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The change of gas parameters in the cylinder of the automatic gun has a great
influence on the dynamics of the gun. Many factors have an influence on the gas
parameters in the gas cylinder such as the diameter and position of the gas port,
the initial volume of the gas cylinder, the gap between the piston and the cylinder,
initial temperature of the cylinder parts, etc. The analytical model was made to an-
alyze the parameters on which depends gas piston dynamics. The numerical sim-
ulation with CFD software ANSYS Fluent was performed to analyze the change of
the thermodynamic properties of the gases in the cylinder, temperature change of
the cylinder parts and dynamics of the gas piston. The experiment was performed
to provide pressures in the barrel and the gas cylinder and velocity of the gas pis-
ton. The comprehensive comparisons between results obtained by the analytical
model, the numerical simulation and experiments have been performed and good
agreements were observed.
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Introduction

The change of gas parameters in the gas cylinder of the automatic gun has a great
influence on the dynamics of the gun. Most of the automatic guns use the energy of the gun
powder gases for the drive of the moving parts of the gun. Some of the automatic weapons use
a gas piston to control the velocity and position of the breechblock during the entire firing cycle.
On the other hand, some automatic weapons use gas piston just for unlocking the breechblock.
In both cases it is very important to unlock the breechblock inappropriate time because of two
reasons: early unlocking of the breechblock will cause the damage of the cartridge case and
late unlocking will effect on the dynamics of the gun. It is necessary to analyze which factors
influence the gas parameters changes in time inside the gas cylinder. Some of these factors were
analyzed in [1, 2]. Also, the factors on which depends turning of the gas-flow from the barrel
into the side orifice were analyzed in [3, 4]. According to a physical process, it was derived the
analytical model which describe the dynamic behavior of the piston assembly. The numerical
analysis includes transient simulation, dynamic mesh setup using SDOF solver with considering
only translational motion along the axis of the cylinder by the analytical model. Due to the com-

* Corresponding author, e-mail: djevtic@mas.bg.ac.rs



Jevti¢, D. T., et al.: Modeling of Gas Parameters in the Cylinder of the Automatic Gun During Firing
4136 THERMAL SCIENCE: Year 2020, Vol. 24, No. 6B, pp. 4135-4145

plexity of the problem, the numerical simulation was performed in 2-D geometry. To maintain
the main properties of the gas-flow, the adaptation of the numerical domain was performed.
Boundary and initial conditions for the simulation were defined by the UDF file. To confirm
numerical results, the experiment was performed. The experiment provides pressure change in
barrel and gas cylinder and they were measured using KISTLER piezoelectric pressure sensors.
The dynamic behavior of the gun was recorded with a high speed camera. By recorded videos, it
was determined the mean velocity of the piston between two frames. Based on good agreement
between numerical and experimental results, the hypothesis can be created that all other thermo-
dynamic processes can be analyzed using the numerical simulation.

Problem description

During the firing process, when the projectile passes by the gas port, fig. 1, combustion
gas products enter the gas port and filling up the volume 1. Recirculating zone at the gas port
entrance, ie the mass-flow through the gas port depends on the pressure field and the velocity
of the gases inside the barrel at the position of the gas port [5]. From volume 1, gases enter
volume 2 through the channels 1. After entering into volume 2, gases expand and exert pressure
on the piston forehead. The movement of the piston depends on the pressure force that acts on
the piston forehead, the force of the piston spring and friction forces that acts on moving parts
of the gun that are connected with the piston. Pressure force that acts on the piston forehead
depends on the energy of the gases inside the cylinder. During passage through the gas port
and channels 1, gases lose energy due to the friction force on the walls and heat transfer caused
by forced convection. When entering in to volume 1, gases hit the screw, which represent the
stagnation point. In volume 1, gases expand, creating re-circulating zones in volume 1, which
also represent energy loss. The passage of the gases through channels 1 and entering volume
2 has the same energy losses as previously explained. The gap between the piston and the cyl-
inder also influences the pressure magnitude in the cylinder. Also, it is necessary to take into
consideration the grooves on the outer surface of the piston which produce labyrinth sealing.
After unlocking the breechblock, the piston hits the receiver body and stays in that position as
long as the pressure force that acts on the piston forehead is higher than the piston spring force.
As the pressure in the barrel decreases, the piston goes into the forward position driven by the
spring force. In this paper, it will be considered only the period when the piston goes into the
rear position (approximately 8 ms) because that period affects the gun dynamics.

