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Abstract

:

Due to current scouring, submarine cables are prone to be exposed, suspended, and even vortex-induced vibration, which is not conducive to the safe operation of the power grid. In this contribution, the finite element simulation model of a 35 kV three-core optical fiber composite submarine cable with a suspended span length of 9.5 m is established. The natural frequency of the model is obtained through modal analysis. Then the vortex-induced vibration is simulated by the fluid–structure coupling method, and the stress distribution and change law of the torsional optical fiber is extracted. The results show that in the submarine cable, there appears to be a beating vibration and locking phenomena respectively, under two flow velocities. The transverse vibration amplitude of the latter increases significantly due to a resonance state. When the flow direction is perpendicular to the submarine cable, the stress distribution of the torsional optical fiber at the initial moment and at the 1/2 T moment of a vibration cycle approximately represents a mirror image relationship. In addition, the frequency of the stress change is the same as the frequency of the vortex-induced vibration, which can judge whether the vortex-induced vibration occurs. Moreover, the vortex-induced vibration range can be determined by the maximum stress change location.
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1. Introduction


Along with the increase in the installed capacity of offshore wind power [1,2], the number of submarine cables has also increased rapidly as the main power transmission equipment of offshore wind power [3]. Until 2019, the total length of global submarine cables exceeds 1.2 × 106 km [4]. Compared with the single-core submarine cable, the three-core submarine cable can save laying area and increase transmission capacity, as shown in Figure 1. At the same time, it has the advantage of reducing loss and is widely used for coastal island power supply and offshore wind farm power transmission [5].



Submarine cables are usually buried deep under the seabed. However, due to the complex submarine environment and the erosion from ocean currents, the soil around the submarine cable may continue to decrease, exposing the submarine cable or even suspending it on the seabed [6]. Previous studies have shown that the submarine cable route of the Hainan networking system has been surveyed many times and found that the submarine cable in the Qiongzhou Strait has been exposed or even suspended in many places due to scouring from ocean currents [7,8]. Under the scouring from the constant currents, the suspended submarine cable will form alternating discharge vortexes in the wake area. Then the shedding of the vortex makes the submarine cable subject to a periodic fluid force, causing it to vibrate in the flow and cross-flow directions (perpendicular to the flow direction). This phenomenon of fluid–structure interaction is called vortex-induced vibration [9]. When the vortex shedding frequency is close to the natural frequency of the submarine cable, the vibration in the cross-flow direction will become very significant, that is, it reaches the resonance state [10]. Vortex-induced vibrations can lead to fatigue and friction of submarine cables, which seriously threaten the operational safety of the power system.



Distributed optical fiber sensing technology is usually used for condition monitoring of submarine cables, which has the advantages of long monitoring distances, high precision, real-time monitoring, and so on. It can monitor the temperature, stress, vibration, and sound waves of submarine cables. In 2014, Zhao et al. monitored the 110 kV single-core optical fiber compo-site submarine cable based on the BOTDR (Brillouin optical time domain reflectometer) and obtained the temperature and strain distributions along the cable [11]. In 2018, Lv et al. used the φ-OTDR (phase-sensitive optical time domain reflectometer) to monitor the 35 kV three-core optical fiber composite submarine cable and obtain the vibration data along the submarine cable [12]. Therefore, if a dangerous operation state such as a vortex-induced vibration can be found in time through the change in the optical fiber sensing signal, it is of great significance to the operational safety of submarine cables.



Because it is complicated to carry out the vortex-induced vibration experiments of submarine cables, it is more suitable to study the vortex-induced vibration of submarine cables by using a finite element simulation. In 2019, Khodadadian et al. used the multilevel Monte Carlo finite element method for stochastic time-dependent problems, and it noticeably reduced the computational costs [13]. In 2022, Noii and Khodadadian et al. modeled the random distribution of the inclusions/voids in two- and three-dimensional scenarios and considered their effects on the material stiffness locally and globally by using the Monte Carlo finite element method [14]. These studies have significant reference for the finite element theory and displacement analysis of vortex-induced vibration of submarine cables.



Scholars have conducted extensive simulation research on the vortex-induced vibration of cylinder and submarine-suspended span pipelines [15,16,17]. However, there are few studies on the vortex-induced vibration of submarine cables.



