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Abstract

:

The experimental study of vortex induced vibration needs to be carried out in water tunnel, but in previous associated simulation work, the water tunnel was treated as an infinite flow field in the depth direction with the effect of the free surface neglected. In the paper, the dynamic characteristics and physical mechanisms of a passive turbulence control (PTC) cylinder in a flow field with a free surface is studied, and the combined technique of a volume of fluid (VOF) method and vortex-induced vibration (VIV) was realized. In the range of Reynolds number studied in this paper (3.5 × 104 ≤ Re ≤ 7.0 × 104), the dynamic parameters (lift and drag coefficients), vortex structures, VIV response (amplitude and frequency ratios), and energy harvesting characteristics of a PTC cylinder under different flow conditions were obtained. The study found that: (1) the shear layer was made more unstable behind the cylinder by the free surface, which made it quicker to reach periodic stability, and the asymmetry shortened the initial stage of vibration of the oscillator, which made it easier to produce dynamic control of the motion of the oscillator; (2) the presence of the free surface only affected the positive amplitude ratio, but had almost no effect on the negative amplitude ratio; (3) the frequency ratio in the free surface flow was closer to the experimental data; (4) the presence of the free surface did not affect the detached vortex pattern in the flow around the stationary cylinder, but in the VIV, the lower the free surface height Z, the more vortices that were shed from the moving cylinder.
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1. Introduction


The phenomenon of vortex induced vibration (VIV) widely exists in engineering, especially in the fields of oil, port, coastal, and offshore engineering. Experts and scholars at home and abroad have undertaken in-depth and meticulous research on this phenomenon, including Feng [1], Sarpkaya [2], Bearman [3], Williamson [4], Ali [5], and Lian [6].



In most engineering applications, the VIV phenomena are suppressed due to its destructive nature. However, the VIVACE converter (vortex-induced vibration for aquatic energy converter) developed by the Marine Renewable Energy Laboratory (MRELab) of the University of Michigan, uses Flow Induced Vibration (FIV)(including VIV, galloping, and a combination of the two) to convert marine hydrokinetic (MHK) to usable electricity [7,8,9]. The VIVACE has been in development for more than ten years, both experimentally and numerically [10,11,12], where several valuable tools, such as PTC (passive turbulence control) and Vck (virtual spring-damping system), are in development to facilitate the FIV experiments.



A free surface exists in many vortex-induced vibration phenomena. On the one hand, in the utilization of tidal energy, the oscillator will be affected by the free surface fluctuations during the rising and ebbing tides. On the other hand, the tubes in a heat exchanger in ocean engineering suffers from the sloshing of a gas–liquid two-phase free surface [13], which causes liquid splashing and reduces the performance of the heat exchanger. Therefore, the existence of a free surface will affect the vortex-induced vibration phenomenon. At present, most experts and scholars have not considered the influence of a free surface on VIV performance. When the oscillator vibrates, the pressure distribution of the oscillator in the flow field with a free surface is different from that without a free surface, and the vortex shedding is also affected. Therefore, it is necessary to consider the influence of a free surface when studying the VIV phenomenon.



Ding et al. [14,15,16] numerically studied the VIV of one to four rigid circular cylinders in tandem in a high Reynolds number range of 30,000 < Re < 105,000. The simulation results were in good agreement with experimental data, and an oscillatory amplitude of 3.5 diameters was reached in galloping for Re = 105,000. In order to eliminate the influence of a free surface, the computation domain in their simulation was set to 13D. Karim et al. [17] used a volume of fluid (VOF) method to simulate the two-phase flow of a NACA0015 hydrofoil moving near the free water surface at different submerged depths. Mansoorzadeh et al. [18] experimentally studied the flow behavior of an underwater vehicle in a water channel and the functions of the drag coefficient and velocity with submerged depth were obtained. Compared with the result of a single-phase case without a free surface effect, the drag coefficient was closer to that of a single phase with the increase of the submerged depth.



