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Utökad sammanfattning
Innerballistiska simuleringar kan göras med olika grad avidealisering, eller fören-
kling, såsom valet av antalet dimensioner för den rumsliga beskrivningen. Syftet
här var bla. att studera flamspridning och då behöver modellen vara minst två-
dimensionell. I denna rapport redovisas teorin bakom ett egenutvecklat två-
dimensionellt beräkningsprogram och några inledande beräkningsresultat.

Modellen omfattar endast kammaren och kanonröret och projektilen mod-
elleras som en massa utan ytterligare egenskaper. För att beräkningsmässigt kunna
hantera problemet definieras två tvillingdomäner där den ena innehåller oförbränt
krut och den andra innehåller förbränningsgaserna. Förutom de fältekvationer
som styr de mekaniska och adiabatiska förloppen i krutet och gaserna var för sig,
så definieras även mekaniska och termodynamiska kopplingar mellan dem.

Modellen har implementerats i ett sedan tidigare egenutvecklat beräkningspro-
gram som bygger på den sk. godtyckliga Lagrange-Euler finita elementmetoden
(eng. Arbitrary Lagrangian-Eulerian Finite Element Method, ALE).

Den implementerade modellen har sedan tillämpats på Bofors 40 mm L/70-
kanon med spårljusspränggranat. Indata redovisas här itabellform och resultaten
som kurvor och tvådimensionella figurer. Beräkningar geratt projektilen börjar
accelerera efter 2 ms, att krutet brunnit upp efter 5 ms och att projektilen lämnar
kanonröret efter 7 ms. Det högsta gastrycket i kammaren och kanonröret är 340
MPa, vilket uppnås efter 4 ms. Projektilens utgångshastighet blev 944 m/s , vilket
stämmer bra överens med produktspecifikationer för den aktuella kanonen och
ammunitionen där utgångshastigheten anges till 1005 m/s.
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List of symbols
a – parameter in the thermal interaction equation (s−1)
b – Co-volume (m3/kg)
c – parameter in the burning law (-)
c1 – parameter in the solid interaction law (kg/m3s)
cv – heat capacity at constant volume (J/kgK)
cp – heat capacity at constant pressure (J/kgK)
D – barrel diameter (m)
e – specific internal energy (J/m3)
E – modulus of elasticity (Pa)
ǫv – volumetric strain (-)
f – form function (-)
Ff – projectile-barrel friction force (N)
g – solid-gas interaction force vector (N/m3)
η – propellant volume fraction (-)
k – exponential parameter in the burning law (-)
K – bulk modulus (Pa)
m – mass (kg)
ν – Poisson’s ratio (-)
p – pressure (Pa)
p0 – parameter in the burning law (Pa)
ρ – density (kg/m3)
r – burning rate (m/s)
s – distance of un-burnt propellant (m)
T – temperature (K)
Ti – ignition temperature (K)
u – axial displacement (m)
v – velocity vector (m/s)
V – volume (m3)
x – axial distance from the breech end (m)

In addition to the symbols above, subscriptss, g andproj denote solid propel-
lant phase, combustion gas phase and projectile respectively.
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1 Introduction
Interior ballistics involves the combustion of the propellant and the acceleration
of the projectile by the expanding combustion gases. For simulation the interior
ballistics processes can be modelled to various degree of detail depending on the
purpose. Lumped parameter (or 0-dimensional or thermodynamic) models are
useful for studying parameter variations of e.g. propellant properties, while one-
dimensional (or gas dynamic) models can compute the distribution of e.g. pres-
sure along the chamber and barrel and longitudinal waves. Anaxi-symmetric two-
dimensional model gives an opportunity to simulate the flamespreading through
the propellant charge during ignition to a degree that is useful in many cases.

Hence, a two-dimensional model can be used to study the effects of distribut-
ing the propellant charge in different ways as well as different ignition techniques
and strategies. The former property is of great importance when increasing the
charge loading density and is of universal interest, while the latter is a require-
ment to adequately model ignition in electrothermal-chemical (ETC) guns using
plasma generators, which is of particular interest at FOI.

Increasing the number of dimensions, however, increases both the computing
time and the effort to set up a problem.

