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Abstract:

The purpose of this research is to use the releasedgy of the liquid carbon dioxide
for the PET bottle to burst, which can simulateebafand cheaply the combat sound
effects. This article deals with the mathematicateiling of the problem, which is the
base for the design of this device that would siteuthe sound effects of the RPG-7
launching and that can be used for the RPG-7 hagld-hAnti-tank grenade launcher in
combat shooting training. The prototype of thisidewhas been extensively tested and
has shown to be suitable for military use.
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1. Introduction

The simulation of firearms sound effects during teenbat shooting training is crucial
for soldiers. To guarantee safety while trainirgyell as low operating costs, numerous
sound generators have been used, such as digitatl simplifiers or specific devices
capable of generating sound effect that uses expsdetonation of an oxygen-propane
mixture, or the released energy of compresseddigas.

The operating principle of simulation of the soueffect is shown in Fig. 1.
A certain amount of carbon dioxide (@Qasses through the open control valve into the
PET bottle. The pressure within the PET bottle éases rapidly and causes its
explosion. Liquid CQis safely used in many civilian applications amhte it is both
easily available and cheap. Empty PET bottles &®@ abtainable in mass quantities.
Thus, we can conclude that this is an advantagewis to simulate a real firing
experience of the RPG-7 in military training.
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Fig. 1 Scheme of the sound generating: 1 -, @@k, 2 — PET bottle, 3 — control valve

The burst pressure of a PET bottle depends orhéstghickness, internal volume, and
material what it is made of. PET bottles sheetkitdéss is from 0.30 mm. Usually,
1.5 litre PET bottles burst in the range of pressut.17 to 1.38 MPa. For example, a
1.5 litre soda bottle explodes at 1.2 MPa, a 2 lnda bottle bursts at 1.31 MPa, and a
Trader Joe’s bottle with thick sheet can withstamdr 1.38 MPa [1, 2].

Experiments held in the Weapon Technology Centrih@fLe Quy Don Technical
University in Hanoi have shown that the burst puessf common 1.5 litre PET soda
bottles is about 1.2 MPa and the bottle explosimtpces a sound with an intensity of
the sound pressure level 135 dB. Bottles breakandngitudinal direction and hence no
plastic fragments are produced. Therefore, it issfie to introduce this system to the
design of training version of the PG-7 anti-tankrgade (see Fig. 2).

PN

N
On

Detail

Fig. 2 Design drawing of the training RPG-7 grenaaencher: 1 — CQ@tank,
2 — PET bottle, 3 — control valve, 4 — nozzle,@efile groove, 6 — launcher tube,
7 — practice grenade, 8 — spring, 9 — firing pif,2lever, 11 — connecting pipe

Before shooting the gun, the @@nk 1 is inserted into the front position of theining
warhead body 7 and here it is kept by the leveTb@.tank 1 compresses the spring 8 in
this position. When the trigger is pressed, thadipin 9 starts moving and it causes the
lever 10 to be released. The force exerted by dhgpecessed spring 8 starts acting on the
tank 1 with attached control valve 3 and makes tineowe towards the bottom of the
practice grenade. The control valve 3 is connectél the profile groove 5 of the
training warhead body. When the control valve i€mpthe CQ starts to discharge
through the valve 3 and the connecting pipe 11 theoPET bottle 2, which is located
behind the gun nozzle 4. This causes the rapigaser in pressure inside the PET bottle.
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When the pressure reaches the maximum value (th& pressure), the PET bottle
explodes.

The article deals with a mathematical model focelating the pressure rise within
the PET bottle. This mathematical model has beereldped for determining the
required amount of CQand the design parameters of the sound generdd¢ivige. The
aim of presented research is to integrate thiscgewito the body of the PG-7 practice
grenade and to ensure the reliable PET bottle sipiaat a desired time after initiation.

2. Computational Model of Explosion Chamber Pressurisig

The simplified scheme of the given device is shawkig. 3. The system is composed
of the CQ tank 1, the explosion chamber with a PET bottlary the control valve 3
connecting both chambers.

1 —

Fig. 3 Scheme of the thermodynamic system: 1 ~t&,
2 — explosion chamber, 3 — control valve

The carbon dioxide in tank 1 can coexist in twog@sa liquid and gaseous. The control
valve 3 is located above the liquid €6urface (see Fig. 3). Therefore, it is possible to
assume that the carbon dioxide will flow from taininto chamber 2 only in its gaseous
state, causing the pressure rise within explostmber 2. Discharging gaseous L£O
causes the immediate phase non-equilibrium. Comselyy in order to achieve the
phase equilibrium, a certain amount of liquid £@orresponding to the amount of
discharged gaseous §Qs evaporating to maintain the constant pressutbe tank 1.
Due to the high density of liquid GOthe volume of the liquid COtank may not be
great enough to ensure the required amount of gas&f) for the PET bottles
explosion. It allows us to integrate this compa®tide into the PG-7 practice grenade.