In 2015, Pan et al. used the fluid–structure coupling method to simulate the vortex-induced vibration of the submarine cable in a piggyback configuration [18]. Then the displacement and strain of the submarine cable in a piggyback configuration were obtained. It was found that vortex-induced lift is the leading cause of transverse vibrations in submarine cables. However, the model is relatively simplified, and there is a lack of modeling for the internal structure of the submarine cable. In 2018, Huang et al. established the finite element model of a 500 kV single-core optical fiber composite submarine cable to analyze its vortex-induced vibration characteristics under a periodic wave load and obtained the displacement, stress, strain, center point acceleration, and other information for each layer structure [19]. However, due to the small amplitude of the model, it did not reflect the amplitude characteristics of vortex-induced vibration. In 2022, Lv et al. established the finite element scaled model of a 110 kV optical fiber composite submarine cable based on the model similarity theory [20]. The natural frequency of the model was obtained through modal analysis. The vortex-induced vibration of the scaled model under different flow velocities was studied by the fluid–structure coupling method and information on vibration amplitude, frequency, and vibration mode was obtained. It was found that the transverse amplitude under resonance was much larger than that under non-resonance. However, there is no modeling of the optical fiber, and the analysis of the mechanical response characteristics of the optical fiber is lacking.



The above research objectives are all single-core submarine cables, and there is a lack of simulation analysis of vortex-induced vibration for three-core submarine cables. At the same time, the above research lacks the analysis of the mechanical response characteristics of the optical fiber when the submarine cable is in vortex-induced vibration, which is unfavorable to the detection of dangerous states, such as vortex-induced vibration, by the distributed optical fiber sensing technology.



Therefore, this paper establishes a finite element model of a 35 kV three-core optical fiber composite submarine cable with a suspension length of 9.5 m based on the actual size. Then the modal analysis method is used to study the natural frequency of the submarine cable model, and the fluid–structure coupling method is used to simulate the vortex-induced vibration of the submarine cable. In addition, the time–frequency characteristics of submarine cable vibration and the stress distribution of the armor layer under vortex-induced vibrations are studied. Moreover, the stress distribution and variation law of torsional optical fiber are analyzed.




2. Fluid Mechanics Theory


2.1. Lift Coefficient and Drag Coefficient


According to the theory of fluid mechanics, within a certain range of the Reynolds number, when an ocean current with a stable velocity passes through the submarine cable, it will form a stable vortex with alternating discharge. The transverse periodic force formed by the periodic vortex shedding on submarine cable is called lift, and the periodic force formed along the flow direction is called a drag force. Generally, two dimensionless proportional coefficients are used to describe the force on an object in a fluid. The larger the lift coefficient and drag coefficient, the greater the lift and drag force on the object, which can be calculated using the following formula:


    C   L   =   2   F   L     ρ   U   2   S    



(1)






    C   D   =   2   F   D     ρ   U   2   S    



(2)




where FL and FD are lift and drag force, respectively, ρ is the fluid density, and U is the fluid flow velocity. The value of S is the product of the diameter and length of the submarine cable.




2.2. Reynolds Number and Vortex Shedding Frequency


The Reynolds number Re describing the fluid state is calculated by the following formula:


  R e =   ρ U D   μ   =   U D   ν    



(3)




where D is the diameter of the submarine cable, μ is the dynamic viscosity of the fluid, and ν is the kinematic viscosity of the fluid.



The frequency of vortex shedding is usually obtained by the Fourier transform of the lift coefficient time-domain curve, which also has the following relationship:


    f   n   =     S   t   U   D    



(4)




where St is the Strouhal number, which is used to characterize the relationship between vortex shedding frequency, flow velocity and cylinder diameter in a specific range of Reynolds numbers, and St is constant [21].




2.3. Reduced Velocity


When the submarine cable reaches the vortex-induced resonance, the vortex-shedding frequency will be subject to the natural frequency, making its relationship with the Strouhal number disappear. This phenomenon is called locking. At this time, the reduced velocity Ur is used to describe the vortex-induced vibration, which can be calculated using the following formula:


    U   r   =   U   D   f   0      



(5)




where f0 is the natural frequency of the submarine cable. Some researchers showed that the reduced velocity range of the vortex-induced vibration with maximum amplitude is generally 5 < Ur < 7 [22,23].





