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Abstract 

 
The 1-D numerical study of the interior ballistics 

has been conducted. The unsteady compressible 1-D 
CFD code using SIMPLER algorithm and QUICK 
scheme has been developed. The mathematical model 
of the two-phase flow has been established for the 
behavior of the interior ballistics. The moving 
boundary due to the projectile motion as the physical 
phenomena of the interior ballistics results in the 
varied control volume. In order to analyze the moving 
boundary, the numerical codes, which apply the ghost-
cell extrapolation method and the Lagrangian method 
respectively, have been developed. The ghost-cell 
extrapolation method has been used in the Eulerian 
coordinate system. The Lagrangian method has been 
used in Non-Eulerian coordinate system. These codes 
have been verified through the analysis of the free 
piston motion problem in the tube. Through this study, 
the basic techniques of the numerical code for the 
multi-dimensional two-phase flow of the interior 
ballistics have been obtained. 
 

1. Introduction 
 
1.1 Interior Ballistics 

Solid propellants are normally used in rockets, 
missiles and cannons.  Studies of solid propellants are 
generally focused on the combustion of the solid 
rocket motor (SRM).  Most of them, however, do not 
consider the volume change in the combustion 
chamber of the SRM when the propellant burns. 
Similarly, in the case of cannon, porosity increases as 
the propellant burns and the volume increases by the 
movement of the projectile. In the microscopic view 
of the cannon chamber before the projectile moves, 
the increase of porosity can be considered as the 
volume change. However, the porosity change is not 
the same as the concept of the moving boundary. 
Physical phenomenon of the moving boundary 
occurred by the movement of the projectile is simpler 
than that of the SRM. The analysis of the interior 
ballistics of the cannon can be divided into following 
processes1-7). 

 

1. Ignition of solid propellants with ignition gas 
2. Increase of chamber pressure while burning   

 solid propellants generate gas. 
3. Acceleration of the projectile  
4. Escape of the projectile from the muzzle    

 

Since the physical phenomena of the interior 
ballistics are complicated, it is necessary of a 

numerical code of the multi-dimensional two-phase 
flow for the analysis. In this study, therefore, the study 
on the numerical methods used in the code 
development of the interior ballistics has been 
performed. 

Figure 1 is showing the process of the simplified 
interior ballistics. In this study, the interior ballistics 
has been separated in two processes for efficient study 
shown in Fig. 1. For the numerical study of Process 1 
and Process 2, the unsteady compressible 1-D CFD 
code has been developed. The mathematical model of 
the interior ballistics has been researched and 
established. In Process 2, the 1-D codes employed 
different moving boundary solvers have been 
developed. The basic techniques for the interior 
ballistics code have been obtained after combining the 
two processes. 

 

 
Fig. 1 Process of simplified Interior Ballistics 

 
1.2 Literature Survey 

A numerical study of the interior ballistics has been 
conducted in sequence of the lumped parameter model, 
one-dimensional two-phase model, and multi-
dimensional two-phase model. 
 

Method Code 

Lumped parameter model IBHVG2, FNGUN 

One-dimensional two-phase 
Model XKTC, MGBC 

Multidimensional two-phase 
Model NGEN, TDNOVA 

Table 1 Classification of Interior ballistics codes  
 

Table 1 represents various interior ballistics codes. 
Usually, the lumped parameter model is used to 
analyze overall performance of canon and to design 
grain geometry. The 1-D or multidimensional two 
phase models are used for the study of the ignition or 
the initial distribution of the propellant in chamber3). 
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The Eulerian-Lagrangian method in NGEN code is 
used to analyze two phase flow. The continuum flow 
solver which is an explicit method adopts the flux-
corrected transport scheme. As the Technique for 
analyzing moving boundary, the characteristic-based 
method is used1,2).  
 

