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Annomayusa. Llenvio pabomvi A615emcst pacuemuo-3KCHePUMEHMAIbHOe 000CHOBAHUE YenecO0OPA3HO-
cmu npumenenus (Kax Ha 3emie, max u Ha NOGEPXHOCMU OpY2ux nianem) cCHapsa008-npoOOUHUKOE aKMUE-
Ho-peaxmueno2o muna (CIIAPT) ona pewenus yeno2o psaoa HAyYHbIX 3404y, C8A3AHHBIX C 00PA308aHUEM
CKBAJICUH 8 SPYHME U 00CMABKOU NOJE3HbIX 2PY308 HA HeKOmopyio enybuny. Memoowvl ucciedosanus: pac-
CMOMPEHbL PA3IUYHbIE CXeMbl 3anYCKOo8 (8apuanmol opeanusayuu npoyecca Qynxyuonuposanus) CIIAPT.
Ipousseden pacuem enybunvl nponuxanusa CIIAPT 6 cyenunox ona cayuas, koeoa CIIAPT evicmpenusaem-
cs U3 6ANTUCMUYECKOU YCMAHOBKU, PACNOIONCEHHOU MAKUM 00PA30M, YMoO CKOPOCHb 8blX00d CHApAOad
PAeHa CKOPOCMU €20 6X00a 6 2PYHM, a ma2a 08UeamenbHOU YCMAHO8KYU 6 08a pa3a O0bule CIAmui4ecKo2o
conpomuenenusi epynma. M3 MHOMXCeCmea 8apuanmos npousseoer 6bloop mpex KOHCMPYKMUBHLIX CXeM
CIIAPT 6 3asucumocmu om CKOpOCmu 20penus UCHOIb3YeM020 MONAUBA 0 obecneuenus HOPMAaibHO20
@yuryuonuposanus ogueamens. B pesynomame nposedenHbIx pacuemHno-3KcnepuUMeHmaibHblX UCC1e008d-
HULL N0 ONpeoeleHuio 21yOuH NPOHUKAHUA 8 CYeNUHOK 152,4 Mm cHapsa0oe-npooOolinukog oaunou 4,6 m, 3a-
NYCKAeMbIX C apMUILEPULCKOU YCMAHOBKY, UCNOAb3YIOWel 00UHAKOBbLL NOPOX08oU 3apsad eecom 18 ke,

0
YCMAHOBIEHO, UMO ¢ MOMEHMA bIKIIOYeHUs Osueamens 00 noaHo2o ocmanosa oyoem LY~ =205,48 m,

umo 6osee uem 6 06a pasa npesviuiaem 21YOUHy NPOHUKAHUS MAKO20 dHce CHAPAOa-npoOoHUKa, eciu Ovl
OH 08U2ANCSL 8 2PYHME MOAbKO o unepyuu. Pezyibmamol, uziodcennvle 6 cmamoe, Mo2ym Obinb NOAE3HbL
OJIsL HAYUHBIX PAOOMHUKOS, ACRUPAHINOG U UHNCEHEPOS, 3AHAMbIX CO30AHUEM U IKCNIyamayuel asuayuoH-
HOU U PAKEMHO-KOCMUYECKOU MEeXHUKU, d MAKdice CmyoOeHno8 MexXHU4ecKux 8y308, 00yualouwuxcs no co-
OMEemCmayIoUUM CHEYUALLHOCTISIM.

Knouesvle cnosa: nenempamop, napamempuvl U XAPAKMEPUCMUKU, CHAPAO NPOOOUHUK AKMUBHO-
PeaKkmusHo20 mund.
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Abstract. The aim of the work is the calculation and experimental substantiation of the expediency of
using (both on Earth and on the surface of other planets) active-reactive type penetrator projectiles
(SPART) for solving a number of scientific problems related to the formation of wells in the ground and the
delivery of payloads to a certain depth. Research methods: various launch schemes (options for organizing
the functioning process) of SPART are considered. The depth of penetration of an active-reactive type pe-
netrator projectile into loam is calculated for the case when SPART is fired from a ballistic launcher lo-
cated in such a way that the projectile exit velocity is equal to the velocity of its entry into the ground, and
the thrust of the propulsion system is twice as great as the static resistance of the soil. From a variety of
options, three SPART design schemes are selected depending on the combustion rate of the fuel used to
ensure normal operation of the engine. As a result of the conducted calculation and experimental studies to
determine the depth of penetration into loam of 152.4 mm penetrator projectiles 4.6 m long, launched from
an artillery mount using the same powder charge weighing 18 kg, it was found that from the moment the

engine is turned off until it comes to a complete stop, L', =205.48 m, which is more than twice the pene-

tration depth of the same penetrator projectile if it moved in the soil only by inertia. Conclusion: the results
presented in the article can be useful for researchers, graduate students and engineers involved in the crea-
tion and operation of aviation and rocket and space technology, and can also be useful for students of
technical universities studying in the relevant specialties.

