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1. Introduction 
 

One the most application of wave propagation is that it 

can be presented to detect, locate and quantify crack, 

thermal debond, and corrosion damage in a solid structure 

and a sandwich honeycomb thermal protection panel (Doyle 

1997, Ghorbanpour-Arani et al. 2017, 2018). A wave 

propagation can identify small defects because propagating 

waves typically consist of small wavelengths. Some 

researchers worked about wave propagation of beam, plate 

and shell in macro, micro and nano scales, for example, 

Hosseini et al. (2013) presented a parametric study on the 

numerical simulation of Lamb wave propagation in metallic 

foam sandwich structures. In the other work, they (2013) 

introduced a new non-reflecting boundary condition using 

dashpot elements that becomes an useful tool to efficiently 

simulate Lamb wave propagation within composite 

structures, such as honeycomb and composite fiber 

reinforced plate. Sorokin and Grishina (2004) studied 

propagation of flexural and shear waves in an unbounded 

sandwich beam that is considered as a ‘unit width strip’.   

Based on Mindlin plate and Kirchhoff plate theories, Xu 

and Deng (2016) considered the wave propagation 

characteristics in thick conventional and auxetic cellular 

structures, that the effects of negative Poisson's ratio, shear 

factor and orthotropic mechanical properties on the 

dynamic behaviors of thick plates are investigated. 

Sellappan et al. (2015) demonstrated wave propagation 

through alumina-porous laminates. They considered high- 
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speed imaging and transmitted force measurements to gain 

an insight into stress wave propagation and mitigation 

through such a layered system and introduced uniformly 

distributed porosities. Narendar and Gopalakrishnan (2012) 

illustrated a study of terahertz wave propagation properties 

in nanoplates with surface and small-scale effects. They 

concluded that in macroscopic and even microscopic 

structural elements, surface effects can be neglected and 

classical theories are sufficient and also as the structural 

size decreases towards the nanoscale regime, the surface-to-

bulk energy ratio increases and surface effects must be 

considered. Farahani and Barati (2015) presented vibration 

analysis of functionally graded cylindrical shell submerged 

in an incompressible fluid. Using the wave propagation 

approach and Flügge shell equations, they established the 

axial and lateral hydrostatic pressure based on first order 

shear deformation theory of shell motion. Kakar (2015) 

presented SH-wave propagation in a heterogeneous layer 

over an inhomogeneous isotropic elastic half-space. 

Some researchers have been investigated plane problem 

of interaction between an elastic longitudinal wave and a 

cylindrical shell with axial cut (Porokhovs’kyi 2009), wave 

propagation in an elastic structure by modeling a split 

Hopkinson pressure bar (Netrebko 2013), wave propagation 

in functionally graded- carbon nanotubes (FG-CNT)-

reinforced piezoelectric composite micro plates (Arani et al. 

2016), stress wave propagation in a rectangular bar 

(Rasulova and Shamilova 2016), wave propagation analysis 

of twisted micro-beam (Mohammadimehr et al. 2016a), 

plane acoustic wave propagation through a composite of 

elastic (Shamaev et al. 2017), localized strain waves in a 

nonlinearly elastic conducting medium interacting with a 

magnetic field (Erofeev et al. 2017), wave propagation 

analysis of sandwich nano-beam (Ghorbanpour Arani et al. 
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2017), wave propagation behavior of coupled viscoelastic 

micro plates (Jamali et al. 2017), plane wave propagation in 

an elastic anisotropic media (Rozhkova 2018).  

In the recent years, cylindrical shells are one of the most 

used parts in various industries. They are used in gas 

turbines, rotary kilns, aircrafts, spacecraft, tankers, pipelines 

and so on. For proper design, strength to weight ratio of 

shell should be as high as possible for material consumption 

and optimal cost reductions. Hence, composite and 

sandwich structures have been used to achieve this goal. 

