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Abstract: The questions and the particularity of the choice of design parameters of multi-module lunar
jet penetrators are considered. A constructive layout of the penetrator is proposed and the advantages
of a multi-modular design are presented. In particular, the limitation on the depth of penetration of the
reactive penetrator of the standard scheme, associated with the characteristics of the flow of combustion
products from the nozzle into a variable length channel left after the passage of the apparatus, is
described. An algorithm is suggested for solving the problem of design parameters of multi-module
lunar jet penetrators, which is based on the same methods for finding design parameters of single-
module penetrators. Nonetheless, in this case, among the main design parameters that uniquely
determine the appearance of both individual modules and the apparatus as a whole, in addition to
pressure in the combustion chamber, elongation, pressure relationships at the nozzle and in the
chamber, engine running time in air, structural mass and angle, contents of the head including, multiple
modules (or sections of the remote control) of the device. By the above method, the calculation of the
gas-dynamic parameters for the operation process in solid propellant rocket engines was carried out.
Critical temperatures of solid fuel and pressure in the combustion chamber are limited by the ones
leading to destruction of the engine and the penetrator.
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1. INTRODUCTION

Theoretical and experimental studies on the creation of single-module ground reactive
penetrators showed [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22] that such penetrators, by their design features, as well as intra-
chamber processes, occurring during the period of work of the propulsion system, have a
number of disadvantages that can significantly affect their application.

Firstly, to create high values in frontal thrust, single-module lunar (LRP) penetrators
should use rocket engines with solid fuel of high elongation and high loading density, and this
leads to an increase in pressure in the combustion chamber, the appearance of erosive
combustion of fuel and, consequently to reduction of reliability of solid propellant rocket
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engines [23]. Secondly, single-module LRPs have a limited penetration depth, since, with a
length of movement in the ground more than 230 ... 260 calibers (with a constant mass flow
rate of combustion products), the compression shock will “rest” at the nozzle edge. Meaning
that a subsonic gas flow will be concentrated in the well, and a further increase in the
penetration depth will lead to a jump in the critical section of the nozzle into the combustion
chamber, which will destroy the engine.

The mentioned disadvantages of single-module LRP can be eliminated by using multi-
modular ground-effect reactive penetrators, including a combination of several solid fuel
sections arranged in series along the axis, and a body that surrounds the sections, having a
head at one end, and a nozzle at the other end. One of the options of the structural layout of
the multi-module lunar jet penetrator is presented in Fig. 1.
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Fig. 1 — Structural scheme of a multi-modular LRP with a payload located in the head
1- body; 2 — section TT; 3 — the head; 4 — annular nozzle; 5 — insertion; 6 — multi-node unit; 7 — device closing
nozzle openings; 8 — stop; 9 — igniter; “A” — nozzle groove; “B” — the gap; “In” — nozzle hole

It should be noted that the individual elements of a multi-modular lunar jet penetrator can
be equipped with solid fuel sections, differing both in size, configuration, and physic-chemical
characteristics. In this case, each LRP module has a specific total impulse value, which is
determined by variation of engine thrust of a separate section in terms of time and duration of
its operation. By controlling the order of operation of solid-propellant rocket engines of
individual modules, it is possible to provide the required traction and dynamic characteristics
in different parts of the trajectory of the lunar jet penetrator.

2. METHODOLOGY

To find solution for the problem of choosing the design parameters of multi-module lunar jet
penetrators, the same methods are used as for finding the design parameters of single-module
LRP [24], [25], [26]. Nonetheless, in this case, among the main design parameters that
uniquely determine the appearance of both individual modules and LRP as a whole, in addition
to pressure in the combustion chamber, elongation, pressure ratio at the nozzle section and in
the chamber, engine running time, mass of the structure and angle of head part, additionally
incudes the number of modules (or control sections) of lunar jet penetrator.

The design parameters are found separately for each module, and the general scheme for
selecting the optimal design parameters of multi-modular soil reactive penetrators is shown in
Fig. 2.
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Fig. 2 — General diagram for choosing the optimal parameters of a multi-modular LRP

From the set of design parameters of the lunar reactive penetrator, it is necessary to choose
the main design parameters that uniquely determine an alternative construction-design
solution. Definitely, for each set of design parameters there will be some optimal (in terms of
reaching the maximum penetration depth) condition determined by the speed and angle of the
penetrator entering the ground, procession angles, nutation and proper rotation, the angle
between the penetrator velocity vector and its longitudinal axis etc.