Keywords: penetrator, parameters and characteristics, actin-reactive penetrator projectile.

Introduction

In modern human activities, there is a continual annual increase in the volume of earthworks involving
the regulated disruption of soil masses.

On Earth, such operations are conducted in road and capital construction, the mining industry, geologi-
cal surveying, land reclamation, civil engineering and military applications. On other planets of the Solar
System, they are carried out for the purpose of subsurface exploration, borehole formation, and the delivery
of payloads to specific locations within the soil medium. The labor intensity of working with soil, com-
bined with a number of specific factors inherent in conventional technological methods, results in ex-
tremely high operational costs and significant consumption of material and human resources.

The projectiles considered in this study — Active-Reactive Penetrator Devices (SPART) — belong to a
class of autonomous systems capable of rapid motion through soil, forming a borehole via compaction ra-
ther than excavation. These SPART are launched from a ballistic installation using a launch tube, from
which they are propelled in the desired direction by a dedicated launching mechanism. Their movement
through the soil is driven both by the kinetic energy imparted during launch and by the thrust of a rocket
engine that is activated during the projectile's penetration into the ground.

Schemes of SPART Deployment into Soil

Various launch schemes (i.e., operational configurations) of SPART devices are possible. It is im-
portant to note that throughout all phases of the penetrator's movement, in addition to inertial forces
and engine thrust, the gravitational force of the planetary body also acts on the system. This gravita-
tional force depends both on the gravitational acceleration — whose magnitude varies across different
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planets — and on the angle of entry of the penetrator into the soil. The entry angle is defined by the ori-
entation between the SPART’s longitudinal axis and the tangent to the surface of the ground (or re-
golith). The gravitational force reaches its maximum when SPART enters and moves vertically
through the soil. Conversely, during horizontal entry and motion, the gravitational component acting
on the penetrator becomes zero.

Scheme 1. The launch tube (barrel of the launching device) of the ballistic installation can be posi-
tioned at some distance above the soil surface. Using a propelling mechanism, the SPART is ejected
from the tube in the desired direction, acquiring an initial velocity upon entry into the ground. In the
case where the SPART is launched from a ballistic system mounted on a descent vehicle that is ap-
proaching the surface at a certain velocity, it is necessary to account for the deceleration effect exerted
on the vehicle due to the recoil force generated by the projectile launch.

The propulsion system, in turn, can be activated under different conditions:

1.1. At the moment the propelling mechanism of the ballistic launcher is triggered. In this case, the
engine operates both during the projectile’s flight toward the interface between the atmosphere and the
soil, and during its movement within the soil.

1.2. At the moment the penetrator enters the soil.

1.3. During its inertial movement within the soil. In both cases 1.2 and 1.3, the motion of the
SPART through the ground is driven by both its kinetic energy and the thrust of the operating engine.

1.4. After the SPART comes to a complete stop during its inertial movement in the soil. In this
case, the total penetration depth is composed of two segments: the initial inertial motion and the sub-
sequent motion powered by engine thrust.

Scheme 2. The launch tube may be positioned in such a way that the penetrator's nose is in direct
contact with the soil surface (impulse-driven insertion). As the propelling mechanism is activated, the
SPART begins its motion into the ground due to the pressure exerted by the propellant gases.

In this case, the propulsion system may also be activated under several conditions:

2.1. Simultaneously with the activation of the propelling mechanism. In this scenario, the penetra-
tor’s motion through the soil is driven both by the expansion of gases within the launch tube and by
the thrust produced by the operating SPART engine.

2.2. During the inertial phase of motion following the activation of the propelling mechanism,
when the pressure of the propellant gases in the launch tube has dropped to zero. Here, the movement
through the soil is sustained by both the kinetic energy of the SPART and the thrust from its engine.

