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ABSTRACT

In this paper, a mathematical model was built to determine the recoilless
condition of the recoilless gun according to the structural parameters of the
nozzle. The investigation of the recoilless condition of the artillery is carried out
when changing the diameter of the critical section dy and the section at the outlet
of the nozzle d,. Numerical calculation applied on recoilless gun DKZ-82mm. The
calculation result is the law of the recoil force R according to dy and d,. This result
is the theoretical basis to determine the critical cross-sectional diameter and the
diameter at the outlet of the nozzle to ensure no recoilless condition for the gun.
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1. INTRODUCTION

Shots made on conventional artillery often have a large
recoil force. For the artillery rack to withstand large loads,
the artillery rack is usually designed to be durable, and heavy
and add its recoil brake device [1]. Therefore, large-caliber
artillery is often bulky and heavy. A new direction in the
development of artillery is the introduction of artillery guns
according to the principle of jet kinematics, also known as
recoilless artillery guns. The recoilless gun is a type of
artillery weapon of the jet kinematics system, in which the
recoil force is eliminated by a kinematic balance between
the forces acting on the barrel when firing. The jet kinematic
system is a system in which the bullet velocity is provided by
the propellant gas energy that burns in the barrel when
simultaneously ejecting from the tail of the barrel to ensure
its non-recoil [2-5].

Some characteristics of using recoilless artillery are as
follows [6]:

- Has relatively large power while the weight of the
carriage is small;

- Has a simple and light structure suitable for infantry
equipment. Due to its small weight and simple structure, it
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is convenient for maneuverable porters and infantry
reinforcements through complex terrain. Since the
discovery of the steel penetration ability of concave shells,
recoilless artillery has become an important anti-tank
weapon.
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Fig. 1. The general structure of the recoilless gun

- Because there is no recoil force, the artillery does not
need to have a recoil brake device like conventional artillery
guns or have support like a mortar, and now the artillery rack
only acts as a directional platform to support the barrel and
for mounting other structures;

- The biggest structural difference between recoilless
artillery and conventional artillery is the nozzle system at the
rear of the recoilless artillery. This nozzle makes the gas flow
after alarge speed, the jet force is generated to eliminate the
recoil force of the artillery. Therefore, it is important to study
and understand the influence of the nozzle profile on the
recoilless condition of the recoilless artillery.

In the world, there have been many studies on recoilless
guns. Some studies have proposed specific theories on the
problem of interior ballistics of recoilless artillery guns [7-
12], and some studies have carried out testing the pressure
in the combustion chamber to determine the interior
ballistics characteristics of a recoilless gun, thereby
determining the recoilless condition of the gun [9-15].
However, there has been no research on the influence of
structural characteristics of the nozzle on the working
conditions of recoilless guns.

In this study, the author focuses on analyzing in detail the
impact of the nozzle profile on the recoilless condition of
recoilless artillery, providing the necessary information for
the development and optimization of artillery design
technology. By further studying the influence of the nozzle
profile, the improvement of stability, accuracy, and
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resistance to environmental influences during the use of
recoilless artillery is enhanced.

2. THEORETICAL FOUNDATIONS OF
MATHEMATICAL MODELS
The principle of jet kinematics is applied in most modern

anti-tank weapons. The diagram of the jet kinematic system
is shown in Fig. 2.

BUILDING

Fig. 2. Diagram of the jet kinematics system

1. Nozzle; 2. Barrel; 3. Projectile; U, is the exit velocity of the nozzle; S, is the
cross-sectional area of the nozzle exit; Sy, is the cross-sectional area of the throat;
p is the pressure in the barrel; m is the bullet mass; V is the bullet velocity; F, is the
reaction force; Fq, is the kinetic force.

If the system has reaction components F, equal to the
kinetic force Fqy, itis called a recoilless system. Thus, the load
on the rack is reduced, the rack is only a guide and holds the
barrel. As a result, the weight of the system is greatly
reduced, increasing the metal utilization factor (the ratio of
the muzzle energy to the weight of the system).

