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Boundary Condition Specification for Mobile Granular
Propellant Bed Combustion Processes

D. Y. Chen,* V. Yang,* and K. K. Kuot
The Pennsylvania State University, University Park, Pa.

In the modeling of transient one-dimensional, two-phase combustion of granular propellants in gun interior
ballistics, the boundary conditions at both the breech end and the base of the projectile must be specified
adequately. The form and the total number of the boundary conditions required depend upon the relative
velocities of the gases and solid particles with respect to the solid boundary and the condition of fluidization. In
the study of a simulated gun system, the flow properties at the boundary are obtained by considering 1) the local
balances of mass, momentum, and energy over a small control volume adjacent to the boundary; 2) the com-
patibility relationships along the characteristic lines; and 3) the number of algebraic relationships according to
the instantaneous flow conditions. These considerations are necessary to provide the extraneous boundary
conditions required for solving the partial differential equations with a second-order numerical scheme.
Numerical results were compared and found in agreement with test-firing data.

Nomenclature
A = cross-sectional area of cylindrical combustion

chamber
As = specific surface area of granular propellants, the

surface exposed to fluid per unit volume
C = speed of sound in particle phase
CL = combustion chamber length
Cv = specific heat at constant volume
Cp = specific heat at constant pressure
dx/dt = slope of characteristic equations
Dp = drag force due to porosity gradient
Dt = total drag force between gas and particle phases,

Dt =DV + Dp =DV - (P/AS) (d<t>/dx)
Dv =drag force acting on gases by particles per unit

wetted area of particles (evaluated from Kuo-
Nydegger correlation)

D/Dt — Lagrangian time derivative when observer follows
motion of the bullet, (d/dt) + u B ( d / d x )

E = total stored energy (internal plus kinetic energy)
per unit mass

hc = average convection heat-transfer coefficient over
pellets

^chem = enthalpy of propellant gas at flame temperature
/zign = enthalpy of igniter gas
h( = total heat transfer coefficient, the unit-surface

conductance
k — thermal conductivity of gases
kp = thermal conductivity of particles
K = coefficient of characteristic equations
Mign = igniter mass flow rate
P = pressure
(?wg —wetter perimeter between chamber wall and gas

phase
($>wp = wetter perimeter between chamber wall and

particle phase
q = rate of conduction heat transfer per unit area
Qw = rate of heat loss to chamber wall per unit spatial

volume of gas-particle system

rb — burning rate of solid propellant
rp - radius of pellets
R = gas constant
t = time
T = temperature
Tabl = ablation temperature of solid propellant
Tf = adiabatic flame temperature of pellets
rhg = temperature of hot igniter gas
Tps - particle surface temperature
rign = ignition temperature of solid propellant
U = velocity with respect to laboratory coordinates
UB = projectile velocity with respect to laboratory

coordinates
^feign ~ igniter gas velocity
x = distance from beginning of granular propellant

bed
XB = instantaneous location of base of projectile
XL =left boundary of partial-differential-equation

solution portion (interior region) of granular bed
Xfc = length of left control volume
XR = right boundary of partial-differential-equation

solution portion of granular bed
xrc = length of right control volume
oip — thermal diffusivity of pellets
7 = specific heat ratio
A = difference
fj, = dynamic viscosity of gas phase
p = gas density
pp = density of pellets
TP = intergranular stress transmitted through solid

propellants (rp = intragranular stress + P)
Twg = shear stress between chamber wall and gas phase
rwp = shear stress between chamber wall and particle

phase
</> — fractional porosity
</>c = critical porosity

Subscripts and Superscripts
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= gas phase
= evaluated at left control volume
= particle phase
= pressure
= evaluated at right control volume
= time
= gas temperature
= particle surface temperature
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Ug = gas velocity
Up = particle velocity
<t> - porosity
XL = evaluated at left boundary
XR = evaluated at right boundary
I,II = along right- and left-running characteristic line in

gas phase, respectively
III = along gaseous-path characteristic line in gas phase
IV,V = along right- and left-running characteristic line in

particle phase, respectively
VI = along particle-path characteristic line in particle

phase
0 = initial state

I. Introduction

THE combustion of granular solid propellants in a mobile
bed with a moving boundary (as in the case of gun

interior ballistics) is highly transient and extremely complex.
The theoretical modeling of the complicated flame spreading
and combustion phenomena in granular beds is a challenge to
engineers and scientists. In the last decade, progress on the
theoretical modeling has been made by advancing from the
lumped parameter analysis1 to the fixed granular bed
combustion2 and to the mobile granular bed combustion
models.3'6 In the modeling of mobile granular bed com-
bustion processes, several quasi-one-dimensional time-
dependent combustion models have been independently
developed 3~6 and reviewed.7