2. Governing Equations 
 

2.1 Two-phase flow in the interior ballistics 
The two-phase flow of the interior ballistics is 

composed of continuous phase of combustion gas and 
dispersal phase of solid propellants.  The interior 
ballistics has a moving boundary with variable control 
volume.  

 In two-phase flow, the solid phase has been 
calculated by using the Lagrangian-coordinate system. 
The gas phase has been calculated by using the 
Eulerian-coordinate system and the Non-Eulerian 
coordinate system. So each solid and gas phase has 
been calculated by each coordinate system. In this 
study, the combustion of solid propellants in the 
interior ballistics has not been considered. Therefore 
the governing equations of dispersal phase are not 
considered either.   

The continuity, momentum and energy equations 
for one dimensional, compressible, unsteady flow are 
written in conservative form as follows: 
Continuity equation,  

( ) Cu S
t x

δρ δ ρ
δ δ

+ =    (1) 

Momentum equation,  

( )

M

u uu
t x

u p S
x x x

δρ δ ρ
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δ δ δ

+
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Energy equation, 
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2.2 Projectile motion Equations 

The projectile motion equations of all interior 
ballistics codes are similar each other. The force 
equilibrium Equation of the projectile in the interior 
ballistics is  

( )P P B F P Fr Dragm a P P A F F= − − −  (4) 
In this study, the fraction force and the projectile 

drag force are neglected because these are not the 
main contents of this study. 

The projectile motion equations are 

P
P

dV a
dt

=     (5) 

P
P

dX V
dt

=     (6) 

 
3. Numerical Study 

 
3.1 Numerical method 

The CFD code using 1-D finite volume method has 
been developed for the numerical study of the interior 
ballistics. The SIMPLER algorithm and QUICK 
scheme have been used to analyze unsteady 
compressible flow. 

Usually, the method developed for compressible 
flows is characterized by the use of density as a main 
variable and extract pressure from the equation of 
state. 

On the other hands, the method with pressure as a 
main variable usually is used for incompressible flows 
or low Mach number flows. The CFD code of the 
interior ballistics takes analysis of compressible flow 
because the process of the interior ballistics has the 
increase of density and temperature in the isolated 
computational domain. The interior ballistics has 
complex analysis problems such as solid propellant 
combustion, two-phase flows and moving boundary. 
Therefore, in this study, the pressure has been taken as 
the main variable because the pressure-based 
algorithms are easier than the density based algorithms 
to solve the problems8). 

 The modified SIMPLER algorithm has been 
developed for compressible flows in overall speed 
range by the study of Karki9). So, the modified 
SIMPLER algorithm has been used for interior 
ballistics CFD analysis. Figure 2 is the flow chart of 
the modified SIMPLER algorithm9). 

 

 
 

Fig. 2 Flow chart of modified SIMPLER 
Algorithm 

Density values are calculated from 
Pressure and temperature fields 

Coefficient and source term for 
momentum equation are calculated 

First pressure correction ( 'p ) equation is 

solved and this updates *p and *ρ  

Solve the momentum equation  

Second pressure correction ( ''p ) equation 

is solved and this updates *u  

The energy equation and general equation 
are solved. Temperature and general 
variables fields are updated 
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The QUICK scheme has been used to discrete the 
analysis domain and the fully implicit method has 
been used for unsteady flow. In this study, the 
Hayase’s QUICK scheme has been used. It can be 
summarized as follows10):  

[ ]1 3 2
8w W P W WWφ φ φ φ φ= + − −   for 0wF >  

[ ]1 3 2
8e P E P Wφ φ φ φ φ= + − −   for 0eF >  

[ ]1 3 2
8w P W P Eφ φ φ φ φ= + − −   for 0wF <  

[ ]1 3 2
8e E P E EEφ φ φ φ φ= + − −  for 0eF <  (7) 

 
3.2 Moving Boundary 

Several techniques exist for the moving boundary. 
These techniques are classified under two main 
categories by the coordinate system: ①  Eulerian-
coordinate methods and ② Non-Eulerian coordinate 
methods10). 