Murmu et al. (2012) studied the mechanical behavior of 

double-walled carbon nanotube (DWCNT) under a 

magnetic field for nonlocal transverse vibration. They found 

that the natural frequencies of the system increase in the 

presence of a magnetic field. Ansari et al. (2011) extended 

first-order shear deformation theory (FSDT) for 

functionally graded materials (FGMs) nanoshell vibration. 

They indicated that increasing the length to thickness ratio 

of micro beams leads to decrease the natural frequency. Ke 

et al. (2015) illustrated the free vibration of nonlocal 

piezoelectric nanoplates under various boundary conditions. 

They used the nonlocal elasticity theory and Hamilton's 

principle to derive the governing equations. They proved 

that the electrical voltage for simply supported boundary 

conditions doesn’t have a significant effect on the mode 

shape of vibration motions, while the effects of this variable 

on the clamped boundary conditions is considerable. Li and 

Pan (2015) predicted the static behavior and vibrations of 

the piezoelectric microplate made of FGMs based on the 

modified coupling stress theory. They illustrated that the 

amount of electrical displacement and the stresses increases 

with increasing of electric loading. Some researchers 

worked about nonlinear dynamic analysis (Duc 2013, 2016, 

2019, Mohammadimehr et al. 2017b), nonlinear buckling 

analysis (Cong et al. 2018, Khoa et al. 2019, Ghorbanpour 

Arani et al. 2016, Mohammadimehr et al. 2016c), vibration 

analysis (Duc and Cong 2018, Mohammadimehr et al. 

2017a, 2018), nonlinear static and vibration analysis using 

FEM (Mohammadimehr and Alimirzaei 2016), nonlinear 

wave propagation (Shariyat et al. 2019). 

Tornabene (2009) considered vibration analysis of 

functionally graded conical, cylindrical shell and annular 

plate structures with a four-parameter power-law 

distribution.  Duc et al. (2015) studied mechanical and 

thermal stability of eccentrically stiffened functionally 

graded conical shell panels resting on elastic foundations 

and in thermal environment. Pourasghar and Kamarian 

(2016) obtained thermo-elastic response of carbon 

nanotubes (CNT) reinforced cylindrical panel resting on 

elastic foundation using elasticity theory with temperature-

dependent materials. Mohammadimehr et al. (2016b) 

investigated free vibration behaviors of microcomposite 

plate reinforced by functionally graded single-walled 

carbon nanotube (FG-SWCNT) under hydro-thermal 

environments using third-order shear deformation theory 

(TSDT) and modified strain gradient theory (MSGT). Do et 

al. (2017) considered analysis of bi-directional functionally 

graded plates by FEM and a new third-order shear 

deformation plate theory. Zghal et al. (2018) presented the 

buckling analysis of functionally graded power-based and 

carbon nanotubes-reinforced composite plates and curved 

panels. Saidi et al. (2019) studied the vibration and stability 

analysis of porous plates reinforced by graphene platelets 

under aerodynamical loading. The high-order free vibration 

analysis of two type sandwich beams including CNTs 

reinforced nanocomposite face sheets and different core is 

studied by Mohammadimehr and shahedi (2016). They 

concluded that the irst natural frequency decreases with 

increasing of temperature change. Frikha et al. (2018) 

investigated the dynamic analysis of functionally graded 

carbon nanotubes-reinforced plate and shell structures using 

a double directors finite shell element. Moradi-Dastjerdi 

and co-workers (2019) considered the dynamic behavior of 

nanocomposite sandwich plates subjected to periodic 

thermo-mechanical loadings. Tornabene et al. (2011) 

illustrated free vibration analysis of FGM and laminated 

doubly curved shells and panels of revolution with a free-

form meridian. Mohammadimehr and Mostafavifar (2016) 

studied the free vibration of temperature-dependent 

sandwich plate with FG-CNTs reinforced nanocomposite 

face sheets under magnetic field. They proved that 

increasing of the aspect ratio and magnetic field leads to 

increase in the dimensionless natural frequency while it 

decreases by rising of the temperature change. Tornabene et 

al. (2015) presented stress and strain recovery for 

functionally graded free-form and doubly-curved sandwich 

shells using higher-order equivalent single layer theory. 

