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Abstract—In this paper, we perform numerical simulation and experimental determination of the limiting
resistance of the spacecraft design elements used when developing anti-meteorite protection of spacecraft as
well as protection against space debris. One possible way to increase the efficiency of protective shields and
satisfy the requirements of the mass characteristics of the latter is the use of mesh barriers.
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1. INTRODUCTION

The problem of the reliable protection of manned
and unmanned spacecraft for the study of near-earth
and deep space has become very important at present,
due to the increasing duration of the flights of these
objects, increasing the probability of collision of the
latter with space bodies or technogeneous fragments,
occurring as a result of the destruction of orbital con-
structions. The collision of fragments with bodies and
other elements of spacecraft can lead to penetration or
destruction, malfunctions, and even more serious
consequences for manned objects.

In 1947 [1], Whipple proposed a method of pro-
tecting spacecraft from the impact of high-speed cos-
mic particles by placing a thin shield in front of the
spacecraft body for fragmenting and redistributing the
momentum of striking fragments over most of the area
of the protected body, where it interacts with a thin
shield. This allows for the provision of the necessary
degree of protection within a given range of masses
and collision velocities of particles for the established
mass-dimensional parameters of the spacecraft. It
should be noted that the problem of the reduction of
the mass of the protective spacecraft elements, while
maintaining efficiency, remains actual.

It follows from a review of the literature that the
process of high-speed interaction of solid shields with
strikers has been studied quite fully, and the process of
the interaction of a striker with mesh shield is still
insufficiently studied.

Experiments on the high-speed introduction of a
polyethylene striker (striker dimension is 15 mm) to a
string shield (the string material is steel, the string
diameter is 0.5—1.0 mm) were carried out in [2]. The

goal is the experimental proof of a qualitative differ-
ence between the nature of striker destruction, when it
interacts with a string shield, and destruction for a
solid shield. Impact velocity varied in the range of 1.7—
3.0 km/s. Polyethylene has a lower (in comparison
with aluminum striker) resistance to introduction;
therefore, effects specific to the introduction of a dis-
crete shield in the striker, according to the authors,
should appear more clearly.

The results of a set of experiments in which the abil-
ity of various shields to influence the degree of striker
fragmentation was evaluated, are presented in [3]. A
protective design consisting of aluminum meshes and a
solid shield separated by a small distance was found to
be the most effective. As shown by the authors [4], a
combination of a mesh and a solid shield allows us to
reduce the mass of the protective system by approxi-
mately 30—40% in comparison with the Whipple
scheme. In [5], the authors presented the results of a
wide study of the nature of high-speed fragmentation of
strikers on discrete and continuous barriers clarifying
the features of interaction of both single meshes and a
sequence of meshes with strikers. A set of experiments
for fragmenting aluminum strikers on steel meshes [6]
showed the dependence of the form of striker fragmen-
tation on the geometric parameters of meshes.

In [7], the authors present the results of 12 experi-
ments for evaluating the resistance of shield protection
from high-speed penetration at velocities of 2.66—
3.44 km/s. It is known that this range of velocities is
most dangerous for shield protection and corresponds
to the minimum ballistic dependence of the critical
size of the aluminum striker on the impact velocity. As
a striker, an aluminum ball (the AD-1 alloy) is used,
with a diameter of 6.35 mm and mass of 0.39 g.
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Schemes of protective designs includes two or more
mesh shields consisting of one or more steel meshes
with different geometric and mass characteristics. The
works presented above operate with sufficiently large
particles as strikers, but of great practical interest are
particles with a diameter of 2 mm or less, operating in a
range of 2.66—3.44 km/s, the problem of the protection
from which is presently resolved, taking into account
computational capabilities and modern materials.

To simulate the collisions of high-speed particles
with samples of protection, light-gas guns were mainly
used, allowing us to accelerate the strikers (with the
dimensions mentioned in the papers) up to space
velocities. For particles with a diameter of 2 mm or
less, with the diameter of light-gas gun barrels of large
calibers, it is necessary to use methods allowing us to
throw strikers with significantly less dimensions from
these facilities.

