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Abstract 

One dimensional and axisymmetric numerical simulation of a single-stage gas gun 
is being conducted in this study. Axisymmetric viscous and compressible flow 
equations has been numerically solved by van Leer flux vector splitting scheme, 
with space and time second order accuracy by using moving boundary. One 
dimensional inviscid compressible flow has been numerically solved by second-
order Roe TVD scheme. For the turbulent flow in axisymmetric simulation is used 
the Baldwin-Lomax model. The projectile velocity for different governing 
parameters for a transonic and supersonic gas gun is obtained and investigated. 
The transonic gas gun results illustrate that the second-order TVD Roe scheme 
has a higher accuracy than the Van Leer flux vector splitting scheme for low 
Mach number flows. The supersonic gas gun results are in an excellent agreement 
with the one-dimensional and axisymmetric simulation. The comparison between 
two methods of solution shows that the one-dimensional and inviscid flow 
approximation are sufficient for simulation of flow in a single-stage gas gun and 
does not need to the axisymmetric simulation. 
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1 Introduction 
 

A number of different methods can be used to launch a projectile at a high 
velocity exceeding a few kilometers per second. Many years ago, two types of 
single-stage gas guns were in general used: powder gun using the standard 
gunpowder as the propellant, and gas gun using the compressed gas as the 
propellant. A powder gun with a reasonably large caliber launches a projectile 
with a maximum velocity of about 2-2.2 km/s. A single-stage gas gun using light 
gas such as helium or hydrogen as the propellant provides increased projectile 
velocity. In such powder guns the projectile is driven by gas from the burning gun 
powder, as well as the principle of a other single-stage gas gun is that gas, initially 
stored at high pressure, is suddenly released and allowed to act on the rear face of 
a projectile enclosed inside a long tube or barrel. The gas pressure difference 
across the projectile causes it to accelerate along the barrel until emerging from 
the muzzle. Molecular weight of gas is an important element in a single-stage gas 
gun which using the compressed gas as the propellant. Due to the duration of 
motion of the projectile in the launch tube, the internal energy of the driving gas is 
progressively converted into kinetic energy. A part of this energy resides in the 
projectile and the remainder resides in the gas. In a first approximation for a given 
initial internal energy, minimization of the kinetic energy of the driving gas 
maximizes the kinetic energy of the projectile. The kinetic energy that can be 
taken by a gas is directly connected to its molecular weight. Therefore, using the 
low molecular weight gas, such as helium or hydrogen, seems most appropriate. 
To get a velocity as high as possible with a launcher, it is important to choose the 
driving gas having the nature that the pressure decrease at the base of the 
projectile during its motion in the launch tube is as small as possible.  
   In the majority of studies have been used the experimental or one- dimensional 
numerical analysis for simulation of a single-stage gas gun. In this paper, the one-
dimensional simulation and the axisymmetric compressible turbulent flow in a 
single-stage gas gun is numerically solved. The results of the axisymmetric 
simulation which are obtained by the Van Leer flux vector splitting scheme are 
compared with one-dimensional solution which are obtained by the second-order 
Reo TVD scheme.  
   Jahnston and Krishnamoorthy (2008) used the one-dimensional Godunov 
method for solving the governing equation system. They used the experimental 
data for validating results. Sasoh et al. (2000) investigated projectile acceleration 
in a single-stage gas gun at breech pressures below 50 MPa experimentally. 
Nussbaum et al. (2006) used the one-dimensional numerical solution of gas 
particle flows with combustion in the powder gun. They applied the first-order 
TVD Rusonov scheme for simulation of the powder gun. They compared 
numerical results with other reported results in the literature to validate numerical 
solution and observed a good agreement between them. Kashimov et al. (2003) 
proposed an improved procedure for modeling the operation of light gas gun. The  
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motion of the projectile in both the firing chamber and the light-gas chamber is 
also studied. Jacobs (1998) presented a report about shock tube modeling with a 
light gas gun. He presented a simple formula for calculating the friction between 
the projectile and the wall barrel. He also studied other parameters such as heat 
transfer and viscous effects. Philippon et al. (2004) implemented an experimental 
study on the friction at high sliding velocities. In majority of previous researches, 
the sliding friction between the projectile and wall barrel has been ignored in 
numerical simulation. In present study, this parameter is also ignored in the 
numerical solution. Jiang et al. (2008) investigated blast flow fields induced by a 
high-speed projectile in the barrel of a gas gun. They used the commercial CFD-
FASTRAN finite volume solver package for the axisymmetric numerical 
simulation. They compared the numerical and experimental results in order to 
validate their research. Jiang et al.(2004) investigated shocked flow induced by 
supersonic projectiles moving in the tubes. They observed the experimental 
results are in good agreement with that calculated numerical results. 
 