Mohammadimehr et al. (2017c) presented the vibration 

analysis of double-bonded sandwich microplates with 

nanocomposite facesheets reinforced by symmetric and un-

symmetric distributions of nanotubes under multi physical 

fields. Sobhy and Zenkour (2018) illustrated the effect of 

magnetic field on thermo-mechanical buckling and 

vibration analysis of viscoelastic sandwich nanobeams with 

CNT reinforced face sheets on a viscoelastic substrate. Al-

Kamal (2019) presented nominal axial and flexural 

strengths of high-strength concrete columns. Parate and 

Kumar (2019) considered shear strength model for 

reinforced concrete beam-column joints based on hybrid 

approach. Wu et al. (2019) studied experimental study on 

shear damage and lateral stiffness of transfer column in 

SRC-RC hybrid structure. Rajabi and Mohammadimehr 

(2019) depicted bending analysis of a micro sandwich skew 

plate using extended Kantorovich method based on 

Eshelby-Mori-Tanaka approach. 

In this paper, wave propagation of double-bonded 

Cooper-Naghdi micro sandwich cylindrical shells with 

saturated porous core and carbon nanotube reinforced 

composite (CNTRC) face sheets are investigated subjected 

to multi-physical loadings such as magneto-hydro-thermo-

mechanical loadings with temperature dependent material 

properties. The governing equations of motion are derived 

by Hamilton’s principle. 

 

 

2. Geometry and simulation 
 

Consider micro sandwich cylindrical shell with 

saturated porous core and carbon nanotube reinforced 

composite (CNTRC) face sheets subjected to multi-physical  

500

https://www.sciencedirect.com/science/article/pii/S0045782509001789
https://www.sciencedirect.com/science/article/pii/S0045782509001789
https://www.sciencedirect.com/science/article/pii/S0045782509001789
https://www.sciencedirect.com/science/article/pii/S0045782509001789
https://www.sciencedirect.com/science/article/pii/S1359836818301173
https://www.sciencedirect.com/science/article/pii/S1359836818301173
https://www.sciencedirect.com/science/article/pii/S1359836818301173
https://www.sciencedirect.com/science/article/pii/S1270963817322800
https://www.sciencedirect.com/science/article/pii/S1270963817322800
https://www.sciencedirect.com/science/article/pii/S1270963817322800
https://www.sciencedirect.com/science/article/pii/S0020740311000579
https://www.sciencedirect.com/science/article/pii/S0020740311000579
https://www.sciencedirect.com/science/article/pii/S0020740311000579
https://www.sciencedirect.com/science/article/pii/S026382231400395X
https://www.sciencedirect.com/science/article/pii/S026382231400395X
https://www.sciencedirect.com/science/article/pii/S026382231400395X
https://www.scopus.com/record/display.uri?eid=2-s2.0-85033576344&origin=resultslist&sort=plf-f&src=s&sid=b1c77394c048c82bbbb6a4be307940b6&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2835783228600%29&relpos=27&citeCnt=9&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85033576344&origin=resultslist&sort=plf-f&src=s&sid=b1c77394c048c82bbbb6a4be307940b6&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2835783228600%29&relpos=27&citeCnt=9&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85033576344&origin=resultslist&sort=plf-f&src=s&sid=b1c77394c048c82bbbb6a4be307940b6&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2835783228600%29&relpos=27&citeCnt=9&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85033576344&origin=resultslist&sort=plf-f&src=s&sid=b1c77394c048c82bbbb6a4be307940b6&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2835783228600%29&relpos=27&citeCnt=9&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85033576344&origin=resultslist&sort=plf-f&src=s&sid=b1c77394c048c82bbbb6a4be307940b6&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2835783228600%29&relpos=27&citeCnt=9&searchTerm=
https://www.sciencedirect.com/science/article/pii/S1359836818319486
https://www.sciencedirect.com/science/article/pii/S1359836818319486
https://www.sciencedirect.com/science/article/pii/S1359836818319486
https://www.sciencedirect.com/science/article/pii/S1359836818319486
http://www.techno-press.org/content/?page=article&journal=cac&volume=24&num=1&ordernum=8
http://www.techno-press.org/content/?page=article&journal=cac&volume=24&num=1&ordernum=8
http://www.techno-press.org/content/?page=article&journal=cac&volume=23&num=6&ordernum=1
http://www.techno-press.org/content/?page=article&journal=cac&volume=23&num=6&ordernum=1
http://www.techno-press.org/content/?page=article&journal=cac&volume=23&num=6&ordernum=1
http://www.techno-press.org/content/?page=article&journal=cac&volume=23&num=5&ordernum=7
http://www.techno-press.org/content/?page=article&journal=cac&volume=23&num=5&ordernum=7
http://www.techno-press.org/content/?page=article&journal=cac&volume=23&num=5&ordernum=7