Without neglecting the importance of experimen-
tal studies it should also be noted that performing mass
tests in a wide range of dimensions and velocities of
strikers, materials, thicknesses and designs of protec-
tive shields requires large material and financial costs.
The application to the study of this problem of modern
computers and numerical methods allowing us to
solve the problems of high-speed collision in a three-
dimensional statement taking into account the frag-
mentation of strikers and protective elements of the
spacecraft design seems an actual and practically
important problem. The numerical simulation of
high-speed interaction of solids allows us to reproduce
at acceptable costs the characteristic features of phys-
ical processes occurring in collision and to consider
and choose optimal protection schemes.

The natural heterogeneity of the structure of the
plate material and technogeneous fragments influenc-
ing the distribution of physical and mechanical char-
acteristics (FMC) of the material is a main factor
determining the nature of the destruction of real mate-
rials. Accounting for this factor in the equations of
mechanics of deformable solid bodies is possible using
the random distribution of the initial deviations of the
strength properties from nominal values (the simula-
tion of the initial defective structure of material).

The ratios of the mechanics of deformable solid
bodies used in modern works on the dynamic destruc-
tion of designs and materials does not take into
account that this factor can distort the real picture of
the impact destruction of the considered bodies. This
becomes particularly apparent in solving axisymmet-
ric problems, where all points on circular coordinates
of the calculated element are initially equivalent in
view of the standard equations of continuum mechan-
ics used in numerical simulation. In practice, however,
there is a wide range of problems where fragmentation
is mostly a probabilistic process, for example, the
explosive destruction of axisymmetric shells where the
nature of fragmentation is not known beforehand, the
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penetration and destruction of thin barriers by a striker
along normal to the surface, etc. Adding the random
distribution of the initial deviations of the strength
properties from the nominal value in the FMC body
leads to the fact that, in these cases, the process of
destruction takes on a probabilistic character more
consistent with experimental data.

It should be noted that in [2, 6, 7] the results of cal-
culations using the SPH method, which satisfactorily
transmits a qualitative picture of the process of colli-
sion of a particle and a mesh, has a low accuracy in
quantifying collision parameters.

2. BASIC RATIOS

Equations describing the motion of a compressible
elastic—plastic body taking into account the probabilistic
nature of destruction. Equations describing the spatial
adiabatic motion of a solid compressible medium are
differential consequences of the fundamental laws of
conservation of mass, momentum, and energy. In gen-
eral, they have the following form [8, 9]:

equation of continuity

1dp  0v;_,, (1)
pdt 0x;
equation of motion
dv; JP aSi'
P dt P ox; 0x; @
equation of energy
dE Pdp
— =85, +——, 3
Plar =2 p dt 4

where x; are coordinates; ¢ is time; p,, is the initial den-
sity of the medium; p is the current density of the
medium; v; are the components of the velocity vector;
F; are the components of the vector of mass forces; §;
are the components of the stress tensor deviator; F is
the specific internal energy; €;; are the components of
the deviator of deformation velocity tensor; and P is
pressure.

To Egs. (1)—(3) it is necessary to add equations
taking into account the corresponding thermody-
namic effects connected with the adiabatic compres-
sion of the medium and the strength of the medium.
In the general case, when the forces act on a solid
deformable body, change occurs both in the volume
(density) and the shape of the body, in this case,
according to various dependences. Therefore, the
stress tensor is represented as the sum of the spherical
tensor and the stress tensor deviator

6;=8,-PS;, i,j=1273,
;=1 i=j08;=0, i#},
where 8,;/ the Kronecker symbol.
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To describe the shift resistance of the body, we use
the following ratios:

1 DS ]
2u(e,-j - gekkﬁij) = Dtj +ASy; 4)
DS; dS;

— V=V _ S, —S5,0;; 5
Dt dt ik jk JkYik ( )

. dv;
20, =2V -2V, (6)

ox; ox;

oV,
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ox; ox;

as well as the condition of plasticity
1 1

Jr =25,y = 302, (8)

where e; are components of the deformation velocity
tensor; p is the rigidity modulus; o is the dynamic yield
strength; and D/ Dt is Yauman’s derivative.

The equation of the rigid body state was chosen in
the Mie—Gruneisen form

P K1 - F0§/2)
(1-cg)’
where I'; is the Gruneisen coefficient; ¢, K are con-

stants of the material; p, is the initial density of the
medium; and & =1-p,/p.

