BicHuk TepHONiIbCHKOT0 HALIOHATBLHOI0 TEXHIYHOT0 YHIBEPCHTETY
https://doi.org/10.33108/visnyk_tntu

/7~ \
ﬂly Scientific Journal of the Ternopil National Technical University
\J 2020, N2 3 (99) https://doi.org/10.33108/visnyk_tntu2020.03

ISSN 2522-4433. Web: visnyk.tntu.edu.ua

UDC 539.3

THE INFLUENCE OF THE THICKNESS OF THE ELASTIC
SPHERICAL SHELL WITH LIQUID ON ITS STRESS-STRAIN STATE

Oleksii Sheptylevskyi

Mykolaiv National Agrarian University, Mykolayiv, Ukraine

Summary. Investigations of the dynamics of the system consisting of elastic spherical shell filled with
ideal compressible fluid and gas cavity in the center of the system are presented in this paper. The excitation pulse-
modulated source is introduced into the gas cavity in the center of the system. The effect of the shell thickness on
its dynamics and the stress-state during the pulsations is investigated. The results for radial displacements changes
of the middle surface, the thickness of the fluid separation from the shell, the stress intensity in the shell during its
free pulsations are obtained. The comparison of calculations for the separation thickness in cases of free and
partially fixed shell is carried out.
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Statement of the problem. At the present stage of its development, mathematical
science provides a powerful apparatus for the investigation of the processes occurring in the
physical world systems. Modeling of such processes is rather important for various branches of
science, technology, production [1-3]. The approach based on the investigation of
mathematical models results in the optimization of sophisticated technical systems operation,
increase of safety and reliability of their functioning, promotes their research and improvement.
In modern complex systems, it is difficult, and sometimes even impossible, to obtain accurate
solutions by means of analytical methods. Therefore, at the present stage of investigations,
numerical methods are widely used.

Analysis of available investigation results. In various fields of science and technology
we can find the investigated hydroelastic system [4], consisting of elastic spherical shell filled
with an ideal compressible fluid. While storing liquefied gas under pressure, as well as
flammable substances, spherical tanks are used. Spherical tanks are part of the technological
lines equipment in chemical industry. Similar mathematical models are also used in
biomechanics [5-7]. Moreover, spherical shells are used in explosive chambers for modeling
and research of explosive processes [4]. Similar systems are considered in papers [8—13], where
the problems of the dynamics of filled shells are solved, but problems related to the influence
of shell thickness on its dynamics and stress state are important and require further
investigations.

Objective of the paper is to investigate the influence of the thickness of the shell filled
with ideal liquid on its stress-strain state in the process of its radial pulsations, both for free
shell and for partially fixed one.

The object of the investigation in this paper is hydroelastic mechanical system,
consisting of closed spherical shell filled with liquid with a gas cavity in the center. The subject
of the investigation is the dependence of the dynamics and stress state of the shell on its
thickness.
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Statement of the task. The problem of hydroelasticity for spherical shell S with
thickness h filled with ideal compressible liquid in the area (2 with gas cavity in the center in
the area «2°, which is the source of system excitation when energy is introduced into it, is
presented (Fig. 1a). We assume that elastic shell is in contact with the external acoustic

environment in the area <2° .
A spherical coordinate system, where each point of space is defined by three coordinates

M (8;9;R)is introduced. R; is the radius of the middle surface of the spherical shell, on the
surface of which each point is set by two coordinates — polar angles. The shell motion
(elementary platform) is described by five variables: displacements in space (u;V;W) and

angles of rotation relatively to the normal (49* ;go*) (Fig. 1 b).

By the time t =0 the system is at rest. From the moment of time t =0, the wave motion
is excited in the system. This moment is transmitted from the spherical cavity to the liquid and
further to the elastic shell and is emitted into the external environment.

Figure 1. System geometry

The system of equations obtained in paper [4], which describes the dynamics of the
hydroelastic system «cavity-liquid-shell», is reduced to the dimensionless form. The primary

variables are the period of natural oscillations of the shell in vacuum T, the shell radius R,

the shell material density Q. Variable systems presented in dimensionless form in this paper
are denoted by the symbol «~». In this case, the linear values and densities are as follows:

Pl

=1, u=R,-0,v=R-V w=R W,

s ’

. - . (1)
h=R.-h, R =R -R, o =1 p=p-n,

where R, is gas cavity radius, h is the shell thickness, £, is the liquid density.

