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In the present study, nonlinear vibration of piezoelectric nano-composite pipes resting on elastic foundation is investigated based on classical cylindrical shell theory. The pipe is reinforced with double walled boron nitride nanotubes (DWBNNTs). The surrounding elastic foundation is modeled with Pasternak medium. Micromechanical model is applied in order to obtain the characteristics of the equivalent composite. Using energy method, the motion equations are derived based on Hamilton's principal. The nonlinear frequency of system is obtained utilizing the differential quadrature method (DQM). The effects of different parameters such as orientation angle and percentage of DWBNNTs, geometrical parameters of shell and elastic foundation on the vibration of pipe are investigated. Results showed that with increasing the volume present of DWBNNTs in pipe, the frequency of structure increases.   

Keywords:	Nonlinear vibration DWBNNTs Cylindrical shell Pasternak medium DQM 
© 2015 IASE Publisher. All rights reserved.

		
1.	Introduction 

*Circular cylindrical shells are used in a great variety of engineering applications in mechanical, and process industries, ranging from storage and transport of high-pressure gases and liquids, too much smaller Nano-scale applications in smart structures such as sensors and actuators and hence are required to be modeled mathematically. A good understanding of their mechanical behavior, including vibration, bending and wave propagation response, is therefore required for successful design practices. Improving mechanical behaviors (e.g. increasing stability and reduction of weight) of such structures in composite applications have also received considerable attention amongst researchers in the last two decades. Most studies to-date is limited to linear vibration, despite the fact that deformations of cylindrical shell are nonlinear in nature. Having considered the geometrical nonlinearities, more precise dynamic properties of cylindrical shell could be obtained to extend the engineering applications, especially in Nano-composites.  Mechanical analysis of cylindrical shell has been done by many researchers. Effects of internal flow on the vibration of a cylindrical shell were investigated by Païdoussis and Denise (1972), Amabili and Garziera (2002) and Païdoussis (1998). None of these studies considered smart structures such as PVDF, new polymeric piezoelectric materials offering 
                                                 * Corresponding Author.  Email Address: r.kolahchi@gmail.com  

advantages including flexibility in thermoplastic conversion techniques, excellent dimensional stability, abrasion and corrosion resistance, high strength, ability to maintain the superior mechanical properties at elevated temperature (Topolov and Bowen, 2008). Arani et al. (2011 and 2012), carried out a stress analysis in cylinder and spheres made from piezoelectric materials using analytical method and ANSYS software. In another study, the embedding of piezoelectric materials in the form of fibers into a polymer matrix was implemented by Bent et al. (1995). Free vibration of composite plates and cylindrical shell panels were studied by Messina and Soldatos (1999) using a higher-order theory. Free vibration and buckling analysis of composite cylindrical shells conveying hot fluid was proposed by Kadoli and Ganesan (2003). Vibration and buckling of cross-ply laminated composite circular cylindrical shells were studied by Matsuna (2007) based on a global higher-order theory. Post buckling instability of nonlinear Nano-Beam with geometric imperfection embedded in elastic foundation is studied by Mohammadi et al. (2014). With respect to developmental works on analysis of the cylindrical shells, it should be noted that none of the research mentioned above, have considered smart composites and their specific characteristics. Micromechanical modeling which has the potential to take into account the electrical load was used by Tan and Tong (2001) for studying an imperfect textile composite. However, neither the matrix nor the reinforced material used in the composite employed in this work was smart. Rahmani et al. (2010) investigated free vibration response of 
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composite sandwich cylindrical shells with flexible core. Buckling and vibration analysis of plate/shell structures via a smoothed quadrilateral flat shell element with in-plane rotations were studied by Nguyen-Van (2011). Electro-thermo-mechanical nonlinear buckling of a piezoelectric polymeric cylindrical shell reinforced by DWBNNTs was studied by Mosallaie Barzoki et al. (2013). None of the above mentioned works dose not studied nonlinear vibration analysis of piezoelectric pipes. However, in the present work, nonlinear vibration of piezoelectric pipes reinforced with DWBNNTs embedded in a Pasternak medium is studied. DQM is utilized for obtaining the nonlinear frequency of system. The influence of geometrical parameters of shell, elastic foundation, orientation 

angle and percentage of DWBNNTs in polymer on the vibration of pipe is investigated. 
2.	Mathematical	modeling	

