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Abstract:

The flow characteristics of propellant gases inside the gas cylinder of the weapon gas-
operated mechanism, applied to the UK-59 machine gun, are studied. Computational
Fluid Dynamics (CFD) in ANSYS Fluent is used for the simulation of flow through the
gas port from the barrel bore to the gas cylinder and back. The study's findings are pre-
sented along with the piston law of motion and thermodynamic quantities of gases inside
the cylinder, specifically the pressure, temperature, and velocity distribution of gases in
the cylinder for various piston displacements. The experiment was carried out to specify
the pressure of the gases in the cylinder, as well as the displacement of the piston. The
experimentally obtained values are compared to the simulation results with a very good
agreement.
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1 Introduction

The gas drive system of gas-operated automatic guns works on the premise of utilizing
the energy created by high-pressure propellant gases while firing to operate the action,
see [1] for more details. The fluid flow in the gas cylinder is a complicated process
characterized by a high pressure, temperature, and velocity of propellant gases during
a short period of time. The propellant gases flow into the cylinder through the gas port
as soon as the bullet passes through it during the shot. To demonstrate this process,
Fig. 1 depicts the schematic of a gas-operated weapon.
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Fig. 1 Schema of the gas-operated automatic weapon drive: 1 — projectile; 2 — barrel
walls; 3 — return spring; 4 — weapon casing; 5 — breech block carrier; 6 — piston;
7 — gas cylinder; 8 — gas port

The whole gas-operated automatic weapon drive can be considered as a process
taking place in the thermodynamic system. The system consists of two chambers con-
nected by the gas port. In the first chamber, i.e. in the space in barrel behind
a projectile, propellant burns and produces propellant gases. The increase in the pres-
sure of the propellant gases inside the first chamber causes the projectile to move and
thus the chamber’s volume increases. In the second chamber, i.e. in the gas cylinder,
the incoming gas pressure increases and moves the piston, thus the chamber’s volume
also increases. Concurrently, some amount of propellant gases discharges from the
cylinder to the surroundings through an annulus between the piston and cylinder.

This process takes place in two following periods. The first one is when the pres-
sure of propellant gases in the barrel is higher than the pressure in the gas cylinder.
During the second period, the pressure of propellant gases in the gas cylinder is higher
than the pressure in the barrel. Then, the gas flows back from the cylinder to the bar-
rel. The gas flow into the atmosphere through the annulus can be considered as
a critical flow due to the great ratio of the pressure in the cylinder and the atmospheric
pressure. The evolutions of the pressures in the cylinder and in the barrel are shown in
Fig. 2.
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Fig. 2 Typical evolutions of gases pressure in the barrel and in the gas cylinder
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To study the phenomena occurring in the gas cylinder, there are two different
methods often used. The first one is based on thermodynamic laws, where a system of
differential equations is derived to describe the thermodynamic mathematical model,
which can be solved numerically. The obtained solutions consist of the average values
of thermodynamic quantities such as the pressure, the temperature, the density, and the
gas flow velocity in the system, see [2-4]. On the other hand, the second method co-
vers an empirical approach, which is based on a range of experiments to measure
pressure courses of propellant gases in the gas cylinder by piezoelectric pressure sen-
sor and the measure of piston motion by high-speed camera, respectively, see in [5].

Recently, the computational fluid dynamics (CFD) has become a powerful nu-
merical method to investigate thermodynamic quantities of gases in various parts of
flowing systems. This method is often used for research and analysis of a gas flow
through orifices and nozzles to determine the discharge coefficient of flowing gases by
applying the CFD simulation, see e.g. [6-8].

In this study, we have used the CFD simulation in ANSYS Fluent software to ex-
amine thermodynamic quantities of gases in the cylinder and to determine the piston
law of motion.

In addition, some experiments were carried out to measure the pressure course in
the gas cylinder and to indicate the piston motion. Then, the results of numerical simu-
lation were compared with the results of experiment to validate the proposed method.

