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Abstract: This work considers numerical modeling of the stress-strain state of a homogeneous rectangular thin plate after a
thermal shock. The presented solution is implemented in the finite element (FEM) package ANSYS Mechanical APDL 2020
R2. The task to be considered is a two-dimensional problem with the initial deflection of the plate. It is considered that the
plate is cantilevered only at one end, but the other three edges are free. At the moment of a temperature shock, the plate acquires
a curved shape. Within the framework of the heat conduction problem, two heat flows are taken into account. The first flow
goes from the surface layer subjected to thermal shock deep into the plate. The second flow spreads parallel to its longitudinal
axis. This axis is perpendicular to the plate embedding line. The dependencies of the temperature field of the plate are built. A
comparative analysis was carried out with approximate analytical dependencies obtained in other works. The dependencies of
the projections of the displacement vector of the plate points are obtained only in the case when the longitudinal displacement
is small. There is also an analysis of the applicability of the results for practical purposes. For example, it is proposed to use
the results obtained to assess the significance of the impact of thermal shock of solar panels on the motion of a small satellite.

Keywords: ANSYS package; Finite element method; Thermal shock; Thermo-elasticity problem; Stress-strain state.

1. INTRODUCTION

The studies of the phenomenon of thermo-elasticity begins in the early part of the last century. One of the first systematic
presentations of the theory of unbonded thermo-elasticity for an isotropic body can be attributed to this period [1]. Some
research related to the formulation and solution of the third initial-boundary task of heat conduction appeared in the middle of
the 20th century. A work [2] could be taken as an example. It is one of the first papers describing the dynamic task of the
theory of thermal tensions. The propagation of a one-dimensional thermoelastic wave in an elastic half-space is studied in this
work. The wave is generated by a sudden heating of the plane, which limits the considered half-space.

The problems of calculating thermal tensions in flexible plates are considered in [3-5]. There are both thin plates without
a heat-conducting layer and plates with a heat-conducting layer with a given temperature on their surface which could be
studied. The problems were solved within linear formulations excluding the inertial terms of a non-linear nature. In works [6,
7], the temperature shock of semi-infinite bodies is studied. It is analyzed in view of the inertial terms necessary for the correct
description of such rapidly dynamic phenomena as thermal shock. The advent and rapid development of space technology
gave the task of temperature shock a new practical area. During its orbital motion, the spacecraft periodically falls into the
shadow of the earth. This fact determines the advent of a temperature shock of the spacecraft solar panels when entering the
shadow part of the orbit and leaving it [8-10]. Perturbations caused by the temperature shock can affect the motion parameters
of a spacecraft [11-13]. Especially, when it comes to small spacecrafts, which are becoming more and more widespread
nowadays. The exploitation of thin ROSA (Roll-out Solar Array) panels in experiments aboard the International Space Station
showed the full significance of the temperature shock task [14-16]. Thermal oscillations turned out to be so intense that they
did not allow ROSA to collapse at the end of the tests [14]. There are some studies confirming the decrease in the quality of
target tasks performance by small spacecraft due to temperature shock [17-19]. This fact, first, concerns solving the task of
remote sensing [20-22] and the implementation of gravity-sensitive experiments [23-27].

Thus, it is necessary to develop procedure accounting for the impact of temperature shock on the motion parameters of a
spacecraft for the effective development of space technology, in particular, small spacecrafts. In [11], the structure of the
method of such accounting is presented. The approximate dependencies of the projections of the displacement vector of points
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of a thin plate under thermal for one-dimensional [28] and two-dimensional [29] models of thermo-elasticity have been
reported in [28, 29].

The purpose of this study is to carry out numerical simulation of temperature shock and a comparative analysis of the
results with the previously obtained approximate dependencies. This process will make it possible to reveal the area of
application of the dependencies when considering the effect of temperature shock on the motion of a small satellite.
Verification of approximate dependencies is very important for their application in the development of a small spacecraft. In
this work, new results concerning the accuracy of approximate analytical dependencies have been obtained [28], [29]. Using
the finite element method in the thermos-elasticity problem, various results of plate bending from a temperature shock with
and without loss of stability were obtained [30].

