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Abstract—Gas-permeable solid propellants possess great potential for producing high thrusts during
extremely short time intervals. This paper presents the theoretical formulation and application of a model
describing the important physical phenomena taking place in both gaseous and solid phases in such three-
dimensional, two-phase, unsteady, reactive flow systems, as found in internal ballistics. A stable, fast-
converging, fully-implicit numerical method, was used to solve the coupled, non-linear differential equations
of the model, so that effects of importance to the internal-ballistics designer can be studied. Solutions are
presented that predict the pressure-wave build-up and accelerating flame-front for beds of granulated solid
propellantsin gun barrels with an accelerating projectile. The results show that the flame-front acceleratesand
the rate of pressurisation increases substantially in the downstream direction, as expected, and are physically
reasonable in every respect.

NOMENCLATURE L time [s];
@ finite-domain coeflicients : T, T5, gas and particle temperatures,
a,,a,, heat transfer parameters for the gaseous fe§;?ect1vcly [KI; .
and solid phase, respectively (heat T, initial temperature at particle centre
transfer coefficients times the interphase X1 :
area) [W K~ 11; T, particle surface temperature [K1;
A, total surface area of particles in a control Tigm: propellant ignition temperature [K.];
® cell [m2]; 1y, Uy, Uy, Ua, Wy, Wy, velocities of gas and particles
b co-volum’e of gas [m® kg~ 1]; in the azimuthal, radial and axial
. . . ’ fact] -11.
b, burning rate of particles [kg m~2 s71]; v dlrlectlonsr [m f 1]’ 1 Fm1:
Cs, interphase friction coefficient ; " volume o co(? rot c.e (m71;
C,,C,, specific heats of gas and particles, ¥ a S.p?ce co;r 1;1:1 &
respectively [J kg~* K~17; z, axial coordinate.
D, particle diameter [m];
1, interphase friction factor; Gl:eek symbols ific b io of aas:
g, acceleration of gravity [m s~2]; f_’. ZI}EU 1c heat ;’ﬁat.l ° (t)fgas, iable & -
i, R,  stagnation enthalpies of gas and # iffusion coefficient for variable ¢; .
particles, respectively [J kg~ ']; o, the thermal wave penetration depth in a
h, chemical energy of propellant [J kg~']; spherical partlcl.e [m]; . .
K, intergranular stress proportionality & propellant burmnzg-rate proportionality
constant [N m™2]; constant [kg mo"s s
n‘zz’,, rate of interphase mass transfer 0, angular coor'dmate; L. .
[kgs—'1; P1,P2  gas and particle densities, respectively
* -37.
1y, rate of interphase mass transfer per unit .[kg m™T; -2
volume [kg m~> s~1J; T, intergranular stress [N m™?];
n, propellant burning rate index; ¢, a gencral dependent variable.
, P, as and particle pressures, respectivel .
b %N m- 25)_ p P v Subscripts
412> G1s> G52, Tates of heat transfer from gas to (l), m}Ualtco:l}:i 1ion; hase:
particles, from gas to the particle surface, 2’ refers (0 he gaap z;lse, .
and from the particle surface to the ? refcrs to the sl 1})1 ases
particle interior, respectively (W]; S, refers to the Interphase.
r, radial coordinate;
R, radial extent of gun barrel [m];
= . . IN UCTION
R, specific gas constant [J kg™! K™1]; 1. INTROD
R,,R,;, gasand particle volume fractions; 1.1. The problem considered and its practical relevance
R%, ‘shadow’ particle volume fraction; THE PRESENT study is concerned with the prediction of
s, a linear particle dimension [m]; the transient phenomena following ignition of granular
S source term for variable ¢; propellants. The following transient phenomena occur
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in a few milliseconds : penetration of hot gases into the
voids between the granules, convective heating of
granules to ignition, granule compaction and rapid
pressurisation. The mass generated in the ignition
region accelerates the flame forward, with the region
behind the flame rapidly increasing in pressure as more
and more mass is being generated. The problem of
flame spreading and of possible shock-front formation
in porous propellant charges is obviously important
in the design and analysis of propulsion systems, and
in predicting transition to detonation of granular
explosives. Further applications of the present study
may be found also in any engineering application that
involves fluidised-bed combustion.

1.2. Objectives of the study

The ability to calculate 3-dim., transient dynamics
resulting from pressure wave formation and flame
spreading in a bed of small grain propellant is the
motivation for this work. Therefore, the objectives of
the study are: (a) to formulate a theoretical model
describing theimportant physical phenomenainvolved
in both gaseous and solid phases during combustion of
solid propellants, which allows solutions under all
conditions of practical relevance; (b) to solve the
associated equations by a stable, fast convergent
numerical algorithm (first proposed inref. [1], and first
applied in ref. [2]); and, (c) to demonstrate the physical
realism of results obtained for typical problems.

1.3. Previous work and present contribution

The physical and chemical processes taking place in
internal ballistics phenomena are complex, and their
experimental study is difficult to perform and subject to
high degrees of uncertainty and inaccuracy. Due to the
above complexities, several theoretical approaches,
most restricted to 1-dim. situations, have been
proposed.

The theoretical methods can be classified into four
categories: (1) statistical models [3-57; (2) continuum-
mechanics models [6, 71; (3) formal averaging models
[8]; and (4) two-phase fluid dynamics model [9]. The
advantages and disadvantages of each of the above
methods have been analysed [10-12] and a com-
prehensive review basis has been provided [18].