3. Fluid–Structure Interaction Simulation Model


In this paper, the fluid–solid coupling simulation model is established and solved based on the finite element simulation software ANSYS. Among them, the fluid domain is based on the Fluent module, and the solid domain is based on the Transient Structural module. They are iteratively solved through the system coupling module.



3.1. Establish the Finite Element Model


In this paper, the HYJYF41-F 35 kV three-core XLPE (cross-linked polyethylene) insulated optical fiber composite submarine cable is an example for the simulation modeling, and its cross-section is shown in Figure 2a. The cable manufacturer is Zhongtian Technology Co., Ltd. (Nanjing, China). As shown in the figure, the structure of submarine cables is very complex. In order to reduce the difficulty of the simulation, the model needs to be reasonably simplified. Firstly, the modeling of thinner structures is ignored, such as copper tape insulation, water-blocking tape, etc. Secondly, according to the principle of a similar combination of material mechanical parameters, the conductor shield, insulation shield, and XLPE insulation are combined into the insulation layer. Then the PE (polyethylene) sheath and PP (polypropylene) lining layer are combined into the filling layer. The simplified submarine cable model consists of seven layers, including a copper conductor, insulation layer, optical fiber, steel wire sheath, filling layer, armor layer, and outer layer, as shown in Figure 2b.



In this paper, the length L of the submarine cable model is set to 9.5 m, which is five times the torsional pitch of the optical fiber and the diameter D is 0.109 m. The length L and diameter D are used as dimensional parameters to characterize the deformation of the submarine cable at different positions under vortex-induced vibration. The dimensions and material physical parameters of each layer are shown in Table 1 and Table 2 [24].




3.2. Boundary Condition


Before solving the fluid–structure coupling model, boundary and initial conditions are set for the simulation model in the fluid and transient structure modules, respectively. The fluid domain is set as a cuboid with a length of 9.5 m, a width of 0.6 m, and a height of 0.6 m. In the fluid domain, inlet, outlet, and no-slip wall boundary conditions are specified. The outlet pressure is set to zero. The fluid–structure interaction interface is defined to enable the transfer of fluid forces from the fluid module to the transient structural module. The above boundary conditions are the Dirichlet boundary condition. Then the flow type is modeled using the SST (shear stress transfer) k-ω turbulence model and gravitational and buoyancy effects are applied to the fluid domain. Specifically, the turbulent intensity is set to 5% and the turbulent viscosity ratio is set to 10. In addition, the flow velocities are set to 1.5 m/s and 2.5 m/s respectively, and the water flow direction is in the X-axis direction, which is perpendicular to the submarine cable. The velocity settings are intended to conduct simulations in both non-resonant and resonant states, facilitating comparative analysis.



To simulate the suspended span state of the submarine cable during vortex-induced vibrations, gravity is applied to the cable model, and fixed supports are set at both ends. Subsequently, the fluid–structure coupling interface is established to transmit the displacement information from the transient structural module to the fluent module. The former is a Dirichlet boundary condition, and the latter is a Neumann boundary condition.




3.3. Meshing


The meshing of the fluid and solid domains is performed separately in the fluid module and transient structural module, utilizing linear elements for all mesh cells. The mapping method is used for structured meshing of the fluid domain, and the fluid domain is divided into inner and outer fluid domains. To ensure simulation accuracy while conserving computational resources, the meshing of the inner fluid domain is refined, and boundary layer meshes are created for the fluid–structure interaction interface. Additionally, different meshing methods are applied to various components of the submarine cable model. Both structured and unstructured meshes are used. The torsional structures, such as the copper conductor, insulation layer, optical fiber, and steel sheath, are meshed by the sweeping method. Then the steel wire armor layer and the outer sheath are meshed by the mapping method. Finally, the filler layer is meshed by the patch-conforming method. Among them, the numbers of tetrahedral meshes, pyramid meshes, hexahedral meshes, and wedge meshes are 1,509,350, 135,427, 289,004 and 11,006 respectively. The final division effect is shown in Figure 3.




3.4. Governing Equations


The fluid–solid coupling simulation is based on the conservation equations of the fluid field, the equations of the solid field, the basic equations of transient dynamics, and the boundary conditions on the fluid–solid coupling boundary [25,26].



