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The initial boundary-value problem of thermomechanics for a hollow bimetallic sphere
under the action of a non-stationary electromagnetic field is formulated. The azimuthal
component of the magnetic field strength vector, the temperature, and the radial compo-
nent of the displacement vector are chosen to be the determining functions. To find them,
a technique has been developed to solve the corresponding contact problems of electro-
dynamics, thermal conductivity, and thermal elasticity. This technique uses a quadratic
approximation of the distributions of all determining functions with respect to the radial
coordinate in each component layer. With its help, the basic initial boundary-value prob-
lems for the determining functions are reduced to the Cauchy problems for their integral
(total over the layers package) characteristics. The general solutions to these problems
are obtained under a homogeneous non-stationary electromagnetic action. On this basis,
the solutions to the problem for bodies under the action of an electromagnetic pulse are
written. A computer analysis of thermoelastic behavior, bearing capacity, and preserva-
tion of the properties of the contact connection of the sphere is carried out depending on
the pulse parameters.

Keywords: bimetallic hollow sphere, thermal state, bearing capacity, properties of contact
connection, electromagnetic pulse.
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1. Introduction

In modern mechanisms and devices piece-homogeneous electrically conductive structural elements are
widely used, which are under conditions of multifactorial loads. One of such elements being especially
often used in electromagnetic adapters, a hollow bimetallic sphere is that is exposed to a pulsed
electromagnetic field action (EMF) [1,2]. The reliability of the mentioned devices depends on retaining
the bearing capacity of this element [1].

In literature, the investigations of the thermal stress state and the bearing capacity of homogeneous
electrically conductive bodies of canonical shape under the action of pulsed EMFs [3-6], of a bimetallic
layer and a cylinder [7-9] under such an action are known. However, there is insufficiently studied the
hollow bimetallic sphere.

In this paper, the initial boundary-value problem of thermomechanics for a hollow bimetallic sphere
under the action of a pulsed EMF has been considered and a method for its solving has been suggested.
The thermal stress state and bearing capacity of the considered sphere under the action of electromag-
netic pulse (EMP) have been investigated.

(© 2020 Lviv Polytechnic National University 79
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2. Central symmetric problem of thermomechanics for a bimetallic sphere

2.1. Problem formulation

A hollow bimetallic sphere with inner » = r¢ and outer » = ro radii is considered, which is referred
to a spherical coordinate system (r, ¢, ) whose center O coincides with the center of the sphere. The
materials of the component layers of the sphere are homogeneous isotropic non-ferromagnetic, and their
physico-mechanical characteristics are constant. The sphere is under the action of a non-stationary
EMF, given by the values of the azimuthal component H, g(p") of the vector of the magnetic field strength

H™ = {0; Hfon); 0} on its inner and outer surfaces, which are heat-insulated from the environment
and free from force loading. On the surface r = ry of the contact of the component layers of the sphere,
the conditions of ideal electromagnetic, thermal, and mechanical contacts are satisfied.

In this case, the centrally symmetric problem of thermomechanics, all the key-functions of the
problem — the component Hg(an) (r,t) of the vector H (™). the temperature 7' (r,t), and the non-zero
radial component uﬁn) (r,t) of the displacement vector u™ = {u&"); 0; 0} are functions of the radial
coordinate r and the time t.

The mathematical model for determining the thermal stress state of the sphere under the action
of a pulsed EMF consists in the consistent determination of the parameters of the EMF, temperature,
and the radial component of the displacement vector.

The non-stationary EMF, which is described by the vector H ("), is determined from the Maxwell
relations taking into account the given boundary and contact conditions. With the help of the found
vector H™ | we find the Joule heat Q™ and the ponderomotive forces F™ in each n-th (n=1,2)
component layer.

The non-stationary temperature field 7 under convective heat exchange with the environment
and under the given contact conditions is determined by the equation of thermal conductivity, in which
the Joule heat Q™ is a volumetric source of heat.

By means of the found temperature 7 and the ponderomotive force F™ from the equations
of dynamic thermal elasticity under the given boundary and contact conditions for the sphere, we
calculate the displacement vector w(™ and the dynamic stress tensor 6.

