JMHAMIKA TA MILIHICTb MAIINH

16. Yang Y., Guo X., Wang N. Power generation from pulverized coal in China. Energy. 2010. Vol. 35. Iss. 11.
P. 4336-4348. https://doi.org/10.1016/j.energy.2009.05.006.

17. babenko U. A., Hlynsrun B. JI. TexHonorun cynepcBepXKpUTHUECKUX MapaMETPOB Mapa B COBPEMEHHON dHepre-
TUKe. Tp. mpemuetl Hayy.-mexH. KOHQ. MOI0ObIX yuenvix Ypan. snepe. un-ma. ExatepunOypr: Ypan. ¢u3s. yH-T.

2018. C. 69-71.

18. JIerxBap H. B., I'oBopymenko 1O. H., fxosneB B. A. MoaenupoBaHre TETUIOIHEPTETUISCKUX YCTAHOBOK C HC-
MOJIb30BaHNEM MHTEPAKTHBHOW cxeMHOH rpaduku. [Ipo6n. mammnoctpoenus. 2003. T. 6. Ne 1. C. 30-41.

19. babenko O. A. T'ubkue MaremaTiHyeckue MOJIEIH JJIsl COBEPLIEHCTBOBAHUS PEKMMOB OTITYCKa TEIUIOTHI TEIUIO-
¢dukarponueMu Ookamu TOLL. Duepeocbepescenue. Duepeemura. Iuepeoayoum. 2011. Ne 10. C. 36-40.

20.Rusanov A. V., Shubenko A. L., Senetskyi O. V., Babenko O. A., Rusanov R. A. Heating modes and design op-
timization of cogeneration steam turbines of powerful units of combined heat and power plant. Energetika. 2019.
No. 65 (1). P. 39-50. https://doi.org/10.6001/energetika.v65i1.3974.

21. Toprmako 1O. U., Cenenxuit A. B., Caparmuu B. I1., [lly6enko A. JI., Mamsiperko B. A. JIByXKOHTYpHBIH TepMO-
JMHAMUYECKHUIl LUK C OJHOHANPABICHHBIM TEIUIOOOMEHOM MEXK/IY XOJOAUIbHBIM M SHEPIeTHYSCKUM [HKIAMH.
IIpoba. pecuon. snepeemuru. 2019. Ne 3 (44). C. 51-64.

UDC 539.3

VIBRATIONS

OF A CYLINDRICAL
SANDWICH SHELL
WITH A HONEYCOMB
CORE MADE USING
FDM TECHNOLOGY

! Borys V. Uspenskyi
Uspensky.kubes @ gmail.com
ORCID: 0000-0001-6360-7430

'Kostiantyn V. Avramov
kvavramov @ gmail.com
ORCID: 0000-0002-8740-693X

L2Thor I. Derevianko
dereviankoii2406 @ gmail.com
ORCID: 0000-0002-1477-3173

'A. Pidhornyi Institute of Mechanical
Engineering Problems of NASU

2/10, Pozharskyi str., Kharkiv,

61046, Ukraine

2 Yuzhnoye State Design Office,
3, Krivorizka str, Dnipro, 49008, Ukraine

DOI: https://doi.org/10.15407/pmach2021.04.049

Presented is a model of the dynamic deformation of a three-layer cylindrical
shell with a honeycomb core, manufactured by fused deposition modeling
(FDM), and skins reinforced with oriented carbon nano-tubes (CNT). A
ULTEM 9085 thermoplastic-based honeycomb core is considered. To analyze
the stress-strain state of the honeycomb core, a finite element homogenization
procedure was used. As a result of this procedure, the dynamic response of the
honeycomb core is modeled by a homogeneous orthotropic material, whose
mechanical properties correspond to those of the core. The proposed model is
based on the high-order theory, extended for the analysis of sandwich struc-
tures. The skin displacement projections are expanded along the transverse
coordinate up to quadratic terms. The honeycomb core displacement projec-
tions are expanded along the transverse coordinate up to cubic terms. To en-
sure the integrity of the structure, shell displacement continuity conditions at
the junction of the layers are used. The investigation of linear vibrations of the
shell is carried out using the Rayleigh-Ritz method. For its application, the
potential and kinetic energies of the structure are derived. Considered are the
natural frequencies and modes of vibrations of a one-side clamped cylindrical
sandwich shell. The dependence of the forms and frequencies of vibrations on
the honeycomb core thickness and the direction of reinforcement of the shell
skins have been investigated. It was found that the eigenforms of a sandwich
shell are characterized by a smaller number of waves in the circumferential
direction, as well as a much earlier appearance of axisymmetric forms. This
means that when analyzing the resonant vibrations of a sandwich shell, it is
necessary to take into account axisymmetric shapes. Changing the direction of
reinforcement of the skins with CNTs makes it possible to significantly influ-
ence the frequencies of the natural vibrations of the shell, which are charac-
terized by a nonzero number of waves in the circumferential direction. It was
found that this parameter does not affect the frequencies of the axisymmetric
shapes of the shell under consideration.