A computational model of the explosion chamber swesing is based on the mass
and energy conservation of the adiabatic systerwause the heat transfer is neglected
during rapid thermodynamic processes connected th&HPET bottle explosion. These
fundamental laws are completed by the real gastiequaf state [3] for the gaseous
CO,. Thermodynamic properties of G@re available in [4-6].

Tank 1 is filled with a sufficient amount of GQwhich is presented in two phases:
liquid of massm; and gaseous of masg,. The total C@Q mass is the sum of the masses
of the constituents

m = my; + my. (1)

At the phase equilibrium, the density of the liquidasep;(T) depends only on the
temperature and may be determined according ttatlles of CQproperties [4]. Thus,
the volume of liquid CQis

- 1
V= 2
“Tam @
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Then, the volume of gaseous £@y is given by the difference of the G@nk
volumeV; and the volume of liquid phasg as

The pressurg; can be determined by the van der Waals equaticstaté [1] for the
gaseous C@of the massny and the temperatuiig in form

— rTl _anﬁl (4)
pl_ vV 2 !
gl b Vgl
mgl

wherer is the CQ specific gas constant, constamtprovides a correction for the
intermolecular forces and constantrepresents a correction for finite molecular size.
The values of constangs b may be obtained by the theorem of correspondiaig@s{3]
using the C@critical point conditions [4].

If tank 1 contains only a little amount of @@n the gaseous phase, then the
pressurep, is determined by Eq. (4) introducimgy =m, and Vg =V;. If we add a
certain amount of COto tank 1, then the; pressure increases until reaching the
maximum value, i.e. the pressure of saturated vapgat the phase equilibrium. After
reaching the pressupg, the liquid phase appears. During £@nk 1 filling, the pressure
p: = ps remains constant until the Gdiquid phase occupies the whole tank volume
Vi1 = V4. If filling the CO, tank continues, then the pressure is rapidly swirey due to
the liquid CQ compression. The dependence of the, G&turation pressung on the
temperaturd; is shown in Fig. 4.
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Fig. 4 CQ saturated vapour pressure dependence on temperatur

Equations (1) to (4) form the basis for the compotel algorithm (see Fig. 5), which
enables us to determine the state variables off@Qhe given massy and temperature
T1. Thus

Mme=m(m D M=mp(mI pF (5)
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Fig. 5 Computational algorithm for determining t68€©, state variables

By using this computational algorithm for the giv€®, tank of volumeV; = 185 ml,
we can obtain the pressupge dependence on the two-phase fluid maggor various
temperature3; as shown in Fig. 6a. Furthermore, the prespuend the mass fractions
of gaseoustng and liquid xn; phases related to the two-phase fluid magsat the
temperatureé; = 15 °C are shown in Fig. 6b.
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Fig. 6 Pressure pand mass fractions of gaseoygpand liquid x,; phases related to
the mass ma) for various temperaturets, b) at temperature; = 15 °C
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Assuming that valve 3 of the flow aréais immediately opened (see Fig. 3), the
mass flow rate of the gaseous phase through vali® @Glculated as the adiabatic
discharge of an ideal gas from tank 1 into chanzbeeglecting flow losses by applying
the Saint-Venant and Wantzel's formula [7-8] for G3

3 K+1 K

2 K K K1
K2K1% (%2] _[%] for % = (Kil] l
d - 1 1
oy = A ®)
dt 2 K+1

2/(&2( 2]K-1_( 2]K-1 for&<( 2]K-1
K=1rT|\x+1 K+1 pp \k+1

Where, |m| is the mass flow rate between £@nk 1 and the explosion chamber 2 for

the pressure drop,/p; andx = c,/cy = 1.3 is the adiabatic exponent, that is the ratio of
the constant-pressure and the constant-volume speedtcchpacities of gaseous £0

The mass flow rat¢m| dependence on the pressure dpgp, for the case of the
valve flow areaA = 0.4 cnf at the temperaturg = 15 °C and the pressupe = 5.1 MPa
is shown in Fig. 7. Here, the mass flow rate is consjmht 0.58 kg/s forp, <0.55p,

and then decreases rapidly for smaller pressure diffessbetween both chambers.
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Fig. 7 Mass flow rate related to the pressure drop for the #oza A =0.4 cnf at the
temperaturet= 15 °Cand the pressure;= 5.1 MPa

For a short time stepr, the mass of COwithin the tank is decreased by the
discharged gaseous ¢@my, from tank 1 into chamber 2, thus