Piston spring Gas piston Volume 2 Volume 1
Y
N % - Channels 1
= \ NI Srew
] Gas port
R

Figure 1. Schematic of the gas cylinder and other parts relevant for the analysis
of piston dynamics

Analytical model

To simplify the analytical model, the flow domain will be divided into the subdomains
as shown in fig. 1. Energy loss of the gas-flow will be analyzed in each subdomain and it will
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be seen its effect on the pressure in the gas cylinder and the dynamics of the gas piston. The
differential equation that describes the motion of the piston can be written in the next form:

1 . 1
(mp+§mst=p(t)Ap—g—(F0+cx)—Ffr (1)
Mean pressure change p(f) in the gas cylinder can be determined based on the First

law of thermodynamics for open system:
dp k-1 [
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dt W o g k1P

To study pressure change in the gas cylinder, it is necessary to examine gas-flow
through all channels and volumes between the barrel and the cylinder, fig. 1. The flow-through
gas port can be studied in two phases. When the ratio between pressures in the gas port and
the barrel is less than the critical value, the velocity of the gases and mass-flow at the gas port
entrance can be expressed using next equations [6]:
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For the gas port entrance, it is taken the smallest area of the gas port-channel (Cp,4,,,)-
In the egs. (3) and (4) it was assumed that the gas-flows isentropically. This assumption is justi-
fied since the entrance in the gas port volume is very close to the barrel. As the mean pressure in
the gas cylinder increases and the barrel decreases, at some moment, the ratio of the pressures
in the gas port and the barrel will reach a critical value. After that moment, the velocity of the
gases and the mass-flow at the gas port entrance can be expressed in the next form:

xK-1

2 K
Vinl = —K& l—(&j (5)

k=1p, Py
2 K-l
/ p 2K p K p K
iy = Cp1 At Pint Vit = Cp1 iy — == —[_1] L B (_lﬂ (6)
I{TE7 K _1 pb pb
The inlet enthalpy at the gas port entrance is:
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As it can be seen from eqs. (4) and (6), mass-flow in both flow regimes depends on the
re-circulating zone in the gas port entrance. The size of this zone depends on the flow parameters



Jevti¢, D. T., et al.: Modeling of Gas Parameters in the Cylinder of the Automatic Gun During Firing
4138 THERMAL SCIENCE: Year 2020, Vol. 24, No. 6B, pp. 4135-4145

in the gun barrel and it is taken into account with the discharge coefficient C,, [5]. The energy
loss of the gas-flow in the gas port due to the heat transfer can be expressed in the next form:

oT (r,t
W01+ 6,00 10T 0)] =270 N
r=R,
The convective heat transfer coefficient can be expressed in the next form [7]:
A
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Since the combustion process is not finished when projectile passes by the gas port,
there is a possibility that propellant grains enter the gas port. In this paper, it is assumed that
propellant grains do not enter in the gas port, so it is taken that hydraulic diameter is equal to
the diameter of the gas port. Prandtl number is:

Pr = Uy (Ty)e, (T,)
A ()

Using Sutherland’s equation, the dynamic viscosity, x, of the combustion gas products
can be written in the next form [8]:

(11)
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The specific heat capacity at constant pressure can be obtained based on thermo-chem-
ical calculations of propellant under standard conditions [9]:

¢, =0.1059T, +1533 (13)

Dependence of the thermal conductivity of the combustion gas products on tempera-
ture can be written in the next form [10]:

3540
Ay =1.317yg(Tg)[7+cp(Tg)} (14)
After the re-circulation zone, when the streamline is reattached to the gas port wall,
a fully developed turbulent flow occurs inside the gas port. Downstream, there is the pressure
drop which is caused by friction force. The friction coefficient in the fully developed turbulent
flow can be presented with the next equation [11]:
1

NG 2log(Re /1 }-0.8 (15)

