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ABSTRACT

Two stages gas guns are used for various purposes, particularly for mechanical characterization of
materials at high rate of deformations. The performance of a two stages gas gun is studied in this work
using the theory of the two-stage gas gun proposed by Rajesh, numerical simulation using combined
Eulerian/ Lagrangian elements in Autodyna commercial code and experiment using a two stage gas gun
developed by the authors of this study. Equations governing the motion of the piston and projectile are

Keywords: solved using Runge-Kutta method. The effects of parameters such as chamber pressure, pump tube
Two Stages Gas Gun pressure and piston mass on the performance of gun are explored. The results of numerical simulation
Rajesh Theory and analytical methods are validated by experiment. Finally, a comparison between the analytical,
Slmf*’af_w" numerical and experimental results shows that the theory proposed by Rajesh, yields reasonable
j T ‘;fedc“’e predictions for the two stage gas gun performance in the first place, and Autodyn software, using
utodyn combined Eulerian/ Lagrangian elements, gives accurate estimations for gas gun parameters, in the
second place. A 3-D working diagram is provided for prediction of projectile velocity for any state of
pump and chamber pressures which are the most important variables for a gas gun with a fixed geometry.
doi: 10.5829/ije.2019.32.05b.18
NOMENCLATURE
a, Initial sound speed in the chamber light gas P, Launch tube initial pressure
a, Sound speed in the pump tube light gas at the rupture of the P.

second diaphragm

Pressure at the instant of second diaphragm breakage

dy Pump tube diameter ty Time of piston motion

d; Launch tube diameter tor Time of projectile motion

lq Pump tube length Uy, Piston speed

I8 Launch tube length Upy Projectile speed

M, Mach number Xp Piston position inside pump tube

m, Piston mass Xpr Position of projectile inside launch tube

My Projectile mass Greek Symbols

P, Chamber initial pressure Yo Initial gas specific heat ratio

P, Shock compression pressure at the projectile base Ya Instant gas specific heat ratios inside pump tube

P, Pump tube initial pressure A The ratio of the initial gas volume in the pump tube and the

gas volume at the instant of the second diaphragm breakage

P, Instant pump tube pressure ahead of piston

1. INTRODUCTION

gas gun the high-pressure gas compressed in a chamber
is suddenly released to accelerate the projectile inside the

Gas gun is a multipurpose device, which is widely used launch tube or the barrel of the gun. The gas guns can be
for launching a projectile. In a conventional single-stage categorized as single-stage, two stages and recently three
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stages guns. The gas gun studied in this work is a two-
stages one. Two stages gas gun is widely used for
mechanical characterization of materials. Taylor [1],
flying plate [2], powder compaction [3] and ballistic [4]
tests are among the material characterizing and
production tests which are accomplished using gas gun.
The schematic view of a two-stages gas gun is shown in
Figure 1. As the figure shows, a two-stages gas gun
consists of a pressure vessel (or chamber), two
diaphragms, a piston, a shock (or pump) tube, a conic
tube, and a lunch tube. The piston is accelerated by the
release of a high-pressure gas compressed in the vessel.
The piston movement gives rise to the increase of the
pressure of the gas inside the pump tube that may have
already been compressed to a desired level of pressure.
The piston is trapped by the conic tube and the second
diaphragm is burst by the high-pressure gas compressed
in the pump tube. The compressed gas ahead of the piston
accelerates the projectile inside the launch tube.

If the pressure in the launch tube and behind the
projectile remains constant, p, then the muzzle velocity
of the projectile is approximated from the following
relation:

AL

Vo =4/2p m

1)
Where A, L and m are the cross sectional area and length
of the lunch tube and m is the projectile mass. However,
p is not constant and it reduces as the gas expands as
follows:
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In which v is the expansion speed of the gas, y is the
specific heat capacity and ao is the sound speed in the gas.
If we assume that all the energy of the compressed gas is
consumed for the gas mass itself, then it can be shown
that the projectile velocity is obtained from the following
relation:

(2 )y o[ 2 ) [7RTy
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As Equation (3) implies, the projectile velocity varies
with gas type and gas temperature. Therefore, the highest
velocity is obtained for hydrogen and helium. Many
investigations have been performed to explore various
features of two stages gas guns.