Up to now, most of the experimental and simulation studies of vortex-induced vibration of blunt bodies use a uniform, symmetrical single-phase flow field. In the MRELlab laboratory, the circulating water tunnel has a free water surface. In the previous simulations, the researchers simplified the experimental conditions and studied the uniform flow field without considering the influence of the free surface. Therefore, in order to study the vortex-induced vibration of a PTC cylinder more accurately and to find a method of enhancing energy output, the vortex-induced vibration of a PTC cylinder in a non-uniform flow field with a free surface was studied and presented in this paper. The geometric model, physical model, mathematical model, and grid system are presented in Section 2. The simulation results and detailed flow fields are shown in Section 3. Conclusions are drawn at the end.




2. Computational Model


2.1. Geometry and Boundary Conditions


In this study, the computational domain was 30D × 15D, as shown in Figure 1. U represents the velocity of the inlet and the velocity magnitude of the entrance was uniform, and the velocity magnitude for air and water was the same. The range of Re based on U and the viscosity of water is 3.5 × 104 ≤ Re ≤ 7.0 × 104. The height of the cylinder axis to the free surface was Z (3.5D < Z < 5.5D). Considering the effect of the water inflow at the entrance, the distance between the cylinder and the entrance was 10D. With the help of a multiphase model using the VOF method, the volume fraction of water for the upper part was set to 0, and the lower part was set to 1 with the gravity applied along the Y-axis negative direction. The pressure outlet boundary condition and no slip wall boundary condition for the top and bottom boundary were used in the present simulation.



It should be noted that if taking the X-axis as the symmetric axis, the PTC cylinder had a symmetric geometry, while for the flow field with a free surface, because of the different flow media, the upper half and the lower half of the cylinder will experience different flow pressures. The flow field had an asymmetric incoming flow, and with the decreasing of Z, the asymmetry became more pronounced. On the contrary, the flow of a single phase with uniform velocity could be taken as a symmetric incoming flow.



Based on the MRElab experimental device [19], the influence of the incoming flow with a free surface on the flow characteristics of a circular cylinder was studied for this paper. The diameter of the PTC cylinder was D (D = 0.0889 m), as shown in Figure 2. The placement position of the rough band was    α  P T C     at 20°, the coverage angle β was 16°, and the rough band was symmetrically distributed on both sides of the cylinder; for more details of the rough belt, please refer to References [10,11,19]. In order to quantitatively describe the force on the surface of a cylinder, a polar coordinate system with the center of the cylinder as the origin and the front stagnation point as the starting point was established for the cross-section of the cylinder. Any point on the surface of the cylinder was described using its polar angle θ, just as shown in Figure 2. If the clockwise direction is positive, the front stagnation point of the cylinder was θ = 0° and the rear stagnation point was θ = 180°.




2.2. Mesh


Two-dimensional, structured, computational grids were generated with the multi-block generation technique to make the ununiformed grid, which is shown in Figure 3a; this could guarantee a high enough calculation precision with less computational time, and the grids around the cylinder were refined, as shown in Figure 3b. The grid density near the surface was crucial to the calculation of the surface pressure of the oscillator. For the PTC step, we adopted the two-layer mesh with a corresponding maximum y+ equal to 16. For more details of the grid, refer to Zhang et al. [20]. The grid independence of the model was verified. When the Reynolds number was 3.5 × 104, three different grids of the PTC cylinder were tested. As shown in Table 1, the maximum lift coefficient and the root mean square value of the drag coefficient of the stationary cylinder were compared under three different grids. Considering the calculation accuracy and computer calculation costs, this study used a medium density grid for the calculations.




2.3. Mathematical Model


The transient, viscous fluid solutions were obtained using a numerical approximation of the incompressible 2D-URANS equations with the one-equation Spalart–Allmaras turbulence model. The mathematical formulations can be described as follows [21]:


    ∂  u i    ∂  x i    = 0 ,  



(1)






    ∂  u i    ∂ t   +  u j    ∂  u i    ∂  x j    = −  1 ρ    ∂ p   ∂  x i    +  ∂  ∂  x j    ( 2 ν  S  i j   −    u j ′   u i ′   ¯  ) ,  



(2)






   S  i j   =  1 2  (   ∂  u i    ∂  x j    +   ∂  u j    ∂  x i    ) ,  



(3)




where  ν  is the molecular kinematic viscosity,  ρ  is the fluid density,    u i    is the mean flow velocity vector, and    S  i j     is the mean strain-rate tensor.



