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Abstract Embedded NiTiNOL-steel wire ropes are
proposed as a nonlinear damper for a composite
laminated cylindrical shell. Its dynamic responses to
axial harmonic excitations are analyzed with a focus
on vibration reduction performance. A coupled
dynamic model, a set of partial differential equations
with boundary conditions, is derived from the gener-
alized Hamilton’s principle and Donnell’s first shear
deformation theory. The model is discretized into a
series of nonlinear ordinary differential equations via
the Galerkin truncation. The discretized model is
validated by the finite element method in the sense of
the natural frequencies of the shell without the ropes
and the force responses of the shell with ropes. Based
on the results based on the Galerkin truncation, the
amplitude reduction rate changing with the excitation
frequency curve reveals, the vibration reduction
effects of the excitation amplitude, the length to the
radius ratio, and the composite layering for different
configurations of the NiTiNOL-steel wire ropes. The
investigation demonstrates that the S3b NiTiNOL-
steel wire ropes achieve the best vibration reduction.
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1 Introduction

As a kind of designable material structure, composite
laminated shells are widely used in aerospace engi-
neering. One representative application is the fairing
shell of a rocket launcher. The fairing shell consists of
a cylindrical section, a frustoconical section, and a
nose. The complex working environment requires
fairing with high strength, lightweight, corrosion
resistance, and impact resistance. However, although
the composite laminated shells can meet the strength
requirement, low-frequency longitudinal coupled
vibration often occurs during rocket launching. The
vibration not only damages the interior spacecraft but
also causes extreme discomfort to the astronauts, the
understanding and reductions in layered and compos-
ite shells vibration have become a significant issue in
the aerospace field.

Although the vibrations of composite laminated
plates and shells have been widely investigated, as
comprehensively reviewed by Sayyad et al. [1, 2] and
Kumar et al. [3], the investigations on vibration
reduction in composite shells are somewhat limited.
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All available works on composite laminated plates are
active vibration control. In many practical circum-
stances including spacecraft launching, passive vibra-
tion reductions are feasible and reliable. Caresta et al.
[4] proposed a passive vibration isolation method to
reduce the radiated sound pressure of a submarine
modeled as a reinforced cylindrical hull and revealed
the effectiveness of the passive isolation of the end cap
from the main hull. Gao et al. [S] proposed a passive
vibration reduction method by depositing a hard
coating on both sides of a composite laminated
cylindrical shell. Cao et al. [6] investigated the free
vibration of a cylindrical shell with passive damping
layers and the influence of damping layer thickness on
frequency parameters and loss factors. Zheng et al. [7]
investigated the passive vibration reduction and the
layout optimization of cylindrical shells embedded
with passive constrained damping layer (PCDL) under
broadband transverse excitation. Zheng et al. [8]
investigated the dynamic characteristics of a cylindri-
cal shell embedded with multiple passive damping
layers (MPCDL) and demonstrated the improvement
of vibration suppression due to the increased layers.
Niu et al. [9] investigated the mixed vibration control
of cylindrical shells by electromagnetic confinement
layer damping (EMCLD) consisting of an electro-
magnet layer, permanent magnet layer, and viscoelas-
tic damping layer. They demonstrated the apparent
energy dissipation in the passive mode of the EMCLD.
Plattenburg et al. [10] designed a dimensionless
performance index to compare the responses of the
same thin cylindrical shell under active vibration
reduction and passive vibration reduction, respec-
tively, and proposed a vibration control design
scheme finally. Huang et al. [11] introduced the
curved beam periodic structure into the transmission
path of the internal vibration isolation system to
reduce the vibration of the receiving column shell
structure in a passive broadband manner. Abdoun et al.
[12] investigated the passive vibration control,
response curve and equivalent damping characteristics
of a sandwich viscoelastic shell in a large frequency
range. Jin et al. [13] established a three-layer passive
constrained damping layer (PCDL) cylindrical shell
with a general elastic constrained boundary and
investigated its passive vibration reduction character-
istics. Finally, the effects of layer thickness and shear
parameters on natural frequency and loss factor were
explained in detail. Deng et al. [14] verified that the
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acoustic black hole (ABH) is a very effective passive
vibration reduction method for cylindrical shells.
Actually, the passive control of cylindrical shells is
rare. No research has been reported on the passive
control of composite laminated cylindrical shells.
Among various passive vibration reduction
approaches, shape memory alloy (SMA) can serve as
anonlinear damper. NiTiNOL-steel wire ropes belong
to novel SMA. It is made of multiple wire ropes
twisted together. Different wire numbers and twisting
methods can form different types of wire ropes. They
all have shape memory properties, high strength,
pseudoelasticity, and high damping provided by
mutual frictions among the wires [15-17]. Generally,
the investigation on shape memory alloy are based on
various constitutive models reflecting its super elas-
ticity and hysteresis. For example, Pariza et al. [18]
developed the Brinson model to express its constitu-
tive relation to investigate the buckling problem of
shape memory alloy plates subjected to uniform and
linearly distributed in-plane loads. Nekouei et al.
[19, 20] used Brinson’s one-dimensional constitutive
law to explore the dynamic behavior of shape memory
carbon fiber reinforced laminated composite cylindri-
cal shells and conical shells under uniform tempera-
ture change, and found that a small amount of carbon
fiber could improve the Fundamental frequency and
vibration control. However, a NiTiNOL-steel wire
rope is usually regarded as a nonlinear damping
device, with constitutive models yielding the restoring
and damping forces that are experimental defined.
Carboni et al. [21, 22] proposed a new absorber based
on the restoring and damping force of NiTiNOL-steel
wire rope, designed a set of devices to extend the
Bouc-Wen model through experiments, and obtained
the restoring and damping force model of NiTiNOL-
steel wire rope. Carboni et al. [23, 24] established a
nonlinear hysteresis beam model based on geometri-
cally accurate plane beam theory, combined it with the
Bouc-Wen model, and finally added the hysteresis
behavior to the restoring and damping force model of
NiTiNOL-steel wire rope. Niu et al. [25] proposed a
nonlinear vibration isolator composed of a compliant
mechanism with negative stiffness and a wire rope
with hysteresis damping. Zhang et al. [26] proposed a
novel nonlinear energy sink device for spacecraft, and
the damping is produced by NiTiNOL-steel wire
ropes. The generalized vibration transmissibility is
used to describe the vibration isolation effect of the
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device, and the research shows that the device can
effectively reduce the excessive vibration of the
spacecraft. Zheng et al. [27] coupled NiTiNOL-steel
wire rope as a nonlinear damper with the composite
laminated beam model to suppress the vibration of the
laminated composite beams. The amplitude-frequency
responses curve obtained by the Galerkin method and
the harmonic balance method demonstrated the vibra-
tion reduction effectiveness of the NiTiNOL-steel
wire rope. As a nonlinear damping, NiTiNOL-steel
wire ropes are limited to reduce vibration of composite
laminated beams. It is not clear if NiTiNOL-steel wire
ropes can work more sophisticated models such as a
composite laminated shell. To explore the possibility,
the present investigation focuses on the passive
vibration reduction in a composite laminated cylin-
drical shell with embedded NiTiNOL-steel wire ropes.