2. SIMPLIFYING ASSUMPTIONS AND MATHEMATICAL MODEL

Let us consider the two-dimensional model of thermo-elasticity described in [29]. The main simplifying assumptions within
this model are as follows [29]:

a) A thin homogeneous plate, rigidly fixed on one edge and free on the other three edges is considered.

b) Atr=0 (i.e., at the moment of thermal shock), the plate has a non-planar shape: i, = (0,0, Uyo(x, 0))

c) The heat flow is considered steady and stationary: Q, = 1400 W/m>,

d) All physical properties of the plate material are homogeneous and the same in the considered temperature range.
e) When describing thermal conductivity, the Fourier law is valid.

f) The initial temperature of all points of the plate is the same and equal to: T, = 200 K.

g) The thickness of the plate is small compared to its other dimensions.

h) The heat transfer through the side surfaces of the plate is negligible.

With more accurate modeling, a number of simplifying assumptions can be abandoned. For example, the independence
of thermophysical properties from temperature. However, in practice it is possible to use structural materials with constant
thermophysical properties in a wide range of temperatures. Such materials include, for example, composite materials. Heat
transfer through the side surfaces can be taken into account. However, for real solar panel designs, its value is about three
orders of magnitude lower (and for ROSA panels about six orders of magnitude lower) than the heat transfer through the upper
and lower surfaces of the plate.

The equations of the two-dimensional heat conduction model with the third boundary conditions and initial conditions are
[29]:

oT(x, z, t):az[azT(x’ z10)  OT(x, 2, t)j 0<x<1,0<z<h t>0;

ot o’ oz’
(ZGT(x,h,t)szo ~cos(duz‘)(x’o)j—e®(T4(x, h, t)—TC“), 0<x<lz=h,t>0; (1)
on dx
(/1”(’(;’0”)):—e®(r4(x, 0,0)-T) 0<x<l,z=0,¢>0;
n

T(x, z, 0) =T, =const.

where T = T(x, z,t) is temperature of the plate, a is the diffusivity coefficient, / is the thermal conductivity, 7 is the unit
vector of the outer normal to the element of the plate surface, QO is the maximum score of the external heat flux, e is emissivity
of the plate material, © is the Stefan-Boltzmann constant, 7¢ is plate ambient temperature and / is the plate length.

The thermo-elasticity equations for various components of the plate spot displacement vector will have the form [29]:

—) & 128 2
3(1-2v) M},(x;y,t)+6p(l 2v) uy(xz,y,t)b:12(13v )aj[T(x, o )T ],
201+v)  ox Eh ot h o

OSxSl,OSyS%,t>O; @

5>

4 2 hi2 2 2
Da uz(ic, t)+ph6 uZ(f’ t)=—2,u0t J. 26T(x,z, t)+26 T(x,zz, 1) dz+a uzo(jc, O)O'w
Ox ot —hi2 Oz Oz ox .

0<x<l,¢t>0.

where u is the Lame coefficient, oy, is a component of the stress tensor arising in the plate due to the initial deflection u,,(x, 0)
(Figure 1), & is the plate thickness, D is cylindrical bending stiffness of the plate, p is plate material density, £ is the Young's
modulus, b is plate width, a is linear expansion of the material and v is Poisson's ratio.
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Figure 1. The shape of the plate and the stresses from its initial deflection at the moment of thermal shock [29]
Let us supplement this system with boundary and initial conditions [29]:

u,(0,, t)=0,x=0,0£y$§,t>0;

o ( ) 3)
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A0 o —0,0<y<? t50,
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ox
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uy x’ya — Y SX=/, —y—za — Y (7)

u,(x,0)=u_(x,0),0<x</, t=0.

The systems given in Equations (3) and (4) reflect the absence of displacements in the embedment and are geometric
boundary conditions. On the other hand, the systems in Equations (5) and (6) determine the absence of internal forces on the
free edge of the plate and are static. The system in Equation (7) shows the initial deformations in view of its initial deflection.