2.3. After the SPART has come to a complete stop following its inertial motion in the soil, driven
initially by the kinetic energy imparted by the propellant gases. The total penetration depth in this case
consists of two phases: initial motion by inertia and subsequent advancement due to engine thrust.

Regardless of the configuration of the ballistic installation relative to the soil surface and the mo-
ment of engine activation, as the SPART passes through the launch tube, it may either move without
rotation or acquire rotation around its own axis, i.e., with spin, due to the pressure of the propellant
gases [1].

It is evident that the penetration depth of the active-reactive type penetrator will be influenced not
only by the aforementioned operational configurations, mass and dimensional parameters, and charac-
teristics, but also by the magnitude of thrust at each moment of the engine's operation.

In particular, if the thrust of the propulsion system is less than the static resistance of the regolith,
the activation of the engine should be carried out either at the moment the SPART enters the soil or
during its inertial motion. After the penetrator has come to a stop, activating the engine would no
longer be meaningful.

The activation of the SPART propulsion system at the moment of the propelling mechanism's acti-
vation increases both the penetrator's entry velocity into the soil and the overloads acting on the pene-
trator's structure and its payload.

74



Aviation and spacecraft engineering

It is also known that to achieve the maximum penetration depth of the penetrator with an operating
propulsion system, it must move through the regolith at an optimal speed, which is achieved when the
engine thrust exceeds the static resistance of the medium by a factor of two [2].

Below is the calculation of the penetration depth of SPART into loam for the case where the
SPART is fired from a ballistic installation positioned such that the exit velocity of the projectile is
equal to its entry velocity into the soil, and the engine thrust is twice the static resistance of the
ground.

Calculation of SPART Penetration Depth into Loam

As a result of laboratory tests aimed at achieving the same penetration depth when launching pro-
jectiles of different masses from a ballistic installation, it was established [3] that less energy and im-
pulse are required when using heavier projectiles. Specifically, when D, =152.4 mm projectiles were
launched from a special artillery gun into naturally occurring loam, a 148 kg projectile reached
a depth of L = 24 m, whereas a 612 kg projectile penetrated to a depth of L = 95 m. In both cases,
the same gunpowder charge of weight o = 18 kg was used (see table).

Experimental and Calculated Data on the Penetration of a 152.4 mm Diameter Projectile into Loam

Mg, kg o, kg B, g L,m Vg, /S v, , /s kg
148 18 90 24 482 787 0.61
148 23,9 36 34 640 908 0.70
612 10 36 76 191 285 0.67
612 10 36 69 191 285 0.67
612 18 36 95 274 384 0.71
612 18 36 90 274 384 0.71

We will calculate the possible penetration depth of D, =152.4 mm projectile described above,

with a length of / = 4.6 m and a mass of Mg = 612 kg, and with the nose cone angle p=36" (if appli-
cable), assuming it is fired from a special artillery gun into naturally occurring loam. Additionally, the
projectile is equipped with a solid propellant rocket engine with a fuel mass of M , =0,1Mg , specific

impulse of /,, = 2620&, and fuel density of p , =1600 k—% .
kg m
The natural soil used for testing is loam, into which artillery projectiles with the above-mentioned pa-
rameters were launched at various speeds.
Using the results of previous launches of these projectiles into the soil at different entry velocities,
as presented in Table 1, we will substitute the values into the penetration depth equation for inertial

motion

M 2

[ =28aw Fo+ BV, (1)
2B 0

using the two values of v, =V,

" and L from the third and fifth rows, respectively. As a result of the
simultaneous solution of the system of two logarithmic equations for the unknowns F, and B we de-

termine

Ns?
F,=27514.68 N and B=11.087 —
m

in the formula for the soil resistance to the moving penetrator [2].
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To achieve the maximum penetration depth into the soil due to the thrust of the operating engine,

/F
the projectile must move at an optimal speed, determined by the formula [4] V,,, = EO which, for the

values of Fjand B calculated above, equals V,, =49.816 =
s

In this case, the thrust of the propulsion system, according to the relationship R”' =2F;, must be

twice the static resistance of the soil, i.e., R”" =55029.36 N .
Given the total impulse of the solid propellant 7, =1,,M , =160344Ns and the known thrust

R, using the formula [2] T = ""F L we will determine the engine's operating time 7 =2.914 s
0
Let us determine how the mass of the projectile with the given parameters will decrease by replac-
ing the steel from which it is made with solid propellant, which has a lower density than steel. The

M
volume of 61.2 kg of solid propellant is W =—7 =0.03825 m>. Let us assume that the free volume
- Py

of the solid propellant rocket engine combustion chamber is Wy, = 0,1/, =0.003825 m’. The total

volume of the combustion chamber is W, =W, + W, =0.042075 m’.