Z.(") of the total stresses

() _

i

To assess the bearing capacity of the sphere, we find the intensities o

(n) _ _(n@Q (n)F
05 = %5 T
\/(312 (6(m) — I2(6(™))/2 [4] and compare their value with the elasticity limit ac(ln) of the material of the

n-th layer. Here O'](-;-L)Q and O'j(-?)F are stresses caused by the Joule heat Q™ and by the ponderomotive

force F™, T (6(M) (j =1,2) is j-th invariant of the stress tensor (™.

To predict the bearing capacity and preserve the properties of the connector, we will proceed from
the well-known Huber-Mises criterion [10] for homogeneous bodies. A bimetallic sphere retains its
bearing capacity as a structural element if in its both layers the condition holds

(j = r,p,0) in n-th layer. We calculate them according to the formula o

UZ(H) < ac(ln). (1)

The properties of the sphere under consideration as a structural element are retained if the stress
intensities O'Z(n)* in the component layers on the contact interface do not exceed the value of the strength
limit ops of the contact of the layers. That is

o'(n)>’< < oM. (2)

7

According to the mathematical model chosen, we consider sequentially the determination of EMF,
temperature, and thermoelastic behavior of the bimetallic sphere.
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2.2. Determination of EMP

The azimuthal component Hg(on) (r,t) of the vector H (") in each n-th component layer is determined
from the equation [5]

o*Hy) 201" § oHJ”
or? ro or ot
under the boundary conditions on the inner and outer surfaces of the sphere

—0 (3)

HED (ro,t) = Hy (1), HY (ra,t) = HE (1)

and under the conditions of ideal electromagnetic contact on the surface of the contact of the layers of
the sphere

oHY (r1,t)  HY (r1,t) OHY) (r1,t)  HY (r1,t)
aY =H® LA e VLU g, [ e LSRR
@ (7‘1, t) @ (7‘1, t) s or + " k or + - )

as well as under the initial conditions Hc(pn) (r,0) = 0. By means of the found function Hs(p") (r,t), the

specific density of the Joule heat Q) (r,t) and the ponderomotive force F () — {F,gn) (r,t);0; 0} are
determined by the formula

1 (o™ gm\? o™ g™
Q(n) _ 4 + 4 ’ FTgn) = —n 4 + 4 H(n)

On or T or T ®

2.3. Determination of the temperature field

By means of the specific density of Joule heat Q) (r,t), we determine the temperature distribution
T (r,t) in each n-th layer of the sphere from the equation of heat conduction [5]

927 ™) g(‘)T(n) iaT(n) B _Q(n) n

Oor? +7’ Oor Kn Ot Ap

under the boundary conditions of thermal insulation on the inner and outer surfaces of the sphere

Z?T(l) (To,t) —0 8T(2) (Tg,t) —0
or - or N

and under the conditions of ideal thermal contact at the contact interface of its component layers

1)
T(l) (Tl,t) — T(2) (Tl,t) 7 aT airlat) — k)\

T (r1,t)
or ’

and under the initial conditions 7™ (r,0) = 0.

2.4. Determination of the stress state
(n) (n) (n)

To determine nonzero components: radial o, azimuthal 0py, and meridional o,,” components of the
tensor of dynamic stresses &) (r,t) in each n-th layer of the sphere, we choose as a base the system
of equations of the centrally symmetric thermoelasticity problem in terms of displacements [5]. Then
the radial component us«n) (r,t) of the displacement vector in the n-th layer of the sphere is determined
from the equation [5]

Pu” 20w 2 0 102 145,07 (L) (1 2n) (o)

(5)

Oor? r or 2l T 2 o2 n_ v, Or E,(1—uvy,) "
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under the boundary conditions on the inner and outer surfaces of the ball

out! (ro,t) vy 2 1+v
T ) “ (1) — 131
or +1—V17’0u (T()’t) all— 1
P (rat) e 2 1+ v
r ’ Zu® —
or + 1—V27’2u (r2;?) a21—

under the conditions of ideal mechanical contact on the contact interface of its layers

ulM (ry,t) = u® (r1,1),
)
T ) 2
(1— 1) Ju (1) =D (r1, 1) — o (14 01) TD (11, 1)
or T
(2)
— kp [(1 oy Q) | 1 Zu® (11, ) — s (1 4+ 1p) T (rl,t)] ,
or ol
and under the initial condition uﬁn) (r,0) =0, au’iyo) =0

(n)

By means of the found component w,; ’(r,t) of the displacement vector u™ | we determine the

(n)

components o, of the stress tensor 6™ in the n-th layer of the sphere by the formulae [10]

E o™ 2
(n) _ n 1— Zor Zum) _ 1 T")

o (1+wn) (1= 2up) [( n) o T Ynptr T On (14 vn) ’ (6)

(N) (n)

Tev =0 T A o) (L—2m) |7 r @n (1 +vn)

By means of the known total displacements ufn ") and stresses aj( ]), we calculate the intensities of

the stresses 02-(71) in the n-th layer of the sphere by the formula
JZ-(") = |0§?) — agg‘. (7)

(n)

Based on the found intensities o; ’, we analyze the bearing capacity and the retention of properties
of the contact joint of the sphere using the relationships (1), (2).

