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Abstract

:

The aim of this paper is to investigate the vibration suppression effect of a nonlinear energy sink (NES) on the wind-vortex-induced vibration of deep-water jacket pipes. Based on nonlinear dynamical theories, the coupled dynamic equation of a deep-water jacket pipe with NES was established, and the nonlinear response characteristics and motion stability of the system were studied by using the multi-scale mixed harmonic balance method and Routh–Hurwitz criterion. The paper also analyzed the influence of the nonlinear stiffness and damping parameters of an NES on the dynamic response of the pipe. It is concluded that when the nonlinear stiffness of an NES increases to a certain extent, the motion response of the pipe appeared as a saddle-node and Hopf bifurcation, and the vibration amplitude of the pipe is greatly suppressed. For a system with nonlinear motion, NES damping mainly affects the range of the unstable region. For the system without nonlinear motion, the increases in NES damping will reduce the amplitude near the resonance region. Selecting proper parameters of an NES nonlinear stiffness and damping can effectively suppress the vortex-induced vibration of pipes.
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1. Introduction


With the deeper working water depth, larger structure dimension, smaller structural stiffness and lower natural frequency of the jacket platform, the structure is more prone to resonance. This will affect the safe production and service life of the jacket structure and may even lead to fatigue failure [1,2]. Therefore, it is important to reasonably suppress wind-vortex-induced vibration.



At present, the vortex-induced vibration control of marine engineering structures mainly includes four methods [3]: passive control, active control, semi-active and hybrid control. Active control and semi-active control may require external energy equipment for energy supply, sensors and other devices. Compared with passive control, active control seems more complicated. A nonlinear energy sink (NES) is a type of passive vibration absorber that was originally developed from the concept of a dynamic vibration absorber proposed by Frahm [4]. Vakakis [5] first proposed the concept of an NES with nonlinear stiffness. Compared with a traditional linear vibration absorber, it could effectively absorb the vibration energy of the main structure in a wide frequency range and further dissipate the energy by using damping elements. Georgiades et al. [6] used an NES in a linear beam to reduce vibrations. The results show that an NES dissipates 87% of the energy when specific parameters are selected. Ahmadabadi et al. [7] added an NES to a cantilever beam to reduce vibration. The results show that 89% energy dissipation can be achieved through parameter optimization. Zhou et al. [8] added an NES to a cantilever pipe with internal fluid and analyzed the influence of different positions and NES parameters on the vibration suppression effect. Zhang et al. [9] studied the vibration suppression of a beam with an NES and analyzed the influence of NES parameters.



Some scholars used an NES to suppress the vortex-induced vibration of slender structures, which achieved a good vibration suppression effect. Dai et al. [10] simulated the vortex-induced vibration response of a rigid pipe under wind loads by using the wake oscillator model, and the results show that the structural vibration is minimized through adjustment of the mass ratio of an NES. Chen et al. [11] used CFD to analyze the vortex-induced vibration of pipes with an NES and calculated the response of pipes considering a two-degrees-of-freedom system. The results show that the vibration of steel pipes is significantly reduced after adding an NES. Blanchard et al. [12] studied a rotating NES inside the pipe in which the displacement of the NES was not limited, and obvious vibration reduction effects were obtained.



Current research shows that when an NES is used to suppress the vortex-induced vibration of elastic structures, the response of structures is complex due to the nonlinearity of an NES, and even amplitude jumps and unstable motion will occur for certain parameters. In addition, the NES’s parameters have a significant influence on the motion forms and vibration suppression effects [13]. In this paper, an NES is used to suppress the wind-vortex-induced vibration of a deep-water jacket pipe, and the nonlinear response of the system was analyzed. The design parameter of an NES was suggested according to the results of the nonlinear analysis.




2. Establishment of Pipe-NES Coupling Dynamic Model


An NES is composed of a mass oscillator, a cubic stiffness spring and damping, which dissipate the energy transmitted by the main system and then reduce the vibration of the main system. Due to the cubic stiffness spring, an NES system has a variable natural frequency, which can achieve significant vibration suppression effects [14]. The first mode of the deep-water jacket pipe is more likely to cause wind-vortex-induced vibration. The pipe is treated as a single-degree-of-freedom mass-spring-damping system [15] (the main system). The system of the pipe with an NES (the subsystem) is shown in Figure 1.



Considering an NES, the transverse vibration of a pipe induced by the wind-vortex force is written as follows [16]:


   {       m 1    x ¨  1  +  c 1    x ˙  1  +  k 1   x 1  +  c  n e s   (   x ˙  1  −   x ˙  2  ) +  k  n e s     (  x 1  −  x 2  )  3  =  f L         m  n e s     x ¨  2  +  c  n e s   (   x ˙  2  −   x ˙  1  ) +  k  n e s     (  x 2  −  x 1  )  3  = 0        



(1)




where    m 1    is the mass of the pipe and    m  n e s     is the mass of the NES.    c 1    is the damping of the pipe, and    c  n e s     is the damping of the NES.    k 1    is the structural stiffness of the pipe, and    k  n e s     is the cubic stiffness of the NES.    x 1   ,     x ˙  1   ,     x ¨  1    are the transverse displacement, velocity and acceleration of the main system (pipe), respectively.    x 2   ,     x ˙  2   ,     x ¨  2    are the displacement, velocity and acceleration of the subsystem (NES) in the direction of wind force, respectively.