Keywords: cylindrical sandwich shell, additive technologies, honeycomb core,
nano-composite skin, eigenforms, axisymmetric vibration mode.
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Introduction

Multilayer thin-walled honeycomb sandwich structures are widely used to create objects with a high
strength-to-weight ratio in aerospace, marine, energy and defense applications. Therefore, studies of such
structures were carried out by many scientists. A whole series of works is devoted to the study of thin-walled
sandwich structures in which the honeycomb core or the skins are reinforced with graphene nano-tubes. Free
vibrations of double-curved sandwich panels with functionally-graded skins are considered in [1]. Nonlinear
free and forced vibrations of cylindrical sandwich panels with an auxetic honeycomb core and CNT-
reinforced skins are considered in [2]. Free vibrations of twisted conical sandwich panels with functionally
graded graphene-reinforced skins and a homogeneous honeycomb core were studied in [3]. An analysis of
the buckling of a sandwich plate with a honeycomb core and nano-composite skins is described in [4].

There are works in which vibrations of cylindrical composite-skin sandwich shells are considered.
In [5], Flyugge's theory is used to analyze the dynamics of a thin-walled cylindrical sandwich shell. Nonlin-
ear vibrations of cylindrical composite auxetic sandwich panels are considered in [6]. The study of various
vibration properties of thin-walled sandwich structures is given in [7-11].

In [12], an extended high-order theory was proposed for the analysis of free vibrations of a sandwich
plate. In it, the vibrations of each structural layer are described by a separate system of five independent
functions. The honeycomb-core displacement projections are described by polynomials up to the third power
along the transverse coordinate of this layer.

In this paper, this theory, described in [12], is applied to study the vibrations of three-layer cylindri-
cal shells. The displacements of each layer of a cylindrical sandwich shell are described by its own set of
variables, which consists of three projections of displacements and two angles of rotation of the normal to
the median surface of the layer. Thus, the basic unknowns include fifteen variables. The skin displacement
projections are expanded along the transverse coordinate up to quadratic terms. The honeycomb-core dis-
placement projections are expanded along the transverse coordinate up to cubic terms. The Rayleigh-Ritz
method is used to study the linear vibrations of the shell. The properties of linear vibrations of cylindrical
sandwich shells are investigated using numerical simulation.

Formulation of the Problem

We consider a three-layer cylindrical sandwich-shell
(Fig. 1) of length L with an inner radius R. The middle layer of
the cylindrical shell is a honeycomb core made using FDM Honeycommb
technology. A sketch of one honeycomb core cell and its geo- |
metric dimensions are shown in figure 2. The honeycomb core ‘
consists of regular hexagons. The outer and inner sides of the
shell have the upper and lower CNT-reinforced composite skins
attached thereto. The thicknesses of the shell layers (outer, me-
dian and inner) are denoted by A, h., h,. Hereinafter, the sub-
script ¢ corresponds to the outer skin; the subscript ¢, to the hon-
eycomb core layer; and the subscript b, to the inner shell skin.
The joints between the layers of the structure are assumed to be
absolutely rigid. L

To describe the stress-strain state of a three-layer struc- o
ture, we will use a cylindrical coordinate system. We denote the h1
longitudinal and circumferential coordinates of the shell by x L
and @ (Fig. 1). For the outer, middle and inner layers of the L {
shell, we introduce our local transverse coordinates z,, z., 7, I'e- 2 4
spectively. Thus, a three-layer cylindrical shell is analyzed in
three cylindrical coordinate systems (x, ¢, z); i=t, c, b. Each
layer is studied in its own coordinate system. Fig. 2. Sketch of a honeycomb core cell

__~ Faces

Fig. 1. Sketch of a three-layer cylindrical shell

This article examines the linear vibrations of a three-layer cylindrical shell. The relationship between
stresses and strains is linear, and is described by Hooke's law. Deformations and displacements are small, and
the relationship between them is linear.
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To study the vibrations of the shell, the honeycomb core is replaced with an equivalent homogene-
ous orthotropic layer whose parameters are calculated using the homogenization procedure for an elastic
honeycomb core. Various approaches to this procedure are described in [13, 14]. Hooke's law for a homoge-
neous orthotropic material has the form