The enthalpy of the gases at the outlet surface of the gas port (inlet of volume 1, fig. 1)
can be calculated based on the difference of the mean pressures in the gas port and volume 1,
velocity at the inlet surface, mean temperature of the gases in the gas port taking into account
all the loses in the gas port. When the ratio of the pressures is less than the critical value, the
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velocity of the gases is equal to the speed of sound. The velocity is evaluated using eq. (3) using
the mean temperature at the gas port. The velocity of the gases on the gas port outlet surface,
when the ratio of the mean pressures in volume 1 and the gas port is above the critical value,
can be determined using the next equation:

K—1

A 1—(&] C e (16)
Kk=1p D1

The pressure change in time inside the volume 1 (fig. 2) can be evaluated using eq. (2).
The inlet enthalpy is equal to the outlet enthalpy of the gas that comes out from the gas port. In
this analytical model, the velocity of the gases around the entrance of the channel 1, fig. 2, is
neglected and the discharge coefficient value C,, may be adopted to be 0.68 according to [5].
The energy losses in volume 1 due to the heat transfer can be calculated using the equations for
natural convection [12] (the assumption was made that velocity in volume 1 is small and can be
neglected). Also, the gas energy losses in channel 1 are neglected because of the small length
and small wall surface area.

For the calculation of the energy loss in the cavity of the screw, the last term in eq. (2)
which describes work done by the gases is zero. The dominant mechanism of the heat transfer
on the left side of volume 2, fig. 1, is forced convection. On the right side of volume 2, since
the fluid is almost at rest, heat is transferred to the walls by conduction and radiation. Gas-flow
entering in the gas cylinder (and in the piston forehead cavity), expands and acts on the piston
forehead. At the beginning of filling up the gas cylinder, combustion gas products act on the
piston forehead with dynamic pressure. Since this dynamic pressure decreases rapidly, it won’t
be considered in this mathematical model. From the gas cylinder, gases go to the atmosphere
through the gap between the piston and the cylinder. More details about the flow through the
gap with labyrinth sealing on the piston can be found in [13]. Two re-circulation zones are cre-
ated in the cylinder, which can be seen in the fig. 9. The velocity of the gases on the gap entrance
is relatively small, so it can be assumed that the discharge coefficient at the gap entrance is 0.8
(since there is inflow only from one side). The velocity and the mass-flow at the gap entrance
is calculated using egs. (3)-(6).

Numerical model

The numerical simulation was performed to investigate the thermodynamic properties
of the gases inside the cylinder during the selected period. Based on mass-flow through the
inlet boundary of the gun barrel, fig. 1, the flow space of the gas cylinder was modified into the
2-D model based on the 3-D model. The inlet boundary of the barrel was chosen as the referent
flow area. After determination of the referent value of the depth, for flow properties calculation
in 2-D, it was calculated other dimensions of the flow channels used by Fluent CFD software.
The domain of numerical analysis consists of 59300 cells and it is shown in fig. 2. The greater
number of the grid cells produce the results that vary approximately 1% and it can be concluded
that the grid is optimized. The motion law of the gas piston (translational motion of its center of
mass) is defined by the UDF file which is compiled in SDOF solver for dynamic mesh purpose
[14]. The initial time for numerical simulation is the moment when the projectile is on the outlet
boundary of the numerical domain, fig. 2. The projectile is on the outlet boundary after approx-
imately 1.9 ms. The pressures and temperature changes in time on the inlet (which is defined as
pressure-inlet in Fluent) and the outlet boundary (which is defined as pressure-outlet in Fluent)
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Figure 2. Numerical domain in CFD ANSYS Fluent with characteristic zones

of the numerical domain are obtained from interior ballistic calculations [15]. By interior bal-
listic calculations, it was determined pressure, velocity, temperature, and density of the com-
bustion gas products inside the barrel. The temperature of the surrounding air at the initial time
is 300 K. The mechanisms of the heat transfer are convection, radiation, and conduction. The
turbulent flow was modeled using RNG &-¢ model with scalable wall functions. The viscous
heating was taken into account. The changes in the physical properties of the gunpowder gases
with respect to the temperature are taken into account. The radiation model for the numerical
simulation was P-1. More about this model can be found in [16].

