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Introductions the axial coordinate and the Fourier series with respect

Natural oscillations and propagation of free waves to the angle, the solution of the problem of motion
in cylindrical shells interacting with a liquid have been along an infinitely long cylindrical shell interacting
studied by many authors, in particular in [1,2]. In this with an ideal compressible fluid of normal pressure,
case, axisymmetric and non-axisymmetric problems arbitrary in length and circumference, but unchanged
were considered, and various models for the liquid and in time, is obtained. The speed of movement of the load
shell were used. The question of the action of a moving is constant and, in the subsection, it is considered in the
pressure wave on a cylindrical shell filled or case when it is less than the speed of sound in a liquid.
surrounded by a liquid is less studied, and only The liquid fills the cavity
axisymmetric loading was considered [3,4]. In this
paper, using the integral transformation with respect to 2. Problem statement and basic equations
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Consider the action of a non-axisymmetric 0?2 1—v, 02 ,1—v
moving pressure wave on a viscoelastic cylindrical Laa = ax? " 242 007 6ko h2
shell interacting with an ideal compressible fluid The 1—v, 92
equations of motion of a viscoelastic cylindrical shell — Dk Tkﬁ;
and an ideal fluid are introduced in the coordinate K Ot 1—v 8
system r, 6, z [5]. Lsy = Lsy = 0; Lss = —6k2 2"_;

The equations of motion of the bearing layers ) ) axhy 00
(shells) in displacements, in symbolic vector-matrix L. = 1-w0° 190 6k2 1—v
form, are written in the form 53 2 0z a20d0? O hZ

Ll‘jl_jk—f:LinEK(t—T)l_jk(?,T)dT= —p l_vka_z_
— k 2 ’
(1 Vok )—» (1—V0K 2) BZUk ZGkO at
Goxlton qx + +pox— Gox 92 ¢ (k=12 D Aos = M; Hos = Gip.

Here, the index k=1 refers to the inner carrier
layer, and k=2-to the outer layer, U, is the
displacement vector of the points of the middle surface
of the bearing layer, and for Timoshenko-type shells
the dimension of the vector U,.

(Ulk =U; Usk = O Usk = Wi U = Yyis Usie

= 1pyk)

Here, respectively, axial, circumferential and
normal displacements are also added the angles of
rotation of the normal to the middle surface in the axial
and circumferential directions: P, is the vector of loads
on the shell, the dimension of which also depends on
the chosen theory of shells. L;; is a matrix of
differential operators of the theory of shells, including
in problems of dynamics and time differentiation
(terms with damping and inertial terms in expanded
form). If, when writing the equations of motion of the
bearing layers, shear deformations and inertia of
rotation (Timoshenko -type shell) are taken into
account, then the differential operators have the form

62 1_Vk 62 1_Vk 02
Lyn=cs5+—73 337" P57 L2
0z2 2a; 062 2G,, Ot?

-1 _1+Vk 62 .
TR T 2q, 0200’
L=y =0 =0
13 = 31_akaz' 14 = L5 = U;
1—v, 02 1 92 1— v, 02
le=7az aﬁ*?@‘f’k 26 ﬁ' Las
L[, A=k o
2 09
L _(1 Vk)ko _ii_
257 g, 17327 azao’
1-v a2 1 92 1 1-vy 82
Loy = =358 (53 + ) + g+ P
( ) Y _( ) @)
1-v, 1-v
L3, szkkgai Lys = e kk ko 20’ s La =
Lyy =0;
1 — Vg 6 1 +Vk 62
3 O hZ 9z’ ¥ T *T 2a, 0206

1-2vg
Here k2-is the Timoshenko coefficient; hy,a; -
thickness and radius of the middle surface of the
bearing layer; nu wvy-Poisson's ratio; Rp(t — 1)
relaxation core; G- instant modulus of elasticity.
The components of the load vector, respectively,
has the form

1-— Vi
{Piks Paks P} = — 5 {Pzk T Q21 Dok T Qorr Pric
2Grohy

( ) +qu} ( )

3(1—v, 3(1—v,

Py = X (sz t qu); Psk = x (Pek
qu)J (3)

where the minus sign corresponds to the inner shell,
and the plus sign to the outer shell: q,«,qgx , q-x are the
reaction components from the filler side: p,x, Pox Pri-
intensity of the given load in the corresponding
direction.