Additional modifications and improvements have been
made recently in these models. The Pennsylvania State
University model has been improved in the following areas:
1) the boundary condition treatment, especially the moving
boundary at projectile end, was significantly improved
(detailed approach and results are given in this paper and Ref.
8); 2) measurements and correlations of the intragranular
stress and particle-wall friction in granular propellant beds
were made9; 3) the speed of sound transmitted through a
packed granular bed as a function of porosity was obtained9;
4) a primer characterization study was conducted to determine
the actual flow rates from percussion primers (results of this
study10 were used as input data for granular bed combustion
calculations); 5) the initial transient granular bed compaction
caused by venting or primer products was studied11; and 6)
the one-dimensional assumption used in the theoretical model
was examined experimentally.11

In Gough's model, the boundary condition calculations
have been improved12'13 by considering two types of bound-
aries, one for a rigid, impermeable wall that is either
stationary or mobile, and the other for a rigid, gas-permeable
stationary wall. The first type is applied to the base of the

projectile or to the breech of a gun; the second type is applied
to recoilless rifles and high-low guns. Since Gough's main
interest was in large caliber systems, special emphasis was
placed on the description of the bags, plugs, wads, cardboard
spacers, and other filler materials between the propellant and
the projectile. He used a lumped parameter analysis coupled
with compatibility conditions and isentropic relationships to
compute the flow properties at both internal and external
boundaries. Gough has recently developed a two-dimensional
convective flame-spreading model for large caliber systems in
which the multidimensional effect is important.14 However,
the two-dimensional effect is not important for small caliber
systems n and therefore is not addressed in this paper.

In the study of deflagration-to-detonation transition (DDT)
phenomena in granular propellant beds, Krier and Kezerle
have changed the earlier continuum mechanics model4

developed at the University of Illinois into a separated two-
phase flow model.15 A number of empirical correlations were
altered for use beyond the ranges for which these correlations
were developed. The lack of suitable constitutive relationships
under DDT conditions were noted.

Although numerous papers and reports have been
published on the combustion of granular propellants, in-
formation available on the treatment of the boundary con-
ditions is limited. This lack of information is probably due to
the fact that in the initial development of theoretical models
most researchers emphasized the governing equations and the
necessary empirical correlations required as physical input
functions in the theoretical model. Since the boundary
conditions used in the theoretical computations may alter
results significantly, the objectives of this study are:

1) To illustrate the dependence of the number of boundary
conditions on flow situations.

2) To specify the boundary conditions used for various
flow conditions near the breech end and the projectile base of
a simulated gun system.

3) To test the predictability of the theoretical model for
mobile granular bed combustion processes by comparing
theoretical results with experimental data.

II. Method of Approach
A. Experimental Setup and Measurements

The purpose of conducting an experimental investigation is
to provide experimental data for theoretical model validation.
The current experimental setup is quite similar to that used by
Davis and Kuo.16 Major differences between these two setups
lie in the measurement technique of the projectile
displacement and the event trigger system. To facilitate
understanding of the experimental test rig used in this study, a
brief description is given below (see Refs. 8 and 16 for more
detailed information).

Metered Plate

0.777cm \_ Projectile Chamber

Solenoid \_Granular Bed *- Projectile

Fig. 1 Schematic diagram of the test rig for granular propellant combustion studies.
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The granular bed experimental setup essentially consists of
three components: a percussion primer unit, a thick-walled
instrumented combustion chamber, and a barrel chamber, as
shown in Fig. 1. The inner diameter of the combustion
chamber is 0.777 cm, and the initial length of the combustion
chamber is 15.24 cm. The chamber is sealed with a thin steel
shear disk (0.0914 cm thick) which keeps the chamber sealed
before the occurrence of disk rupture. A brass/lead projectile
is installed in front of the shear disk. At the onset of disk
rupture, the projectile begins to move. In order to detect the
instantaneous projectile location, a wood stick
(diameter = 0.64 cm) is placed directly in front of the
projectile. The stick used in this study has an aerodynamically
shaped head, and is long enough to protrude beyond the
muzzle of barrel chamber; thus the motion of the projectile,
as indicated by the motion of the wood stick against a
stationary metered plate, can be filmed by a high-speed
camera (400-ft capacity Hycam Model K20S4E-115) with
framing rate around 22,000 pictures/s. The camera also
serves as the triggering device for activating the solenoid
armature and firing pin.