0 ¢, G, CG; O 0 0 |l 9% |
6 gp G, Gy Cy O 0 0 | €%
o', _ C, G, C; O 0 0 | €9, 0
69, 0 0 0 Cu 0 0 |269:]
o9, 0 0 0 0 Cy5 O |29,
6% | L0 0 0 0 0 Cgl2e%)]
(c) () (c) (c) (c) () (c) (©) (©) () ()

where 6., 6“0, 6., 6%, 67y, 619, are stress tensor components; 6y, €%, €., €%, €9, €, are strain
tensor components. The components of the elastic matrix Cyj, Cj,,... were obtained using the FEA-based homog-
enization procedure for the honeycomb core described in [13].

Let us consider the properties of a composite, which is a CNT-reinforced matrix, of which the skins
of the shell under study are made. The CNTs are considered to be located along the x coordinate lines. In this
paper, we consider a nano-composite with a uniform through-the-thickness CNT distribution. The volume
fraction of the CNTs in the composite is denoted by V*CNT.

The mechanical properties of a nano-composite material can be calculated using the extended mixing
rule [15, 16]

En(@=mVeniQE™ 1+ VuE";,  Eyp(z)= ;
1(2)=M1Ven 1 2 VCNT(Z)Em+Vm(Z)ECNT22

1]3GCNT12GW'
Venr (2)G™ +V,, (2)GNM 1,
Va(@=VRRExVEN ) pR=Veni@)p™ +Vu(2)p"s Vil@)=1-Venr(2),
where EM,,, ENT,,, GM 1, are Young's moduli and the shear modulus for CNTs; v, is Poisson's ratio of
CNTs; My, M2, M3 are nano-reinforcement efficiency parameters; E”, G" are Young's modulus and the matrix-
substance shear modulus; p“"’, p” are CNT and matrix densities.

To take into account the shear deformations of the skins, the nanocomposite shear moduli are taken
to be the following [17] G13(2)=G12(2); G23(2)=G12(z). Hooke's law for the skins has the form

{%}:[QM(O Qu(z)}{em]
Gy 01,(2) 05(2) | Egp ’

G(PZ=G23(Z)8(§)Z; ze=G13(Z)8xz; Gx(szIZ(Z)Ex(pa

G, (2)= 0 Vi@=Venl @V 4 V(v

where
E,(2) Ey(2) vy (2)E; (2)
1=V, (2)v,(2) ’ 1=V, (2)V,(2) ’ 1=V, (2)V,(2) ’

€ Eqr» € are shear deformations; €., €y, €¢z» Exz Exp are deformation tensor components; Gyg, O¢;, Oy, are
shear stresses; Oy, g, Ogz, Oxz» Oxg A€ Stress tensor components.

Stress-Strain State of a Sandwich Shell

To study the linear vibrations of structures, the Rayleigh-Ritz method is used. To apply this method,
it is necessary to consider the dynamic deformation of the plate and derive the kinetic and potential energies
of the structure.

The displacement projections of the points of the i-th layer of the structure onto the coordinate lines
(x, @, 7)) are denoted by u”\(x, @, z;, 7), u2(x, @, z;, ©), u3(x, @, z;, T), i={t, ¢, b}, where T is time. The dis-
placement projections of the outer and inner skins take the following form:

0,(2)= 05 (2)= 0,(2)=
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. . ‘ L
U (x, 0, zi, D=u"(x, 0, T+z.0"11(x, 9, D+z°0" 2(x, @, T);

: : . -
u(l)Z(xa (P, Zis T)=v(l)(-x’ (p9 T)+Zi(p(l)2,l(xv (P, T)+Zl (p(l)Z,Z(X, (p9 T), (2)
us(x, 9, 2 D=w"(x, ¢, 1), i=(1, b},

where u™, v W, i={t, b} are the displacement projections of the middle surface onto the coordinate lines
X, @, 2)); %11, 9,1, i={t, b} are the angles of rotation of the normal to the median surface. The functions

9"}, 0¥, are determined from the boundary conditions, which are considered below.

The displacement projections of the honeycomb core are decomposed in powers of z. as follows:
2 3
U, @, 2o D=UX, @, D+29 11X, @, D+2012(x, @, T2 5(x, @, T);
2 3

X, 9, 2, V=X, @, D20 21(x, @, D2 20(x, @, D+2°023(x, 9, T); 3)

U5(x, @, 2o, D=w(x, 0, D+2.05.1(x, @, D+27954(x, @, T),
where 1, v, w are the displacement projections of the middle surface of the honeycomb core; (p(")l,l,
¢, are the angles of rotation of the normal to the median surface. The functions ¢, 0755, ©“5,, ¢} 3,
90,5, 9“5, are determined from the displacement continuity conditions, which are considered below.