Themethod employedin thisstudyis the continuum-
mixture approach of refs. [13, 14, 19], which is
developed by formulating the governing equations on
the basis that mass, momentum and energy fluxes are
balanced over control volumes occupied by space-
sharing interspersed continua. According to this
concept, distinct phases (e.g. gas and particles) are
present within the same space (although never at
precisely the same time), their shares of space being
measured by their ‘volume fractions’.

2. THEORETICAL MODEL

2.1. The physical problem
The basic features of the gun barrel are outlined in
Fig. 1. A cylindrical domain is considered, enclosed by
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F1G. 1. The gun barrel considered.

the gun barrel and the base of the projectile, and
containing a solid propellant in powder form and a gas.
The solid propeliant comes in various shapes and sizes.
Inthe past, propellants in cord form were in favour. The
present-day propellants are still cord-shaped but with
slotted tubes. However, spherical forms cannot be ruled
out [11] and this is the form assumed in this study.}

Ignitionis provided by inflow of hot gas at the base of
the cylinder. The gas is forced into the granular bed
through a multiply-perforated nozzle; this causes a
compaction of the granular bed near the entrance
region, and also heats up the nearby granular
propellants to ignition. The so-ignited propellants give
off more hot gases which are pushed forward by the
pressure gradient to ignite more propellants. Thus, a
steep pressure gradient is created inside the combustion
chamber and the accelerated gaseous products cause
the shell to move.

The quantitative formulation of such unsteady,
two-phase flow phenomena requires, apart from the
unsteady multi-phase gas-dynamic equations, the
utilisation of associated empirical correlations for

 This assumption is made for analytical simplicity of the
interphase heat- and mass-transfer correlations used in the
present application [e.g. see equation (15)). However, the
method is applicable to propellants of other shapes as well,
provided that the surface to volume ratio of the solid is given
or can be calculated.
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interphase friction factors, interphase heat transfer
factors, and burning-rate laws for the rate of interphase
mass transfer.

2.2. The dependent and independent variables

The following are the dependent variables of the
problem: velocities of gas and particles in the radial,
azimuthal and axialdirections: vy, v, 141,115, W, and w,;
pressure, p; gas and particle volumetric concentrations,
R,, R,;and, enthalpies of gas and particles, /i, and f1,.

The independent variables are: the radial, circum-
ferential and axial distances, r, 8, z,in a polar-cylindrical
coordinate system; and, the time, .

2.3, The partial differential equations

In order to study the transient phenomena in the
granular propellant bed, the following set of governing
equations describing the change of mass, momentum
and energy for the gas phase and the change of mass,
momentum and energy for the solid phase are derived :

2.3.1. The mass-consercation equations. The volume
fractions, densities and velocities of each of the two
phases must, in order to satisfy the mass-conservation
principle, obey the following equations:

gas-phase mass equation

i ) 10
— (p1R)+ = {p,Rywy)+ = — (0, Ryrvy)
ot 0z ror
1 a >t
+——(p Ryuy) =3y, (1)
r ¢o

particle-phase mass equation

10
(Psz)+ (Psz“ 2)’*‘ rs —(p2R,rvy)

14
+—=—(p2Ryuy) = —iit3; (2)
c0 .

where 117} is the rate of mass transfer per unit volume
from the solid phase to the gaseous phase, due to
gasification of solid particles. The volumetric fractions
are related by the ‘space-sharing’ equation,

Ri+R,=1. 3)
2.3.2. The conservation of momentum equations.

5

19 10
—(P:R)+ - = (rRipv;d) + = — (Ripit; )
ét rér rco

] 190 o
+ . (Ripiwvi¢) = 7 5( Ty 6r>

R ¢ 8
o(R Ty ‘g) <R T, a¢>+s¢ @)

where ¢standsforuy,u,,vy,v5,w,andw,;Tyand Sy are
diffusion coefficients and source terms ; and subscript i
refers to the phasein question (gasecous or solid). For the
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application of the model considered in this paper
diffusion effects are considered negligible (I'y, = 0). The
source terms S, are given in Table 1, in the form in
which they occur in the finite-difference equations, e.g.
as the integral over the finite-difference cells.

The formulation of the pressure terms has
occasioned some uncertainty among writers on the
subject, and it is sometimes thought that different
pressures ought to be provided for each phase. It is not
especially useful to do so. Therefore, a single pressure
appears in both equations, and an additional
‘intergranular-force’ term in one of the equations. This
term arises from the ‘particle-packing’ equation,
governing the pressure in the solid phase as its volume
fraction approaches the physically attainable limit,

P =p+1{R;}, )

wherein the solid phase sustains the extra stress t, this
being a function of the volume fraction, R,.

Further inspection of the above equations reveals
that the term p(6R,/dy), which frequently occurs in the
literature, is missing. This is because use of 8/6y (R,p)
instead of R,(8p/dy) is simply erroneous. A term like
p(6R,/dy) implies the presence of a momentum source
proportional to pressure whenever R, is non-uniform.
Thereis no physicalmechanism whichcanproduceit. A
change in the general pressure level would alter such a
source.

