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Abstract. The analysis of the stress state of a flexible orthotropic shell
under the influence of a time-varying mechanical force and a time-
varying external electric current is performed, taking into account the
mechanical and electromagnetic orthotropy. The effect of thickness on
the stress-strain state of the orthotropic shell is investigated. The results
obtained indicate the influence of thickness on the deformation of the
shell and the need to take this factor into account in the design schemes.

1. Introduction

The development of research in the theory of magnetoelasticity is associated with the
solution of many important problems of modern technology. Such tasks arise in the
development of electromagnetic pumps, magnetohydrodynamic  accelerators,
instrumentation that works with electromagnetic fields, the imposition of magnetic fields
in controlling the movement of plasma, in the flow in an elastic shell, the calculation of
protective shields, atomic reactors, setting up some physical experiments, etc.

The construction of optimal designs of modern technology operating in magnetic
fields is associated with the wide use of structural elements, such as flexible thin-walled
shells. The effect of non-stationary fields on metallic thin-walled elements leads to the
appearance of bulk electromagnetic forces, capable of causing large deformations of
structures under certain field parameters. Recently, the question of determining the stress
state of flexible orthotropic shells operating in an alternating magnetic field with regard to
orthotropic electrical conductivity has raised considerable interest.

Nonlinear formulation of the problem. Basic equations
Consider the nonlinear behavior of an orthotropic current-carrying conical shell of
beryllium of variable thickness, changing in the meridional direction according to the law

h=5-10"* (1 — “S/SN) M. We believe that the shell is under the influence of
mechanical force P; =5-10°sinwt H/MZ' third-party electric current Jger = =5+
1055ina)tA/M2, and external magnetic field By, = 0.1Tx1, and that the shell has a finite
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orthotropic conductivity o (o, 05, 03).

We assume that the external electric current in the unperturbed state is uniformly
distributed over the shell, i.e. External current density does not depend on the coordinates.
In this case, the shell is affected by a combined load consisting of the ponderomotive
Lorentz force and the mechanical force. Small radius contour S =S, hinged, and the
second circuit S = S, — free in the meridional direction.

Note that in the case under consideration an arbitrary second-order surface has three
mutually perpendicular axes of the second order and these axes can be arranged parallel to
the second-order crystallographic axes, and the second-order characteristic surface has all
the symmetry elements that can be found in the classes of the orthorhombic system [2,3].

Suppose that the geometric and mechanical characteristics of the body are such that to
describe the process of deformation, we apply the variant of the geometrically nonlinear
theory of thin shells in the quadratic approximation. Also assume that with respect to the

electric field strength E and magnetic field strength H electromagnetic hypotheses are
performed [1,4]:

du, du,
E, = Ei(a,B,t); E; =Ey(a,p,t); E3 = WB1 _WBZ;
Ji=hapBt) J,=](a,pB,t); J3=0 1)

1 z
Hy =5 (H +HD) + 4 (H — HD)
1, _ z_ . _
H, :E(Hz +H2)+E(Hz — Hy); Hy = Hy(a, B, t).

u; — shell vector displacement components; E;, H; — components of the vectors of
the electric and magnetic fields of the shell; J; — eddy current components; HL-J—r —
tangential components of the magnetic field on the surfaces of the shell; h — shell

thickness.

These assumptions are some electrodynamic analog of the hypothesis of undeformable
normals and together with the latter constitute hypotheses of magnetoelasticity of thin
bodies. The adoption of these hypotheses allows us to reduce the problem of the
deformation of a three-dimensional body to the problem of the deformation of an arbitrarily
selected coordinate surface.

The developed methodology for the numerical solution of a new class of related
problems of magnetoelasticity of the theory of orthotropic conical shells of revolution with
orthotropic electrical conductivity is based on the sequential application of Newmark's
finite-difference scheme, the linearization method and discrete orthogonalization [4-6].

To effectively use the proposed technique, we assume that when an external magnetic
field appears, there are no sharp skin effects along the shell thickness and an
electromagnetic process along the coordinate { quickly goes to a mode close to steady. This
leads to restrictions on the nature of changes in the external magnetic field and on the
geometric and electrophysical parameters of the shell.

o>, @)

hZou
T —characteristic time of the magnetic field. In case of non-fulfillment of this
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condition, only the equations of shell movement under the action of magnetic pressure
should be considered.