Experimental and numerical results

Experimental results were obtained by firing on proving ground with a 20 mm gun
which is shown in fig. 3. Gunpowder gas pressures were measured using KISTLER piezoelectric
pressure sensors which were mounted in the barrel at the position of the gas port (KISTLER 6215)

Figure 3. Experimental investigation-screenshot from high speed camera video
of the 20 mm gun; / — gas piston, 2 — gas cylinder, 3 — pressure sensor in the gas
cylinder, 4 — gun barrel, 5 — pressure sensor in the gun barrel
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and in the gas cylinder (KISTLER 601C) instead of the screw, fig. 1. The velocity of the piston
(in the gas cylinder) was determined by recording the gun dynamics with a high-speed camera.

In fig. 4 it is shown pressure distribution in the barrel at the position of the gas port
during time obtained by CFD Fluent and experiment. At the initial time for numerical simu-
lation (1.9 ms after the onset of the projectile motion), the difference between experimental
and numerical results is approximately 5.5%. After 4 ms it can be seen in the figure that the
difference between numerical and experimental results is around 15% which is an acceptable
error. In fig. 5 is shown the change of the piston velocity in time. Experimental results of the
piston velocity were obtained recording with the high-speed camera, which was set up at 2000
fps. The velocity of the piston was calculated as the mean value between two frames. As can be
seen in the figure, all velocities start at the time of # = 0 s. The analytical model and numerical
simulation have some delay at the piston movement because of the passage of the gases through
all channels. Delay time is not taken into consideration since the start time for the experiment
was the beginning of the piston movement.

1200 \ \ 10 I I
— —0— CFD Fluent — —— CFD Fluent
8 1000 |- —o— Experimental results || 'né 8l —— Mathematical model |
E = o Experimental results
>
800
600
400
200 g
0
0 2 4 6 8 10 10
t[ms] t[ms]
Figure 4. Gas pressure in the barrel at the Figure 5. Piston velocity obtained by analytical,
position of the gas port-comparison between numerical and experimental approach

numerical and experimental results

The pressure change in the gas cylinder

during time is shown in fig. 6. The pressure ob-  — —o— CFD Fluent
tained by the experiment reaches the maximum 2 —o— Experimental results
value of 125 bar after 1.8 ms. The first period = 100

of pressure change, shown in the fig. 6 (up to
2 ms), corresponds to the initial phase of slow
expansion of the cylinder volume and large
mass-flow in the first period. After 1.8 ms the 50
cylinder volume expands at a higher velocity,

the density of gunpowder gases decreases in the

barrel as well as a velocity of flow at the inlet

to the gas port which causes a pressure drop. 00 3 6
Figure 6 shows only the pressures obtained by t[ms]
thfe CFD simul.ation and e}xperimer.lt because Figure 6. Pressure in the gas cylinder-

with the analytical model it is possible to ob-  _comparison of numerical simulation results
tain only mean value in the cavity of the screw.  and experimental data
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2000 ‘ In fig. 7 it is shown temperature distribu-
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Figure 7. Temperature distribution in the gas cylinder. At the same time, the piston is
the gas cylinder and piston during time: accelerated and the volume of the gas cylinder

T,, — temperature of the piston edge,

pe

T,,— temperature of the piston forehead,

T op — lemperature of the piston gas port entrance

increases, which causes a drop in the tempera-
ture in the cavity of the piston. The mechanism
of heat transfer from the gases to the piston
forehead is accomplished by forced convection and radiation. The figure shows the change in
the temperature of the piston edge which is presented by the blue curve, fig. 7. An increase of
temperature up to 830 K can be seen in a time interval of 5 ms. Due to the high flow velocity
at the edge of the piston (at the entrance to the gap), a vortex zone occurs. The turbulent flow
regime is dominant and causes increased heat transfer. The figure shows the change of the tem
perature of the gas port at the wall closer to the gun muzzle which is presented by the red curve.
The edge of the port represents a stagnation point for gases that flow through the barrel as can
be seen in fig. 8. A temperature rise of 1300 K occurs after 0.7 ms. The temperature decrease
at the edge of the gas port is caused by the changes of the temperature and velocity of the com-
bustion gas products in the barrel.