Projectile Conic
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Figure 1. The schematic view of a two-stages gas gun

The concept of two stages gas gun is old [5-10] but its
ever increasing application has demanded new
development in this area. Moritoh et al. [11] developed a
two-stage gas gun and optimized its operating parameters
to reach speeds higher than 9 km/s. Lexow et al. [12]
made a new two stages gas gun for cratering study. The
gun is capable of accelerating projectile masses of up to
100 g to velocities up to 6 km/s. Putzar and Schaefer [13]
developed a new two-stage gas gun with two parallel
pumps which are attached to a single pressure chamber.
Linhart and Cattani [14] argued theoretically that higher
efficiency can be achieved for a gas gun if a second
diaphragm is used to transfer the kinetic energy of the
first piston to the projectile. The limitations of two stages
gas guns have been discussed by Glenn [15]. He believes
that the velocities up to 10 km/s can be achieved by
conventional two stage gas guns. The higher velocities up
to 30 km/s are attainable but some limitations in the tests
must be admitted.

Francesconi etal. [16, 17] performed a theoretical and
numerical investigation to increase the performance of
two stage light-gas guns by altering their working
conditions. Rajesh et al. [18] presented a mathematical
approach to study a flying projectile. The derived
differential equations governing the piston and projectile
motions were solved using Runge-Kutta methods. They
examined the effect of various gas parameters such as
piston and projectile mass on the projectile speed. Rajesh
et al. [19] also investigated the effect of adding a pump
tube in between the pump tube and launch tube and its
influence on the efficiency of the gun. Rajesh et al. [20]
investigated the fluid dynamic features of the
compression process in the pump tube of a ballistic range
and to assess how it affects the performance of the
ballistic range.

The primary objective of gas gun invention was to
perform hypervelocity impacts for military applications.
However, today the use of these devices have been
extended to other areas and in particular to the area of
material characterization or even material fabrications.
Doolan [21] proposed a two-stage light gas gun for the
investigation of high speed impact in solid rocket
propellants. Fredenburg et al. [17] used a three-capsule
gas-gun compaction geometry for dynamic compaction
of nanocrystalline aluminum alloy powders. Kawai et al.
[22] presented a single microparticle launching method
to simulate the hypervelocity impacts of
micrometeoroids and microdebris on space structures.
Schéafer and Janovsky [23] used a sensor network to
detect hypervelocity impacts on aircraft structures. They
performed their experiment using a gas gun for launching
the specimens against the target. Gas guns can be used to
obtain the pressure-volume relations known as equation
of states which is important at hypervelocity impacts.
Jones [24] presented an experimental set up to a driver
plate against a target at velocities up to 8 km/s using gas
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gun at velocities up to 8 km/s to obtain Hugoniet data
from which equation of states are constituted.

In the present study, a two-stages gas gun mainly
designed and manufactured for material testing is
described. The features of the gas gun in studied by
numerical simulations using the Autodyn commercial
software. The features are also investigated using the
theory of Rajesh [18-20]. The effect of parameters such
as the chamber and pump tubes pressures and piston mass
on performance of the gun is evaluated. Finally, the
numerical predictions and analytical results are validated
by experiment. The gas gun presented in this study can
be used for Taylor, ballistic and flying impact test. These
three tests are highly beneficial for mechanical
characterization of materials at high strain rates. It can
also be used for some miscellaneous examinations such
as dynamic powder compaction. For a two-stages gas gun
with fixed geometry, pump and chamber pressures are
the most important variables which have significant
effect on projectile velocity. The 3-D working diagram
for prediction of projectile velocity for any state of pump
and chamber pressures the gas gun developed in this
work is presented.