At the same time, the choice of the optimal launch option is significantly influenced by
the restrictions imposed on the parameters of the penetrator and its trajectories. So, it is
necessary to make a simultaneous selection of the design parameters of a multi-module lunar
jet penetrator and parameters characterizing the conditions for its launch. Therefore, for each
considered construction arrangement of the module, the system of basic design and initial
parameters consists of three groups of quantities: a) parameters that describe the physical and
mechanical properties of soils; b) parameters of the launch conditions; ¢) parameters that fully
determine the construction of the penetrator.

If other things are equal, the totality of these quantities makes it possible to construct a
mathematical model of the process of launching a multi-module lunar jet penetrator into the
lunar soil with various methods for its launch.

3. RESULTS AND DISCUSSIONS

3.1 Model for calculation of the gas-dynamic parameters of the i-th module of the
lunar jet penetrator

In the case [27], when an engine of a specific design scheme is defined, structural materials
with given mass and strength characteristics are selected, fuel is selected and all its physical
and chemical characteristics are indicated, in the first approximation the parameters of a single
solid propellant rocket engine can be determined through the nominal pressure in the
combustion chamber P the outer diameter of the combustion chamber D;; body extension A5

and the pressure ratio at the nozzle exit p, to the pressure in the chamber ¢ = :—“ in the
K

following functional sequence. For a given nominal pressure in the combustion chamber, the
pressure at each moment of time will be:
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KpPH u
PK: t tatOStStl, PK=PK at tzststz
K,P¥ — P
Py = KpPl — #(t—tl) at t; <t < t, 1)
2 U

n_P¢
Py = Py —t—t at t3 <t<t,
4
where t; + t, + t3 + t, = T —is total time of work of solid propellant solid fuel rocket engine
t, —is time of pressure rise from zero to maximum, t, — is time of pressure drop from peak to
nominal; t; — is engine running time with constant pressure; t, — is burnout time; K, — is
pressure decrease ratio.
Solid propellant charge fills not only the cylindrical volume of the body, but also can
partially enter into the space formed by the bottom of the combustion chamber, therefore the
length of the fuel block can be [; determined by dependency

ly = Dy(As + Cy) 2

where C; — is dimensionless ratio taking into account the partial filling of the bottom volume
with fuel.
To find the traction and flow characteristics of the engine, we need to find the average
surface of burning S
Sy = nCl1Dy 3)

where C, — ratio determined by the form of charge.

The burning speed at a given pressure in the combustion chamber, depending on the type
of fuel, is found [28] by either a linear law of combustion or a power law of combustion. In
general, these dependencies can be represented as

u=a+ 6P (4)
or
u=1u; +Py )

where a, &, u,, v — are empirical coefficients that depend on the type of fuel.
Once we know the burning surface and the burning speed of the fuel, it is possible to
calculate in a first approximation arrival of gases into the combustion chamber per second

M = pTuS[‘ (6)

where pr — is fuel density.
To put the penetrator into the ground at a certain depth, the LRP needs some total thrust
impulse
T
Iy = f R(t)dt (7)
0

where R(t) and t are thrust and engine running time.
This useful total impulse must be provided by the engine impulse.
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Mp
Iy = f LgdM ©)
0

where M — is the initial mass of the fuel.
If the average value of a single impulse I,; we know the required mass of fuel, which will
ensure the creation of a given total impulse, which will be

Iy
My = T )
ed
Value 1,4 depends on the selected fuel and engine performance
P

where I, I, — are components of a single impulse; & —is the ratio of pressure at the nozzle exit
to pressure in the chamber, which are independent of pressure; P¥ — is external pressure.

Thrust of i -th engine module in the first approximation can be expressed in terms of the
charge combustion parameters [29] provided that the mass coming from fuel combustion
equals the flow through the nozzle.