Thus, the stress-strain state of a structure is described by fifteen functions

u(i)(-x’ (p9 T), v(i)(xv (P, T)9 W(i)(-x’ (p9 T), (p(i)],] (xa (P, T)9 (P(i)z,] (-x’ (p9 T), l:{l’ b’ C}. (4)
The relationship between deformations and displacements of the shell layers is presented as follows [18]:
@) au(i)1 (i) 1 1 au(i)z M(i)S (i) au(i)3
€ = ; € 0 = - + , € = 5
ox 1 3 Ri 8(p Ri aZi
+7
R;
(i) al/l([)Z 1 al/l(i)3 ) @) au(i)l au(i)3
e(Pz—a + —u2 ;sz=a—+ 3 ;
. ; x
% R, (1 + Z’j ? “
) (i) )
S(l)q)Z _ au 2 + 1 au 1 ’ l:{[, c, b},

) 4
x R,.[MJ
R;

where the radii of the median surfaces of the layers are determined as follows:
R,=R+h,/2; R=R+h,+h./2; R=R+hy+h+h/2.
To calculate the terms of expansions (2), we use the boundary conditions [18]
6"(x, @, h/2, D=6" o (x, @, /2, T)=0; 6" (x, @, ~hy/2, T)=6"4.(x, 9, —1,/2, T)=0. S
The displacement continuity conditions at the points, where the honeycomb core and the skins are
connected, are as follows:
ux, @, —h/2, T=u'"(x, ¢, h/2,7), i={1, 2, 3};

u”(x, 0, /2, D=u''(x, @, ~h.J2, 1), i={1, 2, 3}. (6)
Substitution of (2), (3) into (6) and (5) allows expressing expansions (2), (3) in terms of the sought-
for functions (4). Then the strain tensor components can be represented in the following form:
. . . 5 .
8(])xxzs(l)xx,0+zjk(])xx,0+zj k(])xx,l+zj k(l)xx,Z;
(() BN ()] ) 27.0) 310 .
€ 0g=E " 000k 9002 K 90112k gg.23
) . . - 3
8(1)x(p=8(1)x(p,0+ij(l)x(p,0+Zj k(l)x(p,l+Zj k(l)xq),Z;
. . . - -
8(/)):1:8(])xz,0+5ik0)xz,0+5i k(])xz,l+zj k(/)xz,Z; (7)
. . . - - )
O =8 e 0tk g ot 27k g1 42 K g0y j={1, b, )
© _gl

€

€7 ,.~€ C)zz,0+zck(6)zz,0’
where the coefficients of expansion in z;, j={t, b, c} are linear functions of variables (4), and their partial de-
rivatives with respect to x and .
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The kinetic energy of a three-layer structure is represented as the sum of the kinetic energies of each
of the layers separately

where the dot means the derivative with respect to time; p,(z;) is the density of the i-th layer.
After integration over z,,, the kinetic energy of the entire structure takes the form

L21
T=— ;7 -([-([; (t) T(i)k}l@dx+%_([_([(T(C)o+T(C)2+T(C)4)d(pdx, ®

Iy
2

where r(i)j = .[zijpi(z,.)dz,., i={1,b}; T, i={1, b}, k=0...4, T, k={2, 4, 6} are the quadratic forms of the

i

time derivatives of functions (4) and their partial derivatives with respect to x and ¢.
We represent the potential energy of the middle layer in the following form:

LZTE 2
e = J‘J’ J-(G(°)xx8(”)xx+0 00800 + 68 26 108 1 +
00-— /1

+269: Y% +26' e ) (R, + 7. )dz, ddx . )

In expression (9), we take into account Hooke's law (1) and (7). After integration over z., the poten-

tial energy is represented as
L 2

ne = j j (M1 + 192 + 1“4 )depdx,

where I1,, k={2, 4, 6} are the quadratic forms of the coefficients of expansions (7).
Likewise, the potential energy of the skins is represented as follows:
L 2t 3 z
Y = J-.[ J-(G(l) £ 1+ 60090 + 61 1019 + 608V + 68 )R, + z;)dz,dodx =
2502 b

2

-+l

ng XX)Z+2Q123 90€" xx+Q22(8 W) +G23(‘9 @2)2"‘ (10)

NI»—*
Oty

N‘\'—'N‘}

+Gj; (E(i)xz )2 +Gy, (g(i)w )2)(Ri +2,)dz,dgdx . i=(t, b}.
Let us integrate (10) over z;. Then we represent the potential energy in the following form:

L 2T 4
ne = J' J'Zn"),(x ©)R.dodx , i={t, b},
0 0 J=0
where I’I(i)j, i={t, b}, j=0...4 are the quadratic forms of functions (4) and their partial derivatives with respect
to x and @.
The potential energy of the structure is equal to the sum of the potential energies of its three layers

M=1"+1°+11". (11)

Further, we consider cantilever cylindrical shells that are clamped at x=0. On the clamped side, geo-

metric boundary conditions are satisfied, and on the free side, only force boundary conditions are satisfied.

