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Multidimensional Interior Ballistic Two-Phase Flow
and the Chambrage Problem

R. Heiser* and E. Meineket
Fraunhofer-Institut fur Kurzzeitdynamik, Ernst-Mach-Institut (EMI), Germany

The effect of the chamber geometry of tube weapons on the performance and on the interior ballistic
two-phase flow is investigated by applying the two-dimensional axisymmetric model of interior ballistics (AMI).
The axisymmetric formulation in AMI has been modified such that arbitrary chamber shapes can be considered
without any simplifying assumptions. The numerical results for large caliber systems show interesting flow
patterns caused by the axial changes in cross section, e.g., by the transition cone or the ignitor geometry. The
numerical procedure is explained. Computational results emphasize the differences between a constant-diameter
chamber-bore configuration and a configuration with chambrage, i.e., with nonconstant diameter.

Nomenclature
A - cross section of the chamber or tube of a gun
g = determinant of the Jacobian
mc - initial propellant mass
mp = projectile mass
p = volume-averaged mean gas pressure
pp =gas pressure at the projectile base
Q =gas production rate per time and volume unit by

propellant and ignitor
s = distance between breech and projectile base
s = projectile velocity
«,v = axial and radial velocity components in the physical

space
x,y = axial and radial coordinates in the physical space
a. = porosity, ratio of the gas volume to the total volume
p =gas density
£, t\ = Cartesian coordinates in the computational space

Introduction

A GUN is called a chambered gun, or a gun with
chambrage,1 if the diameter of the chamber differs from

the diameter of the barrel (cf. Fig. 1). When the chamber
diameter is equal to that of the barrel, the gun is described as
a constant-diameter gun. Actually, all conventional types of
tube weapons are chambered, caused by the transition cone, by
interior components of the charge, e.g., the ignitor, and/or
by the inner shape of the main chamber, in our example a
cone. Future large-caliber, high-performance guns may
have a strong chambrage eventually because of design and
performance reasons.

The effect of the chambrage on the multidimensional inte-
rior ballistic two-phase flow has not been investigated system-
atically yet either by experiment or by computation. There-
fore, it is not known how the chambrage impacts the
performance as well as the two-phase flow pattern. On the
other hand, interior ballistics models frequently make use of
simplifications of the chamber geometry assuming a constant-
diameter gun. Only two- and three-dimensional models can
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have the capability to include properly the chambrage. In gen-
eral, lumped-parameter models do not take account of the
chambrage. By comparing the computational results of a one-
dimensional gas-dynamic model for a chambered gun with
those of a lumped-parameter model using the same inputs,
Robbins et al.2 found, for the charge-to-projectile mass ratios
of 1 and 4, differences in muzzle velocity of 5 and 10%,
respectively, and in maximum breech pressure of 10 and 30%,
respectively. These differences were reduced substantially by
modifying the lumped-parameter model with a correction for
the chambrage. The results computed with the one-dimen-
sional gas-dynamic model with and without chambrage show
that, for all mass ratios considered (0.25, 1, 4), the muzzle
velocity and the maximum breech pressure are lower for the
case of chambrage. The differences increase with increasing
mass ratio.

BREECH IGNITOR CHAMBER BASE

Fig. 1 Typical geometry of a chambered gun.

STANDARD CHAMBERED GUN

I GUN WITH ENHANCED CHAMBRAGE

CONSTANT
DIAMETER
GUN

<-0.566

CALIBER
105 mm

Fig. 2 Chamber geometries of equal volume.
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Apparently, these results are in contradiction to SeigePs
study1 where he investigated how the chambrage affects the
performance. He summarizes that the projectile velocity in the
initial stages of motion increases with increasing chambrage
for a constant mass ratio, but in the latter stages the projectile
velocities will be approximately the same for all kinds of cham-
brage. However, to understand these statements, one has to
keep in mind that these results hold only for preburned propel-
lant (PP) guns and therefore may not contradict the behavior
of real guns. In a PP gun, the propellant has completely turned
into gas, i.e., the gas pressure reaches its peak value before the
projectile starts moving. This assumption is not true for a real
gun. The unsteady feedback between rate of burning, state of
gas, chambrage, and wave propagation causes the propellant
to burn more slowly for increasing chambrage and dominates
the interior ballistic cycle, which is different from the simple
expansion flow in a PP gun.