In the problem of free wave propagation, the
components of a given load, (t) are taken to be zero.
We accept the integral terms in (1) small. Then the
function ¢(t) = P (t)e iRt where is a slowly
varying function of time, wg —is real constant.
Further, applying the freezing procedure [6,7], we
replace relations (1) with approximate ones of the form

(1_vok2) ﬂ

(1-vok) =
LU, = GO h‘; Gy + Pox PRI 4)
Here ko)1 = L (1 = (RES;D ™) [e(0)],
(SU-Kronecker symbols, ”(Rll =R, =Rf; =

= Gyl (t)]) is the third order diagonal matrix for the
Kirchhoff - Love conjecture, and the fifth order for the
Timoshenko conjecture. The system of differential
equations (4) is solved under boundary conditions. The
non-axisymmetric motion of a Timoshenko-type shell
is described by equations (1), and (4) and in the
components of the load vector only the term [8] p3, =

216_”: (¢ Tprx), the motion of an ideal
kK

compressible fluid is described by the wave equation

¢  10p  10% 3¢ _ 1% (5)

or2 ' rar  r2960% @ 9x2 ¢} at?’
where ¢ - potential of fluid velocities; c,- acoustic
speed of sound in liquid; p,- density of liquid.

The problem is reduced to the joint integration of
equations (1), (4), and (5) when the boundary

Philadelphia, USA 214

2 Clarivate

Ana lytics indexed



ISRA (India)  =6.317 SIS (USA) =00912 ICV (Poland)  =6.630
. ISI (Dubai, UAE) = 1.582 PUHII (Russia) =0.126  PIF (India) =1.940
Impact Factor: g\ australia) =0564 ESJI(KZ)  =9035  IBI (India) = 4.260
JIF =1500 SJIF (Morocco) = 7.184  OAJI (USA)  =0.350
conditions of impermeability of the shell and rigid wall n=(x—ct)/H, (8)

are satisfied

de owg do
arr=a = 5 gy lr=p =0 (6)

in this case, the pressure entering into (3) from the
liquid side is expressed through the velocity potential
by the formula

Grk = —Po 22— (7)

Considering the steady state process, we pass in

the equations of motion of the shell and fluid to the
coordinate system.

3.Methods of solution
When considering the establishing process, the
Galilean transformation is applied [9]

© (0 (0 (0 (0) ’
{uk ) Wk ’¢xk 'prk 4 qT'k } ano{

oW =D (v

where n- is the number of harmonics along the angular
coordinate.

Substituting (10) into the transformed equations
of motion of the shell, we obtain a system of algebraic
equations for the Fourier coefficients of the
transformants of the displacements of the middle
surface. In this system, the unknown are the expansion
coefficients of the liquid pressure, which should be

expressed through the coefficients of normal
displacement

62¢(°) 1 6(,0 2 ) _

or2 r* ory [_ -M ]{ ](,0 =0

shell. Representing the transformant of the velocity
potential in the form (10) and substituting it into the
transformed equation (1), we arrive at the equation

29 1003 0
L= [ - we] gl =0, ()

where M = Ci is the Mach number, c; is the acoustic
1

speed of sound in the fluid. The solution to equation
(11) in the subsonic regime of motion ¢ < ¢, has the
form [11]:

ot = A, (E)Ko(BET.) + B ()1, (BET),

where 8 = V1 — M2,

Substituting (11) into (2), (3), we find the
relationship between the liquid reaction and the normal
displacement of the shell:

where c- is the speed of movement of the load, H is
some characteristic value in the problem under
consideration, which has the dimension of length
(H = a). We apply the Fourier transform according to
n [10]: . .
PO = [ ome dn; o) =
Lo @@ () e®ndg. ©)
Here é/ -is the Fourier transform parameter.