& + pOFOEa (9)

Moreover, we take into account that, in high-speed
interactions, two mechanisms of destruction can be
implemented: shifting and slabbing. As a criterion for
shifting destruction, a criterion of limiting equivalent

plastic deformation was used [10], namely £” = ¢4. In

this case, when €’ reaches the limiting value €%, the

calculated cell is considered to be destroyed. The sys-
tem of equations (1)—(9) was written in a general form
for the dimensional motion of a deformable body.

In real materials, the process of destruction is
always determined by the internal structure of the
medium, the presence of inhomogeneities, as a rule,
caused by different orientations of grains in the poly-
crystalline material or inhomogeneities in the compo-
sition of composite materials, the difference in
microstrengths inside a grain, and the intergranular or
interphase boundary. Therefore, to increase the ade-
quacy of the numerically simulated process it is neces-
sary for experimental data to introduce disturbances in
the physical and mechanical characteristics of the
destroyed medium, i.e., random distribution of the
factors determining the strength properties of the
material. Introducing into the calculation method
information on the polycrystalline structure of the
material requires a large amount of experimental data
and increased requirements of computer engineering

power, limiting the ability of the implementation and
application of this approach. In this connection, in
this paper, we use a simplified version of the simula-
tion of the probabilistic mechanism of destruction.
The physical and mechanical characteristics of the

medium &, responsible for the strength are considered
to be distributed randomly over the material volume.
The probability density of the distribution of the given

parameters dp/d€; = fi(&,,&, D;, Q) is taken as the
different laws of the distribution f;, generally depend-

ing on the table (average) value &, of the distributed
parameter of variable dispersion D; of the distribution
of this parameter, and other characteristics of the
medium € ;. For gradientless single-phase material,
characteristics such as density, rigidity modulus, and
modulus of volume compression are practically inde-
pendent of the number of defects and, when distrib-
uted over a volume, these values can be considered
constant. At the same time, parameters such as yield
strength, ultimate strength, maximum deformation,
and other constants determining the time of occur-
rence of destruction in various theories of strength and
destruction criteria directly depend on the number
and dimensions of defects and should be distributed
randomly over the volume, with dispersion depending
on material homogeneity. The natural fragmentation
of the thick-walled elastic—plastic shell and barrier is
calculated by introducing a probabilistic mechanism
of the distribution of the initial defects of the material
structure to describe the slabbing and shifting cracks.
As a criterion of the destruction at intensive shifting
deformations, the achievement of equivalent plastic
deformation of its limiting value is used in the prob-
lems. Initial inhomogeneities were simulated by the
fact that the limiting equivalent plastic deformation
was distributed in shell cells with a modified random
number generator, creating a random value submitting
to the chosen distribution law. The probability densi-
ties of random values were taken as a normal Gaussian
distribution, with an arithmetic mean equal to the
table value and variable dispersion.

The system of the basic equations is complemented
by the necessary initial and boundary conditions. At
the initial time, all points of the striker have axial