The quantity    τ  i j   = −     u ′  i    u ′  j   ¯    is known as the Reynolds stress. A common method employs the Boussinesq approximation to relate the Reynolds stress to the mean strain-rate tensor in the Spalart–Allmaras model using:


   τ  i j   = 2  μ t   S  i j   ,  



(4)




where    μ t    is the kinetic eddy viscosity, with the corresponding defining equation is as follows:


   μ t  = ρ  υ ˜   f  υ 1   ,    f  υ 1   =    x 3     x 3  +   c  υ 1   3    ,   x =   υ ˜  υ  ,  



(5)




where   υ ˜   is the intermediate working variable of the turbulence model that obeys the following transport equation [21]:


    ∂  υ ˜    ∂ t   +  u j    ∂  υ ˜    ∂  x j    =  c  b 1    S ˜   υ ˜  −  c  w 1    f w     (    υ ˜  d   )   2  +  1 σ   {   ∂  ∂  x i     [  ( υ +  υ ˜  )   ∂  υ ˜    ∂  x j     ]  +  c  b 2     ∂  υ ˜    ∂  x j      ∂  υ ˜    ∂  x j     }  .  



(6)







The tracking of the interface(s) between the phases is accomplished using the solution of a continuity equation for the volume fraction of one (or more) of the phases. For the qth phase, this equation has the following form [22]:


   1   ρ q     [   ∂  ∂ t    (   α q   ρ q   )   ]  + ∇  (   α q   ρ q     v q   →   )  =  S   α q    +   ∑  p = 1  n   (   m ˙   p q   −   m ˙   q p   )   ,  








where     m ˙   q p     is the mass transfer from phase q to phase p and     m ˙   p q     is the mass transfer from phase p to phase q.



In order to get the displacement of the oscillator, the fluid–solid coupling technique was used to capture the vibration information of the oscillator, and the one-degree of freedom equation of motion of the oscillator can be given as:


   m  o s c    y ¨  +  C  t o t a l    y ˙  + K y = F ,  



(7)




where mosc is the total oscillating mass of the cylinder and attachments including one-third of the spring mass, and F is the total lift force that can be achieved by integrating the surface pressure of the PTC cylinder. In the present study, for the consistency with the experiment [19], the constant damping and spring stiffness was used: ζtotal = 0.14 and K = 600. The relationship of ζtotal and Ctotal is shown as the following equation:


   ζ  t o t a l   =    C  t o t a l     2    m  o s c   K     .  



(8)







The acceleration term   y ¨   can be solved using Equation (7), then its velocity and displacement can be calculated using:


   y  t + 1   =  y t  +  U  t + 1   ⋅ Δ t ,  



(9)






   U  t + 1   =  U t  +  a  t + 1   ⋅ Δ t .  



(10)







The cylinder was assumed to be at the origin (y = 0) and stable at t = 0. The initial conditions in mathematical terms were:


   y 0  =  U 0  = 0 .  



(11)







The displacement of the cylinder in VIV could therefore be written as:


   y  t + 1   =  y t  +  U t  ⋅ Δ t +  a  t + 1   ⋅    (  Δ t  )   2  .  



(12)







Returning to Equation (7) and rewriting the numerical displacement equation gives:


   y  t + 1   =  y t  +  U t  ⋅ Δ t +  (     F  t + 1   − c  U t  − k  y t   m   )  ⋅    (  Δ t  )   2  .  



(13)







Equation (13) gives the displacement of the cylinder at each time step. The force applied by the fluid will commence the oscillatory movement of the cylinder.



The commercial software package FLUENT (version 19.2), from ANSYS, Inc., USA, combined with User Defined Function to solve the oscillator equation, was used to numerically solve the unsteady Reynolds-averaged Navier–Stokes equations in this study, and the time step size was 0.001 s. The pressure-based solver and the SIMPLE algorithm was used to couple the pressure and velocity. The QUICK scheme was used for spatial discretization of the convective terms. The convergence criteria for the continuum equation was 1 × 10−3, while for other equations, it was 1 × 10−5.



The physical model in this paper can be seen as a simplification of VIVACE. The theoretical fluid power (Pfluid), the actual output power (PVIVACE), and the conversion efficiency (η) are also important parameters to measure the performance of VIVACE. According to the hydrodynamic pressure formula, the theoretical power of a flow-induced vibration of a cylinder is obtained as follows:


   P T  =  1 2  ρ  U 2  ,  



(14)






   F x  =  1 2  ρ  U 2  ( 2  A  max   + D ) L ,  



(15)






   P  f l u u i d   =  F x  U =  1 2  ρ  U 3  ( 2  A  max   + D ) L .  