3. The technique of the initial boundary-value problems solutions construction

To solve the formulated initial-boundary value problems of electrodynamics, thermal conductivity, and
thermal elasticity with respect to determining functions ®™ = {Hg(p") (7, t),T(”) (r, t),u&") (r, t)}, we
approximate their distributions with respect to the radial variable r in the n-th layer of the sphere by

the quadratic polynomials [7,8|
2

e™(r,t) =Y af ™ (t)r, (8)

1=0

The coefficients a;b(n) (t) of the approximation polynomials (6) we determine by the integral (total over
the packet of layers) characteristics ®,(t) of the key-functions ® (r,t)

Z/ &) (1, t)r*Hdry, s=1,2 (9)
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and by the boundary conditions on the inner and outer surfaces and on the contact interface of the
layers. Here [ = 0 to determine Hén) (r,t), T™(r,t) and | = 1 to determine ne (r,t). To find the
integral characteristics ®(t), the initial equations (3)—(5) we integrate according to (9) taking into
account the expressions (8). As a result, the initial boundary-value problems for the key-functions are
reduced to the corresponding Cauchy problems for the integral characteristics of these functions, which
are described by the systems of equations

) gy b (1) — dyHo(t) = dsH (1) + daHEH (1),
m J J (10)

dH(t -
B0 1) — do (1) = dp I (1) + dsHEF (1),
dT
dl +d{ T+ d3 Ty = Qj(t),
Ty . \
- +diT +diTy = Qi(t),
d2ur * *
dt21 _ 1url _ d2ur2 = Wl (t),
d2ur * * *
dt22 — diu,, — diu,, = W(1).

The Cauchy problems (10) are solved with the given initial conditions for the key-functions, the
initial conditions that are written using the relation (9) for their integral characteristics of these
functions.

Here, the coefficients d . 4, dr{+ 4, 7.4 are determined by the geometric parameters and the physical
and mechanical characteristics of the component layers of the sphere, Q%(t), W(t) (s = 1,2) are the
right sides of the equations (2) and (3) integrated in accordance with (7) taking into account the
expressions T and Frﬁn) on the surface of the connection of the layers.

The solutions of the Cauchy problems (10) using the Laplace transform with respect to the time
variable are written in the form of convolutions of the given boundary conditions and the homogeneous
solutions of the Cauchy problems. We obtain the expressions of the component Hén) (r,t)

2

H (r,t) Z;{Za Z / A ( )+A82(k)H;(T)] P (=) dr

1=

+aly H (8) + aly HF (1) }w’ (11)

temperature 7 (r,t) and components u&n)Q(r, t) and ufnn)F(r, t) of the radial component ne (r,t) of
the displacement vector (™

2 2 2
T (7, 1) ZZ (b,(:s) Z /0 [le(m)le(T) + Bs2(m)W2Q(T)} epm(t_T)dT> r*, (12)
m=1

2
ch Z / (1) + Ry (k)W (7)] epk@—ﬂdT}ri. (13)

(")(

By the known expressions (13) of the functions u,
(n) (n) (n)

the radial oy, azimuthal oy, and meridional og,” components of the stress tensor and the intensity

(n)

of stresses o,

r,t), from the relationships (6)—(7) we determine
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4. Solutions of the problem under the action of electromagnetic pulse
The action of EMP is mathematically described by the function H, g (t) in the form [3]

HE(t) = ko Hy (e—ﬁlt - e—ﬁ‘ﬁ) . (14)

Here kg is the normalization factor, 8; and (B are the parameters that characterize the times of the
front of growth t;,.- and of the front of decline tg4.p,., respectively, of the EMP of the ¢; duration, Hy
is the maximal value of the magnetic field strength of the pulse.