2.3.3. Theconservation ofenergyequations.Let b, i,
stand for the stagnation enthalpy of the gas and solid
phases per unit mass, respectively, by which is meant
the thermodynamic enthalpy plus the kinetic energy of
the phase plus any potential energy associated with the
position of the fluid in a force field. Then, the first law of

Table 1. Source terms in momentum equations

¢  [S,dvol (Integral source term for finite-difference cell)

wy VR (p1g—0p/02)+ Cw,—wy) +1ity,w,
"th

Wy VRy(p2g—p/02)+ Clwwy —wa) — 1y wa—

Viscell volume; C;is interphase friction coefficientand ¢
is intergranular stress (see Section 2.4).

ui ¢ .
v; VR, (‘01 - —'.._p)'*‘cr(vz—'-’x)'*"i’uvz
r ér

u} ¢ OR,tT
Uy VRz(p—zi— p)+C[(v1-Lz)—an1 2
r cr
uyr —VR, 0+Crr(ul u,)+hg u,r
R,
u,r —VR, 0+C,r(ul—u2)—mnulr 7

The equation for the angular momentum, ur, is solved in
preference to that for u
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thermodynamics leads to the following equations:

gas-phase energy equation
0 ~ 18
B [y —p)R I+ ror (rRlplvlfil)

190 - 0 ~
+; E(Rlpl"lhl)"' g(l’:lexhl)

= Clvy—0)v2 + Cylwy—widw, + Celuy —1ty)u,

v wi o oul “OR
. O L L A 1 6
‘Ixz'*'mu(’s‘*‘ 3 + 5 + 2 e (6)
particle-phase energy equation
d ~ 10 ~
2 [(p21:— P)Ry 1+ ~ == (rR2p,vah3)
t r cr
1 o ~ 0 ~
~ — (Rypzu1,)+ — (paRywyh
+r60( 2P2t2h3) aZ(Pz 2Walty)
= Ci(vy, —vy)v; + C{wy —wo)wy + Clu, —uy)u,
2 2,2
. . v; w3 u3 JdR,
— 1 I P P -~ —_ - 7
+412 m“<ts+2+2+2) Pat W

where 4, is rate of heat transfer from gas to particles;
h, = I, 4+ h, where h_ is the heat of combustion of the
solid particles, and P =p+1.

2.3.4. The particle-size calculation. For the problems
under consideration it is necessary to calculate the
distribution throughout the field of the average local
size of the particles. This necessity arises because, for
example, the rate of burning may depend strongly upon
the size of the particles; and this size diminishes, of
course, as the particles are consumed.

The approach followed is to compute a ‘shadow’
volume fraction, R}, that is to say, the volume fraction
which the solid phase would have possessed, at each
point, in the absence of combustion; the velocities,
however, being the same as the phase actually
possesses. Therefore, R% obeys an equation, which is
identical to equation (2), but for the absence of the
mass-transfer rate, my; (37 = 0).

The particle size can now be deduced from

s Ry\'3
(%) ®

where sstands for somelinear dimension of the particle,
and s, is the value of s for the particles initially.
Knowledge of s then permits the local values of
interphase heat-transfer coefficient, interphase friction
coefficient, and mass-transfer rate to be determined.

Equations (1), (2), (4), (6), (7) and that for R¥ form a
system of twelve coupled, non-linear, partial differential
equations,

2.4. Auxiliary relations
The above set of differential equations has to be
solved in conjunction with observance of constraints
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on the values of the variables, represented by algebraic
relations.

The constitutive relations used for the reported
application of the model follow. Except for interphase
heat transfer, these relations follow the lines of refs. [7,
8, 18]. However, because the purpose of this paper is to
describe the theoretical method and the nature of the
results, rather than to quantify them in detail, some of
these relations have been considerably simplified. It
should be mentioned that, although little emphasis is
placed on these relations at present, their proper form
and function are essential to realistic predictions for the
two-phase flows under consideration [7, 8, 18, 19].

2.4.1. Equation of state. The Nobel-Abel dense-gas
law, also called the Clausius equation,

p(i—b) - T, ©
P1

isused as theequation of state for the gas phase, where R
is the specific gas constant (286.69J kg "' K~ !);and bis
the co-volume whichis a function of gas density. For the
reported results, b is taken as constant.

The statement of a constant density for the solid
particles serves as the equation of state for the particles.

2.4.2. The intergranular stress. The constitutive law
used for the intergranular stress calculation is

=0

7= K(R2—Rjcrid)

for 0 < R; < Ry s (10)
for Ry ;s <R,

where R, is a ‘critical’ volumetric fraction, below
which there is no direct contact between particles, and
K is a constant, representing the rate of change of
stresses with respect to R,, known from the properties
and shape of the particles.

2.4.3. The interphase-friction coefficient. Prescribed
functions for the coefficient in the drag terms of
equations(4),(6) and(7) are used. The expression for the
interphase friction force for the finite-difference cell
used is a linear one,

F=flU,-U,l (11)

where U refers to any velocity component, and the
interphase friction factor, f, is expressed as

f=CiipRiRV (12)

where Cy;, is a constant estimated from the drag
coefficient expression for spherical particles [20]. This
simple method has been chosen because of lack of
empirical correlations for the problems in question,and
requires improvement if accurate results are to be
obtained.

2.4.4. The particle burning-rate. For the burning-
rate law, a simple pressure-dependent relation was

employed, namely
b= s( p ) (13)
Patm
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where p,,., is the atmospheric pressure and ¢ and n are
constants.
The production rate of gases from solid particles,

134, is therefore given by
"‘121 = BAS (14)

where A,is the total surface area of particlesin a control
cell, calculated from the following expression, for

spherical particles
A, = 6R,V/[Do(Ry/R%)'°] (15)

where D, is the initial diameter of unburnt particles.