The organization of this manuscript is as follows.
Section 2 develops the dynamic model of a composite
laminated cylindrical shell embedded with the NiTi-
NOL-steel wire ropes. Section 3 solves the Galerkin
truncated governing equations with the finite element
validations and examines the effects of different
NiTiNOL-steel wire ropes parameters on vibration
reduction. Section 4 ends the manuscript with con-
cluding remarks.

2 Formulations

Consider a composite laminated cylindrical shell
(CLCS) with the length L, the radius R, and the
thickness /, and four NiTiNOL-steel steel wire ropes.
Four NiTiNOL-steel wire ropes are distributed on the
mid-surface of the CLCS in a 90-ring array.

As shown in Fig. la, a cylindrical coordinate
system is located at the center of the CLCS, where
x = 0. The structure is axisymmetric, but its deforma-
tion is asymmetric because its vibration mode has both
beam bending mode and shell breathing mode. The
displacements of arbitrary points on the shell are
determined by three independent coordinate compo-
nents x, 6, and z. The coordinates x, 6, and z represent
the axial, circumferential and radial directions of the
cylindrical coordinate system, respectively. Internal
forces of the CLCS are axial force N,,, bending
moment M, and My, transverse shear force Q, and
Qy, circumferential shear force N,g, torsional moment
M, . Displacements u, v, w of arbitrary points on the

CLCS are in the axial, the circumferential and the
radial directions, respectively. As shown in Fig. 1b,
four NiTiNOL-steel wire ropes are located on the mid-
surface of the CLCS symmetrically along the axial
direction.

2.1 Coordinating equation and constitutive
equation

According to Donnell’s first-order shear deformation
theory, the displacement of an arbitrary point on the
CLCS can be assumed to be

u(x, 0,z,1) = uo(x, 0,1) + 2, (x,0,1), (la)
v(x, 0,z,1) = vo(x, 0,1) + zpy(x, 0, 1), (1b)
W(X,O,Z, t) = W()(X, 07 t) (IC)

where u, vy, wy are the axial, the circumferential and
the radial displacements of arbitrary points on the mid-
surface of the CLCS, ¢, and ¢, represent the rotation
angles of the transverse normal respect to the x-axis
and 6-axis.