3.NUMERICAL SIMULATION
3.1 Numerical Values of the Main Parameters of the Model

For computational modeling, the values of the main characteristics of the plate as in [29] (Table 1) can be used. Thus, it is
possible to make an adequate comparison of these results.

3.2 Building a Finite Element Model in the ANSYS Package

Simulation is realized in the ANSYS package. For the finite element representation of the plate, we will select an element of
the SOLID226 type (Figure 2). It has twenty nodes. Each knot has six degrees of freedom. Figure 3 shows the interface for
describing the properties of an element of type SOLID226. To use this element, the properties of elasticity, plasticity,
viscoelasticity, viscoplasticity and creep must be set. Also, if necessary, the options of hyperelasticity, large deformation, large
deflection and stiffening effects can be used.

To set external influences on the surface of an element of the SOLID226 type (Figure 2), the SURF152 element will be
used. Its appearance is given in Figure 4. Figure 5 shows an interface for describing the element properties of type SURF152.
Next, the properties of the plate material are set, and a geometric model is built (Figure 6). To obtain a finite element model,
the parameters of the main mesh of finite elements are set (Figure 7). Next, the heat flux distributed along the length of the
plate (W/m?) and the initial deflection before thermal shock are set (Figure 8). Geometric boundary conditions (Equations (3)
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and (4)) are also introduced at this stage. Thus, the construction of the finite element model of the plate in the ANSYS package
has been completed.

Table 1. Characteristics of the plate

Parameter Designation Value Dimension
Plate material - MA2 —
Coefficient of thermal conductivity A 96.3 W/(m.K)
Stefan-Boltzmann constant ] 5.67x10% W/(m? K%
External heat flux 0 1400 W/m?
Ambient temperature T. 3 K
Initial temperature of the plate Th=1(z0) 200 K
Degree of blackness e 0.2 -
Specific heat c 11304 J/(kg.K)
Density p 1780 kg/m?
Young’s Module E 4x 10! Pa
Shift modulus u 1.6 x10' Pa
Poisson’s Ratio v 0.3 -
Plate length / 1 m
Plate width b 0.5 m
Plate thickness h 1 mm
Equation of the initial deflection of the Uz —0.1x° m
plate
[ALs0u0z2s e ope ot N ==
Options for SOLID226, Element Type Ref. No. 1
Analysis Type K [structural-thermal ~|
Structural-Thermal coupling K2 Strong (matrix) =
Tetrahedral Option
M,N, O,P,UNW,X Electrostatic force K4 [ Applied to every element node -
Integration method K6 ’W‘
I K Electromagnetic force output K7 ’W‘
P%ramd Dption Electromagnetic force cale €3 [rr—
X 0P W Thermoelastic damping K9 Active S
T’ Eﬂ AB Specific heat matrx K10 [Consistent 7]
LS
e ) [ ] [E ] e
Prism Option

Figure 2. Schematic of an element of type SOLID226 Figure 3. Setting properties of an element of type SOLID226

(Extra nodes, optional) (Extra nodes, optional)
Qs Re Me Ne Options for SURF152, Element Type Ref. No. 2

Adiabatic wall temp. option KL [Rotst-sbsolute =]
Recovery factoroption K2 [F=nre o]
i of symmetry K3 [Global Cartesn X ~]
Midside nodes K [lnclude |
Extra node for radiation K5 [lncludetnode  +|
- and/or convection calculations
Use of bulk temperature K6 [Fuidnodetemp  ~]
hf empirical term [TS-TB[**n KT [Excude =]
Heat flux and convect loads K8 lgnorebotn =]
Radiation form factor calc as K9 [Real const FORMF =]
Nodal DOF label K1 |

Figure 4. Scheme of the SURF152 type element Fim cocfident metr 143 [Program chosen <]

oK | Cancel | Help ‘

Figure 5. The element options of type SURF152
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Figure 6. Building a geometric model of a plate in the ANSY'S package: (a) Panel for setting plate material properties; (b)
View of the plate without heat flow
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Figure 7. Building a finite element net in the ANSY'S package: (a) Panel for setting grid parameters; (b) View of the plate
with the grid; (c) A fragment of a three-layer plate with a grid
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Figure 8. View of a plate with a given heat flux in the ANSYS package: (a) Side view; (b) Axonometry
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3.3. A Computational Experiment
There are two types of results obtained from the constructed model for the two-dimensional heat conduction model in the case

of initial plate deflection. The first results are similar to the one-dimensional thermal conductivity model [28] and is
characterized by a small initial deflection of the plate or softening of the rigid embedment boundary conditions (3) and (4),

which allow the plate material to expand in the embedment (Figures 9 and 10).