Well known one-dimensional codes for interior ballistics are the series of
NOVA-codes, cf. for example [1], [2], [3], [4] and [5]. The latest extension of
the code includes electromagnetic capacities. Other studies of different aspects
of interior ballistics modelling include [6] and [7] while ahistorical review and
outlook in the area of computational interior ballistics can be found in [8].

Recent computational studies at FOI include [9], [10] and [11]. Interior bal-
listic codes in use at FOI include the 0-dimensional, in-house, IB-KB [12] and
the one-dimensional CELLGUN98 [13], [14]. The present two-dimensional, axi-
symmetric model extends the simulation capabilities, while computing times,
problem setup and handling are still reasonable.
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Figure 1. Modelling approach

Projectile mass

Propellant and air

Barrel part extends

Propellant, air and
combustion gases

2 Model
The modelling approach to the problem used here is shown schematically in Fig-
ure 1. Initially, only the volume of the chamber is considered and the projectile is
represented by a rigid piston with mass. As the propellant isignited the expanding
combustion gases accelerates the projectile mass and the barrel part of the geom-
etry is extended to the projectile position. The equations that govern the process
are solved with the finite element (FE) method.

2.1 Twin domains and field equations

Multi-phase problems described by field theory are difficultto handle numerically
when the velocity of the individual phases differ, as in the case of a solid propel-
lant and combustion gases. To numerically allow for different velocity fields, the
idea here is to split the problem into two identical, overlapping and interacting
twin domains, see Fig. 2. In the figureη is the volume fraction of solid propel-
lant and, hence1 − η is the volume fraction of combustion gases. Over these
twin domains two separate systems of field equations are valid that represent con-
servation of mass, linear momentum, angular momentum and thermo-mechanical
energy. The first system represents the solid propellant in vacuum and the second
system represents the combustion gases with identical boundary conditions.

2.2 Constitutive equations

2.2.1 Mechanical

The solid propellant is modelled as an elastic fluid according to

ps = −Kǫv (1)

13
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Figure 2. Twin domains

Solid domain Gas domain

Interaction

ηdV(1-η)dV

dV

whereps is the pressure,K is the bulk modulus andǫv is the volumetric strain.
The gas domain is initially filled with an ideal gas and the combustion gas is
modelled according to

pg (1 − ρgb) = ρg (cp − cv) Tg (2)

wherepg is the pressure,b is the Co-volume,ρg is the density,Tg is the tempera-
ture andcp andcv are the specific heat capacities at constant pressure and volume
respectively.

2.2.2 Thermodynamical

Constant specific heat capacities and adiabatic heating is assumed. According to
[15] the energy loss due to heat transfer from the combustiongases to the gun is
5–20%, depending on the caliber.

2.3 Combustion

The propellant is assumed to ignite when

Ts ≥ Ti (3)

whereTs is the propellant temperature. The local rate of combustionṁs is

dṁs

dV
= η̇ρs (4)

where

η̇ = η
1

f

df

ds
r (5)
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Heref is a propellant form function describing the propellant grain volume as a
function of the burning distances that increases with the rater as

r = c (p0 + ps)
k (6)

wherec, p0 andk are scalar valued parameters.

2.4 Twin domain interaction

2.4.1 Mechanical

The gas exerts drag forces on the propellant due to flow separation and frictional
shearing that here are introduced as body forces

g = g1 + g2 (7)

where
g1 = η∇pg (8)

and
g2 = c1 (1 − η) (vg − vs) (9)

Herec1 is a scalar valued parameter andvg andvs are the velocity of the gas and
propellant respectively.

2.4.2 Thermodynamical

Heat is transferred from the gas, heating up the propellant according to

Ṫs = a (Tg − Ts) (10)

whereTs is the temperature of the solid propellant anda is a scalar valued param-
eter. When the propellant combust mass is transferred to thegas domain and at
the same time more space is created allowing for the gas to expand. Taking both
effects into account leads to an evolution of the gas densityaccording to

ρ̇g =
η̇

1 − η
(ρs − ρg) (11)

and the corresponding specific internal energy increase

ėg =
η̇

1 − η
cv (ρsTc − ρgTg) (12)

whereTc is the combustion temperature.