The purpose of measuring projectile displacement is not to
compare the measured projectile velocity with the predicted
value. Any projectile velocity prediction involves such un-
certainties as frictional resistance between the projectile and
the gun barrel, pressure distribution around the projectile,
heat losses, etc. Uncertainties of this type are not desirable for
model validation. The intent of this work is to compare the
calculated pressure-time traces with the measured pressure-
time traces. Recorded projectile displacement is used simply
as input data for determining instantaneous combustion
chamber length. Chamber length is considered as a known
quantity in the numerical computation.

Besides having the capability for making projectile
displacement measurements, the combustion chamber is
instrumented with four pressure gages (Minihat resistance-
type gages) and four ionization probes mounted along the
granular bed on the side opposite the pressure gages. The
ionization probes, mounted flush with the inner surface of the
combustion chamber, are used to determine the arrival of the
hot gas front. The experimental results obtained in primer
characterization studies10 are used as input data for primer
mass and energy fluxes into the granular bed.

B. Theoretical Formulation of Boundary Conditions
Before considering the complicated two-phase combustion

problem, it may be helpful to use a simpler example of a
single-phase flow in a cylindrical tube to illustrate the
dependence of the number of physical boundary conditions
on flow situations. Let us consider a one-dimensional un-
steady flow situation in which the drag and heat transfer
between the gas and tube wall can be written in algebraic
terms. The flow properties, such as gas temperature, pressure,
and velocity, can be solved from a set of three coupled first-
order partial differential equations (i.e., the conservation
equations of mass, momentum, and energy). It is easy to see
that this set of equations is hyperbolic in nature2; the
eigenvalues are -(Ug + Cg), -(Ug-Cg), and -Ug. The
slopes of the characteristic right-running and left-running
waves and pathlines are:

(1)
In order to solve this set of first-order hyperbolic partial
differential equations by using a second-order finite-
difference approximation, three boundary conditions must be
specified at each end of the tube. The boundary conditions
can come either from physical conditions, or compatibility
relationships obtained from the method of characteristics.
Focusing attention on the left end of the tube, one should
consider four different cases shown in Fig. 2.

Case 1: U > 0 , U < C———— g g g

m

Future Time

External
Region

Case 2: U > 0
g

Internal
Region

U > C
g g

1

At

1i
At

4: Ug<0, |Ug|

Fig. 2 The dependence of boundary condition specifications on flow
situations (single-phase).

Case 1 represents a subsonic inflow of gas into the tube.
The left-running characteristic line (II) can serve as a com-
patibility relationship at the tube opening; therefore, two
physical boundary conditions must be specified. Case 2
represents a sonic or supersonic inflow of gas into the tube.
Since there is no characteristic line running from the interior
region at the present time level to the boundary point at the
future time level, three physical boundary conditions should
be specified. Case 3 represents a subsonic outflow of gas at
the tube opening. Two characteristic lines (II and III) run
from the interior region at the present time to the boundary
point at the future time; therefore, only one physical bound-
ary condition can be specified. Case 4 represents a sonic or
supersonic outflow of gas at the tube opening. Since no
outside disturbances can propagate to the inside of the tube,
no physical boundary condition can be specified. The
boundary conditions are determined solely from the com-
patibility relations along three characteristic lines.

From the above discussion, it is easy to see that the number
of physical boundary conditions required depends not only
upon the flow direction but also upon the relative magnitude
of the gas velocity with respect to the speed of sound.