The wind-vortex-induced force on the pipe is treated as the harmonic load [17], as follows:


   f L  =  1 2   C L  ρ  U 2  D cos ( Ω t ) =  F L  cos ( Ω t )  



(2)




where  Ω  is the vortex shedding frequency. To simplify the derivation process, Equation (1) is replaced by the following variables:


    ξ 1  =    c 1     m 1      ,    ξ 2  =    c  n e s      m 1      ,    ω    2    =    k 1     m 1      ,   k =    k  n e s      m 1      ,    ρ 2  =    m  n e s      m 1      ,   F =    F L     m 1      ,   z =  x 2  −  x 1    








where z is the relative displacement of the pipe and NES. The mass of an NES is smaller than that of the pipe. To develop an approximated solution of the equation by using the multi-scale mixed harmonic balance method, the small value parameter  ε  is introduced to rescale some variables. The motion equation after replacing the variables is:


   {        x ¨  1  + ε  ξ 1    x ˙  1  +  ω 2   x 1  − ε  ξ 2   z ˙  − ε κ  z 3  = ε F cos ( Ω t )       ε  ρ 2  (  z ¨  +   x ¨  1  ) + ε  ξ 2   z ˙  + ε κ  z 3  = 0        



(3)




where   z ˙   is the derivative of z;   z ¨   is the derivative of   z ˙  . The dot represents the derivative of the corresponding parameter.




3. Approximate Solution Based on the Multi-Scale Mixed Harmonic Balance Method


Some scholars have used the complex variable averaging method [18,19], harmonic balance method [20] and multi-scale mixed harmonic balance method [21] to approximately solve motion equations with NES. The multi-scale mixed harmonic balance method does not need to replace the complex variables, which makes the physical meaning of the parameters clearer. Moreover, Yaru et al. [22] investigated a novel method of dynamic force reconstruction based on ANN and BPF and verified it by a numerical example of a cantilever beam. A novel dynamic reliability-based topology optimization (DRBTO) strategy was investigated by Lei et al. [23] for time-variant mechanical systems with overall consideration of material dispersion and loading deviation effects. Lei et al. [24] developed a novel convexity-oriented time-dependent reliability-based topology optimization (CTRBTO) scheme to overcome the current difficulties caused by uncertainties in the DRTO implementation, such as the time-varying reliability evaluation and the design sensitivity derivation. In this work, the multi-scale mixed harmonic balance method is used to solve Equation (3).



3.1. Approximate Analytical Solutions of the Nonlinear Equations


The factor  σ  is introduced to represent the difference between the external excitation frequency and the natural frequency of the pipe, namely,   Ω = ω + ε σ  , where  ε  is a small parameter. Considering the time scale    t 0  = t  ,    t 1  = ε t  , the analytical solution of Equation (3) is set as:


   {       x 1  =  x  11   (  t 0  ,  t 1  ) + ε  x  12   (  t 0  ,  t 1  )       z =  z  11   (  t 0  ,  t 1  ) + ε  z  12   (  t 0  ,  t 1  )        



(4)







We can substitute Equation (4) into Equation (3). According to the coefficients of  ε  with the same order of two sides of the equation being equal, the following equations are obtained:


   D 0    2   x  11   +  ω 2   x  11   = 0  



(5)






   D 0    2   x  12   +  ω 2   x  12   = κ  z  11     3  +  ξ 2   D 0   z  11   −  ξ 1   D 0   x  11   − 2  D 0   D 1   x  11   + F cos ( Ω t )  



(6)






   ρ 2   D 0    2   x  11   +  ρ 2   D 0    2   z  11   + κ  z  11     3  +  ξ 2   D 0   z  11   = 0  



(7)






   D 1    2   x  11   + 2  D 0   D 1   x  12   +  ξ 1   D 0   x  12   +  ξ 1   D 1   x  11   −  ξ 2   D 0   z  12   −  ξ 2   D 1   z  11   − 3 κ  z  11     2   z  12   = 0  



(8)






     ρ 2   D 0    2   x  12   +  ρ 2   D 0    2   z  12   + 2  ρ 2   D 0   D 1   x  12   + 2  ρ 2   D 0   D 1   z  11       +  ξ 2   D 1   z  11   +  ξ 2   D 0   z  12   + 3 κ  z  11     2   z  12   = 0    



(9)




where    D i  ( i = 1 , 2 )   is the differential operator [21]. Higher-order terms, such as 3Ω and 5Ω, have little influence on the results. To reduce the complexity of the calculation, the higher-order terms are ignored when the solution of the multi-scale mixed harmonic balance method is assumed.



