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ABSTRACT

The paper presents the results of research on the impact of ambient pressure on the thrust of
solid rocket engines when operating underwater at different depths. The study establishes a system
of equations for rocket propulsion, considering the variations in ambient pressure while
functioning in an aquatic environment. It develops algorithms and constructs a computational
program for rocket propulsion in solid rocket engines operating underwater. The paper further
explores how water pressure affects the engine's pressure and thrust.

Keywords: Solid fuel rocket motor; Effect of pressure on thrust; Operation of solid propellant rocket engine in
underwater environment.

1. INTRODUCTION

Solid rocket engines, with their notable advantages such as high combat readiness, ease of use
in operations, and convenient storage and handling, have been extensively studied by scientists
both domestically and internationally. In Vietnam, prominent studies include: Reference [1]
discusses the dynamics of gas flow, drag parameters, and methods for calculating the thrust of
solid rocket engines. It also covers the fundamentals of launch dynamics calculations, accounting
for the heat generated by various propellants and thermal losses through the engine walls. This
work proposes designs for nozzles and solid rocket engines. Reference [2] outlines the principles
behind designing solid-propellant rocket engines for unguided projectiles. It includes discussions
on packing density factors, the elements that influence these coefficients, and optimal engine
structure design. Reference [4] investigates inverse launch dynamics to determine the parameters
of the propellant charge. Reference [5] explores the impact of combustion chamber parameters on
the operational characteristics of solid rocket engines, particularly focusing on the influence of
multiphase flow, such as the presence of aluminum powder in the gas flow. The study highlights
the reduction in thrust caused by the inclusion of solid phases in the gas flow. Despite the
significant interest from scientists studying solid rocket engines, research on their operation in
underwater environments remains limited.

Globally, there are various weapons and equipment that use solid rocket engines to operate in
multi-environment conditions, such as the KPM, PM-1, PM-2, and PM-2G naval mines. However,
due to their classified nature, accessing detailed documentation on these systems is challenging.
Therefore, studying the effects of pressure on the thrust of solid rocket engines in underwater
environments is both a pressing and scientifically significant issue.

2. ESTABLISHING THE LAUNCH DYNAMICS EQUATIONS FOR SOLID ROCKET
ENGINES OPERATING IN UNDERWATER ENVIRONMENTS

When formulating the system of equations Solid Rocket Motor Internal Ballistics in studying
the effects of environmental pressure on engine force, the following assumptions are adopted:
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- The ignition charge undergoes complete combustion, ensuring reliable ignition of all
combustible surfaces of the propellant charge;

- The static pressure along the combustion chamber is assumed to be constant and equal to the
stagnation pressure at the trailing end of the propellant charge (adjacent to the nozzle inlet);

- The propellant charge burns according to a geometric combustion model;
- The gas flow within the nozzle is considered adiabatic;

- The temperature within the combustion chamber varies over time and is governed by a heat
loss coefficient, y < 1, reflecting heat transfer to the chamber walls and the incomplete nature of
chemical reactions.

2.1. Establishing the system of equations for calculating launch dynamics in rocket engines
operating underwater

According to reference [3], the system of equations for the internal ballistics of the engine is
expressed in the form:
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When the propellant is fully combusted, the system of differential equations for the free gas
expulsion stage takes the following form:
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With the initial conditions when t=t;:
Wiy =Wya €=€; M=my; T =T ;p=py. 4)

where:
+ m: The mass flow rate of the gas at any cross-sectional area;
+ U, v: The burn rate coefficients of the ballistic propellant;
+ S: The burning surface area of the ballistic propellant;
+ Fu: Critical area;
+ Wy, W, 0,W,. : The free volume of the combustion chamber at time ttt, the initial time, and

the maximum;
+ @, . Considering flow losses characterized by the loss coefficient;

+ k: Adiabatic exponent;

+ T, Tm: Represent the temperature in the combustion chamber at time t and the ambient temperature;
+ m, mo: Represent the ballistic mass at time ttt and the initial ballistic mass;

+ e, eo: Represent the burn thickness at time t and the initial burn thickness;
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+ R is the specific gas constant;

+ x: The thermal loss through the engine combustion chamber walls;

+ pyp: The density of the ballistic propellant;

+ pra: The combustion chamber pressure at complete ballistic propellant burnout;

1
+ Ko(k)z( 2 jkl 2K JA= Ko(k) . is the gas flow coefficient, theo [1].
k+1 k+1 ‘/R_TO
According to reference [1], the thrust of the rocket engine is determined by the formula:
P=0,K,(Kk).F, (& .K).Fy.py + F,.(P.— Py) (5)
where:
k-1
+Fw(§a’k): 2k .(1_XKJ;(§a:$;X:& (6)
k-1 dy, Po

+ po, Pn and pa: represent the pressure at the nozzle exit and the ambient pressure;
+ din and da: represent the critical diameter and the nozzle exit diameter;
+ Fa: the area of the nozzle exit.

2.2. Solution method for the system of equations in thrust computation

( START )

Input Parameters:
Wig=Wido; €=€0; M=Mo; T=To; P=Pomoi

t=0
'y
True False
e<E€max ‘
\ 4
Runge-Kutta (burning phase) Runge-Kutta (free expulsion phase)

t=t+At

Wa(t), e(t), m(t),T(t), p(t) Wia(t), e(t), m(t),T(t), p(t)

False

(END)

Figure 1. Block diagram of the algorithm for solving the thrust calculation problem
in ballistic solid rocket engines.
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The Runge-Kutta method is employed to solve the differential equations (1) and (3). The
algorithmic flowchart for solving the thrust computation problem of the engine is presented in

figure 1.