 

Double bonded Cooper-Naghdi micro sandwich cylindrical shells with porous core and CNTRC face sheets… 

 

Table 1 Efficiency coefficients of NTs (Ghorbanpour Arani 

et al. 2016) 

*

NTV  η1 η2 η3 

0.11 0.149 0.934 0.934 

0.14 0.150 0.941 0.941 

0.17 0.149 1.381 1.381 

 

Table 2 Material properties depended on temperature for 

(10, 10) SWCNT (R=0.68 nm, L=9.2 6nm, h=0.067 nm, 

ρ=1400 Kg/m3, v12=0.175) (Farajpour et al. 2016) 

Temperature 

(K) 
11 ( )CNTE TPa

(TPa) 
22 ( )CNTE TPa

(TPa) 
12 ( )CNTG TPa

(TPa) 
11 (1/ . )CNT GPa K  

(1/GPa.K) 
22 (1/ . )CNT GPa K  

(1/GPa.K) 

300 5.6466 7.08 1.9445 3.4584 5.1682 

500 5.5308 6.9348 1.9643 4.5361 5.0189 

700 5.4744 6.8641 1.9644 4.6677 4.8943 

 

Table 3 The mechanical and electrical properties for CNT 

and BNNT as reinforced in face sheets 

All constants The values of parameters 

Elastic cons 

tants (CNT) 

C11=5.8249 TPa, C12=1.01937 TPa, 

C22=7.3037 TPa, C44=C55=C66=1.9445 TPa, 

υ=0.175, VCNT=0.17 

Elastic cons tants 

(BNNTs) 

C11=C22=C33=2.035 TPa, 

C12=C13=C23=0.692 TPa, 

C44=C55=C66=0.672 TPa, υ=0.34, VNT=0.17 

Piezoelectric cons 

tants (BNNT) 

e31=0.95 C/m2, e32=−0.45 C/m2, 

e24=−0.276 C/m2, e15=−0.009 C/m2 

Dielectric cons tants K11=K22=K33=1.7708×10-10 

 

 

loadings with Length L, thickness h and inner radius R of 

the micro sandwich cylindrical shell. Also, hc, hb and ht are 

the thicknesses of core, and face sheets, respectively. The 

micro sandwich cylindrical shell with temperature 

dependent material properties is embedded by Pasternak 

foundation with Kwi and KGi, i=1,2,3. The micro sandwich 

cylindrical shell is subjected to applied voltage  𝜓0  and 

magnetic field 𝜑0. 

Displacement fields of the micro sandwich moderately 

cylindrical shell based on Cooper-Naghdi theory are given 

by 

( , , , ) ( , , ) ( , , )

( , , , ) ( , , ) ( , , )

( , , , ) ( , , )

x x

z

U x z t u x t z x t

U x z t v x t z x t

U x z t w x t

 

   

   

 

= +

= +

=

 (1) 

where, u(x,θ,t), v(x,θ,t), w(x,θ,t), βx(x,θ,t) and βθ(x,θ,t) are 

middle surface displacements and rotations in the 

longitudes, peripheral and thickness direction of the micro 

sandwich moderately cylindrical shell, respectively. 