2.4.5. Ignition criterion. The criterion for particle
ignition used in this study assumes ignition to have
occurred when the surface temperature of a particle
reaches a critical value, e.g.

b=0

- 2)

The surface temperature of the particles is determined
as outlined below.

for T, < T,
. (16)

for T, = Tine

2.4.6. The interphase-heat-transfer coefficients. Al-
though the equations solved for the transport of heat
between the gas- and particle-phases are those of the
phase enthalpies [equations(6) and (7)], itis convenient
to think in terms of temperatures T; and T, by
introduction of the specific heats C, and C,. For
simplicity, C, and C, are assumed equal (=C).

Central to the following treatment is the concept of
an interface between the two phases, with temperature
T.. Then

Gis = a)(Ty ~ 1)), (17)
42 = a)(T,—To), (18)
My =0 for T, < T,
21 8 (19)
Myn=ftp}y for T,> Ty,

where a, and a,, are heat-transfer coefficients
mutltiplied by the interface area through which the
transfer occurs; and f{p} is the function given by
equation (16) above. An energy balance over a control
volume enclosing the interface yields:

heat coming into the control volume = §,+m,,CTs,
heat going out of the control volume = 4., +m,,CT,
generation = 1, h.
Therefore,

Gs2—41s = Mz [h.— C(T,— T2)).

Combination of equations (17), (18) and (20) yields

(20)

T =[a; T +a, T+, (he + CT)IE, - (21)

. a . .
Grs = f [ay(Ty = Ty) + 1y C(Ty — Ty) —tiny ], (22)
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ds2 = s laf(Ty —~To) +ii1yy h.] (23)
where
[ = ay+ay+1iy,C. (24)

The heat-transfer coefficient per unit area, ay’, is
estimated by assuming Nusselt number Nu = 2,in the
absence of any concrete experimentalevidence. A better
assumption might have been the Denton correlation, as
used in ref. [18]. Then,

a; = ay' A (25)

Theheat-transfer coefficient a, is computed assuminga
cubic temperature distribution within the particle,

_ 1/2
o esanl [ o

where D is the particle diameter, T, is the initial
temperature at its centre, and J is the thermal wave
penetration depth in a spherical particle, calculated at
each time step as described in the Appendix.

2.4.7. The movement of the projectile. The projectile
velocity and acceleration were calculated at every time
step from the computed force, F, acting on its base,

F = (pe—pr)A @7

where p;, p, and A are the projectile frictional pressure,
the calculated pressure at its base, and its cross-
sectional area, respectively.

3. THE FINITE-DOMAIN EQUATIONS
AND THE SOLUTION PROCEDURE

3.1. Finite-domain equations

A conventional staggered grid is used [13]. The
velocities are stored at the centre of the cell faces to
which they are normal ; all other variables are stored at
the centres of the cells themselves.

The velocity locations have their own surrounding
cells, which act as contro! volumes over which the
differential momentum equations are integrated, to
yield the corresponding finite-domain equations for
velocity. Equations for the other dependent variables
employ control volumes around the grid points.

The result of the integration is a set of finite-domain
equations of the general form

Za,-d)i-%-b

= Y a—c
i

b5 (28)

where ¢ can stand for any dependent variable. The
coefficients a; represent the effects of convection and
diffusion, and (b + c¢,) represents the integrated source
terms for the cell. The use of upwind-differencing in
evaluating the convection terms ensures that the q;
coefficients are always positive, for numerical stability.
A fully-implicit formulation is used.
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3.2. Solution method

The finite-domain equations are solved using the
SIMPLEST and IPSA algorithms [13, 14, 17]. The
integration proceeds along the axis of the gun barrel
from the bottom to the top, and is repeated until
convergence is achieved. Further details may be found
in the above references.

4. COMPARISON WITH OTHER METHODS

The differential equations presented above differ
from those of previous authors in several respects. In
particular:

() The gas pressure-gradient termis included in the
solid-phase momentum equation. Hughes [15] has
argued that such a term results in the mechanical set
being non-hyperbolic. Krier and Kezerle [12] adopted
that argument and, in order to obtain solutions to the
equations, found it necessary to neglect the above
terms. However, the present work proves that stable
and meaningful results can be obtained when solving
the full equations.

(b) The pressure gradient term is written as the
partial gradient of pressure and not as the gradient of a
partial pressure.

(c) Asolid-phaseenergy equation isused, symmetric
with the gas-phase energy equation, instead of the
common approach of solving the unsteady heat
conduction equation for the solid particle and
monitoring the heat gained from the gas in the form of
convective heat transfer [8, 10, 16]. Thelatter approach
was not deemed acceptable for the present work, for
reasons discussed in refs. [12, 18].

A fully-implicit finite-difference scheme was em-
ployed for the numerical solutions, with none of the
limitations on the choice of time-step imposed by the
explicit methods used by previous authors [12].

5. COMPUTATIONAL DETAILS

5.1. The problem considered

The problem considered for computation is that of
predicting the time-dependent, two-phase mixing,
heat-transfer and combustion processes occurring in
the gun barrel illustrated in Fig. 1, during a short time
period, immediately after ignition. Table 2 summarises
the input used to carry out the typical results presented
below, including initial conditions.

The problem is specified after a time chosenat ¢ =0,
atwhichanignitionstimulusisimposed by theinflow of
hot gases through four nozzles of the ignitor, in a
cruciform arrangement. This ‘ignition’ region was
taken to be 409 of the total initial domain length. The
heat transfer from the hot gases to the particles raises
the particle-surface temperature, until the ignition tem-
perature is reached, initiating combustion. Diffusion
effects and wall-friction are assumed negligible.