. . . k .
Assuming the density of steel is p,, = 7800—g3 , we will calculate how much the mass of the pro-
m

jectile casing has decreased:
a) by considering the difference in densities between the propellant and steel

AMg1 =W (p, —p,)=237.15kg;
b) by considering the free volume of the combustion chamber AMg2 =W, p , =29,835 kg;

c) the total decrease in mass AMg = AMgl+ AMg2 =266,985 kg .

The mass of SPART will be 267 kg less than the mass of a projectile of the same size, but made of
steel and used in the experiment, 1. e., Mg,,,, =345 kg.

Given the use of the aforementioned artillery system with identical powder charges o = 18 kg, the

entry velocity of SPART with a mass of Mg,,,, =345 kg will be v, =365 ms , while for a projectile

with a mass of Mg =612 kg, the entry velocity will be v, =274 ms . The penetration depth of the
projectile with a mass of Mg =612 kg into the soil by inertia is L, =95 m, while for a projectile
with a mass of Mg, =345 kg, if it were to move through the soil solely by inertia, the penetration
depth would be L, =62.26 m.

To achieve maximum penetration into the soil due to the thrust of the operating engine, the SPART
propulsion system must be activated at a depth of:

Mgy By B7,
ot 2B | Fy+ BV

opt

} =51.42 m at which the velocity of the projectile, moving by inertia,

decreases to: V,,

-49.816 2 [4].
S

The penetration depth of SPART due to engine thrust, assuming that the solid rocket motor thrust is
R=2F,=55029.36 N and it is activated at a depth of L,,opt =51.42 m, will be determined by the

formula L, =V,,T=145.16 m.
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After engine shutdown, the SPART with a mass of (Mg[mp =283,8 kg) will continue moving by

inertia until it comes to a complete stop, covering a distance of L, _;, =8,9 m.
The total penetration depth of the SPART with a mass of Mg,,, =345kg, assuming it moves

through the soil in three stages — first, by inertia from the moment of entry to a depth of 51.42 m; sec-
ond, with the propulsion system activated and operating at optimal thrust with 61.2 kg of fuel; and
third, by inertia again after engine shutdown until coming to a complete stop — will be

LIE!Z = LVopl +L, +L, (=20548 m.

When designing the propulsion system for SPART, it is necessary to take into account the over-
loads acting on both the projectile body and the propellant charge at the moment when the SPART’s
nose section is fully embedded in the soil. At this moment, SPART is moving by inertia, and the over-
load reaches its maximum value:

2 )
" __Fy+BVa, _ 27514,68+11,087*365° _ o

Mg2 345%9,81

Let us assume that the operating pressure in the combustion chamber is P, =25MPa. The mini-

mum wall thickness of the combustion chamber, according to shell theory, is determined by the for-
mula [5]:

P
Opin =——re=1,6 mm,
c

st

ex

— radius of the

N . . .
where ., =6%10° — — tensile strength of the combustion chamber material; 7 =
m

solid rocket motor; € = 1.5 — safety factor.

Based on design and technological considerations, we will choose the wall thickness of the com-
bustion chamber 6 = 2.2 mm. In this case, the internal diameter of the combustion chamber will be
D.. =D, —25=0.148 m.

For more efficient use of the combustion chamber's volume, it is advisable to use a poured solid
propellant charge. In this case, the charge of a given mass and density will have a minimum length.
For the case under consideration, when the internal diameter of the combustion chamber, the volume,
mass, and density of the propellant are known, the length of the propellant charge will be determined

4aM ,
by the formula /;, = —=222m.

np Dy,

Selection of the Design Configuration of SPART

Depending on the burn rate of the propellant used, different design configurations of solid rocket
motors can be applied to ensure the normal operation of the engine. Below, three design configura-
tions are presented [6—7].

Scheme a. The burn rate of the selected (fast-burning) propellant at the given pressure in the cham-

ber will be U = 0,149PCO’53 =744 mm . The thickness of the burned layer over the total operating time
of the engine willbe A=UT =2,168m.