Based on research results, the system of jet kinematics
can be fully or partially balanced. For the jet kinematics
system to ensure that the barrel does not recoil, the size of
the nozzle and the barrel must have a definite relationship.

2.1. Determine the recoilless condition for the recoil
artillery

To establish the problem of recoilless condition for
artillery, some assumptions are used as follows [5]:

- The surveyed system only includes barrel - ammunition
- propellant - combustible gas.

- Barrel with extended combustion chamber;
- Processes in the barrel are considered stable;
- The propellant is considered to be completely ignited.

2.1.1. Forces acting on the barrel of a jet kinematic
system

When the propellant ignites, combustion gas is formed,
increasing the pressure and temperature in the combustion
chamber. The gas pressure acts on the bullet, imparting
kinetic energy to it. On the other hand, the combustion gas
pressure also acts on the inner surface of the combustion
chamber, barrel, and nozzle causing radial force; axial force,
and inertia force.

- The radial force causes stress and deformation on the
barrel wall, which in turn affects the durability of the barrel.

- The force of inertia appears on the barrel wall due to the
action of the combustion gas pressure.
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- The axial force acting on the expanding combustion
chamber causes axial stress and deformation in the
combustion chamber wall. Therefore, the axial force affects
the stability of the gun when firing.

The characteristics of the axial force are as Fig. 3.
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Fig. 3. Diagram of forces acting on the barrel of the jet kinematics system

The diagram shows the barrel of a recoilless artillery with
axial forces acting on it. The gas pressure p is the variable
value acting on the barrel and produces the following axial
forces:

a) Kinetic force Pa,

Kinetic force or force of gas pressure acting on the
bottom of the barrel. This force acts along the barrel axis and
causes barrel recoil.

This force is calculated by the formula [1]:

S
P, = [ pds (1)
Sth
This force acts on the inlet cone from the throat cross-
section to the barrel cross-section. When calculating,
consider that the combustion gas pressure is constant
according to the length of the combustion chamber and the
inlet cone. That pressure changes significantly only near the
critical cross-section. At the outlet section, the pressure of
the drug gas changes similar to that in the output section of
a jet engine. So, with the assumption that the combustion
gas pressure in the combustion chamber of the jet kinematic
barrel is constant in length at each time (p = const), the
expression for calculating Py, is as follows:

S
P, = [ pdS=p(S-S,) )
Sth
Thus, the kinetic force of the combustible gas pressure is
proportional to the combustible gas pressure and the
difference between the barrel cross-sectional area with the
critical cross-section. The larger the caliber, the greater the
kinetic force Pgn. The critical cross-sectional area for a
recoilless gun should be calculated from the recoilless
condition of the jet kinematics.

b) Components of the jet force P,

This force is also applied along the barrel axis but in the
opposite direction of the dynamic force. The set point of this
force is one part to the front bottom, and the other to the
barrel.

The component of the jet force P, is calculated by the
formula [1]:

P = Sj pdS (3)

Sth
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Sa

P = I pdS ={¢,0, [F,(€)-0.693]-0.555}S, p (4)

Slh

Where:

The function F(§)=F [ja ] is determined by the table
th

of the ratio of the diameter of the output and the critical

cross-section [1].

c) Frictional force of the combustible gas acting on the
barrel wall F

Hydraulic theory shows that: When the fluid flow moves
in the pipe, the friction force is calculated by the formula:

Fmsk = hf-Aph-Se (5)

Where: h¢ - Friction factor between the combustible gas
and the barrel wall; Apy - Pressure in the barrel; S. - Area of

effect.
d) Frictional force of the bullet acting on the barrel wall Fnsq

The friction force of the bullet is calculated by the
formula:

Fmsd = fCI (6)

Where: q - Weight of the warhead; f - Coefficient of
friction.