(16)







The actual output power (PVIVACE) of the VIVACE system is calculated using the work done by the water force on the cylinder within a period:


   P  V I V A C E   =    W  V I V A C E      T  o s c     =  1   T  o s c        ∫ 0   T  o s c       F  f l u i d    y ˙  d t    ,  



(17)






   P  V I V A C E   =    W  V I V A C E      T  o s c     =  1   T  o s c        ∫ 0   T  o s c      ( m  y ¨  + c  y ˙  + k y )  y ˙  d t    .  



(18)







According to the simplified model, the vibration displacement curve of a cylinder is known to be a sinusoidal curve, and its displacement equation and velocity equation are listed respectively:


  y =  A  max   sin  (   ω  o s c   t  )  ,  



(19)






   y ˙  =  A  max    ω  o s c   cos  (   ω  o s c   t  )  .  



(20)







Therefore:


   P  V I V A C E   = 8  π 3  m  C  s y s t e m    f  n , w a t e r     A  m a x   2    f  o s c   2  ,  



(21)




where, the damping Csystem is calculated using Equation (8) with the damping ratio ζsystem chosen to be 0.02. fn,water is the natural frequency in water of the oscillator, and fosc is the vibration frequency of the oscillator.



Finally, the conversion efficiency of VIVACE system was calculated using a Betz limit B of 59.26% [19]:


  η =    P  V I V A C E      P  f l u i d   × B e t z limi t   =   16  π 3   C  s y s t e m    f  n , w a t e r     A  m a x   2    f  o s c   2    ρ  U 3  ( 2  A  max   + D ) L × B   .  



(22)









3. Results and Discussion


3.1. Hydrodynamic Characteristics


In this part, the hydrodynamic characteristics, including the lift, drag, and surface pressure coefficients, of the flow around the stationary PTC cylinder and flow induced vibration are introduced.



3.1.1. Lift and Drag Coefficient


(a) Stationary Cylinder



Figure 4 shows the lift coefficient time history curve of the PTC cylinder at different free surface heights when Re = 3.5 × 104. Compared with the result of a symmetric flow field without a free surface, the existence of a free surface could shorten the convergence time to reach periodic stability for the PTC cylinder calculation; the lower the height of the free surface, the shorter the stable convergence time. Therefore, we could draw the conclusion that asymmetry was more likely to cause instability in the shear layer behind the cylinder, and then arouse a Kelvin–Helmholtz instability, which was more likely to cause the formation of a Kármán vortex street. The shedding of the small random vortices promoted the development of shedding vortices until the periodic steady state. The smaller the free surface height, the more obvious the asymmetry, and the earlier the Kármán vortex street was formed; correspondingly, the vortex development reached periodic stability faster. This phenomenon was further confirmed by Figure 5, which shows the drag coefficient time history curve of the PTC cylinder at different free surface heights when Re = 3.5 × 104. It can be seen from the graph that the drag coefficient increased slightly with the decrease of the free surface height. At the same time, it can also be seen that, consistent with the variation trend of lift coefficient, the smaller the height of the free surface, the earlier the formation of a Kármán vortex street, and therefore, the quicker the drag coefficient reached the periodic steady state.



(b) Flow-Induced Vibration



Figure 6 shows the lift coefficient time history curve for the flow-induced vibration of the PTC cylinder at different free surface heights when Re = 3.5 × 104. It can be seen from the figure that compared with the uniform incoming flow in a symmetric flow field, the asymmetry of the free surface shortened the starting time of the cylindrical oscillator, thus shortening the response time of the oscillator to the incoming flow, which allows for easier dynamic control of the motion of the oscillator through the change of the flow field in practice. Compared with the flow field around the stationary cylinder, we found that the lift coefficient curve of the oscillator fluctuated sharply during the motion. This can be explained by the fact that unlike a zero attack angle in a stationary state, the reciprocating motion of the PTC cylinder made the actual attack angle of the incoming flow change continually, combined with the effect of the multiple vortex shedding, which resulted in the constant change of the surface pressure, and further lifted the cylinder during the motion cycle. On the other hand, because the motion of the cylinder caused the fluctuation of the free surface, this produced a continuously changing force on the cylinder.