To ensure the movement of SPART through the soil at optimal speed due to the operating engine,
a motor with end-burning of the propellant (cigarette burn) can be used (see Fig. a).

D;,
In this case, the surface area of the propellant burn will be S, = 1 4“ =0.0172.

77



Siberian Aerospace Journal. Vol. 26, No. 1

The total area of the critical sections of all nozzles can be determined based on the steady-state
equilibrium between the gas inflow into the combustion chamber and their outflow, according to the
formula [8-10]

UB.S,
=%=0.001146 m?,

c

cr

where 3, =1400 % — specific impulse of pressure.
g

For the selected design configuration of SPART, using a motor with end-burning of the propellant,
either a single nozzle with a critical section diameter of 38 mm can be used, or a nozzle block with a
total critical section area of 1146 mm? [11-12].

Ah A

A i B i e AT | A
- A S ‘!

4

Constructive schemes of active-reactive type projectiles:
a — with a filled solid fuel charge; b — with a multimodule engine; ¢ — with a nested tubular charge

Scheme b. The burn rate of the selected propellant at the given pressure in the chamber will be

U=18+1.76%* 10’6PC =62 The thickness of the burned layer over the total operating time of the
s

engine will be A =UT =180.668 mm.

To ensure the movement of SPART through the soil at optimal speed due to the operating engine,
a six-section multi-module engine with end-burning of the propellant charges can be used (see Fig. b).
The length of each charge will be equal to twice the thickness of the burned layer, i. e.
1¢ =2A =361.336 mm.

In this case, the total surface area of the propellant burn will be [13—14]

DZ
e 1y 2 0.206 m?,

N Sull =

where n =12 — number of combustion surfaces.

The total area of the critical sections of all nozzles can be determined based on the steady-state
equilibrium between the gas inflow into the combustion chamber and their outflow, according to the
formula [8]

UB.S
=%=0.00II46 m?.

c

cr

For the selected design configuration of SPART, using a six-section multi-module engine with end-
burning of the propellant charges, seven annular nozzles can be used. These nozzles should be placed
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at the ends of each of the six charges, with the five middle nozzles having identical critical sections
with an area of 0.000191 m?, and the outer nozzles having half the area, i.e., 0.0000955 m?.
Scheme c. The burn rate of the selected propellant at the given pressure in the chamber will be

U= O.OOIPCO’53 =5.667 mm. The thickness of the burned layer over the total operating time of the en-

gine willbe A=UT =0.015 m.

To ensure the movement of SPART through the soil at optimal speed, in this configuration, an en-
gine with nested tubular propellant charges can be used (see Fig. ¢).

The main disadvantages of the SPART design using an engine with nested tubular propellant
charges are the low degree of fuel filling in the combustion chamber and the need to ensure the stabil-
ity of the fuel charges when SPART enters the soil (see Fig. ¢) [15-17].

Conclusion

As a result of the conducted computational and experimental studies to determine the penetration
depth into loam of 152.4 mm probe projectiles with a length of 4.6 m, launched from an artillery sys-
tem using the same gunpowder charge weighing 18 kg, it was established that:

1. The maximum total penetration depth of SPART, if it were moving through the soil:
on the first stage from the moment of entry until a depth of 51.42 m by inertia;
— on the second stage with the engine turned on, using 61.2 kg of fuel and optimal thrust;
— on the third stage from the moment the engine is turned off until the projectile comes to a com-

plete stop, L?,‘j,l =205.48 m will exceed the penetration depth of the same projectile moving through

the soil by inertia alone by more than twice.

2. The installation of the solid propellant rocket engine in the rear part of SPART (due to the shift
in the center of mass forward caused by the difference in densities of the gunpowder and steel) signifi-
cantly increases its static stability. This, when the probe projectiles move uncontrolled through the
soil, allows for a more straight-line trajectory.

3. It is advisable to use SPART (both on Earth and on the surfaces of other planets) to solve a
number of scientific tasks related to the formation of boreholes in the soil and the delivery of payloads
to a certain depth.

4. For practical application of the formula that determines the soil resistance force when penetrat-
ing with probe projectiles, it is necessary to have a database of experimental values for the specific
static resistances Fypee and resistance coefficients B, depending on the shape of SPART and its speed

through the soil.
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