2. RAJESH THEORY

Rajesh et al. [18-20] studied analytically the effects of
important parameters such as pump tube pressure, piston
mass, type of light gas, and the diameters of pump and
launch tubes on the performance of two stages gas gun.
They used the fifth order Rung-Kutta method to solve the
resultant equations ignoring the effect of viscosity and
heat transfer. They used isentropic analysis for the
expansion and compression of the gases in the chamber
and the pump tube, respectively. In their analysis, the
equation governing the motion of piston inside the pump
tube is obtained as follows:
d?x,
™ dt 2
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In which dq is the pump tube diameter, m; is the piston
mass, Xp is the position of the piston inside the pump tube,
tp is the time during piston motion, Pgo is pump tube
initial pressure and Py is the initial chamber pressure. u,
is the piston speed, ao is the sound speed in the
uncompressed gas in the pump tube. Similar analysis
gives the equation governing the projectile speed inside
the launch tube as follows:

d 2 zd?p
pry = Py 1—q @&7e/27)
(dt; ) am, {9ll-g
Y _l(ul)]m/(rrl)_ 1 3 (5)
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"

x(0)=0 , X(0)=0

In which d, is the launch tube, my is the projectile mass,
Xpr IS the position of the projectile inside the launch tube,
tor is the time during projectile motion, Py is the shock
pressure at the projectile base and Pjo is the initial launch
tube pressure. upy is the projectile speed, ar and py are the
sound speed and the pump tube pressure at the burst of
second diaphragm. DPR is defined as the ratio pr/ pio.

3. GAS GUN DESCRIPTION

The gas gun used in this study was developed by the
authors of this work at Bu-Ali Sina University. The gun
was designed for the pressure of 1000 bar and was
equipped with necessary instrumentations such as
pressure sensors and velocity measurement.

3. 1. The gun Specifications The general view of
the gas gun used in this work is illustrated in Figure 2.
The gas gun components are given in Table 1. The
lengths of the gas components are shown in Figure 1. The
light gas such as air or nitrogen is compressed in the high
pressure chamber. Another light gas such as helium is
compressed in the pump tube. For testing, the electro-
pneumatic valve is opened allowing the high pressure
fluid to flow to break the first diaphragm between the
chamber and the pump tube. As a result of the first
diaphragm rupture, the piston is accelerated in the pump
tube and compresses the gas ahead. When the pressure of
the gas reaches a certain level, the second diaphragm is
burst, the projectile is accelerated in the launch tube and
piston is trapped by the conic high pressure tube. The
conic tube depicted in Figure 3 can move freely on a rail
mounted on a separate chassis. This allows the piston to
be taken out from the high pressure conic tube after each
test. The geometry of the diaphragm is shown in Figure
4(a). The general view of a diaphragm before and after
rupture is also shown in Figure 4(b). The petalling
observed in the diaphragm indicates that it has quite
symmetrically opened which is an important requirement
in the design of gas guns.

This requirement is met if the crossed grooves in the
diaphragms are designed properly. The dimensions and
the general views of a piston after and before test are
presented in Figure 5. The empty space in the back of
piston is to seal the piston from the pump tube wall to

Figure 2. A general view of the gas gun
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TABLE 1. The components of the gas gun

Component Component

High pressure
1 chamber (OD=24, 7

High pressure conic tube
(OD=16cm) (ID,=4,

ID=10cm) ID,=10cm)
Electro-pneumatic .
2 valve 8 Second diaphragm
3 First diaphragm 9 Projectile initial position

4 Piston initial position 10 Pressure sensors

Pump tube (OD=18,
ID=10cm)

6 Chassis 12 Launch tube (OD=7, ID=4cm)

a1

11 Data logger

—— "
Lo

~

1.5

RO.2

| 0.3
e

(@) (b)
Figure 4. (a) geometry of diaphragm, (b) view of a
diaphragm before and after burst

N\

(a) ' ®)
Figure 5. (a) The geometry of the piston, (b) the general
view of a piston before and after test

prevent gas leakage which may result in reducing the
piston speed during its motion in the pump tube. A typical
projectile before and after impact is shown in Figure 6.
The piston, diaphragm and projectile are all made of
Teflon.