velocity V,, in view of their sign, and the barrier state is
supposed to be undisturbed. The boundary conditions
are set as follows: on boundaries free from stress, the
following conditions are met: 6, = T, = 0. On the area
of contact between the bodies the condition is put of
ideal sliding of one material relative to another along
the tangent, as well as the condition of nonflowing
along the normal: 6,, =G5, vV, =V,p, Ty = Tip =0,
where 6,7, are normal and tangential components of
the stress vector; v, is normal component of the veloc-
ity vector at the point of contact; and indices 1 and 2
refer to the contact bodies.
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Test Throwing . Tested barrier Velo.m.t v .
.. Striker . of collision, Experimental result
number facility and shield
km/s
MPKH 23/8 | Duralumin ball Tank + 0.32-mm mesh + Through mesh penetration.
F5 . . . 2.1 Tracks with depth of 0.3—0.5 mm
with cutter | with 2-mm diameter | 0.2-mm mesh
from fragments on tank
. Through mesh penetration.
+ - +
F7 | MPKH 23/g | Puralumin ball Tank + 0.32-mm mesh 2.1 | Tracks with depth of 0.3—0.5 mm
with 2-mm diameter | 0.2-mm mesh
from fragments on tank
MPKH 23/8 | Duralumin ball Tank + 0.32-mm mesh + Through mesh penetration.
F8 . . . 2.1 Tracks with depth of 0.3—0.5 mm
with cutter | with 2-mm diameter | 0.2-mm mesh
from fragments on tank
MPKH 23/8 | Duralumin ball Tank + 0.32-mm mesh + Through mesh penetration.
F16 . . . 4.0 Tracks with depth of ~0.5 mm
with cutter | with 2-mm diameter | 0.2-mm mesh
from fragments on tank
MPKH 23/8 D.u ralumin ba]]. Tank + 0.32-mm mesh + Through mesh penetration.
F17 . with 3.3-mm diame- 4.0 .
with cutter ter 0.2-mm mesh No visible damages on tank
MPKH 23/8 | Duralumin ball Tank + 0.32-mm mesh + Through first mesh penetration.
F18 . . . 4.0 No visible damages on the sec-
with cutter | with 1-mm diameter | 0.2-mm mesh
ond mesh and tank
23 MPKH 23/8 | Duralumin ball Tank + 0.32-mm mesh + 29 Through mesh penetration.
with cutter | with 2-mm diameter | 0.2-mm mesh ’ No visible damages on tank
MPKH 23/8 | Duralumin ball Tank + equivalent shield Through penetration of shield
F26 . . . . 2.9
with cutter | with 3-mm diameter | of 1-mm duralumin and tank
Through mesh penetration.
MPKH 23/8 | Duralumin ball Tank + 0.32-mm mesh + Convexity on tank at backside
F27 . . . 2.9
with cutter | with 3-mm diameter | 0.2-mm mesh and tracks from fragments
of ~1 mm
Through penetration of mesh and
F29 MPKH 23/8 | Duralumin ball Tank + 0.32-mm mesh = 29 EVTI. Convexity on tank at
with cutter | with 2-mm diameter | EVTI ’ backside and tracks from frag-
ments of ~1 mm

To calculate the elastic—plastic flows, a method is

The calculated mesh used in this calculation was

used that is implemented on tetrahedral cells and based
on the combined use of the Wilkins method for calcu-
lating interior points of the body and the Johnson
method for calculating contact interactions [8, 11—13].
Partitioning the three-dimensional area into tetrahe-
drons occurs sequentially by means of subprograms for
automatic meshing. The most complete ideology and
methodology of the probabilistic approach to the prob-
lem of destruction of solids are shown in [14].

3. TEST CALCULATIONS

The problem of the expansion of a copper shell
with a steel ring on it under the action of detonation
products was considered [14].
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approximately 500000 tetrahedral cells. To describe
the destruction, a method of splitting over nodes was
used: when performing the destruction criterion in the
vicinity of the node, splitting nodes and the formation
of'the destruction surface occur. To simulate the initial
irregularities, the distribution of the limiting value of
equivalent plastic deformation over the cells of the cal-
culated area was used according to the normal law with
a dispersion of 10% deviation.

With the expansion of the ring, a localization of
deformations was observed in the vertices of the radial
cracks formed in the initial inhomogeneities and the
formation of sufficiently large fragments. The calcu-
lated fragmentation spectrum agrees quite satisfacto-
rily with experimental data [15].
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Fig. 1. Assembly of mesh and spherical particle in 3D view. Collision velocity of 3 km/s: (a) 0.3330 ps; (b) 0.5000 ps; (c) 0.6700 ps.
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Fig. 2. Two-dimensional section of mesh and spherical particle. The distribution of velocity: (a) 0.3330 ps; (b) 0.5000 ps;

(¢) 0.6700 ps.

In the three-dimensional statement, the problem
of penetrating a two-layer barrier (glass-fiber plastic
ST-NT + D16 alloy) with a ball of steel SHKH-15 was
considered. Calculations were performed on the colli-
sion of the ball and barrier along the normal to the sur-
face of the latter. The velocity of the striker was equal
to 700 and 900 m/s. The comparison of the numerical
results with experimental data showed a quite satisfac-
tory coincidence.