Strain-displacement relations for each of face sheet and 

core can be expressed in Appendix A. 

The various porous distribution types along thickness 

for core, the extended mixture approach is used for effective 

material properties of face sheets, and the material 

properties of nanotubes (NTs) are shown in Appendix B.  

Tables 1 and 2 show the efficiency coefficients of 

nanotubes (NTs) and the material properties depended on 

temperature for (10, 10) SWCNT (R=0.68 nm, L=9.26 nm,  

Table 4 The properties of matrix materials for face sheet 

layers (BiTiO3−CoFe2O4) 

All constants The values of parameters 

Elastic constants 

C11=C22=226 MPa, C12=125 MPa, C13=124 

MPa, C33=216 MPa, C44=C55=44.2 MPa, 

C66=50.5 MPa 

Piezoelectric 

constants 

e31=e32=−2.2 C/m2, e15=e24=5.8 C/m2, 

e33=9.3 C/m2 

Piezomagnetic 

constants 

q31=q32=290.1 H/m, q15=q24=275 H/m, 

q33=349.9 H/m 

Dielectric constants K11=K22=5.64×10-9, K33=6.35×10-9 

Magnetoelectric 

constants 

g11=g22=5.367×10-12 V/m.Oe, 

g33=2737.5×10-12 V/m.Oe 

Magnetic constants 
μ11=μ22=−297×10-6 N/A2, 

μ33=53.5×10-6 N/A2 

Other constants 

ρ=5550 kg/m3, α=4.74e−5 1/K, v=0.25, 

h=2 μm, 1=17.6 μm, L=20 h, 

KW=600 GN/m3, KG=1000 N/m 

 

 

h=0.067 nm, ρ=1400 Kg/m3, v12=0.175), respectively. Also, 

the mechanical and electrical properties for face sheets 

reinforced by nanotubes (NTs) is depicted in Table 3. 

The properties of matrix materials for face sheet layers 

(BiTiO3−CoFe2O4) is considered in Table 4. 

Density, Poison’s ratios, thermal and hydro properties of 

face sheets are written as 

12 12

11 11

22 12 22 12 11

11 11

22 12 22 12 11

(1 ) (1 )

(1 ) (1 )

NT NT m m

NT

NT m m

NT

NT m m

NT NT

NT m m m

NT

NT m m

NT NT

NT m m m

V V

V V

V V

V V

V V

V V

  

  

  

      

  

      

= +

= +

= +

= + + + −

= +

= + + + −

 
(2) 

The face sheets are reinforced by NTs. The volume 

fraction of NTs, VNT for the top and the bottom of face 

sheets are as 

*
1

1 0

*
2

3 2

2 for top facesheet

2 for bottomfacesheet

NTNT

NTNT

t z
V V

t t

z t
V V

t t

 −
=  

− 

 −
=  

− 

 
(3) 

Using Tables 3 and 4, the equal properties for face 

sheets can be obtained as follows 

11 11
11

11 66

12 12
12 11

11 11

22 22 22

66 66
66

66 66

(1 )

( (1 ) )

(1 )

(1 )

SWNT m

m m

SWNT SWNT

SWNT m

SWNT
SWNTSWNT m

SWNT m

SWNT SWNT

SWNT m

SWNT m

SWNT SWNT

c c
c

V c V c

V c c
c c V

c c

c V c V c

c c
c

V c V c

=
+ −

= + −

= + −

=
+ −

 (4) 
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24 24 24

32 32 32

31 31
31 11

11 11

15 15
15

15 15

(1 )

(1 )

(1 )
(( ) ( ))

(1 )

SWNT m

SWNT SWNT

SWNT m

SWNT SWNT

SWNT m

SWNT SWNT

SWNT m

m SWNT

m SWNT

SWNT SWNT

e V e V e

e V e V e

V e V e
e q

q q

e e
e

V e V e

= + −

= + −

−
= +

=
+ −

 
(5) 

11 11 11

22 22 22

33 33 33

(1 )

(1 )

(1 )

m SWNT

SWNT SWNT

m SWNT

SWNT SWNT

m SWNT

SWNT SWNT

K V K V K

K V K V K

K V K V K

= − +

= − +

= − +

 (6) 

Hamilton’s principle can be stated as follows 

0
( ) 0

t

T U W dt  − − =  (7) 

where δU, δW, and δT
 
are the variations of strain energy, 

work done by external force and kinetic energy, 

respectively.  