N. C. MarkaT0s and D. KIRKCALDY

Table 2. Input data used in the numerical computations

Parameter Value
Physical properties
Density of gas, p, 0.861 kgm™3
Density of propellant particles, p, 1500 kgm~?
Specific heat ratio of gas y 1.27
Specific gas constant, R 286.69J kg™ 'K
Ignition temperature, T, 400 K
Chemical energy of propellant, k, 4MJkg™?!
Specific heat of gas and propellant, C 2000J kg™ ' K™!

Thermal conductivity of solid
particles, 2
Mass inflow rate of gas from ignitor,

02kgms 3K™!

riny (at 90° intervals) 20kgs™!
Period of inflow from ignitor, £,y Sms
Temperature of gas from ignitor, Ty 2000 K
Constitutive relations
Co-volume of gas, b 1073 m3 kg™!?
Propellant burning-rate

proportionality constant, ¢ 02kgm~2s7!

Propellant burning rate index, n 09

Intergranular stress proportionality
constant, K

Interphase friction parameter, Cy,,

Interphase heat transfer parameter on
the gas-side, a, S0wWK~™!

Critical volume fraction, R, 0.5

1.76 x 108 Nm™?
108

Initial conditions
Pressure, p 1.0135 x 10° Nm™?
Bulk temperature of solid particles, T, 294 K
Temperature at the centre of a
particle, T 294K
Temperature of gas, Ty 294K
Volume fraction of solid, R, 0.5
Velocities of gas and particles, u,, u,,

Uy, Ugs Wy, Wy 00ms™!
Initial hydraulic particle diameter 2x107*m
Other input
Projectile frictional pressure 1 MPa
Projectile mass 4kg

5.2. Finite-domain grid and time-step used

All the computations reported below have been
carried out with afinite-domain grid having5 x 5 x 20
controlcellsin the 0,r and zdirections, respectively. The
distribution of grid cells, shown in Fig. 2, is uniform in
the 0 and r directions, and non-uniform in the z
direction, more grid cells being concentrated near the
base of the projectile. The integration domain covers
only one 45° sector of the barrel cross-section, because
of symmetry.

The inflow region, which provides the major
contribution to the 3-dim. effects, consisted of the first
four cells along the axis, and was spread over one cellin
both radial and circumferential directions.

Following the projectile movement, the above grid
was allowed to expand in the axial direction at every
time-step, to follow the increase in domain length. No
grid-dependency tests were performed at this stage.
Earlier work, for a 1-dim. problem [19], indicates that
the above grid may not be adequate for obtaining
grid-independent results. It also indicates that the
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dependency of the results on the time-step is much
stronger than on the grid; and therefore priority was
given to performing a series of time-step dependency
computations.

This revealed that, although large time steps can be
employed and convergence still obtained, a short time-
- step of 0.025 ms is required to ensure time-step
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independency of the results; and this is the time-step
used to obtain the presented results.

5.3. Convergence and computer requirements

For the results reported, convergence was excellent,
with no form of relaxation used. Ten sweeps per time-
step were sufficient to ensure good convergence.

In general, the cpu time required per cell, per sweep,
per variable, per time-step was 3.0 x 1073 s on a
minicomputer (Perkin-Elmer 3220) which is roughly
16 times slower than an IBM 30/32 machine. A fully-
converged run, using the above grid, required 5thon
the same machine for 100 time steps (roughly 20 min on
an IBM 30/32).

6. RESULTS

6.1. Presentation of the results

Many results were obtained during the present study
but space considerations dictate that only a fraction of
these can be presented.

Figures 4-17 present axial, radial and circumferen-
tialdistribution histories of the fluid-dynamic and heat-
transfer variablesinthe 3-dim. gun barrelof Fig. 1, with
an initial solid loading of 50%. Other pertinent input
data to the calculations are indicated in Table 2.

Radial distributions are presented at two selected
axial sections, namely at axial locations 0.25 L and
0.875 L from the bottom, where L is the length of the
barrel.

Circumferential distributions are also presented at
the above axial locations, at planes § = 4.5° and 40.5°
(Fig.2). Thelatter were chosen because they present the
most significant 3-dim. effects. When no significant
variations are observed, a single plot is presented for
both 0-planes above.

The figures present the pressure distribution over the
barrel as time progresses, the gas and particle velocities,
the solid volume fraction, the temperature histories of
both phases and the projectile velocity and acceleration
histories. Distances on the figures are normalised and
the length of the domain as a function of time is given in
Fig. 3. Pressure and temperature graphs are presented
on logarithmic scale.

6.2. Discussion of results

Figure 4 shows the calculated axial pressure
distributions at nine different times (i.e. 0.2, 04, 0.52,
0.62,0.72,1.16,1.52,2.02,and 3.02msafterignition),ata
radial distance of 0.01 m from the axis and at 0 = 4.5°.

Beginning with the trace ¢ = 0.2 ms, the predictions
indicate a rapid build-up of pressure at the lower parts
ofthe barrel, leading to steep pressure gradients. A peak
pressure of 2.42 x 10° N m~2 is predicted at ¢t = 1.20
ms, at a distance of 0.60 m from the bottom of the gun.
The pressure level then decreases as the projectile
moves forward, and the gas-space increases. Figures 5
and 6 present the calculated radial pressure dis-
tributions at six different times (i.e. 0.2, 0.4, 0.52, 1.02,
1.52 and 2.02 ms), at two circumferential locations
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(0 = 4.5° and 40.5°), and at two axial locations, i.e. near
the bottom and near the top of the barrel. Significant
radial effects are observed only near the bottom of the
barrel (Fig. 5), where the predictions indicate a build-up
of pressure over the radial extent of the ignition zone,
shortly after ignition, as expected. For times later than

N. C. MARKATOS and D, KIRKCALDY

0.55 ms after ignition the pressure becomes more or less
uniform in the radial direction. Circumferential effects
areobserved only near the bottom of the gun barrel and
only for a very short period after ignition. These effects
are however much less significant than the radial ones,
even near the bottom of the barrel.