In the image space, the solution of the transformed
equations is sought in the form of Fourier series in the
angular coordinate 8 . Assuming that the transformants
of a given normal load and fluid pressure are
expandable in Fourier series in 6

(0) (0) 0 _© (0 .
nk’ nk 4 lpxnk' prnk’ qrnk}cos(ne)'

10
©) 1 (0) ] (10
Vpnk ,lpynk}sm(ne),
[
Pk = Poc’kE* fie(§,m,0) SR, (12)

where for ¢ < ¢;
nsg—pEe—(nsy+pEess)ss

Jie§m €)= s s —ee)—(msz + BEess) (nss—FEse)
(13)
b9 D)
VTOLMBO T TP LB
a6 ()
: L(BE) 7T Ly (BEe)’
. = _Kn(BS) K1 (Bée)
57 Kne1(BE)’ Kns1(BEe)’

wheree = b/a, In+1(ﬁf) and K, (8¢)- modification of
the Bessel function of the 1st and 2nd kind, f; (¢,n, ¢)-
for k = 1, 2, it differs in meaning with opposite signs.

If the shell is completely filled with liquid, then
formula (13) takes the form

fu(§n,¢) =8 (n+pés) ™, 8 ={xk=1,6, =

1;,k=2,6, =—1}L (14)

Substituting the found relation (12) into the
system of algebraic equations for determining the
expansion coefficients of the transformants of the
displacements of the shell, we find

o © (0 ) ()] _
{unk ’ vnk ’ Wnk ’ l/)xnk, 1/)ynk} -

_ 1-vg Q12143184 45k T 1 _
ZGkkz pZ,nk FEldetn”aEl" ) (k l - 1, e ,5) (15)

Determinant elements det,||ay;|l calculated by
the formulas

1 Uk 1 -V
_ 2 2 k. 2.
A1k = — (1 T~ T3 COk) &c = 3 n=;
1+,
Aqak = —Ap1k = Qusi = —Asar = i€ ) n;

Qi3 = Az = EVy;
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Ayop = — —2k (1 - gcgk) &2 —n?%a23k = =2+ 1+ vkkOk22n; a5, = k™% agp =7 jazs =1+
K (n? + 82) = 3 8? [1+ 2 f(En 05 (16)
1—v, 1—vn 0 11;ka0
Azarc = — ik, 5 Gask = —kZ, T Irnk = UL E2f(Eom, )mprnk 17)
k2 For the bendlng moment and shear force in the
Aysr = 1203455 QAgar = A1 —6(1 — vk)kLZk; shell, we obtain
0 _ _hka_ o i§A4nvidsk 18
= 12035 assk = Qaa — 6(1 — Mocne = =S Prok gy detala - (19)
Gs3k = @ssk; Assk = Gazk ( ) k2 ' Q — _ - LA p i§A4xnVEdsk (19)
A14k = Quisg = Qaak = Qa1 = A12k = As1p = Aoz = 0; xnk 2k " gy dety|ag |
X Po Pk

Pok = p— Cox = c(*% Now let's look at some examples. The final

solution is obtained by substituting (15) - (19) in the
Fourier series and applying the inverse Fourier
transform. As an example, it is considered when the

Igy=1- FE1((UR) irEsl(wR)!
Ii(wg) = fo Rg(7)cos wgtdt; Ti(wg) =

fooo Rg(7)sin wgt d, liquid is between a shell of radius b and a coaxial rigid
Where R (1)- the core of relaxation cylindrical wall of radius a
Determinants 4, (j = 1,...,5) are obtained from External loads are taken in the form [12
det,|laill by replacing the j-th column with p-(1,0) = pyexp(an)H(—n) Zj{zl(e -6y, (20)
elements{0,0,1,0,0}. H(x)-Heaviside functions. In this case
_Substitut_in_g (15) into formula (12), we find the pQ = P2lnk 1)
Fourier coefficients of the transformants of fluid Tk T aig

pressure Here @, are the Fourier coefficients of the

Substituting (15) into formula (12), we find the . 1 _ _
Fourier coefficients of the transformants of fluid function Zkz'l(e _9") It you aceept P2 = 2mpy /L.
pressure Where p; — intensity of movingloads, ¢* = q,./p;

(oo}
(oo}
« _WGilEr 177 E 434[acos(§m)—¢sin(én)] ]
1= pia kl {f_oo rgi(a?+&2)det||ag || di} X aycos(nb); (22)
n=0

. 201-v)pp;cd § % FEmc)§? s lacos(Em —EsinEn)]
q* = Tl {f_m (a2 €D detag | d{} XX a,cos(nh). (23)
n=0