 
   Most of the previous researches have not investigated the effect of turbulent 
flow in simulation of a gas gun and applied the inviscid flow approximation. 
While in this paper, the Baldwin-Lomax model is selected for the turbulent flow 
modeling. Here, the transonic and supersonic gas guns with 265 mm and 50 mm 
bore respectively are investigated and discussed. For more information about 
transonic gas gun please to reference (Jahnston and Krishnamoorthy 2008).  
 
 
 
2 The mathematical formulation 
  
2.1 The governing equations for axisymmetric simulation 
 

The axisymmetric Naveir-Stokes equations include the equations of mass 
conservation, momentom and energy with an equation for estimating effect of 
turbulence and an auxiliary relation for thermodynamic properteis, that are the 
governing equations of flow. These equations of conservative and vectories form 
are shown below: 

 

i i v vE F E FQ H
t x y x y

∂ ∂ ∂ ∂∂
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(2)

whereQ
r

is the conservative variable vectors, iE
r

and iF
r

are the inviscid flux vector 

in x and y-direction respectively. vE
r

and vF
r

are the viscous flux vector in x and y-
direction respectively. Shear stresses and heat flux are discussed in reference 
(Hoffmann and Chiang 1993). To calculate turbulent eddy viscosity, the Baldwin-
Lomax turbulent model (Baldwin and Lomax 1978) was used in entire domain of 
solution. 
 
2.2 The Governing equations for one dimensional simulation 
    

For one dimensional solution, the velocity v should be zero. In one 
dimensional simulation the inviscid approximation was used, so that the 
governing equations are expressed as follows: 

Q f H
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where, ρ ,u , p and te are density, velocity, static pressure and total energy per 
volume unit, respectively. The pressure is related to the equation of state for the 
ideal gas equation given by: 

( 1)p eγ ρ= −     (5)

   The total energy per volume unit is defined as: 
21( )

2te e uρ= +
 

 (6)
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3 The numerical simulation Method 
  
3.1 The method of numerical solution for the axisymmetric 
simulation 
    

Being strong in discontinuities like compressible and expansible waves are 
with a strong interactions between them, numerical simulation of convection 
fluxes will create many difficulties in numerical simulation. To investigate this 
example, TVD method with space and time accuracy of second order is used. 
There, the Naveir-Stokes equations are splitted in two the hyperbolic and 
parabolic parts. The hyperbolic and parabolic parts are respectively solved by 
Van-Leer (1982, 1974) second order accuracy method and ADI implicit method 
with space accuracy of second order. In this study, for simulating projectile in the 
barrel of gas gun, a computer program is developed into unsteady grid with 
moving boundary conditions. 

 
3.2 The Numerical method for one dimensional simulation 
    

The second semi-discretized TVD Roe scheme is used for solving Eq. (4) 
which is expressed as (Hirsch 1989): 

1 *(2) *(2)
1/2 1/2( )n n

i i i i
tQ Q f f
x

+
+ −

Δ
= − −

Δ  
 (7)

where, *(2)
1/2if + can be expressed as: 

*(2) *( ) *( ) *( )
1/2 1/2 1/2 1/2 3/2 1 3/2
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 (8)

where, *( )
1/2
R

if + is the numerical flux of the first-order Roe scheme for a scalar 
conservation law given by:  

3
*( ) * *

1/2 1 1/2 1/2 1/2
1

1 1( ) ( ) ( ) ( ) ,
2 2

R
i i i i j i j i j

j
f f f rλ δω+ + + + +

=

= + − ∑
 (9)

The other variables in Eqs. (8) and (9) are discussed by Hirsch (1989).  
 