According to Equation (5), the solution of    x  11     is set as:


   x  11   (  t 0  ,  t 1  ) = A (  t 1  )  e  i ω  t 0    + c c  



(10)




where cc is the conjugate complex and A is the undetermined complex function of the variable    t 1   . The multi-scale mixed harmonic balance method is used to set the solution of    z  11     as follows:


   z  11   (  t 0  ,  t 1  ) =  B 1  (  t 1  )  e  i Ω  t 0    + c c =  B 1  (  t 1  )  e  i ( σ  t 1  + ω  t 0  )   + c c  



(11)




where B is the undetermined complex function of the variable    t 1   . Equations (10) and (11) are substituted into Equation (7), and the secular term is eliminated. The first-order perturbed solution can be represented as the slow-invariant manifold equation, as follows:


  3 κ  B 1    2  (  t 1  )   B ¯  1  (  t 1  )  e  i σ  t 1    + i  ξ 2   B 1  (  t 1  ) ω  e  i σ  t 1    −  ρ 2   B 1  (  t 1  )  ω 2   e  i σ  t 1    −  ρ 2  A (  t 1  )  ω 2  = 0  



(12)







Equation (12) represents the relationship between the amplitudes of the pipe (main system) and an NES (subsystem), which is called the slow-invariant manifold. Equations (10) and (11) are substituted into Equation (6), and the first solvability condition is obtained by eliminating the secular term:


   D 1  A (  t 1  ) = −   3 i κ  B 1    (  t 1  )  2    B ¯  1  (  t 1  )   2 ω    e  i σ  t 1    +    ξ 2   B 1  (  t 1  )  2   e  i σ  t 1    −    ξ 1  A (  t 1  )  2  −   i F   4 ω    e  i σ  t 1     



(13)







Equations (10)–(12) are substituted into Equation (6) to obtain    x  12    , and then, the multi-scale mixed harmonic balance method is used to set the solution of    z  12     as follows:


     x  12   = −  1 8  κ A   (  t 1  )  3   e  3 i ω  t 1    + c c      z  12   =  B 2  (  t 1  )  e  i ( σ  t 1  + ω  t 0  )   + c c    



(14)




where B2 is the undetermined complex function of    z  12     when using the multi-scale mixed harmonic balance method and    z  12     is the second-order small value of Equation (14).



Equations (10), (11) and (14) are substituted into Equation (9), and the secular term is eliminated by using the following formula:


    6 κ  B 1  (  t 1  )   B ¯  1  (  t 1  )  B 2  (  t 1  )  e  i σ  t 1    + i  ξ 2   B 2  (  t 1  ) ω  e  i σ  t 1    −  ρ 2   B 2  (  t 1  )  ω 2   e  i σ  t 1        + 3 κ  B 1    2  (  t 1  )   B ¯  2  (  t 1  )  e  i σ  t 1    + 2 i  ρ 2  ω  D 1   B 1  (  t 1  )  e  i σ  t 1    + i  ξ 2   B 1  (  t 1  ) σ  e  i σ  t 1        − 2  ρ 2   B 1  (  t 1  ) σ ω  e  i σ  t 1    + 2 i  ρ 2   D 1  A (  t 1  ) ω +  ξ 2   D 1   B 1  (  t 1  )  e  i σ  t 1    = 0    



(15)







The second solvability condition is obtained by reorganizing Equations (12) and (15), as follows:


    ( i  ξ 2  σ + i  ξ 2  ω − 2  ρ 2  σ ω −  ρ 2   ω 2  ) B (  t 1  )  e  i σ  t 1    + 3 κ B   (  t 1  )  2   B ¯  (  t 1  )  e  i σ  t 1        + ( 2 i  ρ 2  ω +  ξ 2  )  D 1  B (  t 1  )  e  i σ  t 1    + 2 i  ρ 2   D 1  A (  t 1  ) ω = 0    



(16)







The complex functions A and B are written as polar coordinates:


  A =  1 2  a (  t 1  )  e  i α (  t 1  )   ,   B =  1 2  b (  t 1  )  e  i β (  t 1  )    



(17)




where   a (  t 1  )  ,   b (  t 1  )  ,   α (  t 1  )  ,   β (  t 1  )   is the function of    t 1   . Equation (17) is substituted into Equations (13) and (16). The real and imaginary parts are separated, and four equations about   a (  t 1  )  ,   b (  t 1  )  ,   α (  t 1  )  , and   β (  t 1  )   are obtained as follows:


   {      ω a  α ˙  = −  3 8  κ  b 3  cos (  γ 1  ) −  1 2   ξ 2  b ω sin (  γ 1  ) −  1 2  F cos (  γ 2  )        a ˙  ω = −  3 8  κ  b 3  sin (  γ 1  ) +  1 2   ξ 2  b ω cos (  γ 1  ) −  1 2   ξ 1  a ω −  1 2  F sin (  γ 2  )        ρ 2  b  β ˙  ω +  ρ 2   a ˙  ω cos (  γ 1  ) +  ρ 2  a  α ˙  ω cos (  γ 1  ) +    ξ 2   b ˙   2  =  3 8  κ  b 3  −  ρ 2  b σ ω −  1 2   ρ 2  b  ω 2  −  1 2   ρ 2  a  ω 2  cos (  γ 1  )        ρ 2  a  α ˙  ω sin (  γ 1  ) −  ρ 2   b ˙  ω −  ρ 2   a ˙  ω cos (  γ 1  ) −  1 2   ξ 2  b  β ˙  =  1 2   ξ 2  b ( σ + ω ) −    ρ 2  a  ω 2  sin (  γ 1  )  2         



(18)







The variables  a ,  b ,  α  and  β  are solved numerically, and the solution of the system is as follows:


     x 1  = a cos ( Ω t +  γ 2  ) + O ( ε )     z = b cos ( Ω t +  γ 2  −  γ 1  ) + O ( ε )    



(19)




where    γ 1  = α − β − σ  t 1   ,    γ 2  = α − σ  t 1   .




3.2. Stability Analysis of the Trivial Solution


Let    a ˙  = 0 ,  b ˙  = 0 ,      γ ˙  1  = 0 ,   γ ˙  2  = 0  , which correspond to the trivial solution of the system. Equation (18) is further written as:


   {      sin (  γ 1  ) =    ξ 2  b ( σ + ω )   a  ρ 2  ω ( 2 σ + ω )         sin (  γ 2  ) = −   8  a 2  σ  ρ 2   ξ 1   ω 2  + 4  a 2   ρ 2   ξ 1   ω 3  + 3  b 4  κ σ  ξ 2  + 8  b 2  σ  ρ 2   ξ 2   ω 2  + 4  b 2   ρ 2   ξ 2   ω 3    4 a  ρ 2  ω ( 2 σ + ω ) F         cos (  γ 1  ) =   b ( 3  b 2  κ − 8 σ  ρ 2  ω − 4  ρ 2   ω 2  )   4 a  ρ 2  ω ( 2 σ + ω )           cos (  γ 2  ) = −  1  16 a  ρ 2  ω ( 2 σ + ω ) F   ( 9  b 6   κ 2  − 24  b 4  κ σ  ρ 2  ω − 12  b 4  κ  ρ 2   ω 2  + 64  a 2   σ 2   ρ 2   ω 2      + 32  a 2  σ  ρ 2   ω 3  + 16  b 2  σ  ξ 2    2  ω + 16  b 2   ξ 2    2   ω 2  )          



(20)







The amplitude–frequency response curve of  a  about  σ  can be obtained by Equation (20). To analyze the stability of the trivial solution, Equation (18) is transformed into the form of Cartesian coordinates:


   {      α =  γ 2  + σ  t 1        β =  γ 2  −  γ 1         



(21)







Equation (17) is substituted into Equation (12) to obtain the following equation:


   {      A =  1 2  a  e  i (  γ 2  + σ  t 1  )   =  1 2  (  p 1  + i  q 1  )  e  i  v 1   t 1          B =  1 2  b  e  i (  γ 2  −  γ 1  )   =  1 2  (  p 2  + i  q 2  )  e  i  v 2   t 1           



(22)




where    p 1  = a cos (  γ 2  )  ,    q 1  = a sin (  γ 2  )  ,    p 2  = b cos (  γ 2  −  γ 1  )  ,    q 2  = b sin (  γ 2  −  γ 1  )  ,    v 1  = σ  ,    v 2  = 0  .



Equation (22) is substituted into solvability conditions Equations (15) and (16), the real and imaginary parts are separated, and the equations described in the Cartesian coordinate system are obtained (as shown in Equation (A1) in Appendix A). The Jacobian matrix of Equation (A1) is written (as shown in Equation (A2)), and the corresponding characteristic equation is written as follows:


   λ 4  +  δ 1   λ 3  +  δ 2   λ 2  +  δ 3  λ +  δ 4  = 0  



(23)




where  λ  is the eigenvalue of the characteristic equation and    δ i    is the coefficient of the characteristic equation. According to the Routh–Hurwitz criterion [25], the stability of the trivial solution can be judged as follows:



If    {       δ 1  > 0 ,  δ 1   δ 2  −  δ 3  > 0        δ 3  (  δ 1   δ 2  −  δ 3  ) −  δ 1    2   δ 4  > 0 ,  δ 4  > 0        , the solution is stable.



If    δ 4  = 0  , saddle-node bifurcation occurs, and the number of equilibrium points of the system changes.



If    δ 1   δ 3  > 0 ,  δ 3  (  δ 1   δ 2  −  δ 3  ) −  δ 1    2   δ 4  = 0  , Hopf bifurcation occurs.





