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ABSTRACT

This paper presents a new approach to establishing the interior ballistic
algorithm for mortar systems based on thermodynamic theory. Contrary to
previous studies, the processes that occurred in the ignition charges and the gas
mixture properties in the barrel were considered in this study. The numerical
integration method has been used to solve the problem with high accuracy.
Numerical calculation applied on 100mm mortar. The calculation result is the
law of pressure in the combustion chamber and the law of movement of the
projectile in the barrel. These results are compared with the manufacturer's data
to evaluate the reliability of the mathematical model as well as the solution
method. According to the comparison between the simulation and the
manufacturer's data, the maximum errors of velocity of 3.27%. The results
obtained from this study are an important scientific basis for improving and
optimizing the design of mortar systems and weapons with similar structures.

Keywords: Interior ballistic, mortar, thermodynamic.
TOM TAT

Bai bao trinh bay mdt phuong phép ti€p can mdi dé thiét 1ap hé phuong
trinh thudt phdng trong clia phdo ci theo Iy thuyét nhiét dong luc hoc. Khac
vdi cac nghién c(fu truc ddy, qud trinh xay ra 6 liéu chinh, liéu phu va tinh chat
clia hon hgp khi trong nong phao cdi déu dugc xem xét dén trong nghién ciiu
nay. Phuang phap tich phan s6 da dugc st dung dé giai bai toan thudt phdng
trong clia phdo ci v6i dd chinh xdc cao. Tinh todn s6 dugc dp dung trén phdo
¢6i 100mm. Két qua tinh toan la quy ludt cta ap sudt trong budng dot va quy
lut chuyén ddng ctia dan trong ndng theo thdi gian. Cac két qua nay dugc so
sanh véi dii liéu cong b ciia nha sén xudt dé danh gia d tin cy cia md hinh
toan hoc ciing nhu phuang phap tinh toan. Tir két qua so sanh cd thé thdy
rang: sai s0 I6n nhat clia van tdc vién dan khi roi nong la 3,27%. Két qué thu
duac tir nghién ctu nay la co s& khoa hoc tin cdy dé cai tién va t6i uu hda két
cdu clia hé thdng phao c6i va cac loai vii khi cd cau tric tuong tu.
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1. INTRODUCTION

Mortars are weapons with a long history of
development. It has a simple structure and is often used
to destroy targets obscured by its ability to fire at large
angles of fire, giving the projectile a rainbow trajectory,
see Figure 1. The interior ballistic algorithm is a
fundamental problem when calculating weapon design
and there are many different approaches to solving this
problem. The theoretical approach to interior ballistics of
conventional artillery guns [1, 2] still has certain limitations.
Previous studies often considered the phenomena
occurring in the barrel to include two fundamental
thermodynamic processes: the process of expanding the
combustion gas in the barrel with high temperature and
pressure, the process generates work to push the
projectile in motion; the process of injecting combustible
gas through the gap between the projectile and the
barrel into the environment [3, 4]. Here, the phenomena
occurring in the ignition charges are ignored, considering
the combustion of the ignition charges to be
instantaneous. The ignition charges involved in the firing
process are very complicated. First of all, the ignition
charges are responsible for igniting the propellant,
ensuring a reliable and stable propellant throughout the
combustion process. In conventional artillery projectiles,
the weight of the ignition charges accounts for a small
percentage, so it can be ignored. However, it is so
significant compared to the mortar's propellant weight
that the effect of the ignition charges on the movement
of the projectile in the barrel cannot be ignored. In other
words, the ignition charges should be considered an
important part of the total charges of the propellant.

When calculating the interior ballistics characteristics
of the firing phenomenon, it should be noted that the
combustible gas in the barrel as well as the combustible
gas ejected from the gap between the projectile and the
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barrel is the sum of the mixture of the combustible gas of
both the ignition and propelling charges. Including the
influence of the ignition charges, the temperature and
combustion gas pressure in the barrel will change, which
is the cause of errors in the process of calculating the
actual launch of mortars in previous studies [5, 6].