In practice, Fmsk and Fnsa are so small that they can be
ignored. Therefore, the barrel balance of the jet kinematic
system is based on two fundamental forces: the kinetic force
Pan and the reaction force P,

2.1.2. Determining the recoilless condition

Equation of conservation of momentum of the system [1]:

mdv—EUadt =p,S,dt+Fdt ()
g

For the system to be in equilibrium, F = 0, and the very
small atmospheric pressure component S,p, is ignored:

P =mﬂ=EUa +Sapa (8)
dt g

The equation of motion of the bullet:
dv
(pmazpdS:MpP:pdS 9)

Expressions for kinetic force and reaction force

components:
Pan = p(S ~ Stn) (10)

P, = {003 [F,(6)-0.693]-0555}S,p a

Therefore, the equilibrium condition for the system is
determined as follows:

Pan =Py
P(S—S,,) ={®,0,[F (€)-0.693]-0.555S, p

Divide both sides of the above equation by p.Sw, we get:
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51—1 =¢,¢,[F,(§)-0.693]-0.555
th

= Si—1 =¢,0,[F(§)—0.693]+0.445 (12)
th
According to expression (12), the equilibrium condition
of the barrel depends on the geometry of the barrel and the
nozzle; the stuffing coefficient @, ¢, the propellant, and
other factors expressed in the stuffing condition.

3. CALCULATION RESULTS AND COMMENTS
3.1. Input data

The DKZ-82mm recoilless gun is an 82mm smoothbore
recoilless artillery designed and manufactured by the Soviet
Union, operating on the principle of jet kinematics, and has
been in use since 1954. This artillery is widely used in our
army. The parameters of the DKZ-82mm artillery used to
determine the recoilless condition of the artillery are shown
in Table 1 [13-18].

Table 1. Specifications of the DKZ-82mm gun

Parameters Symbol | Value | Unit
Diameter of barrel d 8.2 a
Diameter of the nozzle’s exit d, 16 m
Diameter of nozzle's throat din 7.2 am
Factor taking into account the air flow rate
at the nozzle's output cross-section * 0.93 i
Factor taking into account current
constriction at the throat cross-section \ 0.9 ]
Ambient pressure Pn 1.033 | kG/cm?
Ignition pressure of the propellant pgwo 535 | kG/cm?
Temperature coefficient K; 1.34

3.2. Calculation results and survey

3.2.1. Investigating the effect of the nozzle's throat
diameter

Table 2. Recoil force R respect to d,

No den (= d—a F: (§k) Fan F, R=Fun-Fp
dth
1 6.734 2.376 1663 | 12321 | 7707 4614
2 | 6834 2341 1.660 | 11557 | 7868 368.9
3 | 6934 2.307 1.656 | 1078.2 | 8004 2718
4 | 7.034 2.275 1652 | 9996 | 8138 185.8
5 | 7134 2.243 1648 | 9199 | 8270 92.9
6 | 7234 2.212 1644 | 8390 | 8399 -0.9
7 | 7334 2.182 1.641 751.1 855.3 -98.2
8 | 7434 2.152 1637 | 6739 | 8678 -193.9
9 | 7534 2.124 1.633 580.7 | 880.0 -290.3
10 | 7.634 2.096 1629 | 5044 | 8919 -387.5
1| 7734 2.069 1626 | 417.9 | 9065 -438.6
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To investigate the effect of the nozzle's throat diameter
on the recoilless condition of the recoilless gun, the
expression R = Fq, - Fp is determined. When the value R # 0,
it means that there is a force causing instability to the gun
(called the recoil force R); Value R > 0O, the gun is pushed
back; Value R < 0, the gun is pushed forward.

From the table of values above, the graph shows the

d
relationship between the nozzle expansion factor ({=—2=)
th

and the recoil force R when di, changes as follows:
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Fig. 5. Graph Fg(dwn); Fo(dn); R(dsn) respect to di
Comment:

The graph in Figure 4 shows that: When the throat
diameter of the nozzle di changes (increase or decrease),
the expansion coefficient of the nozzle also changes in the
inverse direction of di, ie € (decrease or increase).