The stream-tube formulation applied in one-dimensional
gas-dynamic models allows the inclusion of the chambrage as
axial moderate changes in the cross section as long as the
fractional rate of change of cross section A with respect to
distance along the axis x is supposed to be small, namely
dA /A dx < 1. This condition may not be satisfied in interior
ballistics, e.g., for novel regenerative liquid-propulsion sys-
tems. The one-dimensional formulation does not give any res-
olution in the radial direction. As will be shown later, the

•si

a) Constant diameter gun
2.0 4.0

TIME[ms]

b) Standard chambered gun

TIME[ms]

c) Gun with enhanced chambrage

Fig. 3 Breech pressure (-), projectile base pressure (- + -), and
pressure ratio (- n -) for idealized ignition.

transition region between the chamber and the tube in a cham-
bered gun causes radially directed accelerations of the gas and
of the propellant grains as well as other spatial effects. There-
fore, a two-dimensional or, even better, a three-dimensional
formulation of the chambrage problem is necessary to get a
complete resolution of the chambrage-dependent phenomena.

The model we are applying is an axisymmetric model of the
interior ballistics (AMI), a two-dimensional formulation for
rotational symmetry, now modified in order to describe the
chambrage or, even more generally, each kind of real geometry
of the interior ballistics flow and reaction region consisting of
the chamber, ignitor, transition region, projectile base with
arbitrary shape, and tube. The AMI code is supposed to give
more realistic results of the chambrage effects than can be
expected by one-dimensional or lumped-parameter models. In
the sequel, both the code and the handling of the geometry
problem are explained. Computational results will show the
differences between a constant diameter and a chambered gun
as well as interesting features of the flow pattern in the cham-
bered gun.

Structure of the AMI Model
The complete numerical solution of the chambrage problem

is addressed by means of the AMI model. This interior ballis-
tics model has been jointly developed by the Ernst-Mach-Insti-
tut (EMI) and the Franco-German Research Institute (ISL) for
a constant-diameter gun.3'4 For this simplified geometry, the
model has been verified.5 The basic features are summarized
in the following. AMI describes the two-phase flow in a con-
ventional type of tube weapon for a rotationally symmetrical
geometry of the flow region between breech and projectile
base.6 The propellant gas assumed to be compressible is the
first phase, whereas the second phase represents the solid
propellant assumed to be incompressible. The two phases in-
teract with each other by mass exchange via combustion, mo-
mentum exchange, and heat release caused by the combustion
of the propellant.

At present, the ignition system is included by source terms
either in the basic equations for mass, momentum, and energy5

or as boundary conditions at the ignitor tube. The production
rate of the sources depends on the geometric and chemical
characteristics of the ignitor. The modeling of the ignition of
a charge considers the heat transfer from the hot ignitor gases
to the cold propellant and the heat conduction into the propel-
lant.4 The numerical solution of the Eulerian type of two-
phase equations for the constant diameter as well as cham-
bered gun is based on MacCormack's explicit finite-difference
scheme.10

Numerical Technique to Solve the Chambrage Problem
The flow region is initially equal to the weapon chamber,

which may be chambered and may have parts intruding from
the breech (ignitor) or projectile base (fins) (cf. Fig. 1). This
holds for the initial stage of the interior ballistic cycle, until the
projectile starts moving. From then onwards, the flow region
will develop with the projectile motion. The portion of the
barrel behind the projectile grows. The flow volume to be
added in any time step to the flow region increases with the
projectile velocity.