3. 2. Features of the Gas Gun In order to obtain an
initial impression of the gas gun performance, number of
tests were carried out for two cases: (i) the pump tube
pressure remained constant (10 bars) and the chamber
pressure varied from 70 to 250 bars, and (b) the chamber
pressure was kept unchanged (150 bars) and the pump
tube pressure varied between 0 and 35 bars. Variation of
projectile velocity versus the chamber pressure is shown
in Figure 7.

As the figure suggests, for a fixed pump tube
pressure, the projectile velocity increases with the
chamber pressure. However, variation of projectile
velocity versus the pump pressure shown in Figure 8
indicates that for a fixed chamber pressure, the projectile
velocity converges to a constant level for the pump
pressures greater than 35 bars. This important finding
means that for a two stages gas gun there is an optimum
pressure for pump tube. The effect of projectile mass was
also examined using two masses of 400 and 600 g but
only a slight difference was observed in the projectile
velocity .

Figure 6. The general view of a projectile before and after
impact
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Figure 7. Variation of projectile velocity versus the chamber

pressure for a pump tube pressure of 10 bars
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Figure 8. Variation of projectile velocity versus the pump
tube pressure for a chamber pressure of 150 bars

The pressure-time histories of the light gas in the high
pressure conic and launch tubes were recorded by two
Kistler pressure sensors installed in the conic tube right
before the second diaphragm and in the launch tube just
after the second diaphragm. Typical result for the pump
pressure of 10 bars and the chamber pressure of 100 bars
is illustrated in Figure 9. The results shown in this figure
are highly beneficial as the instant of the burst of the first
and the second diaphragms can be detected on the figure.
This information is very useful as they can be used to
trace the position of the piston inside the pump tube at the
time when the second diaphragm is burst. It is highly
important to note that the position of piston at the rupture
of second diaphragm is a key parameter in design of a gas
gun. The reason is that it controls the pressure behind the
projectile after the rupture of the second diaphragm. The
reason for the oscillations after the first diaphragm'’s burst
is that after the burst shock waves are produced in the
chamber. The shock waves begin to travel down to the
end of shock tubes and reflect to the piston. These
incident and reflected waves hit the piston and change the
pressure ahead of the piston resulting in oscillatory
pressure after the burst of the first diaphragm.

4. NUMERICAL SIMULATIONS

Numerical simulations were performed using the
commercial code Autodyn which is widely used to solve
a wide range of high rate and nonlinear problems of fluid
and solid mechanics. Autodyn employs Lagrangian,
Eulerian, Arbitrary Lagrangian/Eulerian method (ALE)
and smoothed particle hydrodynamics method (SPH)
solvers to connect the finite element method (FEM) for
solving dynamics of structures and Finite volume method
(FVM) for solving computational fluid dynamics (CFD).

The main objective of the simulations in this work is
(i) to study the effect of gas gun parameters on its
performance and (ii) to predict the parameters such as the

position and velocity of piston during the test which are
either very difficult or impossible to be measured by
experiment.

4. 1. Numerical Model Description The numerical
model of the gun is depicted in Figure 10. As it is
observed in the model, for mesh generation of fluid
media such as the tubes, the chamber and the
environment, Eulerian element and for the solid
components such as piston and projectile, Lagrangian
elements have been used. The number of elements have
been enough to ensure that convergence has reached in
the solution.

The ideal gas model was used for air as the fluid in
the gas gun. The thermodynamic properties of the gas are
provided in Table 2. As stated before, piston, projectile
and diaphragms were made of a polymeric material,
Teflon. The elasto-plastic properties of the Teflon are
given in Table 3. The boundary conditions in the
numerical model are shown in Figure 11. The fixed
borders defined between the gas and the solids in pump
and launch tubes and moving borders between the gas
and piston and projectile were described as the boundary

55

: T
Pressure in Pump Tube
[ s Pressure in Launch Tube

Chamber Pressure = 100 bar
Pump tube Pressure = 10 bar

20+

Pressure (bar)

L "y

OO 160 200 360 . 4(|]0 500 600 700
Time (ms)