When the critical size of the nozzle dy increases in the
upward direction as shown in the graph, initially the recoil
force R > 0 (the gun moves backward), then the recoil force
R decreases to zero (at the time dw = 7.234cm); When di,
continues to increase, the recoil force R < 0 (the gun moves
forward). Thus, for the gun to be stable (R = 0) the nozzle
must have a defined size (dy, = 7.234cm; d, = 16cm).

Table 2 and Fig. 5 show that:
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- When the throat diameter di increases, the dynamic
force Fqn also decreases inversely and very quickly (slope of
the characteristic curve is large.);

- When the throat diameter di increases, the reaction
component F, increases proportionally but slowly (the slope
of the characteristic curve is small);

- When the throat diameter dw increases, initially the
recoil force R > 0; then decreases to R = 0 and di, continues
to increase, the recoil force R < 0.

3.2.2.Investigating the influence of the exit diameter of
the nozzle

With the input parameters presented in Table 1. The
recoil force R is determined when changing the output
diameter value of the nozzle around the initial value. The
results are presented in the following table:

R(kG) 4 [

= N 05
0 s
145 15 155 18 185 17 135
4E -05 da (cm)
N )
-30

\ -15
-45 \ 5
’ B ec0il force = Expansion coefficient -
Fig. 6. Graph §(d.); R(d.) respect to d,

The graph in Fig. 6 shows that: As the nozzle outlet
diameter increases, the expansion coefficient of the nozzle

d,
(E—d

) also increases. This is what causes the jet force to
th

increase, so the recoil force R is reduced.

Recoil force R = 0 when the value d, = 16cm and
dw=7.2cm. At this d, value, the gun is the most stable.
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Fig. 7. Graph Fa(ds,); Fo(da); R(d,) respect tod,
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The graph in Fig. 7 shows that:

- When the nozzle outlet diameter d, is increased, the
dynamic force F4, does not change and does not depend on
d. (graph is a horizontal line);

- When the outlet diameter of the nozzle is increased, the
reaction component Fyincreases proportionally but slowly
(the slope of the curve is small).

4. CONCLUSION

In this paper, a mathematical model is established to
determine the recoilless condition of a recoilless gun. Based
on the theory of this model, the investigation of the
influence of the structural parameters of the nozzle on the
operation of the gun is carried out. With the obtained
results, some conclusions are made as follows:

- The structural characteristics of the nozzle greatly affect
the working conditions of the gun, especially the recoilless
condition.

- From the calculation results and the above graphs,
Fan(dn); Fo(din); R(din); Fan(da); Fp(da); R(da), the influence of the
throat cross-section and the output cross-section of the
nozzle on the gun's stability is very large; However, the effect
of the throat cross-section is much larger than that of the
output. When changing the throat cross-section of the
nozzle by a very small amount (only 0.1cm each time), the
recoil force value R changes greatly from a few tens to
hundreds of kG/cm?2. When changing the value of the output
cross-section (each time changes from 0.2 + 0.3cm), the
value of the recoil force R changes only in a much smaller
range (a few tens to hundreds of kG/cm?).

- To increase the service life and prolong the life of the
gun, measures to preserve and maintain the recoilless gun
must be taken to avoid the influence of external
environmental conditions (especially wear of the barrel,
worn out nozzle size,...).

REFERENCES

[1]. Nguyen Lac Hong, Nguyen Thai Dung, Giao trinh co so tinh toan thiet ke vu
khi chong tang danh gan. Military Technical Academy, Hanoi, 2014.

[2]. C. Cheng, C. Wang, X. Zhang, "A prediction method for the performance
of a low-recoil gun with front nozzle," Defence Technology, 15 (5), p. 703-712,
2019.

[3]. Z. Surma, "Recoilless Gun System as a Particular Form of General Interior
Ballistics Model of Gun Propellant System, Problems of Mechatronics," Armament,
Aviation, Safety Engineering, 9 (4), 33-48, 2018.