 
4 The Employed boundary conditions 
    

To simulate moving projectile, we must trace the moving surfaces of the 
projectile in each moment of the solution time. This means that, in each moment 
of the solution time, the position of the front, back, top and bottom surfaces of the  
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projectile must be identified. So we can apply these conditions in the computer 
program. For more explanations see Fig 1. The amount of x component velocity u, 
in point a, inside the projectile is interpolated the right-hand side points of the 
projectile, so as to the velocity of right-hand face must be exactly equal to the 
velocity of the projectile. The velocity component of y-direction v, pressure and 
density gradients on these surfaces are applied so as to they must equal to zero 
(these conditions are due to boundary layer assumption). On the other hands, the 
velocity of a and b points is equal to a1 (Fig. 1). Actually, by this work the right-
hand side face and two cells in two sides of this surface (front and back of it) will 
have the same velocity and we will not have any mass fluxes in this face and the 
condition of solid body has been applied. These boundary conditions are applied 
on left-hand side of the projectile similar to right-hand side of it. Our goal to apply 
these conditions is being entered no mass to the projectile limit, so as to the 
simulation for moving projectile as a solid moving body is true. On the top and 
bottom surfaces of projectile, u must equal to projectile velocity and v must equal 
to zero. Pressure and density are also extrapolated from outside points of 
projectile limit. The interior points of the projectile were considered in to similar 
manner to other points of solution domain. Actually, the interior points of the 
projectile (except projectile boundary points) are not important here. In the one 
dimensional simulation this method is used for simulating the projectile in the 
barrel of the gas gun. 

Fig. 1 Manner of data giving into points of projectile 

5 Results and discussion 
 

The transonic and supersonic single-stage 265mm and 50 mm caliber, 6.5m 
and 12m tube length gas gun were studied. The geometrical dimensions of  

ab a1 b1

Main grid 

Projectil
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transonic gas gun is shown in Fig. 2. The propellant gas for transonic gas gun is 
nitrogen which is cooled up to 283K. The ambient pressure and temperature are 
1atm and 300K respectively. In this paper, the Osprey (Waterson and Deconinck 
1995) and Minmod limiter (Van Leer 1974) are used for one-dimensional and 
axisymmetric simulation respectively. The mesh structure of solution domain for 
the axisymmetric simulation is shown in Fig. 3 which is splitted to four different 
zones. 0.3CFL =  is selected for both simulation methods. 
 

 

 

 

 

 

Fig. 2 Geometry dimensions of single-stage transonic gas gun 

 

 
Fig. 3 Calculation domain for transonic gas gun 

In the one dimensional simulation, the projectile velocity for different space 
steps is shown in Fig. 4 where the reservoir pressure is 4MPa and 27pm kg= . Fig. 
4 shows that the space step 0.0125xΔ = is sufficient for simulation but here, we 
used 0.01xΔ = . The effect of reservoir pressure on the projectile velocity is 
depicted in Fig. 5 for both methods of simulation. Fig. 5 shows that there is a 
sensible difference between two methods that one of those is using different 
limiter functions and entropy conditions for apiece of the simulation methods. In 
the axisymmetric simulation has been used the more complex method than for the 
one dimensional simulation, so that calculating the shear stresses in the 
axisymmetric solution can increase the numerical errors that can be another 
reason for the difference between two methods of simulation. The numerical  

Diaphragm 

6500 mm 

Reservoir 

3

Projectile Tube (φ265 mm) 
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results for transonic gas gun are compared with the experimental data obtained by 
Johnston and Krishnamoorthy (2008), see Table 1. This comparison shows that 
have an excellent agreement with the experimental and one dimensional results, 
but the axisymmetric results have a considerable deviation from experimental 
data. In the transonic gas gun study can be deduced the Van Leer flux vector 
splitting method, with space and time second order accuracy is not sufficient for 
simulation of subsonic flows. 

 
Fig. 4 Variation of projectile velocity with for different space steps for 

preservoir=4MPa and mp=27Kg 

 

Fig. 5 The effect of reservoir pressure on the muzzle velocity for transonic gas 
gun with mp= 27Kg 

The propellant gas for supersonic gas gun is helium with temperature 300K as 
initial. The projectile velocity for different reservoir volume is shown in Fig. 6  
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with a reservoir pressure 300 bar and 0.1pm kg= . For the axisymmetric solution, 
Fig. 6 shows that increasing the projectile velocity for the reservoir volume larger 
than 25L is negligible and the one dimensional results is very close to the 
axisymmetric results with the reservoir volume 25L. The effect of reservoir 
pressure on the muzzle velocity for supersonic gas gun for 0.1pm kg= with 
reservoir volume 25L is shown in Fig. 7.  Figs. 6 and 7 show that have a good 
agreement with one dimensional and axisymmetric results in supersonic gas gun. 
  

Table 1 Comparison between numerical results for transonic single-stage 
gas gun. 

Reservoir 
Pressure 
(MPa) 

Projectile 
Mass (Kg) 

Initial 
position of 
projectile 

(m) 

Experimental 
Vp(m/s) 

(Johnston 
2008) 

1D 
solution 
Vp(m/s) 

Axisymmetric 
solution 
Vp(m/s) 

4.0 27.0 0.3 231 228 251 
4.0 32.5 0.3 216 213 231 
4.0 42.5 0.3 199 194 204 
5.0 27.0 0.3 252 250 281 
7.8 27.0 0.3 305 302 343 

 

 
Fig. 6 Effect of reservoir volume on the muzzle velocity for supersonic gas gun 
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So that can be elicited the Van Leer flux vector splitting is sufficient method for 
the numerical simulation of flow with high Mach numbers and the second-order 
Roe TVD scheme also is a good method for the numerical simulation of flow in 
abroad range of Mach numbers. 