Rear fuze

I [T, 5
. - =
d-—mh; e
Propellant Tail Ignition
charges charges

Mortar body

Front fuze

Figure 1. General structure of mortars

In this paper, the first principle of the thermodynamic
system combined with thermodynamic theory and
additional equations has been used to study the mortar's
interior ballistics algorithm fully and completely close to
the actual shooting. The firing phenomena of the ignition
and the propellant are clearly described, and the complex
properties of the gas mixture are fully considered. The
results obtained from this study are the basis for the
calculation and optimal design of mortar systems and
artillery systems with similar structures.

2. ESTABLISHING A MATHEMATICAL MODEL

In the process of building a mathematical model of
the interior ballistics problem for mortar systems, the
description of the main working stages of mortar systems
should be done carefully, this ensures that the model is
established closely with the most realistic process. The
processes that occur when firing mortars are divided into
four basic stages as follows [2]:

Stage 1: The burning period of the ignition charges
inside the tube before the fire holes are opened. The
characteristics of this period are only the ignited ignition
charges, the combustible gas is produced in a constant
volume, the propellant charges are not ignited, and the
projectile has not moved.

Stage 2: Starting from the end of the first period until
the propellant burns out. The combustible gas is
generated by the combustion of the ignition and the
propellant, this process increases the pressure inside the
barrel to the maximum pressure value pm and then
decreases, the speed of the projectile increases gradually
and the burning gas continuously erupts through the gap
between the projectile and the barrel.
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Stage 3: Starting from when the propellant burns out
to the time when the centering belt of the projectile exits
the barrel. The process of gas expansion can be
considered adiabatic.

Stage 4: This is the final effect stage of the combustible
gas after the centering belt of the projectile leaves the
barrel. For mortar systems, the final effect of the
combustible gas occurs in a very short time, its influence
on the change in speed of the projectile is very small.
Therefore, setting up the interior ballistics problem in
mortars often skips this stage.

To establish the interior ballistics problem of the
mortar system, some basic assumptions are used as
follows [3-71:

- The propellant is considered to burn according to the
laws of geometry;

- The fire law of propellant is linear;

- Combustible gas pressure in the barrel is the average
pressure;

- The shape characteristics of the propellant are
unchanged;

- All extra work is included in the projectile's
aggravation factor ¢;

- Combustible gas ejected through the gap between
the projectile and the barrel is a stable unidirectional
flow.

The mortar system consists of 2 combustion
chambers, the first chamber is the tube containing the
ignition charges, the chamber has an initial volume of
Wai, the second chamber is the cavity containing the
propellant charges, this chamber has an initial volume of
Wy, see Figure 2. In this study, the index variable “1”
corresponds to the first chamber, the index variable “2”
corresponds to the second chamber, and the index
variable “s” corresponds to the gas mixture formed from
the ignition charges and propelling charges.

Figure 2. Structure diagram of mortar system

2.1. Description of phenomena in the tube containing
the ignition charges

In a tube containing a charge of ignition, the initial
volume is constant Wy, and the initial mass of the
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propellant is w;. Phenomena occurring in this tube are
described by the following equations [8-11]:

a) Equations of combustion and gas generation:

dz, Py when O<e<e,
ot b (1)
t
0 when e>e,
dy, ,\dz,
F =X <1+27\1.Z1 +3|J1 .z )E (2)

where: p; is the combustion gas pressure in the tube;
Y1 is the relative burned mass of the propellant; Iy is the
total impulse of the combustion gas pressure in the tube;
z; is the relative burned thickness of the propellant; e is
the thickness of the propellant in the ignition charges; e
is the burned thickness of the propellant at the time of
calculation; x1, A1, p1 are the shape factor of the propellant
of the ignition charges.

b) The equation describes the law of combustion gas
pressure in the tube containing the ignition charges

The equation describing the law of combustion gas
pressure in the tube containing the ignition charges is
determined based on the basic state equation of the gas.

m..R,.T
p,.V;=mR.T, >p, =—— 3)
V1
where: T, is the temperature of combustion gas in the
tube; Ry is gas constant; m; is the mass of gas burned in

the tube; V; is the free volume of gas in the tube; Wo, is

S 1-y,)

the volume of the initial combustion space;
1

the volume of unburnt propellant; m;-a; is the volume of
combustion gas [1], a; is the co-volume coefficient of
combustion gases. The free volume of combustion gas in
the tube is determined by the following expression:

Vi =Wy, _&'(1_¢1)_m1'a1 4)
61
Because the combustion gas is transmitted through
the barrel in a certain amount mu1, Therefore, the mass of
combustion gas in the tube containing the ignition charges
is changed and is determined by the following formula:

m, =m;,,—m =y,w, Moyt (5)

out,1

open thermodynamic system and ignoring heat transfer
(dQ = 0), the equation describing the law of changing the
temperature of combustion gas in the bore is determined
as follows, see [8, 91:
dH, du, dv,
_ =t p1 —
dt dt dt

Since no work is done in the tube containing the

(6)

ignition charges, that is pr%:o, then equation (6) is

rewritten as:

ﬂ = % - M = ﬂ (7)
dt dt dt dt
Enthalpy is determined using the following
expression [9]:
% =Cp- Ty % =C, V1.w1.%
dHout1 dmout'l (8)
== —=c_,.T,.m

T_ T gy =Core e . out,1
The change in internal energy of combustion gas is
determined according to the following formula [9]:

du dyp, . dT
d_t1:Cv1~|:T1'(w1~d_t1_mout,1)+m1 d_t1:| (9)

The equations (8), (9) are substituted into equation (7),
after the transformation we get:

ﬂilﬁimﬁqwﬁ%{iqymm}um
dt m1 Cv1 dt Cv1

where: ¢y is the isobaric specific heat of a combustion
gas; ¢n is the isovolumetric specific heat of the
combustion gas, Ty1 is the combustion temperature of the
propellant in the ignition charges; T, is the temperature
of the combustion gas in the tube containing the ignition
charges.

- In case the pressure of combustible gas in the tube
containing the ignition charges is greater than the
pressure of the combustible gas in the barrel (p; > p2), the
combustible gas will flow from the tube containing the
ignition charges into the barrel. The expression to
determine gas flow is as follows [4, 10]:

¢) The equation describes the change uE PA [ 2 ﬁ' 2Ka hen Pt Z(K“—H)KH
in the temperature of the combustible gas TRT kg +1 Ko +1 P, 2
in the tube containing the ignition M, = 3 P K (11)
charges | | LE. PA | 2 [&]M _[&] K when1<&<(Kd+1jKM

From the equation of the first law of RT A\[Ka =TI\ Py P, [ 2

thermodynamics for the case of an
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- In case the combustion gas pressure in the tube
containing the ignition charges is less than the
combustion gas pressure in the barrel (pi1 < p,), the
combustion gas will flow from the barrel into the tube
containing the ignition charges. The expression to
determine gas flow is as follows [4, 10]:

P.A,

E 2 Kezs™! 2Kc2,5
HiSre R,.T, (Ko, +1 Ky, +1

out,1 =

2
A [ ()5 (o)
\/Rz,st Kos =11\ P, P,
- In case the combustion gas pressure in the tube
containing the ignition charges is equal to the

combustion gas pressure in the barrel (p1 = p,):

Moy, =0 (13)

where: W, is the flow loss coefficient of combustion
gas; A, is the total cross-sectional area of the fire
propagation holes; &; is the flow correction factor, which
depends on the flow surface and is determined
experimentally; K is the adiabatic exponent index of the
combustion gas in the tube containing the ignition
charges; Ko is the adiabatic exponent index of the
combustion gas mixture in the barrel.

Combining equations (1), (2), (3), (5), (10), (11), (12), and
(13), the differential equation describes the state in the
tube containing the ignition charges is determined as

follows:

a4z _p
dt 1,
dy dz
d—t‘ =X,(1+2\,.Z, + 3, .zf)cl—t1
C C

ﬂ :l' _pl'Tw _T1 'wrﬂ_ =1 mout1'T1
d m |{c, d \c, '

_ mR.T, (14)
p1 - w

Wo1 _71'(1_L|)1)_m1'q1
61

dm,

dtun1 = mout,l
m =Y., —m,,,

2.2, Describe the phenomena in the barrel
a) Equations of combustion and gas generation

P>
dz, |~ when O<ec<e,

2
gt e (15)
0 whene>e,
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Kea,s+1

d(;IJtz =X,(1+2\,.z, +3y,.2; )% (16)

where: p, is the combustion gas pressure in the barrel;
Y, is the relative burning mass of the propellant; I, is the
total momentum of combustion gas pressure in the
barrel; z; is the
relative burn
thickness; e;; is
the thickness of
the propellant of
the propelling
charges; e is the
burned thickness
of the propellant up to the time of review; x», A, 2 are the
shape factor of the propellant in the propelling charges.