In the three-dimensional statement, the problem
of the penetrating a two- and three-layer barrier
(steel—ceramics, steel—ceramics—steel) by a cylindri-
cal striker of tungsten alloy was considered. The com-
parison of the numerical results (n) and the experi-
mental (e) data [14] showed a good agreement
between the remaining lengths (/, and /.) and velocities
(V, and V,) of the striker for the cases of two- and
three-layer barriers. The two-layer barrier: /, = 37 mm,
V.= 1120m/s; /, = 35 mm, V, = 1200 m/s. Three-layer
barrier: /, = 11.5 mm, V, = 890 m/s; /, = 10.0 mm,
V,=855m/s.

4. NUMERICAL SIMULATION OF COLLISION
OF HIGH-SPEED PARTICLES WITH MESH
SHIELD SPACECRAFT ELEMENTS

1. The interaction of a striker with the first barrier
mesh. As a shield, we consider two meshes placed
before the spacecraft body. At the first stage of calcu-

lation, we consider the interaction of a spherical parti-
cle with a first shield mesh. The material is aluminum
for the barrier and the ball, steel for the mesh, and the
diameter of the thread is 0.32 mm for the first mesh
and 0.2 mm for the second. The thickness of the bar-
rier is 1.85 mm and the ball diameter is 2 mm. The dis-
tance between the meshes is 1 cm, and that between
the barrier and the second mesh is 2 cm.

The calculation results of the interaction of a
spherical particle with the mesh at the collision veloc-
ity of 3 km/s are shown in Figs. 1—2.

As particle velocity increases, the degree of frag-
mentation of the latter is significantly enhanced with
the formation of a fragmentation cloud colliding with
the second mesh.

2. The motion of fragments of the mesh and the
striker from the first to the second mesh. Figure 3 shows
two stages of particle interaction with shield meshes.
The interaction of the first barrier with a high-speed
particle is shown in Fig. 3a.

Here is noted the intense fragmentation of the par-
ticle and mesh with the formation of fragment flux
moving toward the second barrier (Fig. 3b).

3. The interaction of the particle remainder with the
spacecraft body. The main danger for the second bar-
rier is the core of the fragment flux, which can be
clearly seen in these figures and represents the nonde-
structive part of the high-speed particle. The picture of
the interaction of this core with the second mesh is
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Fig. 3. Initial velocity of collision of a particle with first mesh—barrier of 3 km/s: (a) 0.8800 ps; (b) 5.5000 ps.

qualitatively similar to the picture of the particle inter-
action with the first mesh. The main interest is the
interaction of the remainder of the particle with the
spacecraft body in order to penetrate it or conserve the
integrity of the latter.

The picture of the deceleration of the remainder of
the basic particle in the spacecraft body for collision
velocities of 3 km/s is shown in Fig. 4. The penetration
of the body does not occur, which is also confirmed by
the experimental data presented below.

5. ANALYSIS OF EXPERIMENTAL DATA
ON THE INTERACTION OF A HIGH-SPEED
PARTICLE WITH A SOLID SURFACE SIMILAR
TO CRITICAL ELEMENTS OF SPACECRAFT
DESIGN USING MESH DESIGNS
AS PROTECTIVE SHIELDS

1. Experimental throwing facilities. For experimen-
tal studies of the processes of high-speed collision in a
wide range of velocities (2—8 km/s) and masses of
throwing elements, an experimental stand with a vac-
uum chamber and universal bed was developed and
put into operation. The stand is equipped with the
family of single-stage powder guns with calibers of 5.6,
8, 12.7, and 23 mm, as well as light-gas guns belonging
to the PKH complex [19]. A gun with an 8-mm caliber
produces a velocity of 2.2 km/s for assemblies with a
mass of 1-2 g. For ultralight assemblies (C, < 1 g/ cm?)
and using combined powder charges, the velocity can
be increased by 200—300 m/s.

Light-gas gun MPKH 23/8 is the simplest light-gas
gun “with a heavy piston” and consists of three main
details: a piston barrel, a ballistic barrel, and an elec-
tric fuse plug. Light-gas gun MPKH 23/8 is designed
to obtain velocities up to 5 km/s for assemblies with
C,=1-3 g/cm?>. The gun is very easy to service and
can be operated with commonly used powders (VT) or
hunting powders (Sokol, Bars, and others).