 The results show that the one dimensional simulation and inviscid flow 
approximation is enough for obtaining the higher accuracy solution and does not 
need to the axisymmetric simulation as well. One of the most important 
differences between two methods of solution is time consuming for axisymmetric 
solution that it is not comparable with the time of the one dimensional simulation. 
The supersonic gas gun results show that can be reached to the muzzle velocity 
about 1500 m/s for low weight projectile with single-stage gas gun with helium 
gas as propellant. 

 

 
Fig. 7 The effect of reservoir pressure on muzzle velocity for supersonic gas gun 

with mp=0.1Kg 

 
6 Conclusion 

 
In this paper, the one dimensional and axisymmetric simulation of a single-

stage gas gun has been studied. The second-order Roe TVD and Van Leer flux 
vector splitting scheme were applied to solving governing equations for one 
dimensional and axisymmetric solution respectively. The results show that the 
Van Leer flux vector splitting scheme is not sufficient for law Mach numbers 
flows but is a good scheme for the supersonic and hypersonic flows. As well as  
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results show that second-order Roe TVD scheme is a powerful method for 
simulation of subsonic and supersonic flows. With noticed to the transonic gas 
gun results, was deduced that one dimensional numerical solution is sufficient for 
simulation of flow in the gas gun. The inviscid flow is sufficient for the numerical 
simulation as well. 
 
 
References 
             
[1] B. S. Baldwin and H. Lomax, Thin layer approximation and algebraic model for 

separated turbulent flow, AIAA Paper, (1978), 78-257. 
[2] C. Hirsch, Numerical Computation of Internal and External Flows, Vol. 2, 

Computational Methods for Inviscid and Viscous Flows, John Wiley and Sons, 
Toronto, 1989. 

[3] K. A. Hoffmann and S. T. Chiang, Computational Fluid Dynamics for Engineers, 
Wichita, Kansas, 1993. 

[4] P. A. Jacobs, Shock tube modeling with L1d, Research Report 13/98, Department of 
Mechanical Engineering, University of Queensland, November, 1998. 

[5] X. Jiang, Z. Chen, B. Fan and H. Li, Numerical simulation of blast flow fields 
induced by a high-speed projectile, Shock Waves, 18 (2008), 205-212. 

[6] Z. Jiang, Y. Huang and K. Takayama, Shocked flow induced by supersonic 
projectiles moving in tubes, Computers & Fluids, 33 (2004), 953-966. 

[7] A. Johnston and L. V. Krishnamoorthy, A numerical solution of gas gun 
performance, Defence Science and Technology Organisation, DSTO-TN-0804, 
2008. 

[8] V. Z. Kashimov, O. V. Ushakova and P. Khomenko, Numerical modeling of interior 
ballistics processes in light gas gun, J. Appl. Mech. Tech. Phys., 44(5) (2003), 612-
619. 

[9]  J. Nussbaum, P. Helluy, J. M. Herard and A. Carriere, Numerical solution of gas-
particle flows with combustion, Flow Turbulence Combust, 76 (2006), 403-417. 

[10] S. Philippon, G. Sutter and A. Molinari, An experimental study of friction at high 
sliding velocities, Wear, 257 (2004), 777-784. 

[11] A. Sasoh, S. Ohba and K. Takayama, Projectile acceleration in a single-stage gun 
at breech pressure below 500 MPa, Shock Waves, 10 (2000), 235-240. 

[12] B. Van Leer, Flux Vector Splitting for the Euler Equations, Proc. 8th International 
Conference on Numerical Methods in Fluid Dynamics, Berlin, Spring Verlag, 1982. 

[13] B. Van Leer, Towards the Ultimate Conservative Difference Scheme, II: 
Monotonicity and Conservation Combined in a Second Order Scheme, Journal of 
Computational Physics, 14 (1974), 361-370. 

[14] N. P. Waterson and H. Deconinck, A Unified Approach to the Design and 
Application of Bounded High-order Convection Scheme, Proceeding of ninth 
International Conference on Numerical Methods in Laminar and Turbulent Flow, 
Pineridge Press, Swansea, 1995. 

 
 
Received: February, 2011 
 