R=leq Py US: (11)

To create the required pressure in the combustion chamber for a given burning surface, it
is necessary to establish the area of nozzle section

Skp = (i + {r) prPrSr — for the linear law of burning; (12)

Skp = w PY~ Y prBrSr — for the power law of burning. (13)

where S — is specific pressure impulse characterizing the thermodynamic properties of the
fuel. The broadening of the nozzle is determined by the coefficient of the pressure at the nozzle
exit to the pressure in the combustion chamber.

_1
(e JrT )

2 K+1
dip FR—§ K

where K is the adiabatic index; d, — the diameter of nozzle; dxp — diameter of critical area of
the nozzle. Knowing the diameter of the critical area, we can determine the diameter of the
fuel channel

dy = Kqdkp, (15)

where K - is dimensionless coefficient that determines the ratio of the diameter of the channel
at the beginning of the engine to the diameter of the nozzle.
For the charge of the regular form, the magnitude of the set of fuel is equal to
Dy —d,

=l (16)
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where D, — is outer diameter of the fuel charge, determined by the expression
4eD,

x=—=
DZ — D?

(17)
where & is Pobedonostsev's criterion, indicating the velocity of gases along the charge (it
depends on the pressure in the combustion chamber and the higher it is allowed, the higher is
the pressure in chamber); D, — is internal diameter of the combustion chamber.

When we know the rate of burning of fuel at a given average pressure in the combustion
chamber and the size of the surface, it is possible to estimate in a first approximation the time
of engine operation

From the theory of solid propellant rocket engines, it is known [30] that the charge mass
can be calculated by the formula

MK = ?‘:1 MKi' (19)

where My, is the mass of the i — th engine module:

200 0.0021ed]

ApTAp T (20)

My = My [ZKD%Z—’T((l +i—:) (1 +;1—2T)+

where K, — is reduced safety factor; A — is the fill factor of the cross section of combustion
chamber; o4, px — is strength and density of the material of the body.

The total mass of the penetrator for movement in the ground consists of the mass of the
payload, the mass of the structure and the mass of fuel

MO = Mpn + aMK + Z?:l MTL" (21)

where a — is coefficient taking into account the mass of the head part of the LRP; My, is the

mass of fuel of the i -th module.
Head extension may be defined as a cone.

1

K= 2tgp’ (22)
where 8 — the angle of the semi-cone.
Nozzle extension for the engine
Ic
Ao =35, (23)

where 1:=C3[C4+(§-1)Cs)/2tgfexxDyy — is nozzle length; C5, C,, C5 — are dimensionless
coefficients taking into account the configuration of the nozzle; S, — half the angle of the
opening of the nozzle outlet.

The full extension of the LRP consists of an elongated head, a body and a nozzle.

A=AK+Ab+AC (23)

The results of calculation of the parameters of the internal ballistics for the lunar
penetrator.

As an example for the abovementioned method, the gas dynamic parameters of the
working process in solid propellant rocket engines using the initial data presented in Table 1
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were calculated, and the calculation results are presented in the form of graphs in Fig. 3 — 6.
Calculations were performed for different values:

— charge temperatures T; = -20°C... + 20°C;

— fuel charge lengths I3 = 0.5 ... 1.25 m;

— nozzle diameters dgp = 0.017 ... 0.018 m;

— Poisson’s ratio for fuel material ¢ =0.35 ... 0.05.

Table 1. — The source data for the numerical example

Symb0| R f%) AP KL PT A DKC a DO
Dimension | kcal/mol*kg*deg | kg*m/kg - - Kg*m?3 - m m3/kg M
Value 36 95,000 | 0.15 2 1700 0.98 0.044 0,003 | 0.04
Symbol K n, Uy By E a d & X
Dimension - - - - kg/m? | cm/s | cmd¥/s*kg m -
Value 1.25 1 0.98 | 320 | 2.5x10" | 0.3 0,0063 0,008 | 0.94
p;
MPa /\ t,=20°C
150
0
//\ ,=0C
\
100
/ // \ t,=-20°C
\
50
0 0,04 0,08 0,12 t,c¢

Fig. 3 — The change in pressure in the CC in time for different values of initial temperatures

Analysis of the results indicates a strong influence of the temperature charge on the nature
and magnitude of the working pressure in the combustion chamber and the pressure drop near
the bottom and nozzle.