COSMIC RESEARCH  Vol. 54

No.2 2016

Light-gas gun PPKH 34/8 is a classic light-gas
gun with a light piston and is designed to obtain
velocities up to 8 km/s and higher for assemblies with
C,=1-3g/cm’.

In the experiments carried out, it was necessary to
separate a pan from a throwing element, which is suf-
ficiently complex problem. A scheme was developed
and implemented of the “power” separation of the pan
and the striker. For this purpose, on the axis of the
shot behind the muzzle velocity sensor, a multilayer
barrier was installed with a hole exceeding the diame-
ter of the striker by a factor of 1.5—2. We studied sev-
eral versions for a multilayer barrier: (1) the base is
plate of duralumin D16 with thickness of 30 mm, steel
plate with thickness of 8 mm, rubber with thickness of
6 mm, and lead with thickness of 6 mm; (2) from the
top, a steel plate with thickness of 6 mm is added.
Experiments have shown that the second version is
more appropriate. In this case, at velocities more than
2 km/s, it is necessary to increase the thickness of the
upper plate up to 10 mm. The plate base is rigidly con-
nected with the barrel by means of four supporting
arms of steel angles, which, in turn, are strengthened
to the two steel rings strengthened to the barrel. A mul-
tilayer barrier of steel—rubber—lead—steel has the abil-

300 400 500
V, m/s

200

Fig. 4. Collision velocity of 3 km/s: distribution of velocity
for particle and barrier at time instant 7 = 25.9053 ps.
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Versions of the buffer arrangement

(a) (b)
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(©) (d) B Rubber
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Fig. 5. Scheme of cutoff for SPbSU MPKH 23/8 with
8-mm caliber.

ity to move along the plate base with two micrometer
screws for the precise alignment of the center of the
hole with the axis of the shot. For the exact designa-
tion of the axis of the shot, a system of laser sighting
was developed, including the input caliber with the
system of mount and adjustment of the laser and the
output caliber, mounted on a titanium tube to install it
in the muzzle barrel cut through the muzzle velocity
sensor. In the input and output calibers a central hole
with a diameter of 1 mm was created. The laser is
adjusted in such a way that the beam passes through
the holes in the input and output calibers, which
allows us to precisely combine the holes in the barrier
with the axis of the shot. This scheme is considered in
more detail in [17].

It should be noted that for the power cutoff
method, the fragments of the pan and cutter penetrate
into the hole and interact with the shield. However, in
view of the fact that they have other lower velocities,
holes punched in the shield differ from holes punched
by a ball.

These defects are omitted for a ballistic facility with
cutter [18], where a complete cutoff not only of ele-
ments (fragments) of the pan, but also of throwing gas
is provided. The scheme of a cutter for LSU MPKH
23/8 with a caliber of 8 mm is shown in Fig. 5.

The cutter consists of a nozzle 2 of steel
OKHNZMFA-090, which is mounted (screwed) to
barrel /. In the nozzle, there is a seat for the insert 3
with the central cylinder-conic channel. The diameter
of the input channel is equal to the caliber of the barrel
of 8 mm, and the output hole is larger than the diam-
eter of the throwing ball by a factor of 0.5—1 mm. The

GERASIMOV et al.

angle of the cone opening was taken equal to 10°—20°.
The insert 3 is pressed to the nozzle 2 with the nut 4
through a rubber damper. Before the insert, the buffer 6
and the deformable cutoff 7 are mounted. Before the
buffer 6 in the nozzle 2, there are several holes 5 with
a diameter of 6 mm for the depressurization of throw-
ing gas behind the throwing assembly.

The facility with the cutter operates as follows.
After accelerating the assembly (duralumin ball in a
pan of the medium strength textolite), the latter strikes
the buffer, the pan is decelerated and destroyed, but
the ball flies through the hole in the buffer and the
deformable cutter. The buffer 6 pushes the deformable
cutter 7, which enters into the conic channel of the
insert, so that the channel in it collapses and cuts frag-
ments of the pan and throwing gas.