Since the further analysis uses the Rayleigh-Ritz method, only geometric boundary conditions are taken into
account, which take the following form:

u(i)| _ (i)|

| =V (i)|

x:0=(P(i)1,1|x:0=(P(i)2,1|x:0=0; i={t,c, b}. (12)

x=0—W
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Free Vibrations of a Cylindrical Sandwich Shell
The linear vibrations of the structure are investigated using the Rayleigh-Ritz method. The displacement
projections of the median surface and the angles of rotation of the normal thereto are expressed as follows:

u? | U9
v V,(x,9)
w |=| Wi(x,9) [cos(an), i={t, c, b}, (13)
(P(i)u D, (x,0)
_(p(i)2,1_ L (x,9) |

where ® is the frequency of natural vibrations; Ui(x, @), Vi{x, @), Wix, @), ,(x, ¢), ¥i(x, @) are the functions
that satisfy boundary conditions (12). We represent these functions in the form
N, NO, N,

U,= cos(n(p)ZU(i)mF(")m (x); V.= sin(n¢)ZV(i)mF(‘7)m (x); W, =cos(no) ZW(i)mF(W)m (x);
m=1 m=1 m=1
N<i)q> N”)q,-
®,; =cos(ng) Y @V F Pu(x); W, =sin(ng) Y W F ™ u(x), i={t, c, b}, (14)
m=1 m=1

where F (x), F” (x), F* (x), F,(x), F¥ (x) are the basis functions satisfying boundary conditions (12);
n is the number of waves in the circumferential direction. We represent the unknown expansion coefficients
u?,, v W ®Y W as one vector of dimension N: a =(A,,...,An).
Expansions (13), (14) are introduced into the kinetic and potential energies of the structure (8), (11).
After calculating the integrals in (8) and (11), the energy value can be represented in the following form:
T=w’sin*(01)T (a); TT=cos’(w)IT (a). (15)
The functions 7 (a), IT (a) are quadratic forms with respect to the components of the vector of un-

knowns a. The displacements of the structure deliver the minimum value of the functional
2n/ o

j@—HMﬂ%mm. (16)
0
We introduce representation (15) into (16) and perform integration. Then the displacement of the
structure is described by the minimum of the following function:
IT (a)-»’T"(a)—>min.
a kS kS .
This minimum is described by the system of equations J(H (a)—sz (a)): 0;,=1,2,....N, which
J
are reduced to the eigen-value problem:
Ka=w’Ma,
where K, M are the stiffness and mass matrices.

Numerical Analysis of Linear Vibrations

The results of calculating the linear free vibrations of a cylindrical
sandwich shell with an elastic honeycomb core are discussed below.

The geometry of one honeycomb core cell is shown in figure 2.
The core section is shown in figure 3. Through the homogenization proce-
dure, the honeycomb core is replaced with a homogeneous orthotropic ma-
terial. Homogenization procedures for calculating the mechanical charac-
teristics of a material are discussed in [13, 14].

Hooke's law for a homogenized honeycomb core has the form (1). A
honeycomb core made of the ULTEM 9085 plastic using FDM technology
is considered. The honeycomb cores are printed using FDM technology

Fig. 3. Sketch of a honeycomb
core fragment

so that the filament runs along the honeycomb cell wall. Its geometrical parameters are as follows:
[,=6.0476 mm; ,=3.0238 mm; h=0.5 mm; h,=h,=h; h.=10-20 mm; 6=60°.
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The mechanical properties of parts printed using FDM technology are divided according to three or-
thogonal directions: the direction of filament deposition by the extruder, the direction orthogonal to the layers
deposited, and the direction perpendicular to the previous two. The mechanical properties of ULTEM 9085
were determined experimentally. The experimental analysis results are presented in article [19]. The mechani-
cal properties of ULTEM 9085 are as follows:

E11=2.25 GPa, E22=2.96 GPa, E33=2.41 GPa, V12=0.31;
v23=0.26; v3=0.33; G,=667 MPa; G,3=889 MPa; G5=829 MPa; (17)
material density p=1267 kg/m’. It follows from (17) that the material is weakly orthotropic. "1" refers to the
filament deposition direction; "2" refers to the direction perpendicular to "1" in the plane of the layer; "3"
refers to the direction of interlayer interaction.