Then the transition formulas for different physical and geometric variables to
dimensionless variables are as follows:
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where P is the pressure magnitude, f is the liquid potential, ¢,y are the magnitudes of
deformations and rotations of the middle shell surface, T,M are forces and moments applied
to the middle surface, Q are cutting forces.

The dynamics of gas cavity (at 0<T < ﬁb) is determined by energy balance equation
[14], which during the transition to the dimensionless form is as follows:

LA, 7 PN, 3)
y—13 dt  y-1 dt

where ﬁb, P, is the radius of cavity and pressure in it, 7 is the adiabatic index, N (t) IS energy

power.
The boundary conditions determining the interaction of liquid and gas cavity, in
dimensionless form is the following:

=P === . ()

The liquid dynamics (at F~€b <r< ﬁs) in the acoustic approximation is determined by

the wave equation in spherical coordinate system (6), the pressure in the liquid is determined
by the Cauchy-Lagrange equation in dimensionless form (5):

P= I50 P ()
and the wave equation is as follows:

2 g £ £ 2 ¢
_8~Z ZC{lei an—t +~21_ 9 sin6’i ot _12 0 f2 (6)
ot r-or or r-sind oo 00 resin“@ oe

L L
where C, = c? RS is the dimensionless complex.

2
s

Conditions at the boundary of liquid and shell are the following:

a . dw df'
ST )

r=

r=1

q3:|5'
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The dynamics of elastic spherical shell is described by the equations of its motion in the
spherical coordinate system [15] and determines the dependence of displacements (G,v,w) and rotation

angles (é; gZ;) of the elementary platform of the shell on the forces and moments (-I:ij ,Qi M i )
~ 0%l

fll_fZZ)Ctgg+Q~l+ql = hath,

Ty, .1 6T12+(
00 sinf Og
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where (]; are the components of the total pressure on the middle surface and completing
physical and geometric relations are the following:
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The conditions at the shell-gas boundary are:
dw of?| | = R
—_— = . p? = + .
ke =G,+R (10)
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Building solutions. While constructing the system solution, the finite difference method
Is used, a spatial grid with fixed step along the radial coordinate ( Ar ) and along the coordinate
angles in the spherical coordinate system (46 ,4¢) is constructed. The time step (4t) is

determined by Courant-Friedrichs-Levy conditions. The solutions are constructed by means of
successive approximations, reducing the radial step of the spatial grid. According to the system
parameters, the geometric radial step is 4r =0,013, respectively, Au,4v are determined at
each radial step and change at during the removal from the origin.

In order to construct the solution of gas cavity dynamics (3), two-layer Euler-Cauchy
method, applying the algorithm proposed in paper [16] is used. The radius of the cavity, its
pressure and the liquid potential on the boundary with the cavity are determined at each time
step. The solutions of the wave equation (6) and system (8) are obtained by means of three-
layer “cross” time scheme and geometric sampling [4, 17] (Fig. 2).

The transition to discrete analogues in system (8) makes it possible to express the shell

n+1 *n+1

displacement (u;**;v;™";wi™) and its rotation angles (&,""*; ;""" ) at each point of the sampling

area by variables on the previous time layer.

In order to take into account the geometric nonlinearity of the cavity pulsations while
constructing the problem solution for moving boundary, the approach proposed in paper [9] is
used. This approach makes it possible to take into account the displacement of the cavity surface
relatively to the nodes of spatial grid division by fixed geometric step. During the interaction
of liquid and elastic shell, the separation of liquid from the shell and cavity formation at the
media distribution boundary is possible.

i-1,j+1k+1

i-1,j-1k

i+1 )1 k+1

1+1,j+1k-1

i+1,j-1k-1
Figure 2. Spatial grid of the finite difference method

Analysis of the obtained results. In order to determine the regularities of the influence
of shell thickness on its dynamics and stress state, the closed spherical steel shell with radius

R, =0,3m, thickness Imm<h<1sm in the external gaseous medium is considered. Its

dynamics is determined by the wave equation (6) and conditions (10). The shell is filled with
water under atmospheric pressure. At the initial moment of time, the system is in the

equilibrium state, which is disturbed by pulsed energy introduction E, =500J into the gas

cavity R, =1mm located in the center of the system during time t, =0,16s. When energy is
introduced, the gas cavity begins to expand and transfers part of the received energy to the

38 . ISSN 2522-4433. Scientific Journal of the TNTU, No 3 (99), 2020 https://doi.org/10.33108/visnyk_tntu2020.03


https://doi.org/10.33108/visnyk_tntu2020.0

Oleksii Sheptylevskyi

liquid, where the spherical pressure wave, propagating from the system center to the shell is
formed.