Similarly, the strain at an arbitrary point on the
CLCS obeys the following relationship with the strain
at an arbitrary point on the mid-surface of the CLCS

Exx = &0+ Lxxs (28.)
€00 = €00,0 + ZXoo> (2b)
Vx0 = Vx0,0 T Zxo (2¢)

where &, 0, €900 and ),y are the strain at an arbitrary
point on the mid-surface, y,., yg9. and y are the
curvature changes and satisfying

dp,  Ow
Lox = o o (3a)
L _ 09y _ O’w (3b)
0 = Ro0 ~ "~ R200?
g,  dpy 20w
%0 =230 " ox | Roxd0 (3¢)

For small deformations, the coordination equation
of arbitrary points on the mid-surface of the CLCS can
be simplified as
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(a) Composite laminated cylindrical shell

/h

(b) The NiTiNOL-steel
layout

wire ropes

Fig. 1 Composite laminated cylindrical shell embedded with NiTiNOL-steel ropes; a Composite laminated cylindrical shell b The

NiTiNOL-steel wire ropes layout

6u0
Sxx,() = a, (43)
o aV() wo
£000 = R0 + R (4b)
. Gvo Guo
700 =3 T Rao (4c)

The constitutive relationship of a single layer
7k <2 <Zi4+1 is considered. The generalized Hooke’s
law leads to the stress—strain relationship

k — — — k k
21 20 0n Bi]¥ () ?
900 =|Qn 9»n Q% €00 (5)
Tx0 Os1 Q2 Qe Va0

where k represents the kth layer, G(k) is the transfor-
mation stiffness matrix for the stress—strain relation-
ship of the kth layer. For orthotropic materials, the
transformation stiffness matrix can be expressed as
(28]

On Qi Qi w on 0n 01]%
O On Ox| =T|0u On O T"
Osi O Oss 0 0 QO

(6)

where Q(k> is the stiffness matrix, T is the transfor-
mation matrix. T can be written as
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cos? () sin?(a) —2 cos(o) sin(a)
T= sin® () cos? () 2 cos(o) sin(r)
cos(a)sin(a) —cos(a)sin(a) cos?(e) — sin?(a)

(7)

where « is the angle between the principle direction of
a layer of the CLCS and the x-axis. The coefficients

Ql(jk) in the stiffness matrix can be expressed as

(®) E, ®) (k) HinEn ®)
01 = , 0 Oy =——7"-,0
! 1 _512,“21 2 2 I — pypppiy 2
2 (k)
, Q¢ = G2
L — oty o
(8)

Among them, E; and E, represent the Young’s
elasticity modulus of a layer of materials in the
principle direction, and u,, and p,; are the corre-
sponding Poisson ratios, and Gi, is the moduli of
rigidity. It is worth noting that E| # E; for anisotropic
materials, but Ejpy; = Expty5.

2.2 Internal force equation

By integrating the stress in Eq. (5) on the section of the
cylindrical shell and in the thickness direction, the
internal forces and moments on the mid-surface of the
CLCS are
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Ny [Ajr Az 0 By Bz 07 (ewp
Noo Ay An O By Bn O £00,0
No | |0 0 A 0 0  Begs Vx0,0
My |Bn Ba O Dy Dy 0 L
My By Byn 0 Dy Dn O Yoo
M,y L0 0 Bg O 0 Desl \ 2y
9)
Ajj, Bjj and D;; are, respectively, the stretch, the
coupling and the bending stiffness coefficients with
N
Ay =) Oyzert — z), By
k=1
1 N —k 2 1 X
:§; Qij(zkﬂ gkz_: ij Zk+1

(10)

where N is the total number of layers. Substituting
Egs. (4a—4c) and (3a-3c) into Eq. (9) yields the
internal force equation

N —A 6u0+A 6v0 1B a(/)x
xx — 411 12 R@H 11 ox

Ox
lon
+B]2R69 (11a)
6 aVO a(Px
Nog = A1 —— o +A22<@+ ) + B o
0y
B 11
+ 2550 (11b)
dvy | Qup 09, 09y
Ny —A66< +R60> +B66(R60+— ;
(11c)
Oug dvg  wy 0o,
M, = By o +B12(R60+ ) Dy o
0y
+D12W’ (11d)
Mg = Bin 2 4 g %+ + Dy, 2
09 = Bio—=— 6 2| 230 125,
0y
+D22R—69’ (Ile)
B vy . Oup O0p,  Opqy
Mx“—B“’(a*@) *D“(Raﬁa -
(11f)