The variation of strain energy for three layers of the 

micro sandwich moderately cylindrical shell based on 

modified couple stress theory can be written as follows 

2 2

2 2

2

2

( ) ( )

( )

c c

c c
b

c
t

c

h h

ij ij ij ij i i i i ij ij ij ij

h h
h

h
h

ij ij ij ij i i i i

h

U m D E B H dV m dV

m D E B H dV

        

    

− −

− − −

+

= + − − + +

+ + − −

 



 

2 2

2 2

2

2

( ) ( )

( )

c c

c c
b

c
t

c

h h

ij ij ij ij i i i i ij ij ij ij

h h
h

h
h

ij ij ij ij i i i i

h

U m D E B H dV m dV

m D E B H dV

        

    

− −

− − −

+

= + − − + +

+ + − −

 



 

2 2

2 2

2

2

( ) ( )

( )

c c

c c
b

c
t

c

h h

ij ij ij ij i i i i ij ij ij ij

h h
h

h
h

ij ij ij ij i i i i

h

U m D E B H dV m dV

m D E B H dV
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(8) 

where the stress tensor σij, symmetric stress tensor mij and 

symmetric rotation gradient tensor are defined. 

Electrical and magnetic potential functions can be 

expressed as 
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The variation of kinetic energy is given by 
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Variation of kinetic energy must be extended for three 

layers of the micro sandwich cylindrical shell. Variation of 

work done by foundation forces for double bonded micro 

sandwich cylindrical shells can be written as follows 
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 (11) 

The governing equations of motion by substituting Eqs. 

(8), (10) and (11) into Eq. (7) are derived that is shown in 

Appendix C. 

 

 

3. Solving method 
 

Navier’s type solution is considered for the micro 

sandwich cylindrical shell as follows 
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(12) 

where k and n are half axial and peripheral wave numbers, 

respectively. 

In the matrix form 

     2 0K M U− =
 

   
T

m m m x t m mU U V W    =  
(13) 

where [K], [M] and {U}
 
are stiffness matrix, mass matrix 

and displacement vector, respectively. 

 

 

4. Numerical result and discussion 
 

In this article, wave propagation analysis of double-

bonded Cooper-Naghdi micro sandwich cylindrical shells 

with porous core and carbon nanotube reinforced composite 

(CNTRC) face sheets are investigated subjected to multi-

physical loadings with temperature dependent material 

properties. The governing equations of motion are derived 

by Hamilton’s principle. 

Fig. 1 shows the influence of n for double-bonded micro 

sandwich shell with composite facesheets reinforced by 

nanotubes and porous core on the phase velocity and 

dimensionless wavenumber. It is seen that with increasing n 

in lower dimensionless wavenumber, the difference  
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Fig. 1 The influence of n for double-bonded micro 

sandwich shell with composite facesheets reinforced by 

nanotubes and porous core on the phase velocity 

 

 

Fig. 2 The influence of various volume fraction on the 

phase velocity 

 

 

Fig. 3 The influence of porosity coefficient on the phase 

velocity 

 

 

between curves for phase velocity increases; while for 

higher dimensionless wavenumber, it has approximately the 

same behavior.  

Fig. 2 shows the influence of various volume fraction on 

the phase velocity for double bonded micro sandwich 

cylindrical shells with porous core and CNTRC face sheets. It 

 

Fig. 4 The influence of Skempton coefficient on the phase 

velocity for double-bonded micro sandwich cylindrical shell 

 

 

Fig. 5 The influence of temperature change on the phase 

velocity 

 

 

Fig. 6 The influence of the material length scale parameter 

on the cut of frequency 

 

 

can be seen that by increasing of the CNT volume fraction, 

the phase velocity increases. 