+1 Kczc,zf—l

when p—zz(—K‘“ ]

o 2

(12)

Ke2

K.,.+1 Kc;f—1
when1<P2 < (L)
P 2

b) The equation describes the law of combustion gas
pressure in propelling charges

The equation representing the law of combustion gas
pressure in the barrel is determined based on the
equation of the state of combustible gas in the barrel.

m, R, ..T,
p,.V, = m2~R2,s'T2 P = (17)
V2
¢) The equations of motion of the projectile
dv (s—A))p
t ¢o.m,

dl

—=V 19
at (19)

where: s is the cross-sectional area of the barrel; A; is
area of gap between projectile and barrel; | is the distance
of movement of the projectile in the barrel; mq is the mass
of the projectile; v is the moving speed of the projectilein
the barrel; ¢ is the second work coefficient.

d) The equation describes the law of changing the
combustion gas temperature in the barrel

When the ignition charges are ignited, the
combustion gas pressure in the tube containing the
ignition charges increases very quickly. When the
combustion gas pressure is large enough, the paper tube
is broken at the places where the fire transmission holes
on the tube contain the ignition charges. The burning gas
in the tube containing the ignition charges is ejected
through the flame transfer holes into the barrel with
volume Wy, and gas flow m, ,, =m,, ,=0. Then the

propellant of the propelling charges is burned. Most of
the combustible energy propels the projectile to move

out,1
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with velocity v and some of the combustible gas escapes
through the gap between the barrel and the projectile,
which has a total area A,. Equation (6) is written in the
following form:

de _ dHin,IZ T dHin,Z _ dHout,Z — &_’_ p2 ) dV2 (20)
dt  dt  dt dt  dt dt

The mass of the gas mixture in the barrel m; is
determined by the following formula:

m2 = |n 12 + m mout,z = mout,1 + LI)Z 'wZ - mout,Z (2’I )
dm, . dy, .
dt2 = mout,1 + (JJ2 * dt2 - mout,z (22)

The Entapy stream components are determined using
the following expression [8]:

Ozs-My, see Figure 3 [1]. In addition, this free volume is also
increased due to the movement of the projectile in the
barrel. If the projectile moves a distance |, this gain will be
equal to the value s:l. Then, the free volume of the second
compartment is determined as follows:

Figure 3. Free volume of combustion gases in the barrel

dH, dm .
T’”zcm.'l}.d—tzzcm.ﬂ.mout,1
w (26)
_deZ = CPZ T z-wz-_dlpz (23) V2 :WOZ __2'(1_q)2)_m2'az,s +S'I
dt ' dt
dH . dv. d d 27
“out,2. :sz,s-mout,sz _2:&. P, —aq,.,. m, Ts dl (27)
dt dt &, dt dt dt
The instantaneous change in internal energy of the =&'d‘p2 —a,.. dm,
gas mixture in the barrel is given by the following 6, dt Codt
expression: Substitute
du, dm de . dT equations  (23),
=C,.| ,—= T,. —2 —2
dt ( g j 2 [ o Mo m°”t'2j+m2 dt } @4 (24),and 27)into
‘. equation  (20),
W€ PA, |2 e Keos when P2 > Kegs 1 ke and after
2 R, -|-2 Py | 2 transformation,
the equation
.- P describing  the
. P A 2K K. 5 ’7 pk Ke2s pk ‘s P K. s +1 ez
Moz = M€ RZ ZT “|x 2_1 p—q - = when1<p—2< ZT (25) law of changing
A B : : a combustion gas
0 whenp, =p,, temperature in
the barrel s
determined:
where: |, is the flow loss coefficient of combustion (¢ du -
gas; Az is the total cross-sectional area of the gap between [c p2 T, _TZJ.wz.d—tz
the projectile and the barrel; & is the flow correction v2s
factor, which depends on the flow surface and is dT, L T 0 28)
determined experimentally; pyq is the atmospheric dt m, | lc,. = °)

pressure.