The mass conservation equation and momentum conservation equation of the fluid can be written as follows:


    ∂   ρ   f     ∂ t   + ▽ ⋅ (   ρ   f   v ) = 0  



(6)






    ∂   ρ   f   v   ∂ t   + ▽ ⋅ (   ρ   f   v v ) =   ρ   f   g + ▽ ⋅ τ  



(7)




where     ρ   f     is the fluid density,   v   is the fluid velocity vector,   τ   is the stress tensor,   g   is the gravitational acceleration vector, and t is the time.



The equations of the solid field and the basic equations of transient dynamics can be written as follows:


    ρ   s       d  ¨    s   = ▽ ⋅   σ   s   +   f   s    



(8)






  [ M ] {   u  ¨  } + [ C ] {   u  ˙  } + [ K ] { u } = { F ( t ) }  



(9)




where     ρ   s     is the fluid density, fs is the body force vector, σs is the Cauchy stress tensor,       d  ¨    s     is the acceleration vector,   [ M ]   is the mass matrix,   [ C ]   is the damping matrix,   [ K ]   is the stiffness matrix, {    u  ¨   } is the nodal acceleration vector,   {   u  ˙  }   is the nodal velocity vector,   { u }   is the nodal displacement vector, and   { F ( t ) }   is the load vector.



The boundary conditions on the fluid–solid coupling boundary can be written as follows:


          τ   f   ⋅   n   f   =   τ   s   ⋅   n   s           d   f   =   d   s          



(10)




where     τ   f     and     τ   s     are the stress tensor of the fluid and solid,     n   f     and     n   s     is the normal vector, and     d   f     and     d   s     are the displacement of the fluid and solid.




3.5. Coupled Solution


The model is solved by an iterative method, and the governing equations in the fluid–structure interaction model are decoupled equations. In each iterative step, the fluid dynamics equations and solid mechanics equations are solved separately and then interactively updated with each other through an iterative process.



Considering that the submarine cable will have a large displacement, the solution step size of the fluid–structure interaction model is set to 0.002 s. Therefore, the implicit time integration method is set to linearize and solve the fluid–solid coupling equation to ensure the stability and accuracy of the numerical solution.





4. Simulation Analysis


Based on the fluid–structure coupling finite element model established above, the wet modal analysis of the 35 kV three-core submarine cable model is carried out first to obtain the natural frequency of the submarine cable model. Subsequently, the fluid–structure coupling simulation is carried out to study the time–frequency characteristics of fluid flow and solid vibration during vortex-induced vibration of the submarine cable. Finally, the mechanical response characteristics of the armor layer and optical fiber are analyzed.



4.1. Natural Frequency Calculation


Modal analysis is a general method used to study the dynamic characteristics of mechanical structures. Modal refers to the natural vibration characteristics of mechanical structures. Each mode of a mechanical structure has its corresponding natural frequency and mode shape. Wet modal analysis is the modal analysis of structures in a liquid environment. In this paper, the modal acoustic module is used to analyze the wet mode of the model, thereby obtaining its natural frequencies and mode shapes.




4.2. Fluid–Structure Coupling Analysis


4.2.1. Fluid Domain Analysis


The XY plane is set in the middle of the fluid domain to obtain the vortex nephogram of the submarine cable during vortex-induced vibration, which is used to observe the characteristics of fluid changes. At the same time, the lift coefficient curve is set in the output report of the fluid module.




4.2.2. Solid Domain Analysis


In order to analyze the time–frequency characteristics of the submarine cable during vortex-induced vibration, the transverse amplitude at different times is extracted to plot the amplitude time-domain curve and analyze the vortex-induced vibration frequency. At the same time, the deformation nephogram of the submarine cable is extracted to observe the overall displacement and vibration mode of the model. In addition, the sampling path is set to obtain the axial displacement distribution of the submarine cable.




4.2.3. Mechanical Response Analysis of Vortex-Induced Vibration


To visually observe the mechanical response characteristics of the submarine cable under vortex-induced vibration, the stress nephogram is extracted from the armor layer bearing the maximum stress to observe the overall stress distribution. At the same time, sampling paths are set at different locations along the armor layer to plot the axial stress distribution curves and analyze the stress variations under different flow velocities and positions.





4.3. Torsional Optical Fiber Stress Analysis


In this study, the vibration cycle is set from when the transverse amplitude of the submarine cable reaches its positive peak value to the next time it reaches its positive peak value. To investigate the stress distribution and its development law of the torsional optical fiber during vortex-induced vibration in the submarine cable, the stress along the torsional optical fiber at different times is extracted, and the fiber length–time–stress distribution curve is plotted.