At the higher axial location (Fig. 6) the predictions
indicate a build-up of pressure as time increases, which
is more or less uniform in both the radial and
circumferential direction.

Figure 7 presents the particle-volume-fraction axial
distribution history, at a radial distance of 0.01 m from
theaxisandat 0 = 4.5°, These distributions are given at
the same nine different times after ignition, as for the
pressure distributions. The particle-volume-fraction
profiles show that near the lower end of the barrel the
porosity increases fairly rapidly. This is due to both a
reduction in volume of the particles due to burning and
the forward motion of these particles being carried
along by the gas, and to the injection of gas by the
ignitor during the first 5 ms. It is this injection of hot gas
which ignites and displaces the powder, as can be seen
from the considerable positive particle velocities after
1 ms from ignition (Fig. 14). The forward drag on the
particles, however, is not sufficient to result in their
compaction further downstream, to loadings signifi-

o ——
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- bedemi 152 ms

Pressure (Nm2)
-]
¥

10° ! ! 1 L1
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FiG. 4. Pressure axial distribution history, at r = 0.01 m and 0 = 4.5° (logarithmic scale).
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cantly greater than the original 50%. (A maximum of
about 50.1% is observed.) The rapid decrease in particle
volume fraction near the top of the barrel at times
greater than t = 1.20 ms is caused by the movement of
the projectile, which drags the gas withit, displacing the
powder (Figs. 13 and 14), and the penetration of the
flame front at the higher elevations of the barrel,
causing combustion.

Strong 3-dim. effects can be seen in the particle-
volume-fraction radial and circumferential histories,
at the axial location near to the bottom of the barrel
(Fig. 8). Thus, near the symmetry axis, where injection
occurs, the particle-volume-fraction attains very low
values, which increase as we move towards the outer
barrel wall. This is caused by the inflow of the hot gas
from the ignitor, displacing and burning the particles.
Nearly all particles have burnt within 1.5 ms from
ignition, at this axial station.

The particles are actually compacted uniformly at
the higher values of radius to loadings of 52%, at
0 = 4.5°. The significant circumferential effects may be
seen by comparing the two plots of Fig. 8 (0 = 4.5° and
0 = 40.5°). At 0 = 40.5°, the particles are compacted to
loadings of up to 59%; all over the radial extent of the
barrel, for times up to about t = 0.5 ms, when they also
start burning. There is a delay in burning at the above
two circumferential locations of about 0.9 ms.

Such 3-dim. effects are not observed further
downstream of the ignition stimulus, and at an axial
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snemsersrsns meweneex 1 20.2,0.4,05 ond 1.0ms

8:4.5°
10° A—a A—i 42 1.5 ms
x X X x——x 2.0 ms
~ 108
E
g 1O7L
b
2 ok
e
o o5L
] ! ] 1 ]
0 02 04 06 08 1.0
r/R
8=40.5°
10° A1 Ae—id—1 | 5ms
X=X Xx——x 2.0 ms
¢ 1081
E
=z
= 107
o
3
2 0%
2
o
10°
! 1

r/R

] ! 1
O 02 04 06 08 10

FIG. 6. Pressure radial and circumferential distribution history at z = 0.875L (logarithmic scalc).



1046

06

0.4}

Particle volume fraction (Rz)

0.2

N. C. MarkATOS and D. KIRKCALDY

1.16 ms

0.4

0.6

Z/L
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location of0.875 Lfrom the bottom (Fig. 9) the particle-
volume-fraction distributions are independent of
radius and angle. The particles retain their initial
loading of 507, up toabout t = 1.00ms, when they start
burning, more or less uniformly.

Figures 10 and 11 present gas-temperature and
particle-temperature axial distribution histories at
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Fi1G. 8. Particle volume-fraction radial and circumferential
distribution histories at z = 0.25L.

eight selected times after ignition (0.2, 0.4, 0.52, 0.62,
0.72, 1.52, 2.02, and 3.02 ms). Due to combustion, the
gas temperatures are generated at very high values,
around 2500 K, and as the pressure increases, the gas is
compressed to even higher values (3400 K). These
temperatures decay rapidly further downstream, up to
times of 1 ms after ignition, as the gas loses heat to the
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FiG. 9. Particle volume-fraction radial and circumferential
distribution histories at z = 0.875L.
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solid by convection into the bed interior. The high gas-
temperature front starts travelling rapidly up the
barrel, igniting the powder after about 1 ms. The flame
front reaches the far downstream region of the barrel at
about 1.3 ms.

Thetemperature level drops after the projectile starts
moving, thus causing a decrease in pressure. This drop
is much more pronounced just behind the accelerating
projectile, at t = 3 ms.