Using the homogenization procedure described in [13], the following estimates of the effective me-
chanical properties of the honeycomb core were obtained: E,,=2.907 MPa; Ey,=2.907 MPa; E_=214.6 MPa;
G.p=1.118 MPa; G,.=39.116 MPa; G,,=39.162 MPa; v,,=0.973; v,.=0.005; v,.=0.004.

The skins of the sandwich shell are made of a composite, which is a CNT-reinforced PmPV matrix.
The volumetric part of the CNTs in the composite is V' cy7=0.28. The values of reinforcement efficiency pa-
rameters for this combination of the matrix and CNTs 1,=0.141; 1,=1.585; 13=1.109. The numerical values
of the mechanical properties of the CNTs and nano-composite matrix are as follows [20]:
E™}1=5.6466 TPa; E),=7.08 TPa; G ,=G™;=1.9445 TPa; G™""1;=2.3334 TPa; Vv },=0.175;
p'=1400 kg/m’; E"=2.5 GPa; v"=0.34; p™=1,150 kg/m’.

The cylindrical sandwich shell (Fig. 1) has the following geometrical parameters: L=1 m; R=0.25 m;
h=h,=1 mm. Two options for the thickness of the honeycomb core were considered: 4.=10 mm and /.=20
mm. In the shell skins, the CNTs are distributed uniformly through the thickness. When calculating free vi-
brations in expansions (14), we took the same number of terms N? =N =N© =N3=N"4=N,, i=t, ¢, b. To
analyze the convergence of the natural frequencies, calculations were performed with a different number of
terms in expansions (14): N.=15, N,=25, N,=35. The results obtained were compared with the data of finite
element modeling in the ANSYS software package.

The basis functions in expansions (14), satisfying the boundary conditions (12), were chosen in the
following form:

F“,x)=F",(x)=F",(x)=F®,(x)=F",(x)=sin((2m~1)mx/(2L)).

The results of the analysis of the natural vibration frequencies are given in tables 1, 2. They represent
the natural frequencies (Hz) of a three-layer structure with different honeycomb core thicknesses. The first
columns of these tables show the number of waves in the circumferential direction. The second column pre-
sents the results of calculating the natural frequencies in the ANSYS software package. The third, fifth, and
seventh columns show the natural frequencies obtained by the Rayleigh-Ritz method with a different number
of basis functions in expansions (14). The fourth, sixth and eighth columns give the relative difference be-
tween the results obtained by the Rayleigh-Ritz method and the finite element method (in percent).

With an increase in the number of terms in expansions (14), the natural frequencies obtained by the
Rayleigh-Ritz method decrease, approaching the natural frequencies obtained by the finite element method.
The natural frequencies obtained by the two methods are close. The maximum relative difference of the natural
frequencies obtained by the two methods is 3.85%. As follows from tables 1 and 2, the spectrum of the natural
frequencies is very dense. The lowest natural frequencies are observed at a small number of waves in the
circumferential direction n. In all the cases under consideration, the first natural frequency is observed at n=2.
In isotropic cylindrical shells, this number is slightly higher (n=4) [18].

As the thickness of the honeycomb core increases, the shell becomes harder. This leads to an in-
crease in the natural frequencies.

The first four natural modes of vibrations of a cylindrical sandwich shell with a honeycomb core
thickness 4,=20 mm are shown in figure 4. These modes correspond to the first four natural frequencies in
table 2. The mode of vibrations (Fig. 4, ¢) is axisymmetric. Its natural frequency is not a multiple. All other
modes of vibrations shown in figure 4 have conjugate forms.
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Table 1. The results of calculating the natural frequencies in Hz at h.=10 mm