During the experimental testing of the ballistic
facility with cutter, as well as during experimental
studies, various combinations of buffers and deform-
able cutters were tested. In this case, it was found that
deformable cutters of PVD (high-pressure polyeth-
ylene) and SVMP (super high-molecular polyeth-
ylene), when collapsed, form a cumulative jet that dis-
torts the picture of the collision. Therefore, other
materials were used. Moreover, in this set of experi-
ments together with the cutter, the sensor of muzzle
velocity of the throwing assembly is not used. There-
fore, before a concrete set of experiments, a control
shot was carried out with the muzzle velocity sensor,
and the set was continued with selected parameters of
charging. As a result of this, a significant part of the
tests was found to be either not tested or going beyond
the requirement of the specifications for the mass of
throwing element, although, in this case, the experi-
ments give a representation on the action of space debris
(diameter of about 8 mm and mass of 0.42—0.47 g). For
the facility we used as systems a powder gun with cali-
ber 5.6 mm (PP 5.6) and a light-gas gun with caliber
8§ mm (MPKH 23/8), with a cutter and a muzzle
velocity sensor.

2. Experimental data on the protective properties of
the mesh barriers. The results of the experimental test-
ing of the ballistic facility with cutter, as well as the
results of interactions of different strikers with a plate
of AMG6 with thickness of 1.85 mm (tank) with vari-
ous types of protection are presented in the table.

Figure 6 shows the front side of the assembly of the
two meshes—tank element. In the same place, some
experimental numbers are given from the table.

Thus, as a result of the performed studies, experi-
mental data were obtained to check the adequacy of
the used mathematical models and numerical calcula-
tion methods. Moreover, comparison of tests F20 and
F21, F23 and F24, and especially tests F26 and F27
shows that a shield of two meshes of 0.32 and 0.2 mm
is more effective than a single-layer duralumin barrier
with a thickness of 1 mm (equivalent to mass).
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Fig. 6. Face of the assembly of two meshes—tank element.

CONCLUSION

We performed an analysis of experimental data of
the interaction of a high-speed particle with a solid
surface similar to critical elements of spacecraft
design, using mesh designs as protective shields and
having physical and technical properties of materials
used in critical elements of the spacecraft design. The
mathematical simulation of designs of protective
shields providing acceptable resistance to the influ-
ence of meteorites for critical elements of the space-
craft design taking into account given limiting ballistic
dependencies was implemented. Equations were
derived that describe the motion of a compressible
elastic-plastic body taking into account the probabilis-
tic nature of destruction. We performed a numerical
study of the interaction of high-speed particles with
layered spaced barrier in the form of critical elements
of the spacecraft design and mesh designs of protective
shields. We proposed a physical and mathematical
model of a probabilistic process of fragmentation of
solids at impact interaction and a numerical method
of the implementation of this model with the auto-
matic generation of a tetrahedral mesh allowing one to
calculate bodies of arbitrary geometry. The questions
of simulating the destruction of solids, probabilistic
destruction mechanism, simulating initial inhomoge-
neities were considered. We performed the test calcu-
lations of the fragmentation of thick-walled elastic-
plastic cylindrical shells under explosive stressing with
a 2D approach, a test 3D calculation using the proba-
bilistic approach, a test calculation of penetrating a
layered barrier along the normal and at an angle to the
surface, and a test calculation of penetrating the pro-
tection shield along the normal to the surface. We pre-
sented the results of the numerical simulation of high-
speed particle collisions with the mesh protection ele-
ments of the spacecraft, including the interaction of
the striker with the first mesh barrier and considered
the motion of fragments of mesh and striker from the
first to the second mesh.
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The method for solving the problems of fragmenta-
tion based on a probabilistic approach to the process of
destruction of solids allowed us in the most complete,
from a physical point of view, three-dimensional for-
mulation to adequately reproduce the processes of the
fragmentation of bodies under the action of explosive
and shock loads. The numerical results confirmed the
possibilities of the proposed probabilistic approach and
numerical method to simulate the processes of natural
fragmentation of design elements under intensive
dynamic loading. Consequently, the researcher had the
opportunity to influence the nature of fragmentation
spectra of the considered design by varying the physical
and mechanical parameters and the material structure.
The results are a step in the study of the processes of col-
lision of technogeneous and natural high-speed frag-
ments with elements of spacecraft design.
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