2 CFD Simulation of Flow in Gas-Operated Mechanism

The gas-operated mechanism of the UK-59 machine gun consists of a gas cylinder,
a piston, a gas block, and a regulator. The gas cylinder is connected to the barrel by
a gas port. A schematic arrangement of the gas-operated mechanism of UK-59 ma-
chine gun is given in Fig. 3.
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Fig. 3 The gas-operated mechanism of UK-59 machine gun: 1 — gas port; 2 — barrel;
3 — piston; 4 — gas cylinder; 5 — gas block; 6 — regulator

Geometric dimensions in millimeters of the gas block, the regulator and the pis-
ton are shown in Fig. 4.
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Fig. 4 Geometric dimensions for the UK-59 machine gun

A simplified 2D model of the gas-operated mechanism of UK-59 machine gun is
sketched out in Fig. 5 based on their original 3D model.
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Fig. 5 CFD model of the gas-operated mechanism of UK-59 machine gun: 1 — inlet;
2 — gas port; 3 — gas vent of regulator; 4 — gas cylinder; 5 — piston; 6 — flow space
behind the piston; 7 — outlet

Procedures for performing the simulation in ANSYS Fluent are as follows:

* the geometry model and the meshing process of the gas-operated mechanism
were performed in ANSYS Workbench platform,

* the mesh quality has been checked and mesh quality criteria were fulfilled,

» the gas flow through the gas port represents a compressible flow,

* the solver type: density based solver,

* the order of discretization: second order upwind,

* the convergence criterion was 1 x 107%, this was applied for residual energy, for
the others the convergence criterion wasl x 1073,

* the SST k-omega turbulence model was used for the simulation, see [9].

The period of the numerical simulation lasts from the moment when the projectile
has just passed the gas port until the piston has reached the position at the end of the
gas drive phase, i.e. until the piston displacement has reached its position of
xp = 30.5 mm, where two exhaust holes with a diameter of 4 mm are drilled in the
cylinder wall.

Thermodynamic quantities of inlet propellant gases are time-dependent functions,
as shown in Figs 6 and 7. The CFD model input parameters were obtained from the
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interior ballistic calculation, which is often used at the Department of Weapons and
Ammunition, of the University of Defence, and that is closely described in [10].
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Fig. 7 Temperature of inlet propellant gases

Outputs of the CFD simulation are resulting thermodynamic quantities of propel-
lant gases acting on the front of the piston, the thermodynamic quantities of gases in
the cylinder and in the space behind the piston. The piston will move backwards due to
the expansion of gas in the cylinder.

The law of the piston’s motion (translational motion of its center of gravity) is
defined by a UDF (user defined functions) file, which is compiled in the SDOF (six
degree of freedom) solver in Fluent for the purposes of a dynamic mesh. Initial condi-
tions are given by ambient meteorological conditions.

The UDF file is written in periods according to the UK-59 machine gun breech
mechanism arrangement.

In the first period, for the piston displacement x, from 0 mm to 14 mm:

* the mass of the piston linked to the breech mechanism is

1
Dom=my 3 (1)

» the force acting on the piston linked to the breech mechanism is
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ZF}=Sp(pc_patm)_(FrSO-'-Crsxp)_Ff (2)

In the second period, for the piston displacement x, from 14 mm to 24 mm:
* the mass of the piston linked to the breech mechanism is

Zmi = (my, +%mrs +my;) 3

 the force acting on the piston linked to the breech mechanism is
ZE=Sp(pc_patm)_(FrSO-'-Crsxp)_Ff_Ffob (4)

The last period is for the piston displacement x, from 24 mm to the final position
of 30.5 mm:
* the mass of the piston linked to the breech mechanism is

1
Zmi =my, +§mrs+mbi+mc (5)

 the force acting on the piston linked to the breech mechanism is
ZE=Sp(pc_patm)_(F}sO-'-Crsxp)_Ff_Fexc (6)

where my, — the mass of breech block carrier; m.s — the mass of return spring; mpi— mass
of moveable of breech mechanism; m. — the mass of cartridge case; S, — the cross-
sectional area of piston; p. — the gas pressure in the gas cylinder; pam — the atmospher-
ic pressure; Fio — the initial pre-stress of the return spring; C,s — the return spring
constant; x, — the piston displacement; Fr — the friction force; Fro, — the friction force
while unlocking breech block; Fexc — the cartridge case extraction force from cartridge
chamber.