n ANSYS N=15 S, % N,=25 S, % N=35 S, %
2 123.4 125.6 1.78 125.2 1.46 125.1 1.38
1 161.0 161.5 0.31 161.3 0.19 161.2 0.12
3 189.3 196.4 3.75 196.2 3.65 196.1 3.59
0 224.8 224.8 0.00 224.8 0.00 224.8 0.00
3 313.2 323.5 3.29 321.0 2.49 320.1 2.20
4 324.7 337.1 3.82 336.3 3.57 335.5 3.33
2 3324 338.6 1.87 337.0 1.38 336.9 1.35
4 395.2 410.4 3.85 408.4 3.34 407.7 3.16
1 471.3 475.5 0.89 474.2 0.62 473.8 0.53
5 496.8 514.6 3.58 5144 3.54 514.4 3.54
Table 2. The results of calculating the natural frequencies in Hz at h.=20 mm
n ANSYS N=15 S, % N,=25 S, % N=35 S, %
2 142.7 146.3 2.52 145.9 2.24 145.8 2.17
1 1454 146.0 0.41 145.7 0.21 145.6 0.14
0 196.5 196.5 0.00 196.5 0.00 196.5 0.00
3 278.3 288.3 3.59 288.0 3.49 287.9 3.45
2 339.9 347.2 2.15 344.8 1.44 343.8 1.15
3 391.2 403.8 3.22 401.5 2.63 400.6 2.40
1 430.7 435.0 1.00 433.6 0.67 433.0 0.53
4 484.5 500.4 3.28 500.2 3.24 500.2 3.24
4 552.3 571.0 3.39 569.4 3.10 568.8 2.99
0 589.2 589.2 0.00 589.2 0.00 589.2 0.00

Fig. 4. The first four natural modes of vibrations:
a—n=2;b-n=1;c—-n=0;d-n=3
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Note that among the natural modes of vibrations of a shell with a honeycomb core, the axisymmetric
mode of vibration (n=0) arises much earlier than in a single-layer orthotropic shell. This fact must be taken
into account when studying the resonant vibrations of sandwich shells.

Let us consider the dependence of the natural vibration frequencies of the structure when the orienta-
tion of the CNTs, which are used to reinforce the shell skins, is changed. Let us introduce the angles of skin
reinforcement. Since all CNTs are oriented in the same way, one angle is sufficient for each skin to determine
the direction of reinforcement. The angle of reinforcement of the outer skin will be denoted by B“, and that of
the inner one, by B‘b ) If B(i)=0; i=t, b, then the CNTs are located along the x axis (Fig. 1). If B(i)zn/Z; i=t, b, then
the CNTs are located along the @ axis.

The results of calculating the natural frequencies of a shell with a honeycomb core thickness 4=20 mm
are given in table 3. The first column of the table shows the natural frequency number. The second, fourth and
sixth columns show the natural frequencies in Hz for different values of the skin reinforcement angles. The num-
ber of waves in the circumferential direction n is recorded in the third, fifth and seventh columns of the table.

The CNT orientation sufficiently affects the natural frequencies, characterized the n#0 value.

Table 3. Natural frequencies of the sandwich shell (Hz) with different CNT orientations in the skins

Frequency No. BV=p"=0 n B=0; BP=n/2 n BV=n/2; =0 n
1 145.7 1 143.3 1 134.0 1
2 145.9 2 170.5 2 158.8 2
3 196.5 0 196.5 0 196.5 0
4 288.0 3 323.4 2 291.0 2
5 344.8 2 377.0 3 353.9 3
6 401.5 3 431.4 1 399.3 3
7 433.6 1 440.1 3 404.6 1
8 500.2 4 527.5 2 487.8 2
9 569.4 4 563.7 3 514.4 3
10 589.2 0 589.2 0 589.2 0
Conclusions

A model of dynamic deformation of a cylindrical sandwich shell with a honeycomb core, made using
FDM technology, and nano-composite skins has been constructed. The displacements of each shell layer are
described by the latter’s own set of variables, which consists of the displacement projections of the median sur-
face of the layer and the angles of rotation of the normal to the median surface. The displacement projections of
the skins are expanded along the transverse coordinate up to quadratic terms. The displacement projections of
the honeycomb core are expanded along the transverse coordinate up to cubic terms. To ensure the integrity of
the structure, the displacement continuity conditions at the boundaries between the layers are used.

Among the natural modes of vibration of a shell with a honeycomb core, the axisymmetric mode of
vibration arises much earlier than in a single-layer orthotropic shell. This fact must be taken into account
when studying the resonant vibrations of sandwich shells.

The orientation of the CNTs in the shell skins can significantly affect the natural frequencies. Chang-
ing the CNT orientation can serve to detune the shell structure from resonance.
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KosupaHHsl HMJIiHAPUYHOT CAHIBIY-00010HKH 3 HATIOBHIOBa4YeM, 1[0 BUTOTOBJICHHUI 32 IOTIOMOI 010
TexuoJorii FDM

'B. B. ¥Ycnencbkuid, 'K. B. ABpamoB, L2 L depeBsinko

'THcTHTYT npo6ieM MammHOGYAyBaHHs iM. A. M. ITixroproro HAH Ykpainy,
61046, Ykpaina, M. Xapkis, By:1. [Toxxapcekoro, 2/10