2.3 Application of the generalized Hamilton’s
principle

The high damping property of NiTiNOL-steel wire
rope is the key to reduce the shell vibration. Its
restoring and damping force model is necessary. A
NiTiNOL-steel wire rope is treated as a nonlinear
damping device. The restoring and damping force of
the NiTiNOL-steel wire rope is constituted by the
polynomial fitting of the extended Bouc-Wen model.
The extended Bouc-Wen model reflects the loading
and unloading process of the NiTiNOL-steel wire rope
with different configurations under static force
through experiments, and the parameters of the
restoring force are determined via its hysteresis curve.
Carboni et al. [18-21] revealed the nonlinear mechan-
ical hysteresis characteristics of NiTiNOL-steel wire
ropes by experimental investigations, and obtained the
restoring and damping force equation of NiTiNOL-
steel wire ropes via the extension of the Bouc-Wen
model with identified parameters of various configu-
rations of NiTiNOL-steel wire ropes. The restoring
and damping force f; is [21]

fu= (1 = Pkew® + r(kew + 2) (12)

where z is the hysteresis

j_i: {kdh(x) _ (V + Bsgn (Z%)) |Z|n} %}

h(x) =1 - e
(13)

To deal with transcendental functions in Eq. (12)
with Eq. (13), the restoring and damping force f;; is
fitted into a polynomial

Owg
fu = kiwo + kawy + 1 ——

6w0 2
or + ”21W0 + riawo

o
(14)

where ki, k3, ¢y, 1 and ryp are polynomial fitting
coefficients. Table 1 shows the fitted coefficient values
of several configurations of NiTiNOL-steel wire
ropes.

To establish the equation of motion via the
generalized Hamilton’s principle, it is necessary to
obtain the strain energy, the kinetic energy and the
work done by an external force. The total strain energy
of the CLCS is

@ Springer
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T s coticin )G s ) o) R
steel configurations [29] Sla - 4097e8 1224 1.699¢6 — 6.515¢4 0.9983
S2a 5966 - 52.09 1.259¢5 — 9876 0.9986
S2b 4523 16.49 1.077¢5 — 2608 0.9963
S3a 6016 3.229¢7 49.96 3.396¢5 — 2.26e4 0.9996
S3b 3962 72997 12470 6.446¢5 — 2.998e4 0.9989
S3c 8535 4222¢7  104.80 6.114e4 — 276le4 0.9999
h
U= %/ (Nxx,ogxx,o + N90.0890,0 + Nx9,08x0,0 + MxxXxx /27Z / /2 l(%)2+ (%) 2+ (%) 2]
N 171 ot ot ot
+M99X00 + MX@XXO)dS N Tk
(15) (Z / pk> Rdzdfdx,
k=1 %k

where S represents the area of the mid-surface. The
total strain energy of the CLCS can be divided into
stretch strain energy Us, bending strain energy U}, and
coupling strain energy U. [29]. Substituting
Egs. (11a—11f), (3a-3c) and (4a—4c) into Eq. (15)
leads to

1 2n L ’7’ 2
STNNES
0 0 ,ﬁ X

0 0 0 :
+2A12<vo+ >MO+A22< AL )

ROO Ox R0OO
4 A (20 1 2907 pazdga
“\or "Rog) |7
(16a)
n 0, \? 6(/))c 9py| | 2D12 09y O,
/ / / ( ) ox RO| '~ R 30 ox

Dxn a(ﬂo 0o, a‘l’o
+ — ( +D66 R69+87 RdZd(‘)d}C7

(16b)

2 Qup 0 2Bm dvo 0py  2B12 0¢y Oug
2B s 2 %00 2012 309 Sty
/U /U/[ "ox xR (aa+w°) 0 TR 0 ™

2By, (v 0, O, , 0y (Qvo  Bup
R (ao “”“) ax T 2B (Raa+ ax )\ T rag ) |Rdcd0dx.
(16¢)

The total kinetic energy T of the CLCS can also be
divided into three components: translational kinetic
energy Ti, rotational kinetic energy T;, and coupled
kinetic energy T, [29]. They can be expressed as
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(17a)

am 0 6900} /ZH 2
. 7% | RdzdOdx,
/ /o / { Z: L

(17b)

2 Oup 0, avoa% N rue
/( / / [at ot ot a_t] ;A Pz | RdzdOdx.
(17¢)

Potential energy V yielded by restoring and damp-
ing force of NiTiNOL-steel wire ropes is

L
V= /0 Anfawodx (18)

where F| is the amplitude of basic excitation, f; is the
frequency of basic excitation, and n = 0.2 is the
NiTiNOL-steel modifying parameter.

The boundary potential energy U, of CLCS can
also be defined as [39]

1 2n 2
5/ /h (kuOu% + kvOV% + kaW(z) + KXO(/))ZC
0 J=

+ kLt + kv vy + kwiwg + Kqul)s)dde
(19)

where ky is the linear axial spring stiffness coefficient,
kyo is the linear circumferential spring stiffness
coefficient, ko is the linear radial spring stiffness
coefficient, and Kyo is the linear torsion spring
stiffness coefficient where x = 0. k,r is the linear
axial spring stiffness coefficient, k, is the linear
circumferential spring stiffness coefficient, kyy, is the
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linear radial spring stiffness coefficient, and Ky is the
linear torsion spring stiffness coefficient where x = L.