Substituting the expression (14) into the formulae (11)—(13), we write the solutions of the problem
of thermomechanics for the considered sphere under the action of EMP. We obtain the expressions

k‘ H,
Hg(on) 0£10 Z < ﬁltB + e—ﬁztBi(;L) + emtBi(gl) + emtBi(Z)) i

of the component Hfo )(7“, t),

2

Q(n( _1k0 OZZZ+1J+1ZC()altz+]2

’lljl
2

n k2H et piti—1
EM(rt) = —p OZZH—l ZC byt

=1 j=1

of the specific densities of Joule heat and ponderomotive forces

2 apt

2 2 2 20 ot
T (r kgHOZZZZ i+ 1) +1) Z Zﬁmurp

p=0m=1 =1 j=1 -
of the temperature 7 (r 1),

2
a9, t) = 3 [l () + 3V (0) + T (ro,0) + LT (ra, ) 4 ONG (ras)]

a=0
2
F F
a2 t) = 37 el ufi (0) + el i)
a=0
of the components u&n)Q(r, t) and u&n)F(r, t) of the radial displacements. Here
RHZ A & & 20 <ei”mt st et epﬁt>
Q _ 0
u(t) = i+1)(j+1) -
R R A T T

L B (MGt + a9MG 8+ 010, Kot = (a1, + 912

+ Rsﬁ2 |:dQM(jll)m To + dQMz(jl)m dQ Mz(jll)mKaErII) <9P21Mz(jl)m + gp22Mz(jl)m)] }’

F k,(z] HE ¢ 22 Z 220 et — ebst! Z Z F o Hp (p)
urs(t) = 4 (Z + 1) a — Rsﬁm quCZJZ )
j=1 =1 m=1 p=1

p=11i=1
N(? (Tht) = KaET(l) (Tl,t) )

(n)

s = 1,2, p1,p2, Pm, pg are the roots of the corresponding characteristic equations, the coefficients Bij ,

F . .
CZ(;;), Z(ﬁZn’ Nsijla BSjWM PSO!Q7 R?Bk’ Rfﬁk’ ps fsij7 Vs KaE7 C(()?)y bgl)a 65722 are given 1 terms of

geometric and physico-mechanical parameters of the sphere.

Mathematical Modeling and Computing, Vol.7, No. 1, pp. 79-87 (2020)



Technological forecast of bearing capacity and properties of contact connection of bimetallic . .. 85

5. Numerical experiments

We have analyzed the thermal stress state and bearing capacity of a bimetallic sphere with the radii of
surfaces rg = 8 mm, r; = 9mm, ro = 10mm, whose component layers are made of stainless steel and
copper. The EMP characteristics are the following: ¢; = 107%s, 1073 s, 81 = 6.9/t;, Bo = 21, ko = 4,
for the steel layer o4 = 300 MPa and for the copper layer o, = 70 MPa [3].

In Figs.1-3, the time-variation of the radial component 07«?) and azimuthal component 0'(7:0) of

(n)

stresses and stress intensities o; ~ in the steel (1) and copper (2) of the sphere on the contact interface

are shown.
(n) 8 /72 m? (n) 108 /172 m?
op’ - 10°/Hg, Pajy op¢ - 10°/Hg, Palfs
J’"W‘ 2 1 e 2
2 /l A Y 40 M

| " 1 30_ &Wﬁw’”’" I
1 2] //
olf

0 Mnn. Wy —
4 0
1 2 _ 2
0 100 200 300 400 t, ps 0 100 200 300 400 t, us
Fig. 1. Time-variation of radial stresses. Fig. 2. Time-variation of azimuthal stresses.
o™ 108/ H3, Paky o MPa
2 oM
MM""' 1 200
30 e ——— :
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(2
10 94
0 0 —-——g + . .
0 100 200 300 400  t, us 0.0 0.2 0.4 0.6 0.8Hp-10"",A/m

Fig. 3. Time-variation of intensities of stresses. Fig.4. The dependence of the maximal values of
stress intensities on the value of Hy.