[4]. H. Elsadek, X. B Zhang, M. Rashad, "Interior ballistic study with different
tools," International Journal of Heat and Technology, 32 (1), 2014.

[5]. A. Rotariu, L. Matache, F. Bucur, M. Cirmaci-Matei, M. Marmureanu, E.
Trand, "Implementation of a Gumbel distribution function in interior ballistic
calculations for deterred propellants,” U.P.B. Sci. Bull., Series B, 82 (1), 2020.

[6]. Khong Dinh Tuy, Nguyen Van Dzung, Nguyen Duy Phon, Co so thiet ke he
thong phao. Military Technical Academy, Hanoi, 2008.

Vol. 60 - No. 5 (May 2024)

[7]. Faculty of Mechanical Engineering, Suc ben vat lieu. Military Technical
Academy, Hanoi, 2003.

[8]. Nguyen Ngoc Du, Do Van Tho, Thuat phong trong cua sung phao. Military
Technical Academy, Hanoi, 1976.

[9]. Nguyen Minh Phu, Nguyen Thanh Hai, Vo Van Bien, Contour design for
solid-propellant rocket-engine nozzle, Tap chi khoa hoc va kj thudt, 2020.
DOI: 10.56651/Iqdtu.jst.v15.n01.105

[10]. Nguyen Thanh Hai, Nguyen Minh Phu, "Vibration of launcher on
multiple launch rocket system bm-21 with the change of rocket’s mass center
when  fired,"  Journal  of  Science  and  Technique,  2019.
DOI: 10.56651/Iqdtu.jst.v14.n03.443

[11]. Ngo Tien Sy, Stanislav Beer, Vo Van Bien, Nguyen Duy Phon, Nguyen
Minh Phu, "Oscillation of the Anti-tank Missile System Fagot Fired on the Elastic
Ground," in 2079 International Conference on Military Technologies (ICMT 2019),
Brno, Czech Republic. DOI: 10.1109/MILTECHS.2019.8870069

[12]. Jiri Balla, Van Dung Nguyen, Zbynek Krist, Minh Phu Nguyen, Van Bien
Vo, "Study Effects of Shock Absorbers Parameters to Recoil of Automatic
Weapons," in 2021 International Conference on Military Technologies (ICMT 2019).
DOI: 10.1109/1CMT52455.2021.9502825

[13]. Thanh Hai Nguyen, Minh Phu Nguyen, "Vibration of launcher on
multiple launch rocket system BM-21 with the change of rocket's mass center
when fired," Journal of Science and  Technique, 2019. DOI:
https://doi.org/10.56651/lqdtu.jst.v14.n03.443

[14]. A. Kotlar, The Thermodynamics of Interior Ballistics and Propellant
Performance. Report, Aberdeen Army Research Laboratory, 2013.

[15]. A. A. Vorobev, "Theoretical-Experimental Study of the Interior Ballistics
of an Electrothermal Accelerator of Macrobodies," J. Appl. Mech. Tech. Phys., 59,
583-590, 2018. DOI: 10.1134/50021894418040028.

[16]. C. Woodley, "On the use of accurate ignition and combustion models in
internal ballistics gun codes," Chin. J. Explos. Propellants, 41, 117-121, 2018. DOI:
10.14077/j.issn.1007-7812.2018.02.002.

[17]. M. Radomski, "Stability Conditions and Interior Ballistics of Recoilless
Projected Water Disruptor," Propellants Explos. Pyrotech., 39, 916-921, 2014. DOI:
10.1002/prep.201400159.

[18].G.N. Wang, C. Cheng, X. B. Zhang, X. Huang, "Numerical Simulation and
Analysis of Muzzle Flow During a Rarefaction Wave Gun Firing," Propellants Explos.
Pyrotech., 46, 1902-1913,2021. DOI: 10.1002/prep.202100164.

HaUl Journal of Science and Technology | 19