The work done by the external harmonic excitation
f = Fosin(2nfyt) on the bottom surface of the CLCS
can be calculated as

2n
Wf = / Fy sin(2nf0t)uoRd0 (20)
0

Simply supported at both ends (SS-SS), fixed at one
end and free at the other (C-F) are investigated.
According to the generalized Hamilton’s principle

/tz[é(T—V—UH—éW]dt:O (21)

14l

Substituting Egs. (16a—16¢), (17a-17c¢), (18) and
(20) into Eq. (21), the variation of the total kinetic
energy of the CLCS is obtained

o[ L L) ) o)
) ) ) )
SR

The variation of the total strain energy of the CLCS
is obtained

SU = 5U, + 6Uy + 8U, (23)

(22)

where

2 4 Qug . (Ougy 1 _(dvy 1 Qug
) A =0 =22 iy ==
o= [ [ a5 +an(Go(55) <o) %
vy wo Qug vy o) (1 ./0v 1
+ AIZ(R'\6+7)5(&V> Azz(m+ ><R6(@>+E&WO>
Ovg  Oug Ovo 1 _/Quqy
+A66<ax *me) (5(5) R5<ae>>}dwd0dx,

(24a)

2
& Dy [09y a% do, 1 afPu
oy = / //{ "ox ax ((vc) 2 [Ra(?é o +%cR
D280y 5 (000 A, g\ [1 500, %90\ [\,
& 20 °\ 20 ) TP\ roo * o ‘5 a0 ) o5y )| pocdodx.

(24b)

o= [ fou () o (%)) + (o Gi) + o)
a Gorm)o ()]s [aeo () + o)
T [ (o5 om) (5 o o(50)) 7+ e
() ~2(5) i) (s =)
(o(5) 3o (&5)) s

The variation of the potential energy yielded by the
four NiTiNOL-steel wire ropes is obtained

(24¢)

L
5V = / Anfoudwodx (25)
0

The total virtual work done by the external
harmonic excitation f is calculated

2n
oW = / Fy sin(anot)é(uo)RdH (26)
0
The nonlinear partial differential governing equa-

tions of the CLCS embedded with NiTiNOL-steel wire
rope are given as

ON,, 0Ny azuo *wo
— F 27fot — I —
o T rop ~ Fosin@rfor) =l 55— hy e
(27a)

aNx() 6N()0 - 62\10 63W0
Rox TR0 - ' Rever (27b)

N, o*w
- % +fst = Il at20 5 (27C)
OM,, OMy 0 ug 0wy

x Tro 'ar Pamer (27d)

2 3

@ng aMg.g 11 0 Vo A 0 wo (276)

ox RO 'a  Rooor
Substituting the internal force Eqs. (11a—11f) and
the restoring and damping force Eq. (14) of the
NiTiNOL-steel wire ropes into Eqgs. (27a—27¢) leads
to the governing equations

@ Springer
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62140 62\)0 6wo 63W0
A“WJFA”(RaxaN@) ~Bugs
3w v u
" ool A (Raxae + R2ae2)
20 wo a 63W(J
66 <m) Fosin(2nfot) = Io——- a2 *hwy
(28a)
62u0 0 Vo 6w0 63W0
Ap—2 1A, -
2 ravoo T2 (Rzaez +R260> 2 Rex?a0
*wo vy Q%up
—By—9 Ace [ —2
2o 66<ax2 * Rox00
2a3W() -7 62\/0 I 63w0
\Rrox200) ~— * o2~ "' RoGor’
(28b)
Oug Ovg  wp By 0wy
Ay — — Ay [ — + O 2z
PRox 7 <R260+R2 TR e
Bzz 62W0
B o M
aZW()
= IOW, (28¢)
Ouq vy Owyg *wy
B B “0) _p, =20
et 12<R6x60+R6x> 1o

*wo v d%uo

_D 28d

P Raoxoe? % <Rax60 * R2602> (284)
63w0 62u0 63W()

R2ox00? ' oP

B 62u0 B 62\)0 4 aW() _D a3W0
2 Rox00 " TP\ R200? T R200 12 Rox200
63W0 621/0 azuo
P2 g TP (W * Raxae>
63W0 621)0 63W0
—2B66 pmman =l =5 — b 5anas
R0x200 of RO00t

(28e)

3 Solutions

Four-term Galerkin truncation transforms the govern-
ing equations into a set of ordinary differential
equations. The displacement field of an arbitrary point
on the mid-surface of the CLCS is assumed to be an
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approximate displacement function satisfying the
following boundary conditions.
Simple support at both ends (SS-SS)