Specific values of the masses and forces for the piston linked to the breech mech-
anism of the UK-59 machine gun are given in [11].

3 Experimental Results and CFD Simulation

Experiments are carried out to measure the pressure evolution in the gas cylinder and
the piston motion during a shot.

The pressure course is measured by the piezoelectric pressure sensor KISTLER
Type 6215, which is located on the front of the gas cylinder head to measure the evo-
lution of the gas pressure in the gas cylinder during the shot.

The high-speed camera FASTCAM SA-Z PHOTRON, which is used to measure
the piston displacement, was placed on a tripod on the left side and perpendicular to
the tested weapon at about 1 m. The view of the overall arrangement of the experi-
mental apparatus is shown in Fig. 8.

The comparison of results of the CFD simulation in ANSYS Fluent and results of
experiment for 5 repeated shots is shown in Figs 9 and 10. The evolution of pressure
in the gas cylinder is given in Fig. 9 and the evolution of the piston displacement is
given in Fig. 10.

It is obvious, from Figs 9 and 10 that the results of the propellant gases pressure
course in the cylinder and the piston displacement from the CFD simulation corre-
spond quite well with the results of experiment.
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Fig. 8 View of experimental apparatus
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Fig. 9 Comparison of the evolution of the gas cylinder pressure by CFD simulation
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Accuracy of the CFD simulation is influenced by the input thermodynamic quan-
tities of propellant gases, assumptions, modelling simplifications in the CFD model,
and also a time step size for transient simulation. Here, the time step of calculation
was chosen as 1076 s,

The CFD simulation provides us with results in various modes. Some results of
the simulation, namely temperature and velocity distributions of propellant gases in
the in gas-operated mechanism, are shown in Figs 11-14.

The presented results show us the temperature and velocity distribution of propel-
lant gases flowing in the gas-operated mechanism during the piston motion in selected
moments from 1 ms to 5.07 ms, when the piston displacement reaches its final position
of xp =30.5 mm.

In the first phase of the gas-operated mechanism drive, when py, > pc, propellant
gases flow into the cylinder from the barrel, thus the pressure in the cylinder increases
rapidly. Then, the piston begins to move backwards and at the same time a part of
gases flows from the cylinder into the atmosphere through the annulus, see Fig. 11.
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Fig. 11 Temperature and velocity distribution in gas-operated mechanism for time
t = 1 ms and piston displacement x, = 0.75 mm

Results of the CFD simulation at time ¢ = 1.5 ms, corresponding to the piston dis-
placement x, = 3.07 mm, during the first phase of the gas-operated mechanism drive,
are shown in Fig. 12.

It is obvious from Figs 11 and 12 that the flow velocity in gas port and regulator
is closely connected with the piston displacement and the change in cylinder volume.
Propellant gases flow through the vent of regulator very slowly. It means that the gas
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exchange between the barrel and the cylinder of the gas-operated mechanism is insig-
nificant.

Temperature

K

Fig. 12 Temperature and velocity distribution in gas-operated mechanism for time
t = 1.5 ms and piston displacement x, = 3.07 mm

Results of the CFD simulation in the second phase, when py, < p., are shown in
Figs 13 and 14 for two specific times. During this phase, the propellant gases flow
from cylinder into the barrel and to the atmosphere. It causes that a certain amount of
heat is transferred to the space behind the piston by the gas flow into the atmosphere.