The free volume of combustion gas in the barrel (V) is
determined as the difference between the volume of the
initial combustion space Wo, and the volume of unburned

propellant W (1-y,) and the volume of produced gas

2
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Cpas . dv.

- = _1 mout 2 'T2 - pZ '_2
Cv2,s ’ Cv2,s dt

Combining the above equations, the system of

differential equations describing the state of the
combustible gas in the barrel is determined as follows:
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dz, p volume of input parameters, only some basic parameters
dt2 = |—2 are mentioned here, see Table 1 and Table 2 [12].
k2
dy dz
d_t2= X, (1+2\,.z, +3u,.23) dtz
C
P2 T,-T, .wz.dq)2
Cuos dt
C
- = T1 - Tz rhout1
dTZ _ L cv2,s '
dt m, c
_£ P2 - 1Jmout 2 'TZ
Cv2,s '
_P, dV,
c,,, dt
- ' - (29)
dmout,Z .
T = mout,z
dm . dy .
dt2 = mout,1 + (1)2 'd_tz_ mout,Z
av,  w, dez_a dm2+sv . .
at s, 4t 25" 4t . Figure 4. The 100mm mortar of Vietnam
d_v _ (s—A,).p, Table 1. Input parameters of the propellant of the ignition charges
dt ¢.m, Parameters Symbol | Value | Unit
b = m,R,,.T, Interior ballistics parameter of ignition charges
=228t
Vv, Mass of propellant W 0.02 kg
% =v Powder force fi 1.06*10% | J/kg
t
Gas constant R 3542 | J/kgK
In the above equation, the variables are the Fire temperature of the propellant T 29% K
characteristics of the gas mixture in the barrel. They are | Density of propellant & 1600 | kg/m’
. *1()-4 3
defined as follows [9]: € = V,.w, ; Covolume of combustion gas o 8.918*10* | m’/kg
V.0, + My, Total momentum of combustion gas| I 1.722X10° | Pa-s
The powder force of the mixture: f,s= €.f, + (1 — €).f;; pressure
Covolume coefficient of gas mixture: Adiabatic exponent index of combustion|  «, 1.0633 -
Q5= €.0; + (1 —€).ay; gas
Isostatic specific heat: Cpzs = £.Cp2 + (1 - €). Gy; Pressure to open the fire tranfer hole Dot 965 | MPa
Isovolumetric specific heat: c,os=€.coo + (1 — €). Cy; Propellant thickness 2 0.00035 m
Gas constant: Rys= Cpas — Cass
Xi 12369 | -
Adiabatic exponent index of combustion gas:
Shape factor of the propellant X1h -0.2378 -
Kezs= €K + (1 = €). Ker.
Xt 8.1667*10" -
3. SIMULATION RESULTS AND DISCUSSION
. . . . . Table 2. Input parameters of propelling charges
The interior ballistics model in the mortar system is
described by the equations (14) and (29) which can be Parameters Symbol |  Value Unit
applied to any mortar. To verify the mathematical model | Initial volume of the combustion " 183410° | m?
just built above, numerical calculation is applied to the chamber v '
100mm mortar of Vietnam, see Figure 4. Due to the large | Mass of the projectile my 8.0 kg
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200
Displacement of projectiles moving in 25
I 1.096 m
the barrel \ ///
20 1
Cross-sectional area of the barrel s 0.00785 | m? _ >< 130
Area of gap between projectile and = e E
barrel gp " b 2407 m’ % ) / 1100 2
. . . . 2 l(J / \ E
Interior ballistics parameter of propelling charges £ 2
Mass of propellant w2 0.175 kg S — 5:;1@ 450
Powder force fy 1.0705%10° | J/kg
Gas constant R, 3284 Jkg-K ‘% 02 04 06 08 A
Fire temperature of the propellant To 3254 K Barrel length (m)
Density of propellant b, 1550 kg/m3 Figure 7. Pressure and velocity graph versus barrel length with 03
Covolume of combustion gas @ [ 0.8838*10° | mi/kg |  Ppropelling charges
Total momentum of combustion gas 0 20
e By | 2690 | Pas L™
P ‘ / T 1200
Adiabatic exponent index of 30
. K, 1.15 - = ~
combustion gas = 1150 2
=25 &
Propellant thickness e 0.0003 m o / / \ z
2 20 8
X2 10122 - j R
Shape factor of the propellant Xoh2 -1.0122 - ° / ~5,
X2|JZ 0 - 10
The system of equations (29) is solved with the % 02 04 06 o8 o0
following initial conditions: t = 0: zo = Yo = 0; Po = Pmoi; Barrel length (m)
Mout1 = Mout2 = 0; T=294K,v=0;1=0. Figure 8. Pressure and velocity graph versus barrel length with 04 propelling
120 charges
10
| 100
) 8 \ / — —— Pressure | 180 & 60 250
%- g - =
‘q—d’ 6 / 160 2 50 7 200
z 4 / 2 Fa0 / N\ ?
& / 40 2 = //\ 1150 £
230 z
’ 1 2 20 / \\ [ Tg’
0 0 a / — Pressure ~~ g
0 0.2 0.4 0.6 0.8 1 10 u 50
Barrel length (m) / _lvel"""y\
Figure 5. Pressure and velocity graph versus barrel length with 01 % T 2 4 s 6 1 8 o’
propelling charge Time (s) X107
8 : 160 Figure 9. Pressure and velocity versus time graph
16 /\ = 140 60 — 250
1 1120 50 I\ — 1200
§ 12 )\ 1100 g - / \/ / _
<10 g & 40 [— Pressure g
',EJ s 180 ‘? % / ‘— Velocityﬁ 150 £
2 ~le0 3 g 30 g
= 140 2 20 / 100 %
W/ 7 o =
5 120 o 150
0 - 0 /
0 0.2 0.4 0.6 0.8 1
Barrel length (m) 0 0 02 0.4 0.6 08 | 0
Figure 6. Pressure and velocity graph versus barrel length with 02 propelling Barrel length (m)