5. Results and Discussion


5.1. Natural Frequency Calculation Results


The wet modal analysis of the submarine cable model is carried out through the modal acoustic module, and the results are shown in Table 3. According to the table, the natural frequencies of modes one to six of the submarine cable model fall within the range of 0 to 25 Hz, and the modal shapes exhibit symmetry about the central position. Specifically, the first and second modes exhibit peak amplitudes at the central position, while the third and fourth modes exhibit peak amplitudes at 1/4 L and 3/4 L, respectively. As well as the fifth and sixth modes exhibit peak amplitudes at 1/6 L, 1/2 L, and 5/6 L.




5.2. Analysis of Fluid–Structure Interaction Results


5.2.1. Fluid Domain Simulation Results


According to the fluid–structure interaction simulation results, the vortex discharge nephograms at different times under the two flow velocities are shown in Figure 4. It can be seen from the figure that in the process of vortex discharge, the flow velocity on the upper and lower surfaces of the submarine cable is large. When the velocity is 1.5 m/s, the vortex discharge is relatively smooth, and when the velocity is 2.5 m/s, the vortex discharge is more rapid, and the wake flow becomes unstable.



To study the frequency of vortex discharge at different flow velocities, Fourier analysis was performed on the lift coefficient curve obtained from the calculation results, and the frequency distribution is shown in Figure 5. Since the lift coefficient itself is a dimensionless parameter, the amplitude in Figure 5 has no unit. It can be seen from the figure that the frequency of the lift coefficient exhibits a maximum peak at about 5.86 Hz for a velocity of 2.5 m/s. When the flow velocity is 1.5 m/s, the phenomenon of beat vibration appears [27] and the frequency peaks are 2.44 Hz and 3.42 Hz, respectively. It shows that the frequencies of vortex-induced lift acting on the submarine cable are 5.86 Hz, 2.44 Hz, and 3.42 Hz.




5.2.2. Solid Domain Simulation Results


To observe the displacement distribution, the total displacement distribution nephogram of the vortex-induced vibration of the submarine cable model is extracted as shown in Figure 6a,b. From the figure, it can be observed that under the action of water flow with velocities of 1.5 m/s and 2.5 m/s, the submarine cable is displaced due to vortex-induced vibration. Specifically, the displacements are symmetrically distributed about the middle position, which is similar to the first and second-mode shapes.



Moreover, the displacement distribution curve of the submarine cable along the axial direction at a certain moment is shown in Figure 6c. It can be seen from the figure that the displacement along the length of the submarine cable increases first and then decreases at the velocities of 1.5 m/s and 2.5 m/s, and the displacement in the middle is the largest and symmetrically distributed. Specifically, the maximum total displacement is about 0.376 D and the reduced velocity is 3.37 at the flow velocity of 1.5 m/s. When the flow velocity reaches 2.5 m/s, the reduced velocity is 5.62, and a locking phenomenon occurs with a larger displacement, resulting in a maximum total displacement of approximately 1.187 D.



The time-domain curves of the transverse vibration amplitude for the submarine cable model for flow velocities of 1.5 m/s and 2.5 m/s are extracted and shown in Figure 7a. It can be observed that the transverse vibration amplitude at the flow velocity of 1.5 m/s exhibits no apparent regularity over time. However, due to the gravity being greater than the vortex-induced lift, the transverse vibration amplitude at this velocity is primarily negative, with a maximum amplitude of 0.375 D. In addition, at the velocity of 2.5 m/s, the transverse vibration amplitude of the submarine cable model increases first and then stabilizes gradually with time. Under the action of gravity, the positive peak is slightly smaller than the negative peak, and the maximum vibration amplitude is 1.156 D. Comparing the variation amplitudes at the two flow velocities, it can be noted that the submarine cable model at the velocity of 2.5 m/s reaches the state of vortex-induced resonance, resulting in a locking phenomenon and a sharp increase in transverse amplitude. Therefore, vortex-induced vibration significantly affects the submarine cable in the transverse direction.