2.5 Contact

The contact between projectile and barrel is modelled as a friction forceFf (uproj),
whereuproj is the projectile displacement.
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3 Implementation
The arbitrary Lagrangian-Eulerian finite element method isused for the spatial
discretization, cf. [16]. Here the formulation is based on volume weighted resid-
uals and implemented for plane strain and rotational symmetrical problems. Tem-
poral discretization is performed with the central difference method.

The implementation allows for up to four different gas species to be defined
and the projectile is modelled as a rigid piston with a massmproj that is allowed
to accelerate. A region of the mesh, defined by the user, is adapted to the motion
of the projectile.

The model was implemented in the in-house code GRALE2D, cf. [17].

17
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Table 1. Cartridge case diame-
ter x (mm) 37.4 45.8 57.0 304.2 346.0 363.7

D (mm) 0.0 51.6 53.3 46.0 39.0 39.0

Figure 3. Discretization, bound-
ary conditions and initial condi-
tions

6
x

η = 0�

η = 0.646

Ts = 300K
�

6
x

Tg = 300K
ρg = 1.0 kg/m3

-

Tg = 3000K
ρg = 0.11 kg/m3

-

mproj = 0.96kg� -

4 Application example

The model was applied to the 40 mm L/70 Bofors gun with the high-explosive
tracer ammunition. Data was supplied by the manufacturer.

4.1 Input

The boundary of the cartridge case was discretized using piecewise linear seg-
ments and the cartridge case diameter, along its length fromthe breech end, is
given in Table 1. The mesh was fixed except for the region adjacent to the projec-
tile, ie. the barrel, where the mesh was allowed to expand to follow the projectile
motion. Initial conditions and finite element discretization of the cartridge case
are given in Figure 3. The total cartridge case volume was 590cm3 and the pro-
pellant was distributed in a volume of 480 cm3.

Constitutive parameters values used for the solid propellant and the combus-
tion gases are given in Tables 2–4 and 5 respectively.

The twin domain interaction (Eqs. 7–10) was modelled with the parameter
values in Table 6 and the friction between projectile and barrel is given in Table 7
as a piecewise linear curve.

Table 2. Solid propellant consti-
tutive parameters ρs E ν

1549 kg/m3 10 GPa 0.3
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Table 3. Solid propellant com-
bustion parameters Ti echem s0 c p0 k

450 K 3.583 MJ/kg 0.43 mm 0.513 · 10−9 m3/(kg s) 7.5 MPa 1.0

Table 4. Solid propellant form
function s/s0 η

0.0 0.0
1.0 0.646

4.2 Results

The propellant was ignited after 0.2 ms and the projectile exited the barrel after
7.0 ms at a velocity of 944 m/s. According to [18] the muzzle velocity for this
ammunition is 1005 m/s. In Figures 4–6 the time histories forrelative propellant
mass, the maximum gas pressure and projectile displacementare given. In Fig-
ures 7–9 the solid domain density, gas pressure and gas temperature are shown at
times 1, 4 and 7 ms.

Table 5. Combustion gases con-
stitutive parameters b cv cp

0.001 m3/kg 1453 J/(kg K) 1822 J/(kg K)
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Table 6. Twin domain interaction
parameters a c1

1.0 · 1010 0.0 kg/(m3 s)

Table 7. Friction between pro-
jectile and barrel uproj (m) 0 0.002 0.012 0.024 0.040 2.480

Ff (N) 6283 0 42724 42724 2513 2513

Figure 4. Relative propellant
mass
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Figure 5. Maximum gas pres-
sure
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Figure 6. Projectile displace-
ment
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Figure 7. Solid domain density
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propellant
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Figure 8. Gas domain pressure
(Pa)

1 ms 4 ms 7 ms
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Figure 9. Gas domain tempera-
ture (K)

1 ms 4 ms 7 ms

24



FOI-R--1690--SE

5 Discussion
A model for internal ballistic analyses has been developed and implemented into
a two-dimensional explicit finite element code. The model was applied to a 40
mm caliber gun and the results seem satisfactory.

However, the model needs to be further developed and tested against experi-
mental results. Developments should include additional burning laws and equa-
tions of state. An improved description of the drag forces, propellant-gas heat ex-
change and fluid-solid interaction to allow for stress analyses of the barrel would
be valuable extensions.
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