=0
uo=vo=wo=0 My =Ny=0 i:L (29)

Fixed at one end and free at the other (C-F)

M():V():W():(px:(p():o x=0
N =Nogg=Nop =My =Moyy=Myp=0 x=L"
(30)

The assumed displacement functions ug, vy, Wo, @4
and ¢ are

uy = Z Zumn cos( ) cos(n0), (31a)

m=1 n=1

Vo = Z Z Vinn (T sm( x) sin(nf), (31b)

m=1 n=
wy = Z Z Wi (T sm( ) cos(n0), (31c)
m=1 n=
Pr=— i EN:@ Wmn(7) cos (@) cos(nd),
m=1 n=1 L L
(31d)
M Y on . (MTX\ .
Py = Z Zl_ewmn(f) sin (T) sin(n0) (31e)
m=1 n=1

where Umn, Vmn and wp, represent the displacement
shape functions with unknown time 7 in the axial
direction, circumferential direction and radial direc-
tion. m and n are the numbers of axial waves and
circumferential waves. M and N are the determined
terms of Galerkin truncation. The function satisfies the
boundary conditions that are simply supported at both
ends (SS-SS) as well as are free at one end and
clamped at the other end (C-F). For other elastic or
inelastic boundaries, the displacement function needs
to be adjusted to meet the requirements of the
corresponding boundary conditions.

Substituting Eqgs. (31a-31e) into Egs. (28a—28e)
leads to a set of ordinary differential equations when
M=N=4
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Table 2 The parameters of composite laminated cylindrical
shell embedded with four NiTiNOL-steel wire ropes

Parameter Value Parameter Value

pi=4)  1643kgm’® Gy 4.36¢9Pa

R 02 m G 3.75¢9Pa

L 0.6 m i) 0.33

h 0.002 m n 0.2

E, 152.4e9Pa  « [0°, 90°, 0°, 90°]
E, 10.16e9Pa  M,N 4

PilM-

m=1
n=1

Aym n2 A6(,n2 Apmnn Aggmnm
{< l g i)+ (R )Y ()
Biymnm

Apmn Byym’nd 2 Beg2mmn?
+ 7ty 2
RL L R2L R’L

4 2 2
oy (hmmy d winy
Z{f+ e () g

+

= E { ddhnn+n11 dd"»nm}

(32b)
i { (A12 @)u (1) + (—A22 )v (1)
m=1 RL " R2 e
n=1
1 m2n? n?
+ (_A22F_312ﬁ_322ﬁ>wmn(f)} (320)

= > {-anfu + o},

4 2.2 2
m*n n n
Z{(_BIIT_D%ﬁ)umn( )+ (312 RL "4 Deo RL)an(T)

+ B mTE+D 1’1137'[‘3 +D l’l’ll’l +23 mn 27'[ ( )
— Wi (T
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The standard nonlinear dynamic equations involv-
ing an inertia term, a damping term, a stiffness term,
and a nonlinear term due to the restoring and damping
force of the NiTiNOL-steel wire ropes are established
d’W _dW dw

+C—+KW+A(W,— | =F 33
d? dr T + ( dr > (33)
where C is the damping matrix, K is the stiffness
matrix, A is the nonlinear coefficient matrix, F is the
external force column vector.

3.1 Modal analysis on the shell
without the NiTiNOL-steel wire ropes
and the finite element validations

According to the CLCS parameters given in Table 2,
the frequency analysis and the modal analysis of the
composite laminated cylindrical shell without NiTi-
NOL-steel wire ropes are carried out by the discrete

Table 3 Comparison of the natural frequencies and the relative errors obtained via the numerical method based on the Galerkin

truncation and the finite element method

n SS-SS C-F
GM FEM Relative error (%) GM FEM Relative error (%)
1 86.25 85.83 0.49 69.37 68.51 1.26
2 100.33 101.48 1.13 81.03 80.55 0.60
3 122.76 120.81 1.61 108.88 107.96 0.85
4 188.34 189.92 0.83 162.37 163.21 0.51
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Fig. 2 The first four-term o1 T
vibration modes of the !
composite laminated !
cylindrical shell without |
NiTiNOL-steel wire ropes: |
a SS-SS boundary; b C-F |
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Fig. 3 Amplitude-frequency responses of CLCS and CLCS embedded with four NiTiNOL-steel wire ropes under axial harmonic
excitation: a SS—SS boundary; b C-F boundary

reduced model after Galerkin truncation and validated errors of the frequencies under the two boundaries are
by the finite element method. The natural frequencies around 1%.

are obtained via the two methods and are shown in Figure 2 shows the first four-term vibration modes
Table 3. It demonstrates the results obtained by the of the composite laminated cylindrical shell without
two methods are relatively close, and the relative the NiTiNOL-steel wire ropes under SS-SS and C-F
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Fig. 4 Responses of CLCS system and CLCS system embed-
ded with different configurations of NiTiNOL-steel wire ropes
under axial harmonic excitation: a T-S responses under SS-SS

boundaries. They are both manifested as breathing
modes.