By performing Fourier analysis on the transverse vibration amplitude curve, the vortex-induced vibration frequencies at flow velocities of 1.5 m/s and 2.5 m/s are obtained, which are shown in Figure 7b. Among them, the vortex-induced vibration frequency of the submarine cable at the flow velocity of 2.5 m/s is 5.86 Hz. In addition, the beat vibration phenomenon of the submarine cable appears at the velocity of 1.5 m/s, which is composed of two vibrations with similar frequencies. Moreover, the vibration amplitude increases and decreases periodically with time, and the frequencies are 2.44 Hz and 3.42 Hz. Above all, the results of the frequency domain analysis in the solid domain are consistent with those in the fluid domain and are also close to the first and second natural frequencies of the submarine cable model.




5.2.3. Simulation Results of Mechanical Response Characteristics of Vortex-Induced Vibration


In order to analyze the mechanical response characteristics of the submarine cable under vortex-induced vibration, the stress of the armor layer when the transverse amplitude reaches the negative peak is selected for analysis in this section. The stress used in this section is equivalent stress (von-Mises). As seen from Figure 8a,b, the stress distribution of the armor layer under different flow velocities is similar. Both the upper and lower surfaces of the suspension span bear the maximum stress and the middle displacement also bears more stress, which is generally symmetrical. Moreover, the maximum stress of the armor layer at the velocity of 1.5 m/s and 2.5 m/s are 153 MPa and 673 MPa, respectively. It shows that the greater the flow velocity, the greater the mechanical stress on the armor layer. Comparing the strengths of the armor layer, it can be seen that the maximum strain can reach about 3365 με.



Furthermore, the stress distribution curves of the armor layer at different flow velocities are extracted along sampling paths. It can be seen from Figure 8c that the armor layer bears the maximum stress at the suspension points at both ends of the submarine cable, and the middle position also has a smaller peak stress due to the maximum displacement.



In addition, the stress distribution curves of different circumferential positions of the armor layer under the same velocity are extracted and shown in Figure 8d. It can be seen that the stress of the armor layer at 0° is smaller than that at 90°, and the distribution trend is gentler, while there is no peak at the middle position. On the contrary, the stress distribution at the 90° position significantly drops, and there are stress minimums near the 2.5 m and 7 m positions.





5.3. Simulation Results of Torsional Optical Fiber Stress Distribution Characteristics


Based on the simulation results, the stress distribution curve of the torsional optical fiber is shown in Figure 9. The different colored lines are corresponded to different moments in a vibration cycle. It can be seen that due to the torsional structure, the stress of the optical fiber is no longer symmetrically distributed along the length, and the maximum stress occurs alternately at both ends of the submarine cable with the vibration period. Under the vortex-induced vibration, the maximum stress peak appears near the position of 0 m at time 0, and the maximum stress peak appears near the position of 9.5 m at time 1/2 T. The stress distribution of the two cases approximately exhibits a mirror image relationship about the midpoint of the length. Only when the transverse vibration amplitude is zero, the stress of the torsional optical fiber is distributed approximately symmetrically along the length.



In addition, the fiber stress at each time alternates between large and small peaks along the length, and there are five more prominent peaks corresponding to the five periods of the optical fiber torsional pitch. Furthermore, these five significant peaks gradually decrease along the length when the transverse vibration amplitude is positive and gradually increase when the transverse vibration amplitude is negative. In terms of the time domain, within a vibration period, the change period of the fiber stress distribution is the same as the vibration period, that is, the frequency of the stress distribution change is the vortex-induced vibration frequency. Moreover, the position where the two adjacent stresses change the most can be regarded as the endpoints of the vortex-induced vibration suspension span.



In addition, this study only analyzes the case where the water flow vertically scours a single section of a suspended span submarine cable. When the cable is subjected to scouring from different flow directions, there may be variations in the stress peaks at the starting and ending points of the vortex-induced vibration. If the submarine cable experiences vortex-induced vibrations in multiple suspended sections, different suspended spans can be distinguished by the frequency of vortex-induced vibration or stress change frequency, as well as the maximum position of stress change.





6. Conclusions


In this study, a fluid–structure coupling finite element simulation model is developed for the 35 kV three-core XLPE insulated optical fiber composite submarine cable. The natural frequency of the submarine cable model is simulated, and the vortex-induced vibration characteristics of the submarine cable under different flow velocities are analyzed. Then the time–frequency characteristics of the transverse vibration amplitude of the submarine cable during vortex-induced vibration are obtained. As well as the stress distribution characteristics of the armor layer and torsional optical fiber are obtained. According to the analysis, the following conclusions can be drawn.