2.1.	 Constitutive	 equations	 of	 piezoelectric	
materials	In a piezoelectric material, application of an electric field to it will cause a strain proportional to the mechanical field strength, and vice versa. The constitutive equation for stresses σ and strains Ԑ matrix on the mechanical side, as well as flux density D and field strength E matrix on the electrostatic side, may be arbitrarily combined as follows (Arani et al. 2015): 
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 (2) 
Where ܥ௜௝, ݁௜௝, Ԑ௜௜, (݅, ݆ = 1, … 6) are elastic constants, piezoelectric constants and dielectric constants respectively? Also, the electric field may be written in term of electric potential as: 

.φ−∇=kE  (3) The transformed elastic constants are defined as:  
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Here, Ɵ is the angle between the global and local cylindrical co-ordinates, which corresponds to the orientation angle between DWBNNTs and the main axis of the matrix. Based on classical shell theory, the constitute equations of (1) and (2) may be simplified as: 
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 Based on micro-mechanical model, the mechanical and electrical properties of the composite are (Mosallaie Barzoki et al. 2013): 
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Superscripts r and m refer to the reinforced and matrix components of the composite, respectively ρ is also the volume percent of the reinforced DWBNNTs in matrix.   
2.2.	Strain‐displacement	relation	Based on classical shell model, the displacement components are written as (Brush and Almroth, 1975): 
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where, ܷ, ܸ, ܹ are the displacements of an arbitrary point of the shell in the axial, circumferential and radial directions, respectively, ݑ, ,ݒ ,௫௫ߝ are the displacements of points on the middle surface of the shell and z is the distance of the arbitrary point of the shell from the middle surface. Hence, the mechanical strain components ݓ ,ఏఏߝ , Ɵ,଴ߝ ௫,଴ߝ ௫ఏ at an arbitrary point of the shell are related to the middle surface strainsߝ ,௫Ɵ,଴ and changes in the curvature and torsion of the middle surface ݇௫, ݇Ɵߝ ݇௫Ɵ as follows: 
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2.3.	Energy	method	The total potential energy of the pipe is the sum of strain energy, U, kinetic energy K, and the work W done by the applied load. The strain energy is: 
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 Where the internal forces and moments may be expressed as: 
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Substituting equation 1 into equation 21 and equation 22 yields: 
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The kinetic energy of system may be written as: 
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3.	DQM	There is a lot of numerical method to solve the initial-and/or boundary value problems which occur in engineering domain. Some of the common numerical methods are FEM, Galerkin method, finite difference method (FDM), DQM, finite element 

method (FEM) and finite difference method (FDM) for higher-order modes require to a great number of grid points. Therefore these solution methods for all these points need to more CPU time, while the DQM has several benefits that are listed as below (Heydari et al. 2015, Arani et al. 2015).	
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1. DQM is a powerful method which can be used to solve numerical problems in the analysis of structural and dynamical systems. 2. The accuracy and convergence of the DQM is higher than FEM. 3. DQM is an accurate method for solution of nonlinear differential equations in approximation of the derivatives. 4. This method can easily and exactly satisfy a variety of boundary conditions and require much less formulation and programming effort. 5. Recently, DQM has been extended to handle irregular shaped. Due to the above striking merits of the DQM, in recent years the method has become increasingly popular in the numerical solution of problems in 

engineering and physical science. Hence, DQM is employed which in essence approximates the partial derivative of a function, with respect to a spatial variable at a given discrete point, as a weighted linear sum of the function values at all discrete points chosen in the solution domain of the spatial variable. Let F be a function representing ݑ, ,ݒ having ௫ܰ (ߨ0<x<L, 0< Ɵ<2) and ∅ with respect to variables x and Ɵ in the following domain of ݓ × Ɵܰ grid points along these variables. The nth-order partial derivative of F(x, Ɵ) with respect to x, the mth-order partial derivative of F(x, Ɵ)  with respect to Ɵ and the (n + m)th-order partial derivative of F(x, Ɵ) with respect to both x and Ɵ may be expressed discretely at the point (ݔ௜, Ɵ௜) as:  
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θ (33) A more superior choice for the positions of the grid points is Chebyshev polynomials as expressed:  
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Also ܣ௜௞(௡) and ܤ௝௟(௠) are the weighting coefficients associated with nth-order partial derivative of F(x, Ɵ) with respect to x at the discrete point ݔ௜ and mth- order derivative with respect to Ɵ at Ɵ௜ respectively which may be calculated as: 
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And DQM, the governing equations may be written as: 
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According to HDQM, mechanical and electrical boundary conditions may be written as:  
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Applying these boundary conditions into the governing yields the following coupled assembled matrix equations:  
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Where ܭ௅,  :are linear stiffness matrix, nonlinear stiffness matrix and mass matrix, respectively. Also, ݀௕ and ݀ௗ represent boundary and domain points expressed as ܯ ே௅  andܭ 
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{ } 1,...,2,,...,1},,,{ )1( −==Φ= + xxijjiijijd NjNiwvud  (49) Finally, based on an iterative method and eigenvalue problem, the frequency of structure may be obtained. 
4.	Numerical	result	In order to obtain the frequency for considered pipe embedded in the Pasternak foundation, DQM 