charges Figure 10. Pressure and velocity graph versus barrel length
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The 4t Runge-Kutta numerical integration method
programmed in the Matlab 2022° programming
environment is used to solve the system of equations
(29). Some typical results are given as follows, see Figures
5=+8.

The graph shows the dependence of the bullet's
velocity and the gas pressure in the barrel on the time
(Figure 9) and on the barrel length (Figure 10) when firing
with the maximum propelling charges (with 05
propelling charges). Results of solving the maximum
propelling charges at some special times are listed in
Table 3.

Table 3. Results of solving the maximum propelling charges

P (MPa)| V(m/s) | 1(m) t(s)
The time when the 5598 | 131.59 | 0.221 | 0.00451
propellant burns out
Time to reach maximum 5599 | 129.75 | 0.216 | 0.00447
pressure Prax
The time the bullet moves to 1551 | 22182 | 1.096 | 0.00895
the muzzle

The theoretical calculation results show: When the
number of propelling charges increases, the gas pressure
in the barrel and the velocity of the bullet also increases,
this is completely reasonable, see Figures 5 + 8. The
results in the case of the maximum propelling charges:
The velocity of the bullet leaving the barrel is 241.82m/s (see
Figures 7, 8 and Table 3), this is completely suitable
compared to the manufacturer's parameters of 250m/s
[12], error 3.27%. Therefore, it can be confirmed that the
interior ballistics problem model for the mortar system
built above is completely suitable and reliable. This
mathematical model can be used to study subsequent
problems such as choosing a reasonable structure and
optimally designing the structure of the mortar system.
4. CONCLUSION

In this study, a thermodynamic mathematical model
was developed to solve the interior ballistics algorithm
problem for mortar systems. With the obtained
calculation results, some conclusions are made as follows:

- A new mathematical model accurately and completely
describes the shooting phenomena occurring in the
ignition tube and in the gun barrel;

- The numerical integration method has been applied
to solve the problem with high accuracy;

- The mathematical model and solution method in this
study are established for the general case, it can be
applied to specific cases with similar structures. The
simulation results obtained for 100mm mortar are very

Vol. 60 - No. 11 (Nov 2024)

consistent with the manufacturer's announced results,
the error is within the allowable limit (< 10%);

- Thisresearch result is an important theoretical basis
for the calculation and optimal design of mortar systems as
well as weapons systems with similar structures.
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