In fig. 8 it is shown total temperature distribution around the gas port entrance at the
moment of reaching the maximum temperature. On the side of the entrance which is closer
to the breechblock, the temperature reaches 1370 K. On this side of the gas port entrance, the
re-circulation zone is created in which occurs dominant turbulent flow [17]. In turbulent flow,
the heat transfer is enhanced which is the reason for the high temperature of the sidewall in that
zone. Downstream along with the gas port, the streamlines are reattached to the wall and the
dominant mechanism of the heat transfer is forced convection.

In fig. 9 it is shown velocity field in the piston forehead cavity. Since the velocity of
the gases that enter the cavity is high and the piston forehead is relatively close to the gas en-
trance hole, in the cavity were created two re-circulation zones. These zones influence the heat
transfer mechanism in the piston forehead cavity.

In fig. 10 it can be seen velocity field in the gas port entrance. Dimensions of the re-
circulation zone at the entrance influence the velocity and the mass-flow through the gas port
and on the dynamics of the piston. That zone depends on the parameters of the flow field in the
barrel and on the design parameters of the gas port.

Conclusion

To avoid expensive experiments in the early design phase of the gas cylinder of the
automatic weapons, the analytical model was made to observe how to flow field and design
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Figure 8. Total temperature field in the gas cylinder at the time; (a) =1 ms, (b) 7= 5 ms,
and (c) 7=8 ms
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Figure 9. Velocity field in the cavity of the
piston forehead

Figure 10. Velocity field in the
gas port entrance

parameters affect the dynamics of the piston. By the analytical model, it can be calculated the
mean values of the pressure and the temperature of the gas in the cylinder. It also can be used for
the determination of the piston velocity change in time, which is important for the breechblock
unlocking and the total dynamics of the gun. The numerical simulation was performed in 2-D
geometry which was modified based on the mass-flow in 3-D geometry. The pressure changes
during the time in the gun barrel at the position of the gas port and the gas cylinder were mea-
sured with piezoelectric pressure sensors. Based on the good agreement between numerical and
experimental results, the assumption was made that all other thermodynamic characteristics of
the flow that was obtained numerically correspond to realistic conditions. The numerical simula-
tion provides zones of the gas cylinder and the piston with high temperatures. This is of interest
to material selection and surface protection to prevent erosion of the parts of the gas cylinder.

Nomenclature

A, - inlet surface area, [m?] p; — mean pressure in the gas port, [Pa]

A, - piston forehead area, [m?] py, — pressure in the barrel, [Pa]

Cp, — discharge coefficient, [-] Pr  — Prandtl number, [-]

¢, — specific heat capacity at constant o heat transfer from gases to wall, [J]
pressure, [Jkg ' K] R, inner radius of the gas port, [m]

¢ — spring constant, [Nm™'] Re Reynolds number, []

D, - hydraulic diameter, [m] R gas constant, [JK 'mol™]

d, — diameter of the gunpowder grain, [m] r radius, [m]

d - diameter, [m] T, gas temperature in the barrel, [K]

F, — initial spring force, [N] T, gas temperature, [K]

F, — friction force, [N] T, wall temperature, [K]

h,, — enthalpy on the inlet surface, [Jkg™] t time, [s]

hy,. — enthalpy on the outlet surface, [Jkg™] w volume of the gas cylinder, [m?]

M — molar mass of gases, [kgmol™'] X current position of the piston, [m]

m, — piston mass, [kg]

mf — piston spring mass, [kg] Greek symbols

my, — mass-flow on the inlet surface, [kgs™] e,  — spring efficiency coefficient, [-]

out

p(t) — pressure on the piston forehead, [Pa]

— mass-flow on the outlet surface, [kgs™'

] &y
&

— wall emissivity, [—]
— porosity, [—]



Jevti¢, D. T., et al.: Modeling of Gas Parameters in the Cylinder of the Automatic Gun During Firing

THERMAL SCIENCE: Year 2020, Vol. 24, No. 6B, pp. 4135-4145 4145
x  — heat capacity ratio, [] p  — density, [kgm™]

4g  — thermal conductivity of the gas, [Wm'K™] ogs — Stefan-Boltzmann constant, [Wm 2K ]

A — thermal conductivity of the wall, [Wm™'K™']
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