The Eulerian coordinate methods employ the fixed 
grid, and the Non-Eulerian-coordinate methods 
employ the transformed grid. In moving boundary 
problem, the Eulerian coordinate methods add or 
remove the grid cell, and the non-Eulerian-coordinate 
methods move the grid itself. 

The Non-Eulerian coordinate methods are classified 
under two methods by the grid velocity: ① 
Lagrangian method ② space conservation law (SCL) 
method. In the Lagrangian method, the grid velocity is 
equal to the flow velocity. In the SCL method, 
however, the grid velocity is not equal to the flow 
velocity. The Lagrangian method has been used in this 
study,. 

The Eulerian methods are classified by tracking the 
interface and by calculating the interface value. 

In this study, the ghost-cell extrapolation method 
which assumes that the cell with the moving boundary 
is a sort of the ghost cell has been used.  The ghost 
cell has been calculated by the extrapolation with the 
variable values of the nearest cell. Then, the interface 
between the ghost cell and the nearest cell has been 
calculated using the variable values of the ghost cell. 
 
3.2.1. Lagrangian method 

In the Lagrangian method, each finite control 
volume of the grid is considered as a lump of gas11). 
Since velocity of the interface of the finite control 
volume is equal to the flow velocity, the mass of the 
inflow and the outflow in each control volume is set to 
be zero. Therefore the 1-D governing equations of the 
flow are to be ODE form. The mass conservation 
equation is transformed to the position equation of the 
interface as  

1
2

1
2

j

j

dx
u

dt
±

±
=     (8) 

So it can calculate the moving interface 
automatically. 

The momentum equation is  

1 1 1 1
2 2 2 2
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− − + +
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The energy equation is 

1 1 1
2 2 2

1 1 1
2 2 2

j j j j j

jj j j

d m E P A u
dt

P A u q

− − −

+ + +

=

− +
 (10) 

 
3.2.2. Ghost Cell Extrapolation 

To calculate the internal flow, the treatment of the 
left fixed boundary and the right moving boundary is 
important. 

In this study, both ends of the computational grid 
have been set as the ghost cells. Each interface 
between ghost cell and the nearest cell has been 
calculated by using value of the ghost cell. 

 

 
Fig. 3 Free piston model in tube 

 

• Left ghost cell with fixed boundary 
To calculate impermeable left boundary condition, 

the value of the left ghost cell is required. The left 
ghost cell value is as below12): 

2ghρ ρ= , 2ghp p= , 2ghu u= −   (11) 

ghu  is 2u−  in equation (11),  because the interface 
between the left ghost cell and the 2nd cell is fixed. 
The interface value has been obtained by the 
interpolation of the ghost cell value and the 2nd cell 
value. 
• Right ghost cell(n cell) with moving boundary 

by projectile motion  

In the right side of Fig. 3, the moving boundary is in 
right ghost cell. The projectile has been assumed as 
the solid wall in right ghost cell. The values of n-1 cell 
and velocity of the solid wall have been used to obtain 
the following ghost cell values13) : 

1gh nρ ρ −= , 1gh np p −= , 12gh p nu V u −= −  (12) 
The interface values between the ghost cell and the 

n-1 cell have been calculated from the procedure as 
below; Values of * * *, ,u pρ  are obtained from the 
value of ghu . 