The boundary conditions for two-phase granular propellant
combustion are much more complex than those for single-
phase flows. Strictly speaking, the system of governing
equations is not totally hyperbolic, but has some hyperbolic
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features. In order to solve the partial differential equations
more easily, the system can be arranged into a totally
hyperbolic form by adding a drag term, Dpt on both sides of
the gas-phase momentum equation and by treating this
porosity gradient drag term as an inhomogeneous term. By so
doing, the governing equations become totally hyperbolic in
form with six real eigenvalues corresponding to six charac-
teristic equations.17 The slopes of the characteristic lines for
the gas phase are the same as those given in Eq. (1). The slopes
of the characteristic lines for the solid phase are:

= l/,-CJ and = UD (2)
vi

For nonfluidized granular beds, the speed of sound trans-
mitted in the solid propellant aggregate is nonzero; the
characteristic lines (IV, V, and VI) run in different directions.
However, as soon as the granular bed becomes fluidized, C
declines drastically and the three characteristic lines collapse
nearly into one. Under this situation, the system of governing
differential equations essentially changes from totally
hyperbolic to hyperbolic. It is therefore not adequate to use
all three solid-phase compatibility relations for numerical
solutions.

The six characteristic equations (or compatibility con-
ditions) are given below:

1) The right-running characteristic equation in the gas
phase is

where Kl
Ug) Kl

p, etc., are coefficients for the characteristic line
I. These coefficients are given in Ref. 17.

2) The left running characteristic equation in the gas phase
is

(4)

3) The gas-phase path line characteristic equation is

UI

(5)

4) The right-running characteristic equation in the particle
phase is

(6)

5) The left-running characteristic equation in the particle
phase is

(7)

Left Right
Control Interior Region Control
Volume * Volume

Fig. 3 The left and right control volumes of the granular propellant
bed.

6) The particle-phase path line characteristic equation is
(8)

Mathematically, the above compatibility relationships can
be used to link flow properties in the interior region of the
granular bed to those at the boundary surfaces, viz., primer
exit plane (* = 0) and the base of the projectile or the inner
surface of the shear disk (X=XB). However, many com-
plicated three-dimensional phenomena occur near the
boundary surfaces. These processes include, for example,
expansion processes of the primer jet entering the granular
bed, local void volume generation, gas and particle recir-
culation, nonuniform heating of granular propellants by
primer products, segregation of the moving projectile base
from the granular bed, local vorticity generation near the base
of the accelerating projectile, etc. These complicated
processes cannot be adequately simulated by the quasi-one-
dimensional model.

To bypass the complexities in the boundary regions, a
lumped parameter analysis for the two regions is justified. At
the projectile base, the right boundary is selected at XR, which
is located a short distance (xrc) from the projectile base (see
Fig. 3). The right control volume for the gas phase is the
spatial volume between XR and XB minus the volume occupied
by solid particles. The control volume considered for the
particle phase is complementary to the gas-phase control
volume. For the sake of simplicity, the spatial volume is
defined as having a fixed width (xrc ) and moving along with
the projectile. The flow properties in the small right control
volume of the gas-phase are considered to be uniform.
Similarly, the solid particles in the small control volume are
considered to have uniform velocity and surface tem-
peratures. These properties can be solved from the lumped
parameter analysis described below.

The continuity equation for the gases inside the right
control volume can be written as:

Dt
[Ug(t,xR)-uB(t)] (9)

where D/Dt represents the Lagrangian derivative following
the motion of the projectile.

The gas-phase momentum equation is:

)-^^
Dt Axrt Axrt

- (DvAs)rc+ — [<l>(t,xR)P(t,xR)-<l>(t,xB)P(t,xB)]> xrc
(10)

The gas-phase energy equation is:

(Ap<t>)XR[Ug(t,xR)-uB(t)](CpT+>A(Ug-uB)2]XR q(t,xtt)4>(t,xB)
Axr xrc

q(t,xR)<fr(t,xR)

- \A, (Up-uB )Dv}rc - [Ash, (T- Tps) ]„ (11)
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The particle-phase mass equation is:

= -(AsPprb)p b r c
PpA[l-<l>(t,xB)][Up(t,xR)-uB(t)]

Axrr

1433

(12)

The particle-phase momentum equation is:

D[ppd-<t>rc)(Uprr-uB)]
————— — ——————— =

PpA(l-tXR)(Up(t,XR)-uB(t)]>

Axr
' prp(t,xR)[l-<l>(t,xR)} ( rp(t,xB)[l-<l>(t,xB)}

(13)

As with the right boundary, a left control volume is used for the breech end (see Fig. 3). The lumped parameter analysis for the left
control volume consists of the following five ordinary differential equations.