The interior ballistic code AMI addresses axisymmetric
flows. The physical domain therefore can be specified in cylin-
drical coordinates independent of angular position with coor-
dinate x pointing in the axial direction and y pointing in the
radial direction. Any grid that covers the flow region has to be
stretched during the shot development time. All calculations
are performed on a fixed rectangular grid with constant mesh
size. To solve a problem with time-varying geometry given in
physical space, at any time we have to transform the actual
flow region into the computational space with the Cartesian
coordinates £ and 77. Depending on the transformation used,
the line in physical space corresponding to a coordinate line
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£ = const and ^ = const may be curved. In practice, we have to
find the meshpoints of a general grid that covers the flow
region and is adjusted to its shape. These points in physical
space, which transform into the grid points in computational
space, are determined by a grid generator.

The flow problem to be solved consists of a set of balance
equations, forming a system of partial differential equations.
To illustrate how these equations change with a coordinate
transformation, we will show the continuity equation for the
gas phase as an example. The continuity equation expressed in
physical coordinates is

In order to do the flowfield calculation in curvilinear coordi-
nates, we have to use the correct coordinate representation of
the balance equations of our problem. Dependent on the trans-
formation used, the equations may become substantially more
complicated by , additional terms.

The early version of the AMI code assumed a cylindrical
chamber, equal in diameter to the caliber of the weapon. A
linear axial transformation with the flow region length s was
sufficient to get the computational grid; the transformation
terms occurring in the equations in the computational space
were simple in nature. The projectile velocity enters the equa-
tion as s and Eq. (1) changes to

• 3 0 \ f\
— (sap) + — (otpu - ap%s) + - — (syapv) = sQ
of o% y ay

(2)

withy = 77. For problems with arbitrary chamber geometry, a
fully general grid generator, namely a partial linear differential
equation of the Poisson type, is used.7 Data on the border of
the flow region specify the Dirichlet boundary-value problem
to be solved for interior points. The grid generator produces a
generally orthogonal grid using the weak constraint method
that determines the right side of the Poisson equations in an
iterative manner.

The transformation from physical coordinates x and y to the
coordinates £ and r) in computational space at any point is
characterized by the Jacobian determinant g =x^yr,—xriy^.
The partial derivatives are computed numerically and have to
be recalculated at any time step in which the generation of a
new general grid is needed because of flow-region develop-
ment. Any grid point in the physical space has its grid velocity
(dx/dt, dy/dt) due to the expansion of the flowfield, which is
calculated from two subsequent grid point positions. Equation
(1) then becomes

) [- -I
d(&p) d(<xp)^-r—-y^—^r-iI dt? a? j

+ -\Xiy

V\[ d(ap) d(otp)~] f d(apu) d(apu)~]— Y ——— — r>- ——— 4- v ———— — v>- ———

(3)

This equation shows the typical form of a balance equation
after the coordinate transformation. The solution of the trans-
formed equations is done with MacCormack's explicit finite-
difference scheme.10

Computational Results
The two-dimensional AMI code, now adapted to handle

chamber geometries differing from the cylindrical shape, al-
lows for the study of the spatial effects caused by the cham-
brage. First, we compare the constant-diameter geometry as a
reference both with a real chambered weapon geometry of a
105-mm tank gun widened 31% with respect to the caliber and

TIME[ms]

Fig. 4 The pressure difference between breech and base for idealized
ignition: a) constant diameter gun, b) standard chambered gun, and c)
gun with enhanced chambrage.

PROJ. TRAVEL [m]

Fig. 5 Influence of the chambrage on the projectile velocity for ideal-
ized ignition: a) constant diameter gun, b) standard chambered gun,
and c) gun with enhanced chambrage.

some fictitious enhanced chambrage of 54%. All test cases are
designed to have the same chamber volume, charge, and pro-
jectile mass. The charge-to-projectile mass ratio is 0.925 and
the propellant is of an M30 type. The chamber length decreases
with chambrage. For the constant-diameter weapon, it is 81.8
cm, 145% of the standard chambered weapon chamber length
of 56.6 cm; and for the weapon with enhanced chambrage, the
length is 40.0 cm, 10% of the standard weapon chamber length
(cf. Fig. 2).