3.2 Forced responses analysis on the shell
embedded with the NiTiNOL-steel wire ropes
and the finite element validations

Figure 3 depicts the amplitude-frequency responses of
the composite laminated cylindrical shell without
NiTiNOL-steel wire ropes and composite laminated
cylindrical shell embedded with four NiTiNOL-steel
wire ropes under the axial harmonic excitation
F = Fysin(2nfyt), the  excitation  amplitude
Fo=20kN, and the frequency sweep range is

boundary; b A-F responses under SS-SS boundary; ¢ T-S
responses under C-F boundary; d A-F responses under C-F
boundary

[20 Hz, 200 Hz]. The response point is located at the
upper vertex of the mid-surface of the composite
laminated cylindrical shell where x = L/2. Figure 3
illustrates the good consistency between the numerical
results based on the Galerkin truncation and the finite
element method, and the peak of amplitude-frequency
responses of CLCS embedded with Sla NiTiNOL-
steel wire ropes is much lower than the CLCS without
NiTiNOL-steel wire ropes under SS—SS boundary and
C-F boundary. Figure 3 demonstrates the damping
effectiveness of Sla NiTiNOL-steel wire ropes.
Figure 4 compares the time history responses and
amplitude-frequency responses of CLCS without
NiTiNOL-steel wire ropes and CLCS embedded with
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Fig. 5 Amplitude-frequency responses of CLCS without
NiTiNOL-steel wire ropes

different configurations of NiTiNOL-steel wire ropes
under the axial harmonic excitation, and the amplitude
reduction rate is exploited to evaluate the vibration
reduction in different configurations of NiTiNOL-
steel wire ropes. In Fig. 4b, Under the SS—SS bound-
ary, the peak of the amplitude-frequency responses of
CLCS without NiTiNOL-steel wire ropes is
7.487 mm, the peak of the amplitude-frequency
responses of CLCS embedded with S3b NiTiNOL-
steel wire ropes is 0.908 mm, and the ARR is 87.87%.
In Fig. 4d, under the C-F boundary, the peak of the
amplitude-frequency responses of CLCS is 9.372 mm,
the peak of the amplitude-frequency responses of
CLCS embedded with S3b NiTiNOL-steel wire ropes
is 1.168 mm, and the amplitude reduction rate is
87.54%. Obviously, Fig. 4 reveal the different vibra-
tion reduction performance of different configurations
of NiTiNOL-steel wire ropes under the SS-SS bound-
ary and the C—F boundary. Among them, S3b performs
best in low-frequency passive vibration reduction,
followed by S3c, Sla, S3a, S2a and S2b via the
contrast of ARR.

3.3 Vibration reduction performance for different
parameters

In order to research the influencing factors of the
vibration reduction in the NiTiNOL-steel wire ropes,
this manuscript focuses on the influence of the
amplitude of the harmonic excitation F, the ratio of
the length to the radius of the CLCS e, and the layer

@ Springer

method (layer angle and layer order) of the CLCS. Of
course, there are other influencing factors, such as the
working environment temperature 7. As a shape
memory alloy, the NiTiNOL-steel wire ropes are
temperature-independent. However, the damping of
NiTiNOL-steel wire rope is produced by the internal
frictions among the wires instead of the shape memory
properties. Therefore, the based experimental works
[21] does not reveal the effects of the temperature. The
present investigation does not account for the effects
of the temperature.

The amplitude of the harmonic excitation is the
reflection of its excitation strength. Whether the
NiTiNOL-steel wire ropes can still maintain good
vibration reduction performance under high-intensity
excitation is worth investigated. This manuscript sets
the excitation amplitude range from 2 to 20 kN. The
relationship between the peak of amplitude-frequency
responses of CLCS without NiTiNOL-steel wire ropes
and varying harmonic excitation amplitude is pre-
sented in Fig. 5. As showed in Fig. 5, with the
increasing of the external excitation amplitude, the
peak value of the amplitude-frequency responses of
the CLCS without NiTiNOL-steel wire ropes also
increases drastically. When the excitation amplitude is
2 kN, the peak value is 3.744 mm; When the excita-
tion amplitude is 20 kN, the peak value is 37.437 mm.