The gas-phase mass equation is:

Ax,,.
[mign (t)-p(t>xL)A<t>(t)xL)Ug(t)xL)]+(Asrbpp)ec

The gas-phase momentum equation is:

(14)

-(AsDv)lc+—[<l>(t,0)P(t,0)-<l>(t,xL)P(t,xL)]
xtc

The gas-phase energy equation is:

^ =(AsPprb)lc(hchem+ ^) - (AsDvUp)k-(Ash,(T-Tps)]tc+-^-

T 1 / dd> \
\-—lq(t,xL)4>(t,xL)+q(t,0)<l>(t,0)]-(Pf) -(Qw)tc

^J Xfc \ Ql / fa

_£/;
)T+~Y

The particle-phase mass equation is:

-(AsPprb)ic- Pp(l-<t>)Up

The particle-phase momentum equation is:

d[(l-</>)PpUp]lc _ (1
dt

Tp(t,xL)[l-<l>(t,xL)]

+ (AsDv)ec-(AsrbPpUp)ec+ ——
:L S*xtc

(rwp(?wpxL)gc

Axgc

mi&n (t) U

2

(15)

(16)

(17)

(18)

The physical boundary conditions required for solving this problem are mass and energy fluxes from the igniter system and
projectile velocity. These enter directly into the inhomogeneous terms of the above lumped parameter analysis.

C. Numerical Treatment of Boundary Conditions
The total number of boundary conditions needed for

solving the set of governing equations of transient two-phase
flows in gun systems depends upon the flow directions of the
gas and particles and on the fluidization conditions at the
boundaries. For the case of mobile granular bed combustion
with a moving boundary, there are eight possible cases for the
left boundary conditions (LBC) and eight possible cases for
the right boundary conditions (RBC). Each case designates a
different combination of fluidization conditions at the
boundary and relative magnitudes of the velocities. They are
summarized as follows:

LBC

(nonfluidized)

,
(fluidized)

.LBC1

.LBC 2

.LBC 3

.LBC 4

.LBC 5

.LBC 6

.LBC 7

.LBC 8
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RBC

.(nonfluidized)
,<Mfl....RBC2

C/p<«B....RBC6

f£/,*«B..,.RBC7

c
(fluidized)

After solving for the lumped parameters in boundary
control volumes and selecting the appropriate right and left
boundary case, flow properties at boundaries can then be
calculated from the extraneous boundary conditions and
some algebraic relations based upon realistic assumptions.
Detailed procedures for calculating flow properties at
boundaries under all flow conditions are given in Ref. 8.

In terms of numerical schemes used, the sophisticated
fourth-order Runge-Kutta integration method (RK4) was
employed to solve the two sets of ordinary differential
equations which govern flow properties in the left and right
control volumes and, therefore, to determine lumped
parameters inside control volumes. The same integration
method was also used to carry out integration along
characteristic lines. Iteration method was used to solve
properties on the boundaries, lumped parameters in the
boundary control volumes, and the axial locations of the
intersections of the characteristic lines with the x axis. The
modified two-step Richtmyer scheme3 with predictor and
corrector calculations was used in the interior region of the
granular bed. The first step is a diffusing scheme which uses
the central difference method in space and the forward dif-
ference method in time; the second step is a modified leap-
frog scheme which also uses the central difference method in
space and the forward difference method with double in-
crements in time.

The expansion of the granular bed due to motion of the
projectile was treated with a fixed number of nodes in the
finite-difference calculation. After shot start, an interpolation
method was used to determine the flow properties of the
previous time levels at the expanded space location. The
stretching of the mesh size in the x direction was uniform

Table 1 Computer program input variables

T0= 293.91 K
P0 = 1 atm

Ugg=Om/S

^-l^l
x(c = 1.6815 cm
xrc = 1.6815 cm
CL = 15.24 cm

rD =0.041275 cmPO
otp = 0.945 x 10 ~ ;

pp = 1.6g/cm3

^p=0.53x 10 ~3

Tabl=525K
T ign=550K

7} = 2831 K

J cm 2 / s

cal/cm-s-K

Table 2 Empirical correlations used in the theoretical model

Correlation Reference

Intragranular stress
Particle-wall friction
Interphase drag

Nonfluidized region
Fluidized region

Convective heat transfer
Nonfluidized region
Fluidized region

Burning rate

Kuo, Yang, and Moore9

Kuo, Yang, and Moore9

KuoandNydegger18

Andersson19

Denton20

RoweandClaxton21

Riefler and Lowery22

throughout the granular bed; at any given time, the mesh size
was uniform throughout the interior region. For more
detailed information, see Ref. 8.