Figure 7 shows the drag coefficient time history curve for the flow-induced vibration of the PTC cylinder at different free surface heights when Re = 3.5 × 104. It can be seen that compared with the flow field around the stationary cylinder, the reciprocating motion of a PTC cylinder made the surface pressure of the oscillator change randomly, which led to irregular fluctuations of the drag coefficient. At the same time, we found that the change of the drag coefficient was more irregular compared with that of the lift coefficient, which could be attributed to the fact that in a vibration period, the fluctuation frequency of the drag coefficient was twice that of the lift coefficient, which has been proven by predecessors [2,4].




3.1.2. Surface Pressure Coefficient


(a) Stationary Cylinder



In order to show more intuitively the relationship between the surface pressure of a cylinder and its polar angle, the polar angles on the upper and lower surfaces of a cylinder were defined as follows: For the upper surface of a cylinder, the clockwise direction along A→C→B (the solid point in Figure 8) was defined as positive; for the lower surface of a cylinder, the counter-clockwise direction along A→D→B (the hollow point in Figure 8) was defined as positive. The area surrounded by the solid and hollow points represented the pressure difference of the cylinder. The front stagnation point A was equal to 0°, the rear stagnation point B was equal to 180°, C was the highest point on the upper surface of the cylinder, D was the lowest point on the lower surface of the cylinder, S was the separation point on the upper surface, while S’ indicated the separation point on the lower surface.



As shown in Figure 8, the pressure coefficient Cp on the surface of the PTC cylinder in the free surface flow field varied negligibly relative to the free surface height when Re = 3.5 × 104. In the figure, the highest position means the position of the highest point in the lift coefficient curve when the vortex was released from the upper side of the cylinder, and the lowest position means the position of the lowest point in the lift coefficient curve when the vortex was released from the lower side of the cylinder. Regarding the flow around the stationary cylinder, for the range of parameters studied for this paper, the free surface height had little effect on the distribution of pressure coefficient on the surface of the PTC cylinder.



The flow velocity and pressure are closely related. Just as shown in Figure 9, when the free surface height Z = 5.5D, the pressure coefficient on the cylinder surface varied with the Reynolds number. It can be seen from the two graphs that the separation points S on the upper surface and S’ on the lower surface of the PTC cylinder developed backward with the increase of the flow velocity, which could be attributed to the fact that the turbulence intensity increased with the increase of the Reynolds number, and stronger turbulence delayed the boundary layer separation. It can also be found from the two graphs that the pressure difference between the upper and lower surfaces of the cylinder decreased with the increase of the Reynolds number, which corresponds to the trend that the lift coefficient decreases with the increase of Reynolds number, as found in the literature [23]. At the same time, it can be seen from the graphs that the pressure coefficients at the front stagnation point A in the free surface flow were all greater than 1. This was because the wave disturbance of the free surface influenced the velocity distribution of the flow field, which made the actual flow velocity larger and the local static pressure smaller. According to the equation for Cp, the pressure coefficient obtained will be larger than 1. Due to the existence of the free surface, the upper part of the PTC cylinder suffered a greater influence than that of the lower surface, and the Cp of point A in the lowest position was slightly less than that in the highest position.



(b) Flow-Induced Vibration



In flow-induced vibration, because the cylinder moves up and down, the highest position is redefined as the position of the highest point in the amplitude–time curve, and the lowest position is redefined as the position of the lowest point in the amplitude–time curve. Figure 10 and Figure 11 show the distribution of pressure coefficient Cp of the surface of the PTC cylinder undergoing flow-induced vibration, and Cp varies with Z and Re. It was found that compared with the performance of the flow around the stationary cylinder, the distribution of Cp in the flow-induced vibration showed a dramatic difference. The pressure coefficients of the upper and lower surfaces of the cylinder in the flow-induced vibration intersected, and the pressure distribution in the front half of the cylinder was quite opposite to that of the stationary cylinder. This could be attributed to the fact that the cylinder oscillated in the flow-induced vibration, the attack angle of the incoming flow was not a constant value, and the actual flow direction mainly affected the front surface of the cylinder. In turbulent flow, the vortex shedding separation point of the cylinder occurred on the back of the cylinder, and in laminar flow, the separation point was on the front of the cylinder. Therefore, in the Re range studied for this paper, the intersection point of the pressure coefficient curve of the upper and lower surfaces of the cylinder was behind 90 degrees.