If 1gh nu u −> , values of * * *, ,u pρ  sre given by : 
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If 1gh nu u −< , values of * * *, ,u pρ  are given by : 
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The interface values have been obtained by 
following condition, 
▪ If  * * 0u c− <  then 

* * *
1 1 1

2 2 2
, ,

n n n
u u p pρ ρ

− − −
= = =  (18) 

 
▪ If  * * 0u c− >  then 

1 1 1 1 1 1
2 2 2

, ,n n nn n n
u u p pρ ρ − − −− − −

= = =  (19) 

If ( )px t t+  which is the position of the solid wall 

at time ( )t t+ remains in right ghost cell of the n-th 
cell, the overall process repeats again. If the solid wall 
moves to the n+1st cell, a cell is added to the grid and 
it becomes a new ghost cell. Also the new ghost cell 
values are * * *, ,u pρ . The procedure is summarized in 
the following algorithm:   

If  ( ) 1px t t n Cell+ ∈ + , then 

[ ]( ) * * *, , , ,
tt tu p u pρ ρ+ ⎡ ⎤= ⎣ ⎦   (20) 

and the interface value has been calculated by the 
same process once again.  
 

4. Test 
 

In order to verify the analysis code of the moving 
boundary, a free piston motion problem has been used. 
Figure 4 shows the free piston motion problem14). 
 

 
Fig. 4 Free Piston Motion Problem 

 
Table 2 shows the initial conditions of the free 

piston model. They have been applied to the adiabatic 
wall. Viscous effects and frictional effects have been 
neglected. The boundary conditions for the gas slug 
are that the left-end has zero velocity and the right-end 
is coupled with the left-end of the piston. The air gas 

in the free piston problem is assumed to be the 
calorically perfect gas with the specific heat ratio as 
1.4.  

 

Initial Pressure 1.0e+5 (Pa) 

Initial Density 1.0 (kg/m³) 

Initial Temperature 348.5 (K) 

Mass of Piston 0.001 (kg) 

Pressure of front of Piston 0.0(Pa) 

Diameter of Tube 0.01(m) 

Initial Length of Tube 4.0(m) 

Table 2 Initial states of Free Piston Model 
 

For the verification of the developed CFD code 
employed the SIMPLER algorithm and the QUICK 
scheme, the CFD codes, which apply the verified 
Godunov and Lax-Wendroff schemes respectively, 
has been used. 

In the Lagrangian method, the approximate 
Riemann solver and the minmod interpolation method 
have been used to calculate density, pressure and 
velocity at the interface. The predicted-corrected 
scheme has been used for the time integral. 

The ghost-cell extrapolation method has been 
applied to each of the CFD codes; employed the 
Godunov scheme12), the Lax-Wendroff scheme12) and 
the SIMPLER algorithm with the QUICK scheme. 
The SIMPLER algorithm has been compared to the 
Godunov scheme and the Lax-Wendroff scheme. In 
the Lagrangian method, the number of initial cells is 
1000. In the ghost-cell extrapolation method with the 
Lax-Wendroff scheme and the Godunov scheme, the 
number of initial cells is also 1000. In the ghost-cell 
extrapolation method with the SIMPLER algorithm, 
the number of initial cells is 500. The number of initial 
cells has been determined by sample tests. 

 
Fig. 5 Velocity as a function of Time for the piston in 

tube 
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Figure 5 shows the comparison results of the 
numerical solutions of the Lagrangian method and the 
ghost cell extrapolation method with the exact solution 
from the theory in the reference14). Before 0.024sec, 
there is no difference. The difference after 0.024 
seconds between the numerical solutions and the exact 
solution seems to be generated by theoretical 
assumptions of the infinite tube and the vacuum in 
front of piston. 

 

 
Fig. 6 Pressures as a function of time for both ends in 

tube 
 

In Fig. 6, the pressure variations with time have 
been shown at both ends of the tube. The plot named 
Lag is the result of the Lagragian method. The GCE1 
is the result of the ghost-cell extrapolation method 
employed the SIMPLER algorithm. The GCE2 is the 
result of the ghost-cell extrapolation method employed 
the Lax-Wendroff scheme. The GCE 3 is the result of 
the ghost-cell extrapolation method employed the 
Godunov scheme. The subscript RB and LB mean the 
right boundary and the left boundary, respectively. As 
shown in Fig. 6, there is no quantitative difference in 
numerical solutions between the Lagrangian method 
and the ghost-cell extrapolation method. 