It is noticed that the occurrence of a high velocity gas flow is in places of a small
flow cross-section, e.g. in the outlet cross-section of the annulus between the piston
and the cylinder, in the gas port and especially in the vent of regulator.

Velocity vectors and the pressure distribution in the vent of regulator at the mo-
ment when propellant gases flow from the barrel to the cylinder, i.e. when py, > pc, and
at the moment when gases discharge from the cylinder back to the barrel, i.e. when
Db < pe, are shown in Figs 15 and 16, respectively.

Additionally, velocity vectors of the propellant gases flow in the cylinder and in
the annulus between the piston and the cylinder for p, > p. are shown in Fig. 17. On
the left side of Fig. 17, we can see vortices formed in the cylinder. On the right side of
Fig. 17, it is noticed that a piston ring groove is designed on the piston and thus an
enlarged space is created between the piston and the cylinder. The goal of this special
design is to reduce gas leaks from the cylinder to the atmosphere. The mechanism of
the gas loss reduction is based on the effect of gases vortices, which arise when the
gases flow through this enlarged space and then act as a barrier to prevent the cylinder
gases discharge to the atmosphere.
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Fig. 13 Temperature and velocity distribution in gas-operated mechanism for time
t = 3 ms and piston displacement x, = 15.2 mm
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Fig. 14 Temperature and velocity distribution in gas-operated mechanism for time
t = 5.07 ms and piston displacement x, = 30.5 mm
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Fig. 16 Velocity vectors and pressure distribution in the vent of regulator for py < p.
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Fig. 17 Velocity vectors of the propellant gases flow in the cylinder and in the annulus
between the piston and the cylinder for py > p.
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As it can be seen from the previous description, we can state that the CFD simu-
lation of transient processes ongoing in the weapon gas-operated mechanism provides
us with various modes of results. One of the simulation possibilities is also editing the
video sequences of evolutions of thermodynamic quantities. The video showing the
above simulation is available at https://www.youtube.com/watch?v=mspj7mDyIFs.

By integrating the velocity and density distribution across any flow cross section,
it is possible to obtain the propellant gases mass flow rates. The evolutions of the mass
flow rates of gases flowing through the regulator vent and trough the annulus between
the piston and the cylinder are shown in Fig. 18. Here, the negative sign is for the flow
to the gas cylinder and the opposite flow has a positive sign.
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Fig. 18 Mass flow rate of gases flowing through the regulator vent and through
the annulus between piston and cylinder versus time

This is a way that allows us to identify and quantify individual discharge losses
during the operation of the weapon gas-operated mechanism. Presented mass flow rate
is for the clearance between the piston and the cylinder of 0.02 mm.

4 Conclusion

The presented CFD simulation in ANSYS Fluent of processes connected with the gas-
operated automatic weapon drive enables us to study and better understand complex
phenomena of propellant gases flow in the gas port, the regulator vent, the gas cylin-
der, and the annulus between the piston and the cylinder of the weapon gas-operated
mechanism. Here, the results of the simulation include thermodynamic quantities of
gases in the system such as pressure, temperature, and velocity distribution. The inter-
action between propellant gases and moveable parts of the gas-operated mechanism
determines the law of piston motion during the gas-drive phase.

A number of simulation results, specified for the UK-59 machine gun, were in-
troduced and some of them has been validated by experiment with a good agreement.

The CFD simulation thus becomes a powerful tool in the design and development
of automatic weapons. Various quantities and influences can be predicted and ana-
lyzed through the simulation, such as e.g. the prediction of effects due to changes and
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modifications of flow sections on gas flow characteristics. These parameters affect e.g.
the law of piston motion or the discharge losses in gas cylinder. From the velocity and
temperature distribution, the places potentially most at risk of erosion by flowing gas-
es can be identified. This will then affect the choice of material and surface treatment
of examined parts.
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