4. Results and Analysis


4.1. Verification of Analytical Results and Response Analysis


The low-order natural frequency of the pipe is low when it is a unilateral constraint, which is prone to wind-vortex-induced vibration. An example of a pipe with the unilateral constraint of a jacket platform is analyzed. As shown in Figure 2, L is the length of the pipe, and d is the distance from the installation location of an NES to the pipe constraint. The construction period of the deep-water jacket is long, and the wind-vortex-induced vibration during construction may affect its overall fatigue life. The pipe and its parameters [26] are shown in Table 1.



The vortex frequency, Strouhal number and lift and drag coefficient at different wind speeds were calculated by the CFD method [16]. When the wind velocity is 2.7 m/s, the vortex shedding frequency is 0.796 Hz, which is close to the natural frequency of pipe, and the corresponding CL = 0.4535 and St = 0.225.



Two methods were used to solve Equation (3); that is, Runge–Kutta numerical integration and the approximate analytical solution described in Section 3.1. The results were compared, as shown in Figure 3. (It is notable that the motion responses of the structure under different κ conditions have been calculated in this paper. In order to reflect the characteristics of the comparison of results, κ = 24.425, κ = 97.97 and κ = 367.38 are selected for subsequent analysis. Therefore, the question of how to determine the κ value will not be repeated later).



Figure 3 shows the time history of the system motion at a wind speed of 2.7 m/s with NES parameters of ξ2 = 0.0085 and ρ2 = 0.02. The approximate analytical solution is extremely close to the numerical solution, which verifies the correctness of the derivation process of the analytical method described in Section 3.1.



The motion of the pipe is quasi-periodic motion, showing a “beat” response. The relative motion Z between an NES and the pipe is significantly greater than that of the pipe itself, and most of the energy of the pipe is transferred to an NES.



The Fourier transform was performed on the time histories in Figure 3. As shown in Figure 4, the results show that the pipe displacement x1 and the pipe-NES relative displacement Z have multiple frequency components, which are mainly concentrated in the natural frequency of 0.78 Hz of the pipe.




4.2. Response Characteristics and Parameter Influence Analysis


Based on the analytical methods in Section 3.1 and Section 3.2, this section discusses the stability of the amplitude–frequency response curve and the trivial solution of the pipe-NES coupling system, and we analyzed the influence of the nonlinear stiffness and damping of an NES on the motion of the pipe (the main system).



4.2.1. Influence Analysis of NES Nonlinear Stiffness


By keeping the mass and damping of an NES constant and changing the nonlinear stiffness coefficient κ, the amplitude–frequency response curve of the system was obtained (according to Equation (20)), and the stability of the trivial solution was analyzed (by the method described in Section 3.2. The results are shown in Figure 5, Figure 6 and Figure 7. To facilitate the analysis, the pipe motion amplitude and the pipe-NES relative motion amplitude were compared.



In Figure 5, Figure 6 and Figure 7, the solid line indicates that the system motion is stable, while the imaginary line indicates that the system motion is unstable, and saddle-node bifurcation or Hopf bifurcation occurs. The black cube represents the Hopf bifurcation point. At this point, the response shifts from periodic to quasi-periodic. The linear definition in the subsequent amplitude–frequency response curve is the same.



Figure 5 shows that when κ = 97.97, the response of the pipe exhibits a stable solution and unstable solution. Hopf bifurcation occurs in the region of σ = [0, 0.024], and the response shifts from a periodic solution to a quasi-periodic solution, as shown in Figure 5a. In this frequency range, the relative motion of the pipe-NES increases significantly, as shown in Figure 5b. Most of the energy of the pipe is transferred to an NES, and the vibration of an NES is suppressed.



When κ decreases to 24.425, the pipe and NES are both periodic steady-state solutions without nonlinearity, as shown in Figure 6a. Compared with the results in Figure 5, the extreme value of the amplitude of the pipe in Figure 6 is approximately 1.7 times that in Figure 5. When σ = 0, the maximum amplitude of the pipe is 0.0557, and the maximum amplitude of the relative displacement of the pipe-NES is 0.0493. Obviously, the vibration suppression of the NES is unsatisfactory at this time.



When κ increases to 367.38, the amplitude–frequency response curve exhibits multiple response branches, as shown in Figure 7. In the range of σ = [−0.164, −0.1], there is a saddle-node bifurcation, which indicates that the displacement of the system has multiple solutions. Under some initial conditions, the vibration of the pipe will suddenly increase. The system response in the region of σ = [−0.012, 0.13] is quasi-periodic motion, and the saddle-node bifurcation occurs from σ = 0.068, as shown in Figure 7a. Under different initial conditions, the system response jumps between different equilibrium points of the period and quasi-period. Compared with the results in Figure 5, the unstable region of the system at κ = 367.38 is larger.



The time-domain curves of the system response under different initial conditions are given in Figure 8. The parameters selected in the calculation process are the same as those in Figure 7, and the frequency is σ = −0.144.



Figure 8 shows that when the initial condition is (0, 0, 0, 0), the amplitude of x1 is approximately 0.0045, and that of Z is approximately 0.0045, which conforms to the lower branch curve at σ = −0.144 of Figure 7. When the initial condition is (3, 3, 3, 3), the amplitude of x1 reaches 0.025, and the amplitude of Z reaches approximately 0.05, which conforms to the upper branch curve at σ = −0.144 of Figure 7. Therefore, in the case of multiple solutions, different initial conditions will lead to different responses.