III. Discussion of Results
The Mobile Granular Bed Combustion (MGBC) computer

program8'17 was used to study MGBC processes with a
moving projectile at the right boundary. Major input data and
empirical correlations used to simulate a typical experimental
test firing condition are given in Tables 1 and 2, respectively.
In the experimental setup, a FA-34 primer was used to ignite
6.875 g of deterred WC-870 ball propellants. The initial
porosity of the granular bed was 0.4054. Test chamber was

5000 -

4000 -

„ 3000 r

2000 -

1000 -

t = 1.0 msec 0.8 /. \•̂  ^—^ y i \

I locus of the
l projectile base

Axial Distance, x, cm

Fig. 4 Theoretically predicted pressure distributions at various
times.

800

600 -

400 -

w 200 -
locus of the
projectile base

-200

Axial Distance, x, cm
Fig. 5 Theoretically predicted gas velocity distributions at various
times.
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800

600 -

400 -

200 -

Axial Distance,~x, cm
Fig. 6 Theoretically predicted particle velocity distributions at
various times.

8000

6000

2000

Propellant: WC-870 6.875 gm
Primer: FA-34
Projectile: Speer #1805 bullet

and wood rod
Wt = 9.712 gm

Shear Disc: Stainless Steel,
thickness = 0.0914 cm

<J> = 0.4054

x = 2.86 cm

OL

calculated
shear disk

rupture time

0 0.5 1.0 - 1.5 2.0

Time, t, msec

Fig. 8 Comparison of theoretically predicted pressure-time trace at
Jt = 2.86 cm with the composite pressure-time traces of three ex-
perimental test firings.

4000

3000 -

S 2000 -

1000 -

I locus of the
I projectile base

10 20 30

Axial Distance, x, cm

40

Fig. 7 Theoretically predicted gas temperature distributions at
various times.

sealed with a stainless steel disk (0.0914 cm thick). A 30-
caliber bullet (Speer #1805) was installed immediately in front
of the shear disk. The total weight of the bullet and indicating
wood rod was 9.712 g.

Figure 4 shows the theoretically predicted pressure
distributions at various times. Owing to the compression wave
resulting from the burning of granular propellants, the
pressure distribution first develops a steep pressure gradient
on its right-hand side. Then, a strong pressure gradient,
caused by reflection of the compression wave from the
projectile base, appears on the left-hand side of the peak,
resulting in a reverse flow of gases from the downstream
portion of the granular bed to the breech end. This reflection
wave hits the breech end at /= 1 ms. Finally, accompanied by
projectile motion, the peak pressure decreases and the
pressure in the fluidized bed becomes more uniform. The
dashed curve shows the locus of the projectile base on the
pressure distribution curve.

8000 -

6000

|4000 -

2000 ~

Propellant: WC-870 6.875
Primer: FA-34
Projectile: Speer #1805 bullet

and wood rod
Wt = 9.712
Stainless Steel,
thickness = 0.0914 cm

<J> = 0.4054o
x = 6.03 cm

calculated
shear disk

rupture time

Fig. 9 Comparison of theoretically predicted pressure-time trace at
Jt=6.03 cm with the composite pressure-time traces of three ex-
perimental test firings.

Figure 5 shows the theoretically predicted gas velocity
distribution at various times. The primer blast causes an
initial gas penetration into the granular bed near the breech
end. Later, with combustion occurring in the granular bed,
the peak of the gas velocity profile develops due to the steep
pressure gradient and flow resistance in the bed. At 0.8 ms,
flow reversal occurs as a result of strong adverse pressure
gradient in the granular bed; it disappears as the granular bed
expands further.