In the first stage of our investigation, we consider a simpli-
fied ignition process. From the beginning, the total charge is
supposed to burn; no ignitor action is needed. Figure 3 shows
how the chambrage affects the time-dependent development of
the gas pressure. All three plots contain the pressure at the
breech and at the projectile base ( + ). In addition, the ratio (D)
of the volume average of the pressure p in the flow region and
the projectile base pressure pp shows the spatial situation in
comparison with the so-called Lagrange gradient,2 given by the
ratio p/pp = \+mc/3mp constant in time, as it is used in
lumped-parameter models. The Lagrange gradient is a simpli-
fying assumption in order to get a relation between the spatial
mean pressure and the pressure at the projectile base assuming
a linear gas velocity profile between the breech and the projec-
tile base. In our case, the Lagrange gradient value is 1 .308. The
three quantities in Fig. 3 reflect the influence of the chambrage
on the ballistic flow problem. Increasing chambrage lowers the
maximum pressure, and some shift in time indicates slower
burning of the charge and later burnout. Since the longitudinal
extension of the total flowfield decreases with increasing
chambrage, the rarefaction waves initiated by the projectile
motion need a shorter time to run through the flow region for
the increasing chambrage. This means the gas pressure is low-
ered earlier. Lower gas pressure causes lower gas production
by burning. Therefore, the maximum pressure decreases as
well as the time period of the propellant combustion increases.
The burnout of the propellant can be detected as a bench of the
pressure curves. After burnout, the pressure ratios approxi-
mate the Lagrange gradient. The shapes of the time-dependent



912 R. REISER AND E. MEINEKE J. PROPULSION

ratios show a similar character as in Figs. 2 and 8 of Robbins
et al.,2 where the mass ratio is 1.0. The deviations may be
caused by the more realistic spatial description of the cham-
brage compared to the one-dimensional description.2 the dif-
ference of breech and base pressure is depicted for the three
chamber geometries in Fig. 4. With increasing values of cham-
brage, the muzzle velocity drops (cf. Fig. 5). In our example,
the variation in muzzle velocity is 3%.

The assumption of the simplified ignition produces the lim-
iting case of a one-dimensional flow in the case of a constant-
diameter gun. All two-dimensional effects observed in the
chambered guns are initiated by the changes in geometry. In
the constant-diameter gun, there are no radial flow compo-
nents; the flow variables do not vary across the tube diameter.
Since, in a chambered gun, conical chamber portions form a
nozzle* the flow is choked ahead of the nozzle and accelerated

in the nozzle. The flow then enters the gun tube and pushes the
projectile ahead.9

In addition, we looked at the chamber geometry in which the
volume filled by the center core ignitor is left out but still
simplified ignition is assumed. Figure 6 shows vector plots of
both the gas and propellant grain velocities for the standard
chambrage shortly after shot release. They confirm that the
two phases move differently. The radial velocity component
must be in accordance with the wall slope and therefore is
mainly negative, i.e., it is directed towards the centerline. The
interaction of gas and propellant is visible on the plots of the
porosity. The distribution of the porosity points at several
regions of accumulation and of dispersion of the propellant. In
order to clarify the spatial resolution, there are two views of
the porosity. The horizontal projection in conjunction with the
distribution of the grid lines allows the identification of the

GAS VELOCITY AT 2.9421 MS

a) TUBE AXIS

GRAIN VELOCITY AT 2.9421 MS

e) TUBE AXIS mx= 344-8J^s

BREECH

TUBE AXIS

b)

C)

d)

BASE

BREECH

TUBE AXIS

g)

1.2.3: POINTS OF
ACCUMULATION

4,5.6: POINTS OF
DISPERSION

X-AXIS in [i h) X-AXIS in [m]

Fig. 6 Standard chambered gun, ignitor volume left out, for idealized ignition (time 2.94 ms; projectile velocity 345 m/s).
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location of the extrema in porosity. The gas flow, accelerated 
in the transition cone, in the outlet region turns outwards into 
the zone of lower propellant concentration, and further accel- 
erates into this zone and overshoots the centerline velocity. 
The effect of the chambrage on gas pressure in this situation is 
also shown in Fig. 6. The transition cone causes a plateau in 
the chamber due to the choking. The pressure drops in the 
outlet region. At all times during the interior ballistic cycle, the 
positions of change in chamber wall slope are sources of addi- 
tional disturbances not existent in the constant-diameter gun, 
which travel up and downstream. All observed effects are 
more pronounced for a higher value of chambrage. 