When energy is transferred from the liquid to the shell, its middle surface begins to
move and stress state occurs in the shell. When the free shell moves (in the absence of fixation),
the stress-strain state of the shell is determined by its radial displacements. If the shell thickness
Is increased, the amplitude of its pulsations decreases. The dynamics of radial displacements of
the middle shell surface under the influence of hydrodynamic processes in the liquid is shown
in Fig. 3. Radial displacements are characterized by low-frequency and high-frequency
components, the former are caused by the pulsation of gas cavity and changes in liquid pressure,
and the latter are caused by the movement of spherical pressure wave in the liquid volume. The
regularities of these components ratio are revealed in paper [18]: with the shell thickness
increase, the amplitude of cavity pulsations of decreases and the relative amplitude of high-
frequency components increases.
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Figure 3. Radial displacement of the shell

Moreover, the stress intensity and the dynamics of the shell are influenced by cavitation
phenomena at the boundary of media distribution. These phenomena occur when the liquid
separates from the shell, the algorithm for the calculation of separation layer thickness is
described in paper [19].

In the process of system pulsations, the amplitude of oscillations of its radial
displacements decreases with time, pulsating relatively to a certain average value. The shell
thickness increase results in this process acceleration (Fig. 3). As we can seen, the maximum
value of the first pulsation decreases with the shell thickness increase, and at h >17 <10 *the
maximum values of the second and third ones almost coincide.

Radial pulsations of the shell (Fig. 3) at first minimum have increased amplitudes
of high-frequency components which for h=1mm are evident. Such amplitude increase
Is associated with phenomena occurring on the
interface, i. e. as the result of the liquid
separation from the shell and cavity formation
on media interface. Such cavitation phenomena
at the boundary are short-term, and when the
QR cavity collapses at the boundary, the pressure

— shock wave occurs, resulting in pressure jumps
at the boundary and, as a consequence, the shell

Figure 4. Maximums of radial pulsations displacements increase.
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The formation of liquid separation from the shell and the cavity formation at the
interface is due to the mobility of the boundaries of liquid and shell and the internal pressure in
the system. The occurrence of separation is observed at the minimum pressure values in the
system. It occurs during the compression phase of the gas cavity in the center during the
increase of liquid volume the system (Fig. 5). If shell thickness is increased, its mobility
decreases and the formation of separation on subsequent pulsations is not observed (Fig. 5,

h=3-1072).
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Figure 5. The thickness of the separation layer at different values of shell thickness

The change in the intensity of free shell stresses depends on its radial pulsations and
shell thickness. If shell thickness is increased, the stress intensity decreases, corresponding to
the dynamics of shell movements changes.

The stresses intensity depends significantly on the pulsations number. The intensity of
stresses of the first pulsation significantly exceeds the value of the intensity of the subsequent
ones.

While fixing the shell on the surface part, the intensity of stresses, dynamics, the
thickness of the separation layer significantly vary depending on the distance from the fixing
area. The results of the calculations for separation layer thickness at rigidly fixed surface of the

shell with thickness h =0,3-10~° at the North Pole for 6 < oo are presented in Fig. 6. The

dynamics of the thickness of separation layer at the given point is in average two orders of
magnitude greater than the corresponding thickness of separation layer during the free shell
pulsation. Such dynamics is caused by the presence of shell pulsations asymmetry causing
occurrence of longitudinal and transverse elastic waves in the shell, as well as wave phenomena
in the liquid on the interface of the shell and liquid, during the waves propagation the
phenomenon of their focusing at certain points occurs. Waves focusing results in the increase
of the shell surface displacements, which in turn leads to the stress intensity increase.
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Figure 6. The thickness of the layer of the liquid separation from the shell when it is
fixed near the north pole

Conclusions. The initial-boundary problem of the dynamics of hydroelastic system
«cavity-liquid-shell-gas» in dimensionless form is developed and its solution using the finite
difference method is constructed in this paper.