* IlepxasHe mianpueMcTBo «KoHCTpyKTOpChKe 610p0 «ITiBaenHe» iM. M.K. STHremns»,
49008, Ykpaina, M. Ininpo, Byn. KpuBopisbka, 3

Haseodeno moodenv ounamiunozo depopmysants mpumiaposoi yuriHOpuyHoi 060N0HKU 31 CIMITbHUKOBUM 3AN06-
HIoBaueM, KUl 6U2OMOBIEHO 3a 00NoMo2010 mexnonozii FDM, ma obwusxkamu, AKi apmMosano gyaieyesumu HaHompyo-
xkamu. Posenanymo cminbHuKogutl 3anoenioead, sikuu eueomogneno 3 mepmonaacmuxy ULTEM 9085. /[na ananizy Ha-
NPYIHCEHO-0ehOPMOBAHO20 CIMAHY CIMIILHUKOBO20 3AN0BHIOBAYA BUKOPUCOBYEMbCA MEMOOUKA CKIHYEHHO-eNIeMEHMHOT
eomoeerizayii. Buacniook yiei npoyedypu OuHamiyHuu 6iOKIUK CMITbHUKOBO20 3AN0BHIOEAUA MOOENEMbCS 0OHOPIO-
HUM OPMOMPONHUM MAMEPIALOM, MEXAHIUHI 8IACMUBOCII K020 6i0ONOBIOAIOMb GIACMUBOCHAM 3AN06HI08aYa. 3anpo-
HOHOBAHA MOOeNb DA3YEMbCS HA MeOPIi BUCOKO20 NOPAOKY, AKY POSWUPEHO 0I5l AHANIZY CanO8iu-Koncmpykyit. TIpoex-
yii nepemiugervb 0OWUBOK 0OONIOHKU PO3KIAOEHO 3a NONEPEUHOI KOOPOUHAMOI0 00 K8AOPAMUYHUX 000aHKis. IIpoexyil
nepemiujenb CMitbHUKOB8020 3aN0BHIOBAYA PO3KIAOEHO 30 NONEPEUHOI0 KOOPOUHAmOoW 00 Kyoiunux dodaukis. [{ns 3a-
besneuenHs YiniCHOCMI KOHCMPYKYIL 8UKOPUCMAHO YMO8U be3nepepeHocmi nepemiujerb 000JI0HKU HA CIMUKAX WApI8.
JIinitiHi KOMUBAHHA 0OO0NOHKU OOCHIONCEHO 3a 00NOMO20r0 Memody Penes-Pimya. /[ 11020 3acmocy8ants ompumano
nomenyiuny ma Kinemuuny emepeii Koncmpykyii. Poszensinymo enacni yacmomu ma popmu KOAUBaHs YuriHOpuyHoi ca-
HOBIY-000J0HKU, AKY 3AMUCHEHO 3 00H020 OOKY. JlocniodceHo 3anedchicms opm ma wacmom Koausaws 000I0HKU 8I0
MOBWUHU CIITILHUKOBO20 3AN0BHI08AYA MA HANPAMY APMYEAHHSI 0OWUBOK @yeleyesumy HaHompyokamu. Busiereno, wo
01 1ACHUX (YOpM CaHOBIU-0DONOHKU XAPAKMEPHOIO € MEHWA KITbKICMb X6Ulb 8 OKPYICHOMY HANPSAMKY, d MAKONC
gicecumempudni popmu, wo SUHUKAIOMb HAbazamo paniuie. 3 Ybo2o BUNIUBAE, WO AHANI3 PE3OHAHCHUX KOTUBAHL CAH-
06i4-00010HKYU IO 30IUCHIOBAMU 3 YPAXYBAHHAM GICECUMEMPUYHUX hopM. 3MIHA HANPAMKY APMYBAHHI OOWUBOK BVe-
JleyesuUMU HaHOMpPYOKAMU 0036051 CYMMEBO BRAUBAMU HA BNACHI YACMOMU KOIUBAHL 0D0JIOHKU, SKI Xapakmepusy-
I0MbCSL HEHYILOBOIO KINLKICMIO XGUb 8 OKPYICHOMY HANPSIMKY. Becmanosneno, wo yeil napamemp He 6NAUBA€ HA 4ac-
MOmu GicecuMempuiHux Gopm po3esiHymoi 000I0HKU.

Kniouoei cnosa: yuninopuuna canogiv-o0010HKa, AOUMUBHI MeXHON02Il, CMITbHUKOBUL 3aN08HI08AY, HAHOKOM-
no3umMHa 0OWUBKA, 61ACHI YopMU, BiCeCUMEemPUUHA PopMa KOTUBAHD.
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