Figure 6  depicts the amplitude-frequency
responses of CLCS embedded with different config-
urations of NiTiNOL-steel wire ropes with the vari-
able amplitudes of the harmonic excitation. Figure 6
reveals the reduced growth rate of the peak of the
amplitude-frequency responses of different configu-
rations of NiTiNOL-steel wire ropes. The peaks of the
amplitude-frequency responses of the CLCS embed-
ded with Sla, S2a, S2b, S3a, S3b and S3c NiTiNOL-
steel wire ropes are 4.186 mm, 11.494 mm,
13.805 mm, 8.707 mm, 1.925 mm and 1.977 mm
when the excitation amplitude is 20 kN. The ARR of
CLCS embedded with S3b NiTiNOL-steel wire ropes
is 94.86%. The ARR of CLCS embedded with S2b
NiTiNOL-steel wire ropes is 63.12%. Figure 6 pre-
sents the increasing trend of ARR about different
configurations NiTiNOL-steel wire ropes with the
increase in the amplitude of the harmonic excitation.
Figure 6 reveals better vibration reduction with a
larger amplitude of harmonic excitation, if the struc-
ture is not damaged.
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Fig. 6 Amplitude-frequency responses curve of CLCS system embedded with NiTiNOL-steel wire ropes under different Fy: a Sla;
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The ratio of the length to the radius of the CLCS
determines the characteristics of the low-frequency
vibration modes of the CLCS. Low-frequency vibra-
tion modes are more prone to transverse and longitu-
dinal bending vibration modes with larger ¢, and the
low-frequency vibration modes are more toward the
breathing vibration with the smaller ¢. Figure 7 depicts
the amplitude-frequency responses of the CLCS
without NiTiNOL-steel wire ropes and the CLCS
embedded with different configurations of NiTiNOL-
steel wire ropes under different ¢. Figure 7 presents the
increasing ARR with the increasing ¢. When the ¢ = 5,
the ARR of CLCS embedded with S3b NiTiNOL-steel
wire ropes is 93.91%, while the ARR of CLCS
embedded with S2b NiTiNOL-steel wire ropes is
58.34%.

This manuscript investigates a 4-layer CLCS with
the same material, so the layer method is determined
by the layer angle and layer order. The symmetrical
layer method of [0°,90°,90°,0°], the cross layer
method of [0°,90°,0°,90°], the symmetrical layer
method of [0°,45°,45°,0°] and the crossed layer

method of [0°,45°,0°,45°] are investigated,
respectively.
Figure 8 compares the amplitude-frequency

responses of CLCS embedded with different config-
urations of NiTiNOL-steel wire ropes under different
layer methods. Figure 8 demonstrates the little influ-
ence of the layer angle to vibration reduction under the
symmetrical layer, the larger influence to vibration
reduction under the crossed layer. Combining the layer
angle and layer order, Fig. 8 reveal that
[0°,45°,0°,45°] layer method can maximize the
vibration reduction. In this layer method, the ARR of
the CLCS embedded with S3b NiTiNOL-steel wire
ropes is 90.98%.

4 Conclusions

A composite laminated cylindrical shell embedded
with four NiTiNOL-steel wire ropes is investigated.
The NiTiNOL-steel wire ropes are located on the
middle surface of the cylindrical shell in a 90° annular
array along the axial direction. Donnell’s theory based
on first-order shear deformation theory is utilized to
model the shell. The restoring and damping force of
the NiTiNOL-steel wire ropes based on the Bouc-Wen
model and is fitted by a polynomial and coupled into
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the governing equations of the shell. The fourth-term
Galerkin truncation transforms the governing equa-
tions into a set of ordinary differential equations.
Numerical results based on the Galerkin truncation
yield the natural frequencies, the vibrating modes and
the responses to harmonic excitations, and the out-
comes are verified by the finite element method.

The amplitude reduction rate of the first-order
resonance peak under the amplitude-frequency
responses is used to evaluate the vibration reduction
performance. For different configurations of NiTi-
NOL-steel wire ropes embedded in composite lami-
nated cylindrical shell and various related parameters,
the following conclusions are yielded: (1) Under the
simply supported (SS—SS) at both ends condition and
one end is fixed and the other end is free (C-F), S3b
NiTiNOL-steel wire ropes perform best in low-
frequency passive vibration reduction, followed by
S3c, Sla, S3a, S2a and S2b. (2) The larger external
excitation amplitude, the better vibration reduction
performance of the NiTiNOL-steel wire ropes. (3) The
NiTiNOL-steel wire ropes become more effective
with the increasing ratio of the shell length to the shell
radius. (4) The best layer method of the composite
laminated cylindrical shell is [0°,45°,0°,45°], for the
embedded S3b NiTiNOL-steel wire ropes.

In short, vibration reduction can be achieved by
using NiTiNOL-steel wire ropes as passive vibration
absorbers embedded in composite laminated cylindri-
cal shells. The investigation reveals a new possibility
to passively reduce vibration of composite laminated
shells.
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