X

In Fig. 4, the dependences of the maximal values of the intensities of the stresses 02-(71) PN the
n-th layer on the value of H for different EMP durations are shown.
It is found that the bearing capacity of the considered sphere is lost when ¢; < 1.5-10~%s. Accord-

ingly, the properties of the contact connection are lost when ¢; < 1.5-107%s.
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6. Conclusions

On the basis of the suggested method, we found the general solutions of the constituent problems of
electrodynamics, thermal conductivity, and thermal elasticity. In these solutions, all given boundary
conditions on the inner and outer surfaces of the hollow sphere are strongly satisfied, as well as those on
the interface of the connection of its layers. The initial boundary-value problems for the determining
functions are reduced to the Cauchy problems for their integral characteristics. The solutions of these
problems for bodies under the homogeneous non-stationary electromagnetic action have been found
by using the Laplace transform as a convolution of functions describing the given boundary conditions
and homogeneous solutions. The solutions to this problem have been written and numerically analyzed
under the EMP action.

The rules of the thermomechanical behavior of the considered sphere and the limit values of the
EMP parameters, provide exceeding of which the sphere loses its bearing capacity, are revealed.
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MporHo3syBaHHA Hecy4ol 34aTHOCTI | B1IaCTUBOCTE KOHTAaKTHOIO
3'€QHaHHA biMeTanieBMX NOPOXXHUCTUX KYJib 3a Ail e/IeKTPOMArHiTHUX
IMNyNbCiB

Myciit P. C.}, Memprauk H. B.', Tmurpyk B. A.12) 2Kumuk V. B!

! Haugonanvruti ynisepcumem “JIvsiecvra noaimexrnixa”,
eyn. C. Bandepu, 12, JIvsis, 79013, Yxpaina
2 [Tenmp mamemamuunozo Mode06aHH.A
Incmumymy npuksadhux npobaem mexaniku i mamemamuru im. . C. Ilidempueawa HAH Yxpainu,
eya. J. Hydaesa, 15, Jlveis, 79005, Vkpaina

Cdopmyb0BaHO TOIATKOBO-KPAOBY 3821y TEPMOMEXAHIKY JIJIsI IIOPOKHUCTOI OiMeTalie-
BOI KyJIi 3a J1il HeCTalllOHAPHOT'O eJIEKTPOMATHITHOIO 10JIsl. 38 BU3HAYAJIbHI (DYHKIIT BUOpa-
HO a3UMYTAaJIbHY KOMIIOHEHTY BEKTOpa HAIPY?KEHOCTI MArHiTHOrO IIOJIs, TEMIEPATYDPY Ta
pajiaJibHy KOMIIOHEHTY BeKTOpa Iepemimenb. s X 3HAXOKEHHS PO3BUHYTO METOIM-
Ky PO3B’si3yBaHHS BIIIMOBIIHUX KOHTAKTHUX 33129 €JIEKTPOINHAMIKH, TEIIOMPOBiIHOCTI
1 TepMonpyzkHOCTI. Ilg MeToIMKa BUKOPUCTOBYE KBaJPATUIHY AIIPOKCHMAIIIIO PO3IMOIIIIB
BCiX BU3HAYAJIBHUX DYHKIIIH 38 Pa/iiaJlbHOI0 KOOPANHATOIO B KO2KHOMY CKJIJ0BOMY IIapi.
3 11 J0IIOMOror0 BUXIiIHI IIOYATKOBO-KPAaMoBl 3a1a4i Ha BU3HAYAJbHI (DPYHKIIIT 3BEJIEHO JI0
sazad Komi Ha ix imTerpasbhi (cymaphi mo makery mapis) xapakrepuctuku. Orpuma-
HO 3arajibHI PO3B’SI3KM IUX 3aJ@9 33 OIHOPIIHOI HECTAI[lOHAPHOI eJIeKTPOMATHITHOI Jiil.
Ha ix ocHoBi 3anmcano po3s’si3ku 3ama4i 3a il esieKTpoMartiTHoro immysibcy. IIposee-
HO KOMII'IOTEDHUI aHAaJ i3 TEePMONPYKHOI MMOBEIIHKN, HECYdYOl 3MATHOCTI Ta 30eperKeHHs
BJIACTUBOCTEl KOHTAKTHOTO 3’€THAHHS KYJIi 3aJIe2KHO BiJ MapaMeTpiB iMITy/IbCy.

Knto4oBi cnoBa: Gimemanesa nopoHcHUCG Kyas, MEPMOHANPYHCEHUT CMAH, HECYYa
3dammicms, 8AACTNUBOCTIE KOHMAKMMHO020 3 €0HANHA, EAEKMPOMAZHIMMHUT IMNYALC.

Mathematical Modeling and Computing, Vol.7, No.1, pp. 79-87 (2020)