Amy, =|MAT . @)

This causes the phase non-equilibrium in tank 1. In otdemachieve the phase
equilibrium, a certain amount of liquid G@ evaporating. The madsn, of evaporated
CO, during a time step is given by

Amy =my(m, D- m( -4 gy, FA T €)

Here, we apply the computational algorithm (5), whichivergin Fig. 5.
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Due to the CQ vaporization, the temperatuig of the thermodynamic system
including: the CQ@ gaseous and liquid phases and walls of the &@k 1, decreases.
Assuming the high convective heat transfer coedfitifor a boiling liquid and the high
thermal conductivity of a walls material and assugrihe same temperature within the
whole system, the temperature ddp, can be determined from the energy balance of
the thermodynamic system in form

AT = L(Ty)Am,
l - 3
MG+ My1 Ggt M G
wherelL(T,) is the CQ specific latent heat of vaporization at tempemiyr m; andmy
are masses of liquid and gaseous phasgss the mass of CQtank andcy, Cyg Cy are
corresponding specific heat capacities.
Equations (8) and (9) enable us to determine thaagh in the liquid COmassm;

and the change in the temperatiig for the time stephr using a numerical method.
The mass of gaseous ¢id the explosion chamber 2 during its pressurireats

Mz = + [ (10)
0

(9)

where m(;)z) is the initial mass of gaseous €@ the explosion chamber 2 before the

control valve 3 opening.
The gaseous C{flowing into the explosion chamber 2 causes amese in the
pressurg,, which can be determined by the van der Waalstequaf state in analogy

with Eq. (4) as

p2_ V2 b V22

, (12)
whereV; is the volume of the explosion chamber 2 dpds the gas temperature in this
chamber.

The temperatur@, can be determined by applying the principle ofssymation of
energy to the thermodynamic system [9] for the esiopin chamber 2, if the filling is in
the gaseous phase and the temperature changetiorgreat, thus

m% ¢ 7 +[| m ¢ Tdr
T, = 0 : (12)
mgz C«/

where the upper subscrifit denotes the initial values of variables before ¢batrol
valve opening.

3. Results of Solution of the Explosion Chamber Pressising

It is seen from Eqgs (9) and (10), that the maintidiacausing the pressure increase in the
explosion chamber is the added mass of gaseoysvi@ich flowing through the control
valve. The added mass flow ratm| is proportional to the valve flow ared the

pressurep; and temperaturd; in the CQ tank, and the pressure drop between both
chambers by Eq. (6). If the GQank still contains the liquid state of g@hen the
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vaporization of C@occurs to compensate the gas discharge and to tkeephase
equilibrium. The mass of evaporated £4©given by Eq. (8) and the temperature drop
AT, is determined by Eqg. (9). When the all liquid £@ evaporated, then the
discharging process continues as the adiabatidflgasbetween both chambers. The
described problem can be solved using the compugltialgorithm which is given in
Fig. 8.

Start

.

Inputs: 1], 7,. 4, 7"1: I ’ ,T:: . p:: AT
v
r=0.m =m®.T, =1,". T, =1", p, = p{
Compute: p = p(m,,T;) byEq.(5). My, by Eq. (11)

Write: m., =m_,

TP =0 is avariable for computing the integral in Eq. (12)

A4
Compute: [n1|by Eq. (6). Am,, =|m|Ar, my=m, Amgy s m,=m,+Am,
v
Solve for Am, and AT, in Egs. (8) and (9) by iteration

I,=T,-AI., TP=TP+c,TAm,
Compute: T, by Eq. (12). p, = p,(m,.T;) by Eq. (5). p, by Eq. (11)

Fig. 8 Computational algorithm for solution of tmeodynamic processes

The input data of the solution for the observeceaafsthe device for simulation of the
RPG-7 sound effect are as follows:

m% =50,V = 185ml\, = 1500 miA= 0.4chn i) =40 = 15 g% = o0.1MPa
The computation ends when the same pressure i€@@hdank and the explosion

chamber is reached. The obtained results of theisnlof the ongoing thermodynamic
processes for the given example are clearly shovig. 9.
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Fig. 9 Time courses of state variables inénk and explosion chamber

It can be observed in Fig. 9a that the mass of lE@id phasem, decreases to zero at
the first 70 ms due to its vaporization. The masgaseous phasgy, in the explosion
chamber is increasing, but the rate of this in@eéasmaller when the liquid phase in the
CO, tank is entirely vaporized. This is the reasontf@ increase in pressupe in the
explosion chamber, as seen in Fig. 9b. The pregsutecreases, although the tank still
contains the liquid C¢) due to the temperatute decrease (Fig. 9¢). The presspie
drops significantly after the moment when the lijphase in the CQOank is entirely
vaporized. It is seen in Fig. 9b that the time mplesion Ex occurs 58 ms after the
moment of the valve opening, when the presquravithin the explosion chamber
reaches the value of 1.2 MPa.

