the numerical calculation

Property Value Ref. Property Value Ref.
A pri = 1.7 x 10'9 m3/kmole-s 5 Vp) = 1.677 kmole
Ar = 1.0 x 107 m3/kmole-s 5 Vp2 = 3.769 kmole
Wori = 24.94 kg/kmole Cpo =1.19 kJ/kg-K
Whor2 = 30.44 kg/kmole Cor =2.32 kJ/kg-K
Wr = 30.03 kg/kmole Cppri =1.73 kJ/kg-K
Wo = 46.01 kg/kmole Copr2 = 1.44 kJ/kg-K
Wp = 22.83 kg/kmole Cpp =1.90 kJ/kg-K
Ypri,s =0,3083 % =1.24
Ypr2,s =0.0 Pr =v/(1.77 y — 0.45) 28
Yrs =0.2411 Pr, =0.9 29
Yo = 0.4506" e = 8.7 X 10~8 VW, T, 0.65 28
E, pri =209 kJ/mole 5 o = 5.669 X 10~8 W/m2-K4
oF = 33.5 kJ/mole 5 Ps = 1530 kg/m?
Ah/",DRl = —3628 kJ/kg Cs = 1675 J/kg-K
Ahf",mz = ~7381 kJ/kg o5 =1.70 x 10-7 m2/s
Ahf",p = —~3862 kJ/kg ®R, =0.1 23
Ahf",o =736.5 kJ/kg a =200 1/m 23
Ahf"_p = ~5740 kJ/kg €s =0.9 23
YDR1 =1.536 kmole E, = 34.0 kJ/mole, p <2.17 MPa 27
YDR2 = 2.827 kmole =62.0 kJ/mole, p >2.17 MPa 27
vF = 1 kmole A =0.79 m/s, p<2.17 MPa 27
vo = 1.2 kmole =92.4m/s, p>2.17 MPa 27
Table 4 Parametric study of the effect of various important ‘26 m -
thermophysical and thermochemical properties o3l - ) ]
on the calculated erosive-burning rate - :'Z en
—— X T F0 CM
Property Effect on the erosive-burning rate, %2

ApRt +0.25

AF +1.13 o2r b

As +7.75

as — 4.46

€ +0.28

Eqpri —0.86

E.F -1.70

Egs —20.13

®R, ~0.005

a + 0.003

aThe effect of a property is evaluated by the percentage change in the
burning rate at = 0.013 s and x = 0.126 m, as the value of the property
is increased by 10% from that listed in Table 3.
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Fig. 6 Calculated turbulence kinetic energy distributions in the inter-
nal perforation of a thick-walled NOSOL-363 stick-propellant grain.

code developed in this research work. The results of the para-
metric study presented in Table 4 show that the A, and E,
used in the pyrolysis law to evaluate the burning rate have the
strongest effect on the erosive-burning rate, indicating that the
erosive-burning phenomenon is influenced significantly by the
surface pyrolysis process. For the gas-phase reactions, the A¢
and E, r have a greater effect on the erosive-burning rate than
the Apg; and E, r, since the oxidation of the fuel is the major
heat-release mechanism in the gas-phase region. It is interest-
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Fig. 7 Calculated distributions of mass fractions of oxidizer, fuel,
and DR1 in the internal perforation of a thick-walled NOSOL-363
stick-propellant grain.
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ing to note that the various radiative properties of the propel-
lant have different degrees of effect on the erosive-burning
rate, with the surface absorption coefficient exerting the great-
est effect. This is caused by the fact that the radiative energy
absorbed by the burning surface increases as the value of the
absorption coefficient increases, which then increases the
burning surface temperature to enhance the erosive-burning
rate.

Besides the properties listed in Table 4, the effect of the
initial profiles of k and ¢ at x = 0 on the erosive-burning rate
is also studied. Similar to the parametric study for other
properties, this effect is evaluated by the percentage change in
the erosive-burning rate at ¢ = 0.013 s as the magnitudes of k
and e at x = 0 and different radial locations were increased by
a factor of 10%. From this study, it was found that the initial
profiles of £ and ¢ do not have a significant effect on the
erosive-burning rate calculated from the numerical code, since
the solutions for the parabolic type of governing equations are
known for being insensitive to the initial conditions. When the
magnitudes of k at x =0 is increased by 10%, the erosive-
burning rate is increased by 1.9, 1.83, and 0.22% at x = 0.016,
0.026, and 0.036 m, respectively. The effect of the initial
profile of ¢ is even smaller than that of k.

Summary and Conclusions

1) A comprehensive theoretical model was formulated to
simulate erosive-burning processes occurring inside a center
perforation of a stick propellant.

2) The comprehensive erosive-burning model was solved
numerically and validated by experimental data. The calcu-
lated time variation of internal radius distribution along the
grain agrees well with measured distributions.

3) Chemical reactions occur throughout the turbulent react-
ing boundary layer of a stick propellant. Therefore, interac-
tion of turbulence and combustion is important in the entire
boundary layer.

4) Burning rates along the center perforation of a stick
propellant depend strongly upon local pressures and crossflow
velocities. When both pressure and crossflow velocity de-
creases, the burning rate decreases.

5) From numerical solutions, the erosive burning is found
to be caused by the enhanced heat feedback from the gas
phase to solid propellant resuiting from the combined effect
of increased turbulence kinetic energy and turbulent heat-
transfer rate.
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