Figure 11 gives the dependencies of the vector projections of displacements of the plate spots for fixing, corresponding to
Figure 10. At small initial deflections, there are no significant differences in temperature fields for one-dimensional [28] and
two-dimensional [29] models of thermal conductivity. Such differences are more clearly seen with significant initial deflections

and simultaneous weakening of the boundary conditions in Equations (3) and (4) (Figure 10).

vvvvvv

(a)

contact Surface
elements '\ /Telements ¥
\\__7 i
/ / 1
§ )
- / \
ux=uy=uz=0 / \ _ z
on all Areas 'SOL
elements

(b)

Figure 9. (a) A view of the plate with initial deflection in the ANSYS environment; (b) The scheme of rigid fastening of the
plate layers in the embedment section, satisfying to the boundary conditions (Equations (3) and (4)).
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Figure 10. (a) A view of a plate with an initial deflection in the ANSYS environment; (b) The scheme of fixing the plate
layers in the embedment section, corresponding to a softer fixation than boundary conditions (Equations (3) and (4))
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Figure 11. Projections of the displacement vector of plate points: (a) uy; (b) uy; (c) u,
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Figure 11 shows that u, are smaller than u, and u,,. This fact fully corresponds to the simplifications made in solving one-
dimensional [28] and two-dimensional [29] heat conduction problems. In this case, the temperature values, as expected, turned
out to be lower than for the one-dimensional problem due to less intense heating of the plate, which has an initial deflection.
Figure 12 shows the temperature difference between the one-dimensional [28] and two-dimensional [29] models at the free
end of the plate. Figure 12 shows the temperature difference between the one-dimensional [28] and two-dimensional [29]
models at the free side of the plate (x = /) and in the plate middle (x = //2). As expected, the smaller difference in heat fluxes
in comparison with the one-dimensional model [28] in the plate middle contributed a smaller difference in the temperature
dynamics within the different models. Thus, this type of result corresponds to the expected changes associated within of the
initial deflection of the plate before the thermal shock.

The second type of results gives a more complex view of the stress-strain state of the plate during thermal shock. This
type is common for cases of significant initial deflections and a model of rigid fastening corresponding to boundary conditions
(3) and (4) (Figure 9). When such conditions are implemented within the framework of a computational experiment, the plate
becomes unstable, which significantly complicates its stress-strain state. The dependencies of the displacement vector
projections for this type of result are given in Figure 13.

T, K ] — T,K ]
296 e -~ 296 ,X/
= i1
2 P
272 272 ozl
248 - 248
224 / 224 /
200 zon!
o 2 4 6 s t, s ] 2 a4 6 8 s
(a) (b)

Figure 12. Comparison of the temperature change of the upper layer of the plate subjected to thermal shock for: (a) x=/ (one-
dimensional model); (b) x = /2 (two-dimensional model). 1: Without a deflection, 2: With a deflection u,, = —0.1 x2/[?

~.005034
003736

=.002438

158E-035

002754

00535

.004052

006648

e

(a)

o

—
=.002035

=-001131
-.001583

—
—.2278-03
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—
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ot

Figure 13. Projections of the displacement vector of plate points: (2) uy; (b) uy,; (¢) U,

The studies carried out in [31] show that such a loss of stability occurs due to the excess of the sum of thermal stresses
and stresses caused by the initial deflection, the critical stability stresses, which can be presented as:

2
O-L‘r = K ﬂ-zD (8)
b°h
where K is the coefficient depending on plate fixation. Let us estimate the thermal tensions as suggested in [31]:

oo =2 (T(x, 2, 0)-T(x, z, 0)) ©)
U

x(term) = 1_

Then full tensions o, within of the tensions from the initial deflection can be determined as:

__ I ou , «a _ 10
o - {2(1+y) o) T(x,z,O))} (10)

The estimates made in [31] show that for the simulated situation (Table 1), the assessment of critical tensions in Equation (8)
gives:

2 2 2
o, =KZP ok TEN 6 MPa (1)
b*h 126*(1—v%)
Using the expression for the initial deflection of the plate by the law: u, (0, t) = —0.1x? and the values of the main
parameters from Table 1, we have from (10) [31]:
o ——E—1 1 15 MPa (12)

* 2At+pu) ox |,
Equation (12) gives an estimate of the maximum tensions from the initial deflection. The dependence of thermal tensions on
time corresponding to different types of fastening (Figures 9 and 10) is shown in Figure 14 [31]. In accordance with Equation
(10), thermal tensions (Figure 14) are added to the tensions from the initial deflection (12). This sum may exceed the critical
values (11). This leads to the loss of stability shown in Figure 13. In practice, loss of stability should be avoided. Equation (11)
can be used for approximate estimation of critical tensions.

3.4. Analysing the Results of Computational Experiments of the Second Type

It should be noted that when stability is lost, the two-dimensional formulation of the heat conduction problem becomes
incorrect. The use of approximate analytical dependences obtained for one-dimensional [28] and two-dimensional [29] models
of thermal conductivity can lead to erroneous results. This is explained by the fact that buckling of the plate as a result of the
loss of stability will lead to a more complex temperature field of the surface layer than is described in the framework of one-
dimensional and two-dimensional thermal conductivity models. A correct description will require a three-dimensional
formulation and separate studies of the dynamics of plate buckling during this process. The study of such situation is interesting
only from a theoretical point of view since in practice the loss of stability is an unacceptable phenomenon. It will lead, for
example, to a decrease in the efficiency of the solar battery panel of the spacecraft [31] or the appearance of undesirable
additional perturbations of its motion [29, 31]. As shown by the computational experiment, this phenomenon can be eliminated
by weakening the rigidity of the plate fastening unit. Therefore, a deeper analysis of data of this type was not carried out in
this work, since it requires separate studies and a transition from a two-dimensional to a three-dimensional model of thermal
conductivity.
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Figure 14. Dependence of thermal tensions arising from thermal shock, on time. 1: For the case of fixing the elastic element
corresponding to Figure 9, 2: for the case of fixing the elastic element corresponding to Figure 10

T, K

3] 2] 1
- i N
290 —
==F ~
NN =
=
250 \ —
\
-
7z,
z 10 2
170
o 2 4 &6 =] ts
Figure 15. The temperature change of the surface plate layer at the initial deflection law u,, = —0.1 x2 /12 obtained using

numerical experiment. 1: Near the termination (x = 0); 2: In the middle of the plate (x = [/2); 3: On the free edge of the plate
(x =) according to Equation (13) at C =200 K/m, ¢ = 1 s and M = 3 K/m; 4: Near the termination (x = 0); 5: In the middle
of the plate (x = //2); 6: On the free edge of the plate (x = /)

3.5. Comparison of the Results of Computational Experiments with Approximate Analytical Dependencies

Let us return to the results of the first type and compare them with approximate analytical solutions for the projections of the
displacement vector and the temperature field [28, 29]. In [29], the temperature field was approximated as follows.

t
t+a

T(x,z,t)=Cz

~Mx+T,,0<x<1,0<z<h, t>0 (13)

where m, C and a are constants. Taking the constant M = 3 K/m, the temperature field can be obtained using an approximate
solution (Figure 15) [29]. Figure 15 shows good convergence of the result of the approximate analytical dependence of the
temperature field with the computational experiment. Especially on the interval [3, 10] s. The only drawback in Equation (13)
seems to be the impossibility of realizing a uniform temperature field at the initial moment of time. Thus, Equation (13) does
not satisfy the initial condition of the system (1). However, over time, this drawback is eliminated due to uneven heating of
the plate layers as a result of thermal shock. Convergence can be improved by complicating dependence. However, this will
entail a significant complication of the search for approximate solutions similar to those presented in [28, 29].