Results obtained using the described computatiaigalrithm enable us to observe
influence of changes in various design parametetigitial conditions. The results of
such calculations are presented in Fig. 10.
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Fig. 10 Influence of some parameters on the pressuexplosion chamber:
a) influence of valve flow area A, b) influenceénitial massrrﬁo),

c) influence of initial temperaturéo) andCG, massmfo)
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The impact of the size of the valve flow areés shown in Fig. 10a. It is seen that
the larger the flow ared is, the greater is the increase rate of prespuran the
explosion chamber and then the time for reachieg?®BT bottle burst pressure 1.2 MPa
is shorter.

The influence of the initial masmio) of the CQ tank filling is shown in Fig. 10b.
The maximum pressungmax in the explosion chamber increases with the initiass

m£o) of CO,, but the rate of pressure rise is almost indepanalethe initial mass of the

CO, for greater values of initial mass. It is seert tha initial mass of the COnust be
greater than 30 g to reach the PET bottle bursspre 1.2 MPa. If we want to reduce
the time delay in reaching the burst pressure rgini@ the valve flow ared is a better
solution compared with increasing the initial mas€0..

The dependence of the maximum presggrga. reached in the explosion chamber

related to the initial mass{o) of CG, for various initial temperatureéo) is given in Fig.
10 c). Here, it is illustrated that the maximumateed pressure increases with the initial

massrq(o) and the initial temperaturel(o). The rate of the pressumma increase in

relation to the initial mass drops significantly latv initial temperatures, because the
pressure of C@saturated vapoyss decreases rapidly with the drop in temperature (se
Fig. 4). Therefore, the entire vaporization of ithe liquid phase does not occur if the
pressure equilibrium of both chambers is achietddvaworking temperatures.

Due to the limited space for integration of the eleped device for simulating the
sound effects into the body of the PG-7 practi@ngde, the maximum possible volume
of CO,tank isVimax = 185 ml. Regarding to the safety standard [1@],&Q tanks have
never been filled more than 67 % of the availatdéume. Therefore, the maximum

allowed mass of Cgiilling within this tank ism(®). =124 g.

max —
Another important design parameter is the explosibamber volumé/, which
includes the volume of a PET bottle. The dependaridhe maximum pressu@max
reached in the explosion chamber related to the @fizts volumeV, for various initial

temperatures&l(o) is given in Fig. 11.
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This diagram allows us to choose the approprialieme of the explosion chamber.
The volume and the burst pressure of used PETebdélermine the intensity level of
desired sound effect to meet the requirements foilitary training.

The accuracy of the presented mathematical modelvedfied experimentally by
measuring the value of maximum presspyg,, reached in the explosion chamber using
a manometer. The results for various masses ofilli@y are shown in Tab. 1. It is seen
that the results of theoretical solution correspomaite well with experimental
measurements.

Tab. 1 Comparison of calculated and measured vadfi@saximum pressure
in explosion chamber for various masses of CORdill

Mass of CQfilling

) 10 30 60 90 120
Mimax [9]
Calculated values 045 | 114 | 203| 238/ 249
pZmax[MPa]

Measured values | 4 1.1 1.95| 225/ 2.35
pZmax[MPa]

Difference [%] 4.7 3.6 4.1 5.8 6.0

4. Conclusion

In this study, the mathematical model for calcuigtithe pressure rise within the
explosion chamber has been developed. Resultmebtaising this algorithm allow us to
analyse various influences of changes in some degségameters or initial operating
conditions. This model is the base for the desifjthe device that simulates the sound
effects of the RPG-7 anti-tank grenade launchingndwthe combat shooting training.

The accuracy of the presented mathematical modelweefied experimentally by
measuring on the prototype of this device. It carstated that the results of theoretical
solution correspond quite well with experimentalasigrements.

With regard to the experience with testing of tmetgtype and the given model
analysis, the future improvement and developmentthis mathematical model is
expected by involving the phenomena of the heatsfea and the two-phase fluid flows.
The heat transfer between the two-phase fluid §tt] the C@tank walls influences the
fluid temperature which is a significant parameiterthe CQ phase equilibrium.
Furthermore, the assumption of the C@ischarge as an ideal gas flow is not very
relevant to the observed problem. Therefore, thatispic flow of the two-phase fluid,
involving the sound velocity of the two-phase Q@ixture [12], should also be included
in future studies.
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