The vibration amplitude of the pipe in the above three conditions was compared with the results without an NES, as shown in Figure 9.



In Figure 9, different lines represent different nonlinear stiffness results, and the black solid lines represent the pipe without an NES. The results show that with the increase in nonlinear stiffness, the vibration suppression of an NES increases gradually, and when it increases to a certain extent, the saddle-node bifurcation and Hopf bifurcation appear, and the motion form is more complex, but the vibration amplitude of the pipe is largely suppressed. For example, when κ = 367.38 and σ = 0, the vibration amplitude of the pipe is approximately 20% of that without an NES.




4.2.2. Influence Analysis of NES Damping


This section further discusses the impact of damping. κ = 367.38 and ρ2 = 0.02 were chosen, and the damping parameters ξ2 were different. The results are shown in Figure 10 and Figure 11.



Compared with Figure 7, when ξ2 = 0.0044, the range of the unstable region of the system motion expands greatly, as shown in Figure 10a. Saddle-node bifurcation occurs in the range of σ = [−0.34, −0.088], and multiple equilibrium points appear. The maximum response amplitude of the pipe is approximately 0.075 at σ = −0.1. When σ = 0, the pipe motion is quasi-periodic motion, the response amplitude is basically the same as when ξ2 = 0.0085, and there is only one unstable equilibrium point. There are still saddle-node bifurcations and Hopf bifurcations in the wider range of σ = [0.056, 0.288]. Due to the existence of multiple solutions, the system response may jump under different initial conditions, but the displacement of the pipe on the right side of the curve remains below 0.02.



When ξ2 = 0.0117, the saddle-node bifurcation on the left half of the amplitude–frequency response curve disappears, as shown in Figure 11a. The region of multiple solutions in the right half of the curve is smaller than that in Figure 9. There are still saddle-node bifurcations and Hopf bifurcations, and the range of motion instability of the system is reduced to σ = [−0.016, 0.084]. The motion of the system at σ = 0 is quasi-periodic, and the overall displacement response is less than 0.02. Compared with the results of ξ2 = 0.0044, when ξ2 = 0.0117, the overall stability is better, and the vibration suppression effect is similar.



The amplitude-frequency response curves of the pipe with different stiffnesses and damping are shown in Figure 12. The results show that when κ =367.38, with the increase in damping, the range of the unstable region of the pipe decreases, as shown in Figure 12a. This is beneficial for vibration suppression. For a smaller nonlinear stiffness of κ = 24.425, unstable motion does not occur, and the overall vibration suppression of the NES is unsatisfactory, as shown in Figure 12b. Therefore, the nonlinear stiffness of an NES has a great influence on whether the nonlinear motion of the pipe occurs, and the damping mainly affects the range of the unstable motion region. In the real design of an NES, a reasonable combination of nonlinear stiffness and damping should be chosen.






5. Conclusions


Wind-vortex-induced vibration was considered, and an NES was used for vibration reduction. The coupling dynamic equation of a deep-water jacket pipe-NES was established. Based on the multi-scale mixed harmonic balance method, the nonlinear dynamic characteristics of the coupling system and the vibration reduction effect of an NES were investigated, and suggestions for parameter design were proposed.



	(1)

	
The approximate analytical solution of the coupled dynamic equation was solved by using the multi-scale mixed harmonic balance method. The stability of the trivial solution of the system was analyzed according to the Routh–Hurwitz criterion. The correctness of the theoretical derivation process was verified by comparison with numerical solutions.




	(2)

	
The nonlinear stiffness has a great influence on the nonlinear motion of the pipe. When the nonlinear stiffness increases to a certain extent, saddle-node bifurcation and Hopf bifurcation appear, and the motion form of the pipe is more complex, while the vibration amplitude of the pipe is greatly suppressed. Therefore, the vortex-induced resonance of the pipe can be effectively suppressed by reasonably selecting the nonlinear stiffness of an NES.




	(3)

	
For a system with nonlinear motion, an NES damping mainly affects the range of the unstable region of the pipe. The larger the damping, the smaller the unstable region of the amplitude-frequency response curve. For a system without nonlinear motion, increasing an NES damping will decrease the response amplitude of the pipe near the resonance region. A reasonable combination of nonlinear stiffness and damping should be considered.







The deep-water jacket pipe had a rigid body and only one degree of freedom in this study, and its elasticity should be further studied. In addition, this paper only considers one NES damper, and there will be multiple NESs in practice, which requires further study.
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Appendix A


List of symbols



	   m 1    is the mass of the pipe.



	   m  n e s     is the mass of an NES.



	   c 1    is the damping of the pipe.



	   c  n e s     is the damping of an NES.



	   k 1    is the structural stiffness of the pipe.



	   k  n e s     is the cubic stiffness of an NES.



	   x 1   ,     x ˙  1   ,     x ¨  1    are the displacement, velocity and acceleration of the pipe.



	   x 2   ,     x ˙  2   ,     x ¨  2    are the displacement, velocity and acceleration of an NES.