The investigation of the influence of shell thickness on its dynamics, stress intensity and
formation of liquid separation from the shell is carried out. The investigation of the shell stress-

strain state for its thickness 0,3-10° <h<0,3-107 is carried out, the dependences of radial
displacements, the thickness of the separation layer, the stress intensity on the shell thickness
are constructed. The asymmetric pulsations of the shell, which occur during its fixation, are
considered, the comparison of the thickness of the separation layer for free and rigidly fixed
shell is performed. During fixation, a significant increase in the amplitude of periodic processes
in the shell and at its boundary are observed.
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YK 539.3

BILTAB TOBIIVHU MPYXHOI COEPUYHOI OBOJIOHKH 3
PIZIMHOIO HA I HAIIPY)KEHO-JTE®OPMOBAHUI CTAH

Ouaekcii HlenTniaeBcbKuii

Mukonaiscokuii HayioHanvHul azpapruil yHieepcumem, Mukonais, Ykpaina

Pe3tome. Pozenssnymo OuHamiyny cucmemy, sKa CKIA0AEmuvcCsi 3 NpyscHol cghepuunoi 0b6ononku,
3an08HeHOl piOUHOIO 3 24308010 NOPOICHUHOIO 6 YeHmpi. 1 a306a NOPOdCHUHA € 0HCEPENOM 30YOICEHHS CUCEMU
npu esedeHi 6 uei enepeii. Ilicna 6800y enepeii eaz08a NOPoON*CHUHA 30ITLULYEMBCS, QOPMYIOUU XGUNIO MUCKY 8
PIOUHI, IKA HAOX0OUMb 00 0DOJIOHKU 1l MAKUM YUHOM CUCIeMA 8UX00umb 3i cmany pisnosazu. Ilyrvcayii 2a30601
NOPOACHUHYU € YEHMPATLHO-CUMMEMPUUHUMU MA ORUCYIOMbCS PIGHANHAM banancy enepeii. Ilpu pos3e’asyeani
3a0aui 83a€MO0Ii NOPONICHUHU 3 PIOUHOIO 8PAXOBAHO HENIHIUHICMb NYAbCAYIll NOPOICHUHU. [uHAMIKA NPYIHCHOT
chepuunoi 06010HKYU BUSHAUAEMBCA CUCMEMOIO PigHAHY iT pyXy 8 cepuuniii cucmemi koopounam. Cucmema
BU3HAYAC 3ANENHCHICb NepemijeHb ma Kymieé Hoeopomy cepeOUHHOi NoGepxHi 6i0 3VCuib mMdad MOMEHMIS.
1lo6y008y po36’a3Kie cucmemu GUKOHAHO 3a OONOMO20I0 YUCLOBUX MemOoOi8. Aneopumm 63aemodii piounu ma
000NOHKU GUKOHAHO 3 YPAXY8AHHAM MOJICIUGOCMI GIOpUSY PIOUHU 6I0 NOGepXHi 0OONOHKU MA YMEOPEHH:
Kagimayitinoi nOpoNCHUNYU HA 2panuyi po3nooiny cepedosuuy. Jocriodxiceno enaus mouunu 00OIOHKU ma ii
3aKpinIeHHs HA OUHAMIKY CUCMEMU, 30KpeMa CMOCOBHO GNIUGY MOGWUHU HA AMAAIMYOY Md iHMEHCUBHICMb
nyavcayi. 3i 30inbuenHsm mosuwunu 000IOHKU 3MEHUYEMbCA amMnaimyoa il nyavcayiti ma ix iHmencugHicm,
VHACIOOK 4020 3HAYHO YCKIAOHIOEMbCS 8I0PUS PIOUHU 8I0 0OOJIOHKU MA YMEOPEHHs KAGIMAYIUHOI NOPOICHUHU
Ha epanuyi po3nooiny cepedosuiy. Po3ensinymo modciugicms MOOen08aHH 3AKPINIeHHA YACMUHU NOBEPXHI
000JIOHKU MA 3ANeNCHICMb i1 OUHAMIKU ROOIU3Y NIOWAOKU 3AKPINIEHHS 8i0 3MIiHU Mmoswuru 0bononku. llpu
3AKPINIeHHI ChOCMepieanocs 3HauHe Ni0GUIeHHSI MUCKY HA 2PaHUYl ma 30L1bUleH s HanpyJiceHb 000J0OHKU 8 OKOJLL
3aKpinieHHs 6 NeeHULll MOMEHM Hacy BHACTIOOK (POKYCYBAHHA XBUNb MUCKY HA 2panuyi piouna — 060NOHKA.
36invwenns mosuunu 000IOHKU NPU36OOUMb 00 3MEHUEHHA HMEHCUBHOCMI nepemiyenb ma Noeopomie
noGepxHi noOIU3Y 3aKPINIeHH .

Kniouosi cnoga: zioponpysicricms, 2a306a nopoACHUHA, CHepULHA X6UNA, NPYIHCHA Cheputna 000N0HKaA,
83a€M00isn cepedosully, 8iOpuU8 piouHuU, nepemiyeHHs NOBePXHi 0DO0IOHKU.
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