The dependences of the deflections of the end section of the plate (x = 1), obtained from the results of the computational
experiment and from the approximate analytical dependences given in [28] and [29] are shown in Figure 16. As can be seen
from Figure 16, good convergence of deflections is observed throughout the entire time interval. It worsens slightly on the
interval [0, 3] s due to differences in the temperature field (Figure 15) in this time interval. Let us consider the second projection
of the displacement vector u,,(x, y, t). Figure 17 shows the dependency u,, = u, (x,b/2,t).
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Figure 16. Dynamics of deflections u, end section of the plate (x = /) at initial deflection u,, = —0.1x2 /2. 1: According to

the computational experiment, 2: Using approximate dependence [29] without initial deflection, 3: According to the
computational experiment, 4: According to the approximate dependence [28]

i t T y=b2
i | |
‘ 1 Uy MM /‘/

, €

o 0.5 X, M

(b)

Figure 17. The dependency u, (x,y,t) for u,(x,y = b/2,t), corresponding to approximate dependencies [18]: (a) one-
dimensional model) and [19]; (b) two-dimensional model

o
(b)
Figure 18. The dependency u,, (x,y,t) foru,(x,y,t = 1): (a) u,(x,y,t = 5); (b) Corresponding to approximate

dependencies [19] (two-dimensional model)

The surface in Figure 17(b) is smoother than in Figure 17(a). This is an advantage of the two-dimensional model.
However, in this case, the boundary conditions (3) are broken, according to which u,,(0,y,t). This is clearly seen in Figure
17(b). The boundary condition (3) is satisfied only for small values of t (Figure 18).

165



A. SEDELNIKOV ET AL., APPLICATIONS OF MODELLING AND SIMULATION, 7, 2023, 156-167

Comparison of the results of a computational experiment (Figure 11(b)) and calculations based on approximate
dependencies [28] and [29] does not demonstrate good agreement. This is due to the simple view of the function itself
u, (x,y,t) with the obtaining approximate dependence's [28] and [29]. A more correct description is possible only in the
framework of the three-dimensional formulation of the heat conduction problem. It can only be noted that dependence (Figure
17(b)) within of the two-dimensional model agrees better with the computational experiment than dependence (Figure 17(a))
within of the one-dimensional model. This may not be due to the improvement of the dependence type u,,(x, y, t) in the two-
dimensional model [29] compared to the one-dimensional model [28]. Since the boundary conditions (3) were broken in the
computational experiment.

4. CONCLUSION

Thus, within the framework of a two-dimensional model, it was possible to describe the temperature field using the
approximate dependence Equation (13), to show the convergence of deflections obtained using approximate dependences with
the results of a computational experiment. However, it was not possible to greatly improve the presentation of u, projection of
the displacement vector in the two-dimensional formulation of the thermos-elasticity problem. For such an improvement, it is
necessary to significantly complicate the approximating dependencies.

From the point of view of practical application, this drawback is insignificant. The main displacement of the spots of the
plate during thermal shock is the deflection. It is quite accurately described using approximate dependencies within of a two-
dimensional model. At zero initial deflection, the two-dimensional model degenerates into a one-dimensional one. It should
be noted that as a result of the computational experiment, cases of plate stability loss were identified. These cases were
analyzed, but excluded from consideration, since they require a more complex three-dimensional formulation of the heat
conduction problem.

Thus, the performed computational experiment confirmed the correctness of the approximate analytical dependencies for
the deflections of the plate points obtained in [28] and [29]. They can be used for practical calculations. For example, when
assessing the impact of temperature shock on the motion of the movement of a small spacecraft. In theoretical studies of the
stress-strain state of a plate after a thermal shock, it should be noted that in the framework of a two-dimensional formulation,
apparently, it was not possible to achieve significant improvements in the description. Even in its relatively simple
representation, the satisfaction of all boundary and initial conditions by the obtained approximate solution [29] was not
achieved. Therefore, the convergence of the results with the computational experiment is not satisfactory.
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