 

 
A (0.01sec) 

 
B (0.03sec) 

 
C (0.05sec) 

 
Fig. 7 Distribution of density in tube 

 
Figures 7-A, B and C show the density distribution 

with time of 0.01sec, 0.03sec, and 0.05sec in the tube. 
As time goes by, the distance of the piston movement 
has been increased, and the density distribution has 
been decreased. And there are no quantitative or 
qualitative difference in the numerical solution 
between the SIMPLER algorithm and others of the 
Godunov scheme and the Lax-Wendroff scheme. As 
the results, the CFD code employed SIMPLER 
algorithm has been verified. 

Figure 6, 7-A, B and C show that the results of the 
ghost-cell extrapolation method are quantitatively and 
qualitatively similar to those of the Lagragian method. 

Figure 8 shows the movement of the expansion 
wave which is generated by the piston movement with 
time. The solid line named PB represents the pressure 
behind the piston at each time. The dash dot line 
named PTube represents the pressure distribution in 
the tube at each time. The steep descent of pressure 
shows where the expansion wave exists. Before 
0.011sec, the expansion wave has moved to the fixed 
left boundary. The expansion wave has been reflected 
at the fixed left boundary. Between 0.011 and 0.024 
sec, the reflected expansion wave has moved from the 
fixed left boundary to the moving right boundary. 
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After the expansion wave reflected at the fixed left 
boundary reaches piston, the physical properties of the 
left side of the piston has been changed steeply. After 
0.024 sec, the expansion wave has moved to the fixed 
left boundary and reflected again. The solid arrows are 
the path of the movement of the expansion wave. 

 

 
Fig. 8 pressure as a function of time for expansion 

wave in tube 
 

Conclusion 
 

The 1-D numerical study of the interior ballistics 
has been conducted. The unsteady compressible 1-D 
CFD code using SIMPLER algorithm and QUICK 
scheme has been developed. The mathematical model 
of the two-phase flow has been established for the 
behavior of the interior ballistics. The moving 
boundary due to the projectile motion as the physical 
phenomena of the interior ballistics results in the 
varied control volume. For the analysis of the moving 
boundary, each of the numerical codes with the ghost-
cell extrapolation method and the Lagrangian method 
has been developed. The ghost-cell extrapolation 
method has been used in the Eulerian coordinate 
system. The Lagrangian method has been used in 
Non-Eulerian coordinate system. Each of the 
developed codes has been verified through the 
analysis of the free piston motion problem in the tube. 
As the results, the basic techniques of the numerical 
code for the multi-dimensional two-phase flow of the 
interior ballistics have been obtained. The developed 
codes are going to be used in analysis of the moving 
boundary occurred by the movement of the projectile 
in the interior ballistics of the cannon. After 
combining the code and numerical techniques of solid 
propellant combustion, a numerical solver for the 
interior ballistic of the 1-D or multi-dimensional two-
phase flow will be developed completely.  
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Appendix 
 
Nomenclature 

PA    Area of projectile base (m2) 

Pa   Acceleration of projectile (m/s2) 

c   Speed of sound (m/s) 

DragF  Drag force (N) 

FrF   Friction force (N) 
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wallF  Shear friction force at wall (N) 

0h  Total enthalpy (J/kg) 

k  Thermal conductivity (W/m·K) 

Pm   Mass of projectile (kg) 

p  Pressure (Pa) 
q   Rate of heat transfer into cell 

CS   Source of continuity equation 

MS   Source of momentum equation 

eS   Source of energy equation 

PV   Velocity of projectile (m/s) 

PX   Location of projectile in x-axis (m) 

γ   Specific heat ratio 

μ  Viscosity (N·s/m2) 
ρ  Density (kg/m3) 
 
Subscript 
 
gh   Ghost cell 

B   Base or back of projectile 
F   Front of projectile 
 
Superscript 
 
*  Interface between n-1 cell and ghost cell 
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