was used in conjunction with a program being written in MATLAB, where the effect of volume percent of DWBNNTs, orientation angle of DWBNNTs and elastic medium were investigated. Mechanical and electrical characteristics of PVDF matrix and DWBNNTs reinforce are assumes as (Mosallaie Barzoki et al. 2013): 
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The effect of orientation angle of DWBNNTs in pipe on the nonlinear frequency of pipe versus thickness to radius of pipe is showed in Fig. 1 that can be seen, with increasing the orientation angle of DWBNNTs, the nonlinear frequency decreases. Hence, maximum and minimum frequency are related to ߠ = 0 and ߠ = ߨ 2⁄  respectively. It is due to the fact that in ߠ = 0, the polarization of pipe and DWBNNTs are in a one direction and consequently, the stiffness of structure is maximum. The effect of volume percent of DWBNNTs in pipe on the nonlinear frequency versus aspect ratio of pipe and orientation angle of DWBNNTs is illustrated in Figs. 2 and 3, respectively. It can be found that with increasing the volume percent of DWBNNTs, the nonlinear frequency increases. It is due to the fact that with increasing volume percent of DWBNNTs in pipe, the stiffness of structure increases. Hence, the DWBNNT volume fraction and orientation angle in pipe are effective controlling parameters for vibration of the pipes.   
Fig.	1: The effect of orientation angle of DWBNNTs on the nonlinear frequency (Against aspect ratio) 
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Fig.	2: The effect of volume percent of DWBNNTs on the nonlinear frequency (Against aspect ratio) 

 
Fig.	3: The effect of volume percent of DWBNNTs on the nonlinear frequency (Against orientation angle of DWBNNTs)  Figs. 4 and 5 illustrate the influence of elastic medium, including Winkler and Pasternak modules, on the frequency, along the aspect ratio of pipe and orientation angle of DWBNNTs. Obviously, the elastic medium type has a significant effect on vibration of the pipe, since the frequency of the system in the case of without elastic medium are lower than other cases. It can be concluded that the frequency for Pasternak model is higher than Winkler one. The above results are reasonable, since the Pasternak medium considers not only the normal stresses (i.e. Winkler foundation) but also the transverse shear deformation and continuity among the spring elements. 

 
Fig.	4: The effect of elastic foundation on the nonlinear (Against aspect ratio) 

5.	Conclusion	Nonlinear vibration of embedded piezoelectric pipes reinforced with DWBNNTs is the main contribution of present work. The pipe and elastic medium are simulated with cylindrical shell theory and Pasternak model, respectively. 

 
Fig.	5: The effect of elastic foundation on the nonlinear frequency (Against orientation angle of DWBNNTs)  The nonlinear frequency is calculated with DQM and the effects of different parameters such as volume percent and orient DWBNNTs, geometrical parameters and elastic medium are discussed. The following results are the main concussions of this work:   

• With increasing volume percent of DWBNNTs in pipe, the frequency increases.  
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• With increasing the orientation angle of DWBNNTs from 0 to ߨ 2⁄ , the nonlinear frequency decreases. 
• The maximum and minimum frequency are related to ߠ = 0 and ߠ = ߨ 2⁄ , respectively. 
•  The frequency for Pasternak model is higher than Winkler one.  
• It is hoped that the obtained results might be useful for the design and improvement of smart devices applying nanotechnology. 
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