Figure 9. Pressure-time histories for pump tube pressure of

10 bars and the chamber pressure of 100 bars

Reservoir Piston ~ Pump tube Projectile  Launch tube Environment
(Eulerian) (Lagrangian) (Eulerian)  (Lagrangian) (Eulerian)  (Eulerian)

pi / - / /
i B . [5=38 = i
o | I M el

Figure 10. The numerical model of the gun

TABLE 2. The thermodynamic properties of the gas

Density (p) 1.225 kg/m?*
Specific heat (C,) 1.004 kJ/kg.K*
Specific heat ratioy =C, /C, 1.4
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TABLE 3. The elaso-plastic properties of Teflon

Density (p) 1000 k%3
Elastic modulus (E) 2532 MPa
Yield stress (oy) 40 MPa

Figure 11. Boundary conditions in the numerical model

conditions. The pump tube and chamber initial pressures
have been defined as the initial conditions. The
conditions of air inside and out of the launch tube before
firing have been described as initial conditions.

4. 2. Numerical Model Validation = The numerical
model was validated by comparing a number of
quantities predicted by numerical simulation and
measured from the experiment. A comparison between
the numerical and experimental pressure-time histories
behind the second diaphragm is shown in Figure 12.

As the figure indicates, a reasonable agreement is
observed between the numerical prediction and the
experimental measurement. A comparison between the
numerical and experimental variation of projectile
velocity versus chamber pressure is also illustrated in
Figure 13. Although, the numerical predictions are
relatively accurate for lower chamber pressure, their
difference with the experimental results increases for
higher pressures. The reason may be due to the
assumption of ideal gas and isentropic flow which may
not be accurate enough for higher pressures. The
difference for the pressure of 250 bars is, however, less
than 10% and quite acceptable.

------ Numerical

Experimental ||

Pressure before 2™ diaphragm (bar)

0 100 ZE)O 350 450 500 600 700
Time (ms)

Figure 12. A comparison between the numerical and

experimental pressure-time histories behind the second

diaphragm

600

500

400

300

200+ B

O Experimental (Result)

Experimental (Fitted Curve)
100+ O Numerical (Result) 7
----- Numerical (Fitted Curve)

Projectile velocity (m/s)

0 I ! I ! ! ! ! ! I
60 80 100 120 140 160 180 200 220 240 260

Chamber pressure (bar)
Figure 13. A comparison between the numerical and
experimental variation of projectile velocity versus chamber
pressure

4. 3. Numerical Results As stated before, the
numerical simulations were carried out to predict the
quantities which are difficult or costly to be measured by
experiment. One of the quantities is the speed of piston
in the pump tube. The piston speed-time histories for
three chamber pressures are shown in Figure 14. As the
figure suggests, piston speed begins to decline after
reaching a maximum and stops completely when is
trapped by the conic tube. Variation of piston speed
versus the chamber pressure is illustrated in Figure 15.
As the figure indicates, the piston speed can reach to a
speed of 600 m/s for the pressure of 250 bars.

Variation of the projectile speed inside the launch
tube is presented in Figure 16. As can be seen, the
velocity curves for all projectile masses are nearly
flattened at the position x=4 m, i.e. at the muzzle of the
launch tube. This means that the length of launch tube is
enough to reach the maximum velocity at firing. The
position of piston with time in the pump tube for the
pump tube pressure of 10 bars and the chamber pressure
of 100 barsis demonstrated in Figure 17. This is very

600

----- Chamber Pressure = 100 bar
Chamber Pressure = 150 bar
500 ++=-++- Chamber Pressure = 200 bar |

Piston velocity (m/s)

OO 160 260 360 460 : 500 600 700
Time (ms)

Figure 14. The piston speed-time histories for three

chamber pressures
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Figure 15. Variation of piston speed versus the chamber
pressure
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Figure 16. Variation of the projectile speed inside the launch
tube
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Figure 17. The position of piston with time in the pump tube

for the pump tube pressure of 10 bars and the chamber
pressure of 100 bars

important graph as it shows the position of the piston
inside the pump tube when the second diaphragm is burst.
The coordinates of the position (x=362.5 s, y=2.535 m)
shown on the graph imply that the second diaphragm is
broken at the time 362.5 s and when the piston has

765

travelled a distance of y=2.535 m from the pump tube
beginning. The rupture time of the second diaphragm is
obtained from a graph typically shown in Figure 9.