In this formulation, the system of equations describing the nonlinear oscillations of a
flexible current-carrying orthotropic conical shell of variable thickness on the
corresponding time layer, according to [5, 6], after applying the quasi-linearization method,
takes the form

du®*D 1 -y Vg COS Vg Sin 1 2
_ sVe \(k+1) Ve <Pu(k+1)_ 0 @W(kﬂ)_l_%(gék)) _95(k+1)95(k);

dm pesh S pr pr

dw®+ o+ gy _12(1 = vsvyp) (D) _ Vocose

— — k+1,
dm p ~ dm pegh3 s pr 57

AN cos e cos sin

s ~_cos¢ (Ug 0 _ 1) Ns(k+1) + egh( ¢ u+D) 4 _¢W(k+1))]
dm pr e r r
plrt p o.h

_ sp + EJQCTB((RH) _ 7 [(_Eék)B((k) + Eék+1)B<(k) + Eék)B((k+1)) +

05 {~(00) ¥ B0 4 (tes30) * VB (s 00) O D} g 4 -

_{_(B%k))z(u(HAt))k+(B%k))z(u(HAt))(k"'l)_I_ZB%k"'l)B%k)(u(HAt))k}] +
h(il(““))(kﬂ)

(e+1) , , )
dQg _ _COSP (k+1) N e_gsmpr(kH) N eghsing (cos<p u0eHD 4 sing w("“)) 3
S S N

dm pr es pr p T T

(et ) h o3h (k+1) (k+1)
— e 0.5 Jer (BS +B5) — %[—O.SEH (B + By) — 0.25(wEa0) D gy 4
Bs)? 3

_1_12(W(t+m))(k+1)(3; _ BS_)Z +05 {_(u(tﬂt))kB((k) + (ll(t"'“))(kH)B((k) +

(a(nm))(k) B((kﬂ)}
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h(w(t+At))(k+1).
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eg sing

1
+; (=N + NFH gk 4 NFgEt1) — v — (- MEOK + ME+1k + MEgk+1) —

N

€9h sing cosqo

(k+1)
5 = [ (Q(k)) +29(k+1)es]+ (9(t+At))

dpD oo ot
—— = — BV + 05 (w0) TV (Bg + By

dm
{_(u(HM))(k)B(k) + (u(“At))(kH)B(k) n (u(t+At))kB(k+1)}] + M
4 4 g ph
(k+1)
dE 1, . (k+1)  cos
o _ (V) P EED (k=012 . ..).
dm p pr

In this case, the boundary conditions we write in the form

u=0, w=0, Mg=0, B;=03sinwt, §=5,=0,
4)
w=0, 65=0, Ng=0, B;=0, S =58y =05M.
Initial conditions take the form
N(s,t) lezo =0, u(s,0lzo=0, w(s,t)[;o=0 (5)

N, Ng — meridional and district forces; S — shear force; Q; — shear force; My, My —
bending moments; u, w — displacement and deflection; 65— normal angle; P, P; —
mechanical load components; Ey — circumferential component of the electric field; B; —
normal magnetic induction; B;, By — known magnetic induction components on shell
surfaces; Jg.mn — component of the density of electric current from an external source;
es,eg — elastic moduli for directions s,8 — respectively;v,, vy — Puasson's ratios
characterizing lateral compression under tension in the direction of the axes of coordinates;
1 — magnetic permeability; w — circular frequency; ay,0,,03 — main components of
conductivity tensor.