The real interior ballistic charge, however, is ignited by an 
ignitor that produces hot gas and hot particles at particular 
locations. At present, hot particles are neglected. In our exam- 

GAS VELOCITY AT 0.2282 MS 

’ . . . . . . . . . . . . . . . . . . . . 
TUBE A X S  u w r ~ 2 8 7 w s  

3, TIME = 0.228 Imsl E2 

ple, based on a real system, the ignitor is supposed to blow out 
gas through the boundary at the upper two-thirds of the ignitor 
tube. This fact becomes obvious in the early distributions of 
the gas pressure, the intergranular stress, the gas and grain 
velocities, and the porosity (Figs. 7-9). In total, the structure 
of the ignitor-driven flow looks very different from the flow 
pattern of the case where simplified ignition was assumed, 
e.g., in Fig. 6. Above all, the Lagrange gradient is meaningless 
for the early time period since the spatial spreading of the gas 
pressure does not agree with the Lagrangian assumption of a 
monotonic pressure distribution between breech and projectile 
base.8 

Figures 7-9 show the spatial distribution of some important 
quantities at two times. At the first moment at 0.228 ms, the 
activity of the ignitor blowing mainly in radial direction dom- 

TIME = 0.228 lmsl 

TIME = 0.228 ImsI 

TUBE AXIS 

Fig. 7 Standard chambered gun with center core ignitor (time 0.228 ms, ignitor blowing). 

GAS VELOCITY AT 2.1371 MS 

TIME = 2.137 lmsl 

Fig. 8 Standard chambered gun with center core ignitor (time 2.137 ms, ignitor stopped blowing, begin of projectile motion). 
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Fig. 9 Comparative view of gas and grain velocity components (time 2.137 ms, ignitor stopped blowing, begin of projectile motion).

inates the flow pattern (Fig. 7). The propellant is moved radi-
ally towards the chamber wall by the radially directed gas flow.
As a consequence, the intergranular stress builds up with a
maximum value at the chamber wall. The total charge is ig-
nited approximately at 2.137 ms, which also agrees with the
projectile start (Fig. 8). At this time, the ignitor has stopped to
blow. Therefore, the main flow direction is axially disturbed
by the typical chambrage influence and by the radial flow back
into the region where initially the ignitor pushed away parts of
the charge. The intergranular stress concentrates at the breech
and at the projectile base with an absolute maximum at the
projectile base. This behavior has been verified experimen-
tally.5 Figure 9 shows the spatial distribution of the flow veloc-
ities such that a better quantitative evaluation can be achieved.

Conclusions
The application of the two-dimensional, two-phase code

AMI shows that the variation of the chambrage affects the
interior ballistics cycle. By varying the chambrage geometry
only, we found that the maximum pressure drops as well as the
projectile velocity with increasing chambrage for both cases of
ignition considered. The simplifying assumption of a constant-
diameter gun as it is common for several models for simulating
a chambered gun is not allowed, above all if the reaction of the
charge depends sensitively on the ignition. A proper adaption
of the ignition device to the simplified chamber geometry does
not seem to be possible for propellant-ignitor configurations
as considered here. This argument is mainly based on the
intergranular stress. Its development in space and time is
strongly affected with drastic change in peak values,8 by the
ignitor position in conjunction with the chambered geometry
and the blowing characteristics. However, it is of minor impor-
tance whether the ignitor is assumed to be a part of the two-
phase flow region or is handled as a boundary.
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