5. DISCUSSION

In this section, the effects of various parameters on gas
gun performance studied by numerical simulation,
Rajesh theory and experiment are compared and various
features of the gas gun are explored. Velocity-time
histories of piston when moving in pump tube are shown
in Figure 18. As it is observed a reasonable agreement is
seen between the numerical prediction and the analytical
results.

Variation of piston speed versus the chamber pressure
is illustrated in Figure 19. Again, the maximum
difference between the numerical and analytical results
occurs for higher pressures and is around 10% which is
acceptable. Variation of projectile speed versus the
chamber pressure is depicted in Figure 20. As the figure
suggests, the numerical, experimental and theoretical
results are relatively close to each other, although Rajesh
method and numerical simulations slightly overpredict

400 T T T T T T T
Chamber Pressure = 100 bar
350 Pump tube Pressure = 10 bar ||
—_ P \\‘ ----- Theoretical
L 300t ol A Numerical
E /
~ \
250 y N\
2 ; \
e Vi Y
Q / \
S 200t / i
— s A
g / Y
!
150 7 }
/
g / \
- ! 1
I [V v
a-‘ i‘r “I
S0f) 4
i i
] [l
i '
I I L L | I i
0 100 200 300 400 500 600 700 800

Time (ms)
Figure 18. Velocity-time histories of piston
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g

2
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Figure 19
pressure

Sb 1(‘]0 12‘0 11‘10 WéO Wéﬂ 260 2é0 21‘10 260
Chamber pressure (bar)
. Variation of piston speed versus the chamber
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Projectile velocity (m/s)

0 I L I 1 I I I I L
60 80 100 120 140 160 180 200 220 240 260
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Figure 20. Variation of projectile speed versus the chamber
pressure

the projectile velocity. However, this overprediction is
not as big and varies from zero for low pressures to about
10% for higher pressures.

Variation of projectile velocity versus the projectile
mass is presented in Figure 21. As it is seen, the
numerical and analytical curves nearly coincide. Also,
and as it was stated in section 3, the projectile velocity is
not significantly affected by the projectile mass, at least
for the range of mass variation in this work (5 to 50 g).

The differences between analytical and experimental
results that are seen in Figures 18 to 22 are partly due to
some simplifications such as the isentropic and ideal gas
assumption for the fluid flow in the tube of the gas gun.
Variation of projectile velocity versus the piston mass is
demonstrated in Figure 22. The figure reveals that the
projectile velocity is also not influenced by the mass of
piston, for the range of mass variation in this work (250
to 750 g).

May be the most important issue in the design of a
two-stages gas gun is the relation between the gas
pressure in pump tube, the chamber’s pressure and the
projectile velocity. This has been shown in a three-
dimensional diagram in Figure 23.

800

700 Numerical ]

—————— Theoretical

600 - B
Chamber Pressure = 100 bar
Pump tube Pressure = 10 bar

500 - B

400 |

300 -

Projectile velocity (m/s)

5 10 15 2‘0 25 30 35 4‘0 4‘5 50 55
Projectile mass (g)

Figure 21. Variation of projectile velocity versus the

projectile mass

Experimental
200 --—-- Theoretical
+e===ee Numerical

Projectile velocity (m/s)

Chamber Pressure = 200 bar

Pump tube Pressure = 10 bar

(2)50 360 3%0 460 4éO 560 51‘)0 6‘00 6‘50 760 7éO 800
Piston mass (g)

Figure 22. Variation of projectile velocity versus the piston

mass

Projectile velocity (m/s)

Chamber pressure (bar)'® ° Pump tube pressure (bar)
Figure 23. The 3-D working diagram for variation of
projectile velocity versus pump and chamber pressures

The surface of the diaphragm can be described by the
following equation:

V =-133.15+ 25.68P, + 3.56P,

2 2 4)
+0.02P,P, — 0.89P, — 0.009P,

Having kept P1 or P fixed and derivating Equation (6)
with respect to P, or Py, the maximum velocity of the
projectile can be obtained.
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