Similarly, using (22) and (23), one can write the Where f,(2,t), f,(2,t) real functions. Using
formulas for Mx, Qx. The -calculation of the Euler's formula for £xp(iQ2t), dividing into real and
nonconforming integrals (22) and (23) uses the imaginary (25) parts, after some transformations we
following algorithm based on the Romberg method get
[13,14] wi = 4— J2 2102, 8) — ixy(@,)]d2 (26)

4. Calculation algorithm Dividing t?e mtlegrabl (16) into tWO. terms

The value w_1™Mast and gMast of (22) and (23) is wy = Ef_w[h (2,8) — ixy(Q,6)]d2 +
calculated on a computer as follows. All numeric %f‘” x (2, 8) — ix,(Q,£)]d0 (27)
parameters required for calculations are set. To r . . o .
calculate the integral (22) under the improper integral and replacing the 2 variable in the first integral with -
function is denoted by x1 (1o, 2, ) = 02, we have
A31[2acos($n)_551n(fn)] The fO"OWIﬂg e|emental‘y W1 rf [Xl(ﬂ t) xl( .Q t)] - l[xz(.Q t) -

(@ +E g det]ag| . x,(—0,0)1d0 . (28)
transformations are performed on this function Since (28) is the inverse Fourier transform and
— it
X110, 2,6) = (8,(r0,)/2(8345 + 4,445))e' ¢ (24) contains a real value in the left part [13], the relation is
you can numerically integrate it by writing it as vale

Xl(rOI'Q' t) = xl(rO!'Q' t) - iXZ(rO'Q't)' (25) xl(.Q, t) = —xl(— .Q, t);xz(.(l, t) = —X2(— .Q, t).

The incident pulse w_1Mast is described by the (29)
expression e Given it, from (29) we finally obtain

Wil ) = (20 -0, wi = “n—i fjab [x,(2, 0) + i x,(2,£)]d0. (30)
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the integral using the Romberg method, you have to
repeatedly calculate the integrand. The inverse Fourier
transform for some image, the original of which is
known in advance, showed that with the integration
step length of 0.01, the error of the procedure does not
exceed 0.3-0.5%. For a system without damping, the
first resonant velocity must first be determined by
constructing dispersion curves for a different number
of waves in the circumferential direction.

5. Numerical results.

Calculations are carried out for a steel shell
interacting with a water layer.

The following parameter values were assumed:

k =+/2/3,k = 0.005,€= 0.45,v, = 0.25,a = 1.0,
pi =0.13,co = 0.1,M = 1.66.

Table 1
l

0 T i in 2m r 3T n dr | 9 T

101 51 10[ o] 21 = 101 5] 10] {

2 996 764 | 3,53 343 1192 -1,63 041 0,019 | -Lo0 | 1,12 -1,54
4 6,02 619 | -304 | 039 | 129 0,08 -147 | 0,61 L2101 | -1,70
] 475 418 |-291 |-172 [-092 <031 025 047 004 |-074 | -1,13
8 2295 244|274 178 | -L03 0 0590 053 | -042 021 002 007

As an example of a viscoelastic material, we take
the  three  parametric  relaxation kernels:
R,(t)=R,(t)=Ae 7" /t"“,v=0.25,

5, -107

A=0,048, B=0,05 o=0,1.Allresultsare
obtained in dimensionless parameters. In the
table.1.the distribution over the angular coordinate of
the liquid pressure on the shell q* in the cross section
n = 0.5 for a different number of self-balanced
forces is given.

®-10°

Figure 1. The change in the imaginary part of the radial displacement as a function of the velocity at
different viscosity parametrizes. A=0.01, 2. A=0.005, 3. A=0.02, 4. A=0.015. 5. A=0.017

The table shows that the greatest fluid pressure is
at®@ = 0°. With increasing angles of pressure, the
moving load exerted on the shell fits. The change in the
imaginary part 0< @</l of the radial displacement
depending on the speed, the moving pressure at
different viscosity parameters is shown in Figure 1. It
can be seen that the mixed shells decrease
exponentially with increasing speed.
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6. Conclusion

1. A mathematical formulation and methods for
solving the problem are proposed, when a driving fluid
with a constant velocity is between a viscoelastic shell

and a coaxial rigid cylindrical wall.

2. An algorithm has been developed for

calculating improper integrals with high accuracy.
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