Numeric example. Analysis of the results
We study the behavior of an orthotropic shell depending on the change in the thickness of
the shell. Problem for an orthotropic beryllium cone of variable thickness h =5 -
10*(1—aS/s, )M calculated ~ for  different ~ parameter  values o=
{0.2; 0.3; 0.4; 0.5} characterizing the thickness variability in the meridional direction.
When solving a problem, the parameters take the following values:
So=0,Sy=05Mh=5-10"* (1 — aS/SN)M,r =19+ cose; 1y = 0.5M,w
= 314.16¢71,
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p = 2300 kF/M3 B = B; = 0.5Tn.¢ =307, By, = 0.1T1,
p=1256-10"TH/  Jorr = =5 105sinwt 4/,,,, 01 = 0.279 - 10°(Om - M) !
0, =0.321-10%(Om- M)}, 05 = 1.36-108(OM-M)™!, v, =033, v, = 0.09,
P =5-10*inwt ) , e, =288-101°1/ , e =3353-1010H/ ,

The solution of the problem was on the time interval T = 0 + 10~2c, time integration
step is equal to At = 1-1073¢.

In the case considered, the anisotropy of the electrical resistivity of beryllium is
T/, = 4.07.

In the figures below, the graphs (1, 2, 3, 4) correspond to the values of the parameter
a ={0.2; 0.3; 0.4; 0.5}.

In fig.1. deflection distribution shown w along the shell meridian at time t = 5 - 107 3c.
for different parameter values a.
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lL.a=022-a=03;3—-a=044—-a=0.5.
Fig. 1. Distribution by s at the moment of time w by s at the moment of time t = 5+ 10~3¢
at different values of the parameter a.

It has been established that the maximum values of the deflections along the shell arise
approximately in the vicinity of s = 0.4 m.

This is explained by the fact that, according to the boundary conditions, the left end is
pivotally fixed, and the right end of the shell is free in the meridional direction.

In addition, the thickness of the shell from the left end to the right end decreases to 2
times when a = 0.5. Therefore, the maximum deflection values occur near the right end of
the shell.

When taking into account the effect of thickness, the stress of the conical shell was
considered as the sum of the mechanical stresses and maxwell stresses, i.e. the general
stress state was taken into account.

In fig. 2 and 3 show the distribution of maximum stress values (o3, + T,5) and
(05, + T;) along the shell meridian at time ¢ = 5 - 10~3¢ over the outer and inner surfaces
of the shell for different parameter values a.

Curves 1+ 4 characterize the stress distribution for the corresponding parameter
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values a.
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Fig. 2. Distribution (o33 + T53) by s at the moment of time ¢t = 5- 10~3¢ at different values
of the parameter a.

The figures show the complex nature of the behavior of the shell depending on the
boundary conditions under the action of mechanical and magnetic fields. It should be noted

that the maximum value is observed in all cases with s = 0.5M and with increasing
parameter a- stress values on shell surfaces increase.
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Fig. 3. Distribution (g3, + T53) by s at the moment of time ¢ = 5 - 10~3¢ at different values
of the parameter a.

In fig. 4 and 5 are speed variations (au/at) and accelerate (azw/atz)
displacement along the shell meridian at time t = 5- 10~3¢ for different parameter values

a
au/at’M/C
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Fig. 4. Distribution au/at by s atthe moment of time t =510 3¢
at different values of the parameter a.

2
0w /at2 M /C2
3,00E+03 0 v 1

—

4,00E+03 4=

- =)

-

3,00E+03 4=

—_—

2,00E+03 4

1,00E+03 /

0,00E+00 / SM

-1,00E+03 2 ] L ) (] i $ 9 1

1-aa=022-a=033—-a=044—a=0.5.
Fig. 5. Distribution aZW/at2 by s at the moment of timet = 5-1073¢
at different values of the parameter a.

The figures show that with increasing parameter value a and accordingly with a
decrease in thickness h(s), there is an increase in the speed of longitudinal movement
along the meridian.

The maximum values of the acceleration of the radial displacement along the meridian
occur when s = 0.4m, which is associated with boundary conditions and variations in shell
thickness.

2. Conclusion

This article discusses the related problem of magnetoelasticity for a flexible orthotropic
conical shell, taking into account the orthotropic electrical conductivity. The effect of
thickness on the stress-strain state of an orthotropic shell is investigated. The results
obtained indicate the effect of thickness on the deformation of the shell and the need to take
this factor into account in the design schemes. As can be seen, the thickness variability has
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a significant effect on changes in the stress-strain state of the shell, and taking into account
the geometric nonlinearity allows us to significantly refine the pattern of deformation.
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