3. INVESTIGATION OF THE INFLUENCE OF PRESSURE ON THE THRUST OF
SOLID PROPELLANT ENGINES OPERATING IN WATER ENVIRONMENTS

3.1. Input data
Study of solid rocket engines (with a structure as shown in figure 2, table 1, and fuel charge
parameters according to figure 3, table 2), operating in water environments at different depths.

Table 1. Structural parameters and fuel charge parameters of the rocket engine.

TT Parameters Symbol Value Unit
1 | Inner diameter of the engine D« 0,116 m
2 | Engine length Lk 0,880 m
3 | Critical diameter of the nozzle din 0,037 m
4 | Nozzle exit diameter da 0,066 m
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Figure 2. Structural diagram of a solid propellant engine operating in water environment:
1. Front bottom; 2. Engine cover; 3. Front cigarette lighter; 4. Fuel dose;
5. Rear cigarette lighter 1; 6. Bushing; 7. Gasket; 8. Rear bottom; 9. Gasket;
10. Nozzle cover; 11. Ignition point; 12. Copper gasket; 13. Primer box; 14. Screw.
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Figure 3. Structural diagram of the fuel charge.
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Table 2. Characteristic parameters of the single-hole rocket propellant charge.

N° Parameters Symbol Value Unit
1 | Outer diameter Dn 104,5 m
2 | Inner diameter Cir 0,0180 m
3 | Length Lip 0,80 m
4 | Specific energy Qe 3590 KJ/kg
5 | Exponential index of the temperature segment k 1,25

6 | Gas constant of the combustion products R 362 J/kg.K
7 | Burning rate coefficient Uz 42.64*10° m/s
8 | Exponential index of the burning rate v 0,3456

9 | Environmental temperature influence coefficient Kr 0,0034

10 | Fuel density pr 1600 kg/m®

3.2. Study on the impact of depth on the thrust of solid rocket engines operating in aquatic
environments

The calculation program with input parameters from table 1, table 2, and figures 2, 3 follows
the algorithm diagram in figure 1, considering the variation of ambient pressure (which depends
on the operating depth of the engine). The range of environmental pressure changes from a depth
of Om to 60m, corresponding to an environmental pressure from 10° Pa to 7.10° Pa. The calculation
results are shown in figure 4 and table 3.
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Figure 4. Pressure and thrust plots of the rocket engine at different depths.

Table 3. Operating parameters of the rocket engine at different depths.

Maximum | Average Maximum Average
N° | Depth | Working | pressure pressure thrust thrust | Total Impulse
(m) | time (s) (Mpa) (Mpa) (N) (N) (N.s)
1 0 2,361 6,216 5,676 9549,4 8688,2 20512,7
2 5 2,353 6,216 5,695 9348,5 8518,0 20042,9
3 10 2,347 6,216 5,709 9147,6 8340,2 19574,3
4 15 2,343 6,216 5,718 8946,7 8154,8 19106,6
5 30 2,335 6,216 5,737 8344,0 7583,3 17706,9
6 50 2,328 6,216 5,753 7540,4 6806,8 15846,1
7 60 2,326 6,216 5,757 7138,6 6413,3 14917,4
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Remarks:

+ As the rocket engine at greater depths, its operational time becomes shorter; however, this
effect is minimal.

+ When the ambient pressure is lower than the critical pressure, the ambient pressure has little
impact on the pressure inside the combustion chamber.

+ Depth has a significant effect on the rocket engine's thrust: The deeper the rocket engine,
the lower the thrust. The thrust decreases by 33,6% when operating at a depth of 60 meters below
the water surface compared to operation on land. As the depth increases, the total thrust of the
engine decreases.

4. CONCLUSIONS

The paper successfully establishes a system of differential equations to calculate the thrust of a
rocket engine operating underwater at various depths by solving the gas flow motion problem
under varying environmental conditions. Based on this, the study examines the effects of structural
parameters and ambient pressure on engine thrust. The greater the operating depth of the engine,
the lower the thrust efficiency. The computational results provide a theoretical foundation for the
design and analysis of rocket engines operating in underwater environments (e.g., torpedoes, naval
mines, underwater-launched bombs, etc.)
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TOM TAT

Nghién ciru anh hwéng cia ap suat den lue day
cua dfng co nhién liéu ran lam viéc trong méi truwdng nudc

Bai bao trinh bay két qua nghién ciru anh hwéng ciia dp sudt méi truong dén luc ddy cia
dong co nhién liéu ran khi lam viéc trong moi truong nuwoc ¢ cac do sau khdc nhau. Pa thuc
chi ra sw phu thuéc lwc day vao dp sudt moi tru’dng khi hoat dong trong moi truong nudc o
cac do sau khac nhau. Thlét ldp thudt gidi va xdy dung chwong trinh tinh todn thudt phong
trong dong co nhién liéu rin khi hoat dong trong moi trwong nuoc. Tir do, nghién ciru anh
hieong ciia dp sudt nuede dén dp sudt va luc day ciia dong co.

Tir khoa: Pong co nhién liéu rén; Anh huong cta ap sudt dén luc ddy; Pong co nhién liéu rén hoat dong trong méi
trudng nudce.
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