Figure 6 shows the theoretically predicted particle velocity
distributions at various times. At the beginning of com-
bustion, particle velocity is less than gas velocity because of
the inertia of the particle and the tightly packed situation. At
0.6 ms, particle velocity becomes smaller and even negative in
the middle portion of the bed. This is believed to be due to the
complex effects of particle gasification, reflection of in-
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8000

4000

2000

Propellant: WC-870 6.875 gm
Primer: FA-34
Projectile: Speer #1805 bullet

and wood rod
Wt = 9.712 gm

Shear Disc: Stainless Steel,
thickness = 0.0914 cm

4> = 0.4054

x = 9.21 cm

calculated
shear disk

rupture timi

0 0.5 1.0 1.5 ' 2.0

Time, t, msec

Fig. 10 Comparison of theoretically predicted pressure-time trace at
jc = 9.21 cm with the composite pressure-time traces of three ex-
perimental test firings.

8000

t! 6000

4000

2000

Propellant: WC-870 6.875 gm
Primer: FA-34
Projectile: Speer #1805 bullet

and wood rod
, Wt = 9.712 gm

Shear Disc: Stainless Steel,
thickness = 0.0914 cm

0.5 1.0 1.5 2.0

Time, t, msec
Fig. 11 Comparison of theoretically predicted pressure-time trace at
AT =12.38 cm with the composite pressure-time traces of three ex-
perimental test firings.

tragranular stress wave from the projectile base, and gas
motion.11 Later, as combustion occurs in the granular bed,
the particle becomes smaller and fluidized; it can be entrained
by the gas motion, and therefore moves faster.

Figure 7 shows the theoretically predicted temperature
distributions at various times. Temperature gradients
associated with gas penetration motion are salient in the
beginning of the flame spreading and combustion processes.
Following ignition along the entire length of the granular bed,
the temperature distribution remains nearly uniform at
various times.

Theoretically predicted pressure-time traces at various
locations along the granular bed were superimposed on ex-
perimental data for three separate test firings, (see Figs. 8-11).
The test firings were conducted under the same initial con-
ditions mentioned earlier. Shaded regions in the figures

represent composed P-t traces of the three test firings. Solid
lines represent the theoretically calculated P-t traces. The
comparison is made by superimposing the first discernible
pressure rise time (at the nearest gage location to the primer)
with the time required for the calculated pressure to rise
noticeably. Based upon the direct comparison, the following
observations can be made:

1) Predicted peak pressures at various axial locations are in
good agreement with measured values.

2) Similar to the experimental measurements, calculated
pressurization rates at downstream locations continue to rise,
eventually overtaking upstream pressure traces.

3) After attaining peak pressures, predicted
depressurization rates at different gage locations are generally
consistent with experimental results.

4) Predicted times to reach peak pressures at all four gage
locations are in reasonable agreement with experimental
measurements; major portions of the predicted P-t traces lie
in the shaded areas.

5) Rupture time of the shear disk for each firing, as
measured by high-speed movie camera, is about the same as
the first discernible pressure rise at the last pressure gage. This
suggests that rupture of the shear disk is caused mainly by
intragranular stress transmitted through the granular bed.
Consistent with experimental measurements, the calculated
force acting on the shear disk indicates that it is caused mainly
by intragranular force.

Although the calculated results do not match perfectly with
the experimental data of a particular test firing, the predicted
results may differ less from that set of data than they do
between separate experimental firings conducted at the same
initial conditions. In general, good agreement between
theoretical predictions and experimental data was obtained.
This agreement supports the model MGBC developed at The
Pennsylvania State University.

IV. Summary and Conclusions
1) In order to simulate the combustion processes of mobile

granular propellants in a two-phase flow, boundary con-
ditions must be adequately specified. Strong interaction and
close coupling between boundary conditions and flow
situations are noted. The form and total number of the
boundary conditions depend upon the relative velocities of the
gases and solid particles with respect to the solid boundary
and the condition of fluidization.

2) Boundary conditions are obtained from physical
conditions; extraneous boundary conditions are solved from a
combined lumped-parameter analysis and the method of
characteristics.

3) Calculated pressure-time traces from the mobile
granular bed combustion (MGBC) code compare reasonably
well with experimental data obtained from a simulated gun
system.

4) In view of the agreement of the MGBC solution with the
experimental data in this paper and with other granular bed
compaction studies,11 the MGBC code can be considered a
useful tool for studying combustion processes in granular
propellant beds. The code is helpful in explaining various
combustion phenomena observed experimentally, and in
studying the variation of physical parameters which cannot be
easily measured.
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