The particle temperatures (Fig. 11), remain more or
less uniform, at around 300 K, up tot = 0.72 ms and
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3001 D

200} 4 px

o4

then rise steeply to a maximum of around 3100 K just
behind the projectile at t = 1.5 ms, as burning spreads
downstream. Subsequently, the temperatures of the few
remaining particles decrease as the projectile starts
accelerating, thus causing a decrease in pressure and
temperature. Strong 3-dim. in the gas-temperature
distributions is indicated in Fig. 12, which presents the
radial and circumferential temperature history at the
lower part of the barrel. Such three-dimensionality is
not evident at the upper elevations of the barrel. On the
contrary, the particle temperature distributions are

)
\,
7
*/*3.02ms \
~ "\

0.72 ms %

2 0.62 ms \

/4
O AN e ;

T T PYSIUY Py TIeie
0.6 o8 1.0

zZ/L

F1G. 13. Axial distribution history of axial gas-velocity at r = 0.01 m and 0 = 4.5°.
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FiG. 14. Axial distribution history of axial particle-velocity at r = 0.01 m and 0 = 4.5° (nearly all particles are
burnt at t = 2.02 ms).

more or less uniform in the radial and circumferential
directions at every elevation in the barrel, and for all
times studied. The computed high gas temperatures are
due to the assumptions of constant specific heat and
that all gases obey the Noble-Abel equation of state.
These assumptions preclude the flow of energy into
dissociation of the gaseous combustion products. The
high particle temperatures predicted at later timesarea
consequence of the surface-to-volume ratio increasing
inversely with particle diameter, as the particles burn
out. Therefore, the particle temperature means very
little as R, — 1.0, but then, its value does not influence
the convective flame spreading in any significant way.

Figures 13 and 14 present gas- and particle-axial
velocity distributions at the chosen times. A peak is
observed in both gas and particle profilesuptot = 0.72
ms, driven by the pressure gradient. Subsequently, the
peak is retained by the particle profiles, but not by the
gas velocities which obtain their maximum just behind
the projectile, as it drags the gas with it. Worth noting
are the extreme gas velocities, sometimes exceeding
1000 m s~ !, and the considerable slip between gas and
propellant particles. The particle velocities are in
general much lower than the gas velocity (max. 270 m
s~ 1), since theinertia of the particlesis greater than that
of the gas.

Figures 15 and 16 present radial and circumferential
distributions of the particle- and gas-axial velocity at
the chosen times, at z = 0.25 L.

The effect of inflow of hot gas from the ignitor is seen
in Fig. 15 which presents the radial distribution of the
particles axial velocity. The hot gas inflow at 0 = 4.5°
causes particles to accelerate axially, particularly near
the axis.

Thestrong three-dimensionalityin the particles axial
velocity diminishes further downstream. Figure 16
presents the corresponding axial velocity profiles of the
gas phase. Strong slip between the phases is observed,
and the three-dimensionality, evident in the gas profiles
at the lower elevation, persists further downstream,
although significantly diminished.

Projectile acceleration and velocity histories are
presented in Fig. 17. It is seen that the projectile starts
movingataround ¢t = 1,2 msand accelerates rapidly to
a peak value of 6.6 x 10° ms~2 at t = 1.32 ms, when it
attains a velocity of 680 m s™!. Subsequently, the
projectile acceleration diminishes, as the domain
expands and the driving force at its base decreases,
whilst the velocity continues to increase to values of
1500 m s~! at ¢t =3 ms. The acceleration of the
projectile produces a 10% length expansion in 1.40 ms,
and a 100% length expansion in 220 ms.
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7. CONCLUSIONS

A theoretical model has been developed, and used to
predict the combustion of mobile granular propellants
in gun barrels. A stable, fast-converging numerical
scheme was used for solving the complete system of
equations. The procedure is general, and allows two-
phase, 3-dim. transient computations to be performed
on minicomputers.

Resultshave been presented and their nature appears
realistic. At present these results cannot be quantifiedin
detail because of the unsatisfactory empirical input,
particularly for the interphase friction coefficient. The
transient wave phenomena and flame spreading are
predicted by the present model, whichindicates that the
rate of pressurisation increases in the downstream
direction and the pressure peak developed in the gun
barrel travels downstream. These findings are
consistent with expectations and the existing, very
limited, experimental evidence.

The reported work confirms the argument that the
‘mathematical formulation of two-phase gun barrel
phenomena is satisfactory, and that the solution
procedure s both reliable and practicable. Thereare no
known problems associated with the mathematical
model. The remaining problems are associated with
the physical processes of the two-phase flows, namely
the heat-, mass-, and momentum-transfer between the
phases.

The choice of relevant interphase parameters has a
profound, effect on the results, as was proved by an
extensive study on varying the parameters given in
Section 2 above, in the context of other unpublished
work. This is also the conclusion given in ref. [18].
Much more work is therefore required to obtain
reliable experimental correlations on the above
processes, which can then be used to improve the input
of the present model.
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APPENDIX

THE COMPUTATION OF PARTICLE
SURFACE TEMPERATURE

The following figure presents a solid particle of radius Rata
bulk temperature T, surrounded by gas at temperature T;. Let
T, be the initial temperature at its centre, assumed constant,
and T, the surface temperature.

T~ profile

F1G. 18. Definition of various temperatures associated with a
solid particle.

Thetemperature profile within the particle is assumed to be
the following cubic function:

T-T, rJ?
-—[l—%:l for r < 4(t) (A1)

T;_Tm

where r is measured from the particle surface inwards.

N. C. MarkATOS and D. KIRKCALDY

Thedefinition of T, as the bulk particle temperatureleads to

R
TynR? = 271'[ T(R—r)dr, (A2)
o
and after some calculations we finish up with
,—T,
82 —5RS+10{ 2—2 | R* =0,
+10(F 3
which has only one acceptable root,
TS P P LT\ | (A4
T2 S\T,—T, ) )
The satisfaction of the condition § < R, requires
5
L-T,25(L-T), (AS)

which is also a sufficient condition for a real root of equation

(A3).
Furthermore,
(a—T) = —E(T.—Tm), (A6)
er/, é
therefore,
a, M-t 3 (A7)

T8 T-T, &
4(t) is calculated at every time-step by equation (A4) and then

a, is found from equation (A7), and is used to calculate T,
from equation (21).