Fig. 3 presents the influence of the porosity coefficient 

on the phase velocity. It is shown that by increasing of this 

coefficient, the phase velocity enhances for lower wave 

number and vice versa for higher wave number. The free 

space volume of the micro sandwich cylindrical shell 

increases as the porosity coefficient increases, and the 

weight of the structure decreases, as well as its stiffness. 
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But the effect of the structure's stiffness is higher, so the 

phase velocity of double-bonded micro sandwich 

cylindrical shell increases for lower wave number with an 

increase in the porosity coefficient.  

Fig. 4 investigates the influence of Skempton coefficient 

on the phase velocity for double-bonded micro sandwich 

cylindrical shell. It can be seen that by increasing of 

Skempton coefficient, the phase velocity decreases for 

higher wave number and the results become approximately 

the constant. 

The influence of temperature change on the phase velocity 

is shown in Fig. 5. It is depicted that with increasing of the 

temperature change, the phase velocity decreases. 

Fig. 6 shows the influence of the material length scale 

parameter on the cut of frequency for double-bonded micro 

sandwich cylindrical shell. It can be seen that by increasing of 

the material length scale parameter, the cut of frequency 

increases, because the stiffness of micro structure increases. 

 

 

7. Conclusions 
 

In this paper, wave propagation of double-bonded 

Cooper-Naghdi micro sandwich cylindrical shells with 

porous core and carbon nanotube reinforced composite 

(CNTRC) face sheets are investigated subjected to multi-

physical loadings with temperature dependent material 

properties. The governing equations of motion are derived 

by Hamilton’s principle. The following results are obtained 

from this research: 

1. With increasing n in lower dimensionless 

wavenumber, the difference between curves for phase 

velocity increases; while for higher dimensionless 

wavenumber, it has approximately the same behavior. 

2. It is shown that by increasing of the CNT volume 

fraction, the phase velocity increases and vice versa for 

temperature change. 

3. It can be seen that by increasing of Skempton 

coefficient, the phase velocity decreases for higher wave 

number and the results become approximately the 

constant. 

4. It is seen that by increasing of the material length 

scale parameter, the cut of frequency increases, because 

the stiffness of micro structure increases. 

5. It is considered that by increasing of porosity 

coefficient, the phase velocity enhances for lower wave 

number and vice versa for higher wave number. The free 

space volume of the micro sandwich cylindrical shell 

increases as the porosity coefficient increases, and the 

weight of the structure decreases, as well as its stiffness. 

But the effect of the structure's stiffness is higher, so the 

phase velocity of double-bonded micro sandwich 

cylindrical shell increases for lower wave number with 

an increase in the porosity coefficient. 
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Appendix A 
 

Strain-displacement relations for each of face sheet and 

core can be expressed as follows 
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Appendix B 
 

The various porous distribution types along thickness 

can be written as follows for core 
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where the initial shear modulus, Poisson’s ratio and density 

are G0=24 GPa, v0=0.3 and ρ0=2700 kg/m3. 

The extended mixture approach is used for effective 

material properties of face sheets as follows 
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where, ηi (i=1,2,3) are efficiency coefficients of nanotubes 

(NTs) including CNT and BNNT. These coefficients are 

listed in Table 1. E11, E22
 
and G12

 
are the Young’s modulii 

and the shear modulus of the NT, and VNT
 
and Vm are the 

volume fraction of the NT and the matrix, respectively. The 

material properties of SWCNTs and SWBNNTs for 

different temperatures are listed in Tables 2 and 3, 

respectively. Various distributions of NT are defined as 
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where, wSWCNT is the mass fraction of the nanotubes. ρNT and 

ρm are densities of NTs and the matrix, respectively. 
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Double bonded Cooper-Naghdi micro sandwich cylindrical shells with porous core and CNTRC face sheets… 
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