At charge temperature T3 = -20°C maximum pressure in the combustion chamber is Py 4 x
= 105 MPa, and the maximum drop at the bottom and the nozzle AP,,,x = 15 MPa, which
much different from the values of these quantities at T; = +20°C, respectively, Pyax = 180
MPa and AP, 4x= 18 MPa.

An experimental test showed that launching of the module in the winter was possible and
the engine functioned normally, while start-up in the summer time led to engine explosions.

This is explained, firstly, by the fact that the maximum pressure in the combustion
chamber at the charge temperature T3 = +20°C exceeds the maximum permissible pressure of
the engine body equal to Pae= 160 MPa , secondly, in fact that the value of the maximum
pressure drop can exceed the ultimate strength of solid fuel, which decreases with increasing
temperature.
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Fig. 4 — The dependence of the pressure drop at the ends of the charge from time to different values at the initial
temperature of the charge

The diameter of the nozzle’s critical section and the Poisson’s ratio of the fuel material
for given dimensions of the charge and the combustion chamber determine the ratio of the
critical section area to the free-flow area of gases.

P. MPa

=1Tmm

R/AYaE
\

100
/// D, |=17.5mm
50
0 0.04 0.08 0.12 016 f,c

Fig. 5 — The change in pressure in the CC in time for different values of the diameters of the nozzle

From the graphs it can be seen that for given sizes of the fuel charge and the combustion
chamber, an increase in the critical section area leads, along with a decrease in the average
pressure in the chamber, to an increase in the pressure drop at the bottom and at the nozzle,
which under certain conditions leads to destruction of the charge and the engine.

Ap,lﬂ?‘a

. \ D, =18 mm

=
. \\\( D, =17.5mm [?:0.745}\
| W\ 2 |
e

0 0.04 0.08 0.12 0.16 ¢

Fig. 6 —The dependence of the pressure drop at the ends of the charge over time for various values of diameters in
critical sections
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When approaching the ratio of the nozzle area to the area of free passage of gases to one,
the operation condition of the fuel charge deteriorates dramatically, therefore, when designing
solid propellant rocket engines with high charging density, special attention should be paid to
the correct choice of this ratio.

In particular, when conducting experimental launches of modules “Grom-24" [31] with a
nozzle of critical hole diameter dxp = 17 mm , the engine worked fine, while replacing it with
a nozzle of critical section diameter dgp = 18 mm, led to the explosion of the engine.

4. CONCLUSIONS

— A construction scheme of a multi-modular reactive penetrator was proposed; it allows
reaching greater depths compared to the classical scheme. The essential feature of the solid
propellant solid propellant rocket engine is the fact that in the active part of the trajectory the
solid propellant combustion products flow into the well formed during movement in the
ground. During this, a number of processes arise due to the interaction of a supersonic high-
temperature gas stream flowing out of a solid propellant nozzle with the borehole walls as a
channel of variable length, which under certain conditions can lead to a change in flow
parameters at the nozzle section, and, consequently, such important characteristics as R and a
single impulse leg. The use of a multi-modular construction allows us to bypass this limitation,
and in addition to ensure the operation of the engine in a less loaded mode. Moreover, the
installation of the propulsion system in the process of penetration of the module into the ground
has a significant impact on the stability of its movement, and with an increase in thrust, the
trajectory of movement approaches a straight line.

— A method for calculating the gas-dynamic parameters of the working process in the
solid-propellant engine of the lunar jet penetrator has been developed, which makes it possible
at the initial design stage to determine the necessary requirements for the propulsion system
and the conditions for the best way to deliver the instrument compartment to a given depth.

— A significant influence of charge of solid-fuel temperature on the nature and
magnitude of the working pressure in the combustion chamber and the pressure drop at the
bottom and the nozzle is shown. The launch of the penetrator at negative ambient temperatures
was possible, and the engine functioned normally, while launches at positive temperatures led
to engine explosions, since the maximum pressure in the combustion chamber exceeded the
maximum permissible pressure of the engine construction.

When designing a penetrator engine with a high load density, special attention should be
paid to the right choice of the ratio of the nozzle section area to the free-flow area of gases.
Since the approximation of this ratio to one leads to a decrease in the average pressure in the
combustion chamber and an increase in the pressure drop at the bottom and the nozzle, which
negatively affects the working conditions of the engine.
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