ANALYSE ET CALCUL DE L’ECOULEMENT TRIDIMENSIONNEL VARIABLE ET DE LA
COMBUSTION A TRAVERS DES PROPERGOLS GRANULAIRES

Résumé—Les propergols solides et perméables aux gaz présentent un grand potentiel de production de

poussée élevée pendant un intervalle de temps court.

On présente la formulation théorique et I'application d'un modéle qui décrit le phénoméne physique
importants’instaurant d 1a fois dans les phases gazeuse et solide pour constituer les systémes tridimensionnels,
diphasiques, variables et réactifs typiques de la ballistique interne.

Une méthode numérique stable, rapidement convergente et complétement implicite est utilisée pour
résoudre les équations aux dérivées partielles non-linéaires couplées de modéle, de fagon a permettre au

concepteur I’évaluation des effets importants.

Des solutions sont présentées qui évaluent 'onde de pression et le front de flamme en accélération pour un
propergol solide granulaire dans I'dme d’un-canon avec un projectile en accélération. Les résultats montrent
que le front de flamme s’accélére et que la vitesse de pressurisation augmente substantiellement dans la

direction en aval, comme souhaité, et ils sont physiquement raisonnables sous tous les aspects.

UNTERSUCHUNG UND BERECHNUNG DER DREIDIMENSIONALEN INSTATIONAREN
STROMUNG UND DES VERBRENNUNGSVORGANGS IN KORNIGEN TREIBMITTELN

Zusammenfassung—Gasdurchlassige, feste Treibmittel sind in der Lage, hohen Schub wahrend extrem kurzer
Zeitintervalle zu erzeugen. Der Bericht enthalt die theoretische Formulierung und die Anwendung eines
Modells, welches die wichtigsten physikalischen Phinomene beschreibt, welche in der gasférmigen und festen
Phase bei derartigen dreidimensionalen, zweiphasigen, instationiren, reagierenden Strémungen auftreten,
wie sie in der inneren Ballistik vorkommen. Zur Lésung der gekoppelten, nicht-linearen Gleichungen des
Modells wurde eine stabile, schnell konvergierende, voll implizite, numerische Methode angewandt, so da8
Einflisse, die dem mit Problemen der inneren Ballistik befa8ten Konstrukteur wichtig erscheinen, untersucht
werden konnen. Die Losungen beschreiben die Ausbildung der StoBwelle . und die beschleunigte
Flammenfront fiir Festbetten aus kérnigen Treibmitteln in Gewehrldufen mit einem beschleunigten Projektil.
Die Ergebnisse zeigen, daB die Geschwindigkeit der Flammenfront und die DruckerhShung in
Stromungsrichtung, wie erwartet, erheblich zunimmt. Die Ergebnisse sind in jeder Hinsicht physikalisch
sinnvoll.
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AHAJIM3 U PACYET TPEXMEPHOIO, HEYVCTAHOBHBUIErOCs TEUEHHUS H
FOPEHUA B OBLEME 'PAHYJIHPOBAHHOI'O TBEPJOIO PAKETHOI'O TOINJIMBA

Annorauns —IaszonponnuaemMoe TBEPAOE PaKCTHOE TONJIHBO MOXET CO3AaBaTh GOMbILYIO peakTHBHYIO
ABHAYILYIO CHUTY 32 HCKJAIOYHTENLHO KOPOTKHE NPOMEXYTKH BpeMenn. Jlana TeopeTHYecKas GOpMYIH-
POBKa H I0Xa3aHO MCMIONb30BaHMe MOJIEH, YUHTHIBAIOMIE i BaxHbIE PHIHYECCKHE ABJCHHA, NPOHCXOAALLHE
B ra3oBoii M TBepnoil ¢asax B TaKMX TpexMepHBIX ABYX(GA3HBIX HECTAUHOHAPHBIX pearHpyroLINX
MPOTOHHBIX CHCTEMaX, XaPAaKTEPHBIX I 3alaq BHyTpeHHeil GanmucTixu. Ces3aHHblE HETHHEiiHblE
nuddepeHuHanbHble ypaBHEHHS PELUAIOTCA C IOMOLILIO YCTOHYHBOTO, GBICTPO CXOARLETOCH, NOTHOCTIO
HESBHOTO YHCIEHHOro METOIA, 4TO NO3BOASET YYHTHIBATh NPakTHueckH BaxHble >ddektel. [loay-
YeHHBIE PELICHHS NO3BOAAIOT paccyHTaTh (OPMHPOBaHHE BOMHBI OABJCHHS H YCKOPEHHOE ABHXEHHE
¢GpOHTA nuaMeHH B CAOAX I'PaHYJMPOBAHHLIX TBEPALIX TONIHE NpH ABHXCHHM CHAPAAa B CTBOJE
opyans. Kax noxa3biBaloT pe3yJbTaThl PacyeroB, PacnpocTpaHeHHe poHTa mIaMEeHH 3HAYHTEIBHO
yCKOpSeTCsl, a JaBlieHHe CYINECTBEHHO BO3pacTaer B HANpPABICHHM TEUEHHS, 4TO SBJIACTCS UIHYECKH
NpaBIONOROGHBIM.
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