	 Ω  is the vortex shedding frequency.



	z is the relative displacement of the pipe and NES.



	 ε  is the small value parameter.



	 σ  is the coordination factor.



	   D i  ( i = 1 , 2 )   is the differential operator.



	cc is the conjugate complex.



	A is the undetermined complex function of the variable    t 1   .



	B2 is the undetermined complex function of    z  12    .



	  a (  t 1  )  ,   b (  t 1  )  ,   α (  t 1  )  ,   β (  t 1  )   is the function related to    t 1   .



	 λ  is the eigen value of the characteristic equation.



	   δ i    is the coefficient of the characteristic equation.








The equations in the cartesian coordinate system are as follows:


   {        p ˙  1  =  1 8    3 κ  p 2    2   q 2  + 3 κ  q 2    3  − 4  ξ 1  ω  p 1  + 4  ξ 2  ω  p 2  + 8 ω σ  q 1   ω          q ˙  1  = −  1 8    3 κ  p 2    3  + 3 κ  p 2   q 2    2  + 8 ω σ  p 1  + 4  ξ 1  ω  q 1  − 4  ξ 2  ω  q 2  + 4 F  ω            p ˙  2  = −  1  16  ρ 2    2   ω 2  + 4  ξ 2    2    ( 6 κ  p 2    2   ρ 2    2   q 2  ω + 6 κ  ρ 2    2   q 2    3  ω + 3 κ  p 2    3   ρ 2   ξ 2  + 6 κ  p 2    2   ρ 2   q 2  ω     + 3 κ  p 2   ρ 2   q 2    2   ξ 2  + 6 κ  ρ 2   q 2    3  ω − 8  p 1   ρ 2    2   ξ 1   ω 2  + 8  p 1   ρ 2    2   ξ 2   ω 2  − 16 σ  ρ 2    2   q 2   ω 2      − 8  ρ 2    2   q 2   ω 3  + 3 κ  p 2    3   ξ 2  + 3 κ  p 2   q 2    2   ξ 2  + 4  p 2   ρ 2   ξ 2   ω 2  + 4  ρ 2   q 1   ξ 1   ξ 2  ω − 4  ρ 2   q 2   ξ 2    2  ω     − 4 σ  q 2   ξ 2    2  − 4  q 2   ξ 2    2  ω + 4 F  ρ 2   ξ 2  )             q ˙  2  =  1  16  ρ 2    2   ω 2  + 4  ξ 2    2    ( 6 κ  p 2    2   ρ 2    2  ω + 6 κ  p 2   ρ 2    2   q 2    2  ω + 6 κ  p 2    3   ρ 2  ω − 3 κ  p 2    2   ρ 2   q 2   ξ 2      + 6 κ  p 2   ρ 2   q 2    2  ω − 3 κ  ρ 2   q 2    3   ξ 2  − 16  p 2  σ  ρ 2    2   ω 2  − 8  p 2   ρ 2    2   ω 3      + 8  ρ 2    2   q 1   ξ 1   ω 2  − 8  ρ 2    2   q 2   ξ 2   ω 2  − 3 κ  p 2    2   q 2   ξ 2  − 3 κ  q 2    3   ξ 2  + 4  p 1   ρ 2   ξ 1   ξ 2  ω −     4  p 2   ρ 2   ξ 2    2  ω − 4  ρ 2   q 2   ξ 2   ω 2  + 8 F  ρ 2    2  ω − 4  p 2  σ  ξ 2    2  − 4  p 2   ξ 2    2  ω )          



(A1)







The Jacobian matrix is as follows:


    J (  p 1  ,  q 1  ,  p 2  ,  q 2  ) =      |      −    ξ 1   2        3  p 2   q 2  κ + 2  ξ 2  ω   4 ω      σ      3  p 2    2  κ + 9  q 2    2  κ   8 ω           2  ξ 1   ω 2   ρ 2    2    4  ω 2   ρ 2    2  +  ξ 2    2         J  22         −  ξ 1   ξ 2  ω  ρ 2    4  ω 2   ρ 2    2  +  ξ 2    2         J  24         − σ       − 9  p 2    2  κ + 3  q 2    2  κ   8 ω       −    ξ 1   2        - 3  p 2   q 2  κ + 2  ξ 2  ω   4 ω            ξ 1   ξ 2  ω  ρ 2    4  ω 2   ρ 2    2  +  ξ 2    2         J  42         2  ξ 1   ω 2   ρ 2    2    4  ω 2   ρ 2    2  +  ξ 2    2         J  44        |     



(A2)




where    J  22    ,    J  24    ,    J  42    ,    J  44     is as follows:


     J  22    = -   1  16  ω 2   ρ 2    2  + 4  ξ 2    2    ( 12  p 2   q 2  κ ω  ρ 2    2  + 9  p 2    2   ξ 2  κ  ρ 2  + 12  p 2   q 2  κ ω  ρ 2  + 3 κ  ρ 2   q 2    2   ξ 2      + 8  ρ 2    2   ξ 2   ω 2  + 9 κ  q 2    2   ξ 2  + 3 κ  q 2    2   ξ 2  + 4  ρ 2   ξ 2   ω 2  )    



(A3)






     J  24   = −  1  16  ω 2   ρ 2    2  + 4  ξ 2    2    ( 6  p 2    2  κ ω  ρ 2    2  + 18  q 2    2  κ ω  ρ 2    2  + 6  p 2    2  κ ω  ρ 2  + 6  p 2   q 2   ξ 2  κ  ρ 2      + 18  q 2    2  κ ω  ρ 2   - 16  σ  ρ 2    2   ω 2  - 8  ρ 2    2   ω 3  + 6 κ  p 2   q 2   ξ 2  − 4  ρ 2   ξ 2    2  ω − 4 σ  ξ 2    2  − 4  ξ 2    2  σ )    



(A4)






     J  42   =  1  16  ω 2   ρ 2    2  + 4  ξ 2    2    ( 18 κ  p 2    2   ρ 2    2  ω + 6 κ  ρ 2    2   q 2    2  ω + 18 κ  q 2    2   ρ 2  ω − 6 κ  p 2   ρ 2   q 2    2   ξ 2      + 6 κ  ρ 2   q 2    2  ω − 16 σ  ρ 2    2   ω 2  − 8  ρ 2    2   ω 3  − 6 κ  q 2   p 2   ξ 2  − 4  ρ 2   ξ 2    2  ω − 4 σ  ξ 2    2  − 4  ξ 2    2  ω    



(A5)






     J  44   =  1  16  ω 2   ρ 2    2   + 4   ξ 2    2    ( 12 κ  p 2   ρ 2    2   q 2  ω − 3 κ  p 2    2   ρ 2   ξ 2  + 12 κ  p 2   ρ 2   q 2  ω − 9 κ  ρ 2   q 2    2   ξ 2      − 8  ρ 2    2   ξ 2   ω 2  − 3 κ  ξ 2   p 2    2  − 9 κ  q 2    2   ξ 2  − 4  ρ 2   ξ 2   ω 2  )    



(A6)
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Figure 1. Vortex-induced vibration model of a pipe. 






Figure 1. Vortex-induced vibration model of a pipe.



[image: Applsci 12 07272 g001]







[image: Applsci 12 07272 g002 550] 





Figure 2. A pipe with unilateral constraint of a jacket platform. 
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Figure 3. Response time history diagram when σ = 0, κ = 97.97, ξ2 = 0.0085, ρ2 = 0.02; (a) Analytical solution of x1; (b) approximate analytical solution of Z; (c) numerical solution of x1; and (d) numerical solution of Z. 
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Figure 4. Response displacement spectrum. (a) Pipe displacement and (b) relative displacement of pipe-NES. 
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Figure 5. Amplitude frequency response curve when κ = 97.97, ξ2 = 0.0085, ρ2 = 0.02, (a) pipe displacement amplitude and (b) relative displacement amplitude. 
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Figure 6. Amplitude frequency response curve when κ = 24.425, ξ2 = 0.0085, ρ2 = 0.02, (a) pipe displacement amplitude and (b) relative displacement amplitude. 
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Figure 7. Amplitude frequency response curve when κ = 367.38, ξ2 = 0.0085, ρ2 = 0.02, (a) pipe displacement amplitude and (b) relative displacement amplitude. 
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Figure 8. Response under different initial conditions (κ = 367.38, ξ2 = 0.0085, ρ2 = 0.02, σ = −0.144), (a) x1 at initial condition (0, 0, 0, 0), (b) x1 at initial condition (3, 3, 3, 3), (c) Z at initial condition (0, 0, 0, 0), (d) Z at initial condition (3, 3, 3, 3). 
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Figure 9. Comparison of amplitude–frequency response curves of the pipe. 
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Figure 10. Amplitude frequency response curve when κ = 367.38, ξ2 = 0.0044, ρ2 = 0.02, (a) pipe displacement amplitude and (b) relative displacement amplitude. 
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Figure 11. Amplitude frequency response curve when κ = 367.38, ξ2 = 0.0117, ρ2 = 0.02, (a) pipe displacement amplitude and (b) relative displacement amplitude. 
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Figure 12. Comparison of pipe response of different parameters, (a) response (κ = 367.38, ρ2 = 0.02), (b) response (κ = 24.425, ρ2 = 0.02). 
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Table 1. Parameters of the pipe.
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	Items
	Parameters





	Mass
	247 kg



	Natural frequency
	0.78 Hz



	Damping ratio
	0.0015



	Velocity of wind flow
	2.5–3.1 m/s



	Diameter
	0.762 m



	Density of air
	1.225 kg/m3
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