	
The vortex-induced vibration frequencies of the submarine cable at the velocities of 1.5 m/s and 2.5 m/s are 2.44 Hz, 3.42 Hz, and 5.86 Hz. In addition, the former has the phenomenon of beat vibration, which is composed of two vibrations with similar frequencies, showing amplitudes that increase and decrease with time. Moreover, the latter has the phenomenon of locking after the reduced speed reaches 5.62, causing a rapid increase in the transverse vibrational amplitude.



	
The stress distribution and development law of the torsional optical fiber in the vortex-induced vibration of the three-core submarine cable is obtained. The stress distribution of the torsional optical fiber at time 0 and 1/2 T exhibits a mirror image relationship about the midpoint of the cable length. In addition, the frequency of the stress distribution change corresponds to the frequency of the vortex-induced vibration. In the monitoring of submarine cable operations, whether vortex-induced vibration occurs can be judged by the change in the stress distribution with regular frequency or vibration frequency. Additionally, according to the position of maximum stress change, the head and end of the vortex-induced vibration of the submarine cable can be judged, and the position and length of the vortex-induced vibration can be obtained. Moreover, experimental verification of the actual cables under simulated working conditions will be carried out in the future.
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Figure 1. Optical fiber composite submarine cables. 
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Figure 2. Schematic diagram of the cross-section of submarine cable structure: (a) cross-section of the submarine cable; (b) cross-section of the simplified model. 
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Figure 3. Schematic diagram of mesh: (a) meshing of the submarine cable model; (b) meshing of the torsional structure; (c) meshing of the fluid domain cross-section; (d) meshing of the fluid domain. 
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Figure 4. Nephogram of vortex discharge at the middle section of 9.5 m submarine cable under different flow velocities: (a) 1.5 m/s; and (b) 2.5 m/s. 
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Figure 5. Frequency domain analysis of lift coefficient under different flow velocities. 
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Figure 6. Vortex-induced vibration displacement distribution of 35 kV three-core XLPE insulated optical fiber composite submarine cable: (a) vortex-induced vibration displacement nephogram at 1.6 m/s, (b) vortex-induced vibration displacement nephogram at 4.4 m/s, and (c) displacement along the length at different flow velocities. 
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Figure 7. Time–frequency characteristics of transverse vibration amplitude of submarine cable under different flow velocities: (a) time domain curve, and (b) frequency domain curve. 
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Figure 8. Stress analysis of the armor layer in submarine cable: (a) stress distribution nephogram of the armor layer at 1.5 m/s velocity, (b) stress distribution nephogram of the armor layer at 2.5 m/s velocity, (c) stress distribution curve of the armor layer under different flow velocities, and (d) stress distribution curve of the armor layer of different circumferential positions. 
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Figure 9. Length–time–stress distribution curve of torsional optical fiber position at 2.5 m/s flow velocity. 
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Table 1. Structural dimensions of submarine cable.
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	Component
	Thickness (mm)
	Outer Diameter (mm)





	Copper conductor
	—
	9.9



	Insulation layer
	12.1
	34.1



	Optical fiber
	—
	3.2



	Steel wire sheath
	1.4
	6



	Filling layer
	—
	93



	Armor layer
	4
	101



	Outer sheath
	4
	109
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Table 2. Materials physical parameters of the simulation model.
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	Material
	Poisson’s Ratio
	Young’s Modulus (Pa)
	Density (kg·m−3)
	Dynamic Viscosity (Pa·s)





	Water
	—
	—
	1020
	0.001



	Copper conductor
	0.34
	1.26 × 1011
	8900
	—



	Insulation layer
	0.41
	1.4 × 109
	930
	—



	Optical fiber
	0.27
	7.31 × 1010
	2203
	—



	Steel wire sheath
	0.3
	2 × 1011
	7850
	—



	Filling layer
	0.46
	3.2 × 108
	946
	—



	Armor layer
	0.3
	2 × 1011
	7850
	—



	Outer sheath
	0.41
	8.9 × 108
	946
	—










[image: Table] 





Table 3. Wet modal analysis results of Submarine cable model.
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Modal

	
Natural Frequency (Hz)

	
Modal






	
1

	
4.08
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2

	
4.09




	
3

	
11.23
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4

	
11.26




	
5

	
22.02
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6

	
22.07
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