Meanwhile, the separation points of both the upper and lower surfaces of the cylinder moved backwards. This could also be explained by the fact that the actual flow direction for the cylinder changed continuously, and the corresponding pressure distribution of the cylinder surface varied over the oscillating period, which caused the change of the adverse pressure gradient on the back surface of the cylinder.



As shown in Figure 10, compared with the result of the free surface flow, for the front surface of the cylinder, the pressure difference between the upper and lower surfaces in the symmetrical flow field was small, while for the rear of the cylinder, the pressure difference between the upper and lower surfaces in the symmetrical flow field was large. On the whole, the free surface had little effect on the pressure difference between the upper and lower surfaces of the cylinder, and the pressure coefficient on the upper surface of the cylinder varied more than that on the lower surface at different free surface heights, which indicated that the existence of the free surface had a greater impact on the upper surface of the cylinder than on the lower surface.



As shown in Figure 11, the surface pressure coefficients for flow-induced vibration of the PTC cylinder varied with Reynolds number (Re) for a constant free surface height Z = 5.5D. With the increase of the Reynolds number, the turbulence intensity increased and the separation points S on the upper surface and S’ on the lower surface of the cylinder moved backward, which was the same as that for flow around the stationary cylinder. We also found from the figure that with the increase of the Reynolds number, the pressure coefficient of the front half of the cylinder varied regularly. The greater the Reynolds number, the greater the pressure difference between the upper and lower surfaces, and the greater the lift force on the cylinder. This regularity is consistent with the previous research results [19,21]. Meanwhile, for the rear of the cylinder, due to the influence of shedding vortices, the distribution of the pressure coefficients became somewhat disorderly.



Comparing the two figures of the highest and lowest positions, it was found that the distribution of the pressure coefficients in the two graphs was quite opposite. The downward hydrodynamic force was produced at the highest position, and the upward hydrodynamic force was produced at the lowest position, and the alternating force acted on the cylinder, which made the cylinder accomplish the upward and downward reciprocating motion in the flow-induced vibration.





3.2. Vortex Structure


(a) Stationary Cylinder



When VIV occurs, vortices may shed in the tail of the bluff body. Several basic vortex shedding patterns were defined by Williamson and other researchers [2,4]. “P” means vortex pairs with opposite directions, “S” means a single vortex, and “T” means a triple-vortex wake mode.



As shown in Figure 12, the wake pattern of flow around the stationary PTC cylinder at different Reynolds numbers and free surface heights (Z) is presented. It can be seen from the graph that the vortex pattern of the static PTC cylinder in the free surface flow field were in 2S mode. For the same Reynolds number, taking the Reynolds number Re = 3.5 × 104 as an example, the pattern of the vortex shedding behind the cylinder was the same as that without the free surface. The vortex shedding normally formed the Kármán Vortex Street, and the free surface fluctuated under the influence of the shedding vortex. With the decrease of the Z value, the free surface was clearly affected by the shedding vortex, while the shedding vortex formed behind the cylinder was basically unchanged. At the same free surface height, such as Z = 4.5D, with the increase of Reynolds number Re, the shedding vortices of the PTC cylinder became gradually larger, which indicated that the ability for releasing vortices was gradually strengthened by the increasing flow velocity. The free surface fluctuated violently with the increase of the Reynolds number, which was due to the larger energy of the shedding vortex at higher Reynolds numbers, which promoted the fluctuation of the free surface.



(b) Flow-Induced Vibration



As shown in Figure 13, the wake pattern of the PTC cylinder in a flow-induced vibration at the highest amplitude position in a free surface flow field is presented. When Re = 3.5 × 104, the shedding vortex was in 2S mode. When Re = 4.4 × 104, the shedding vortex in the free surface flow field showed a 2QP (quasi-pair) mode, which was different from the 2S mode in a symmetric flow field, and the strength of the vortex increased with the decrease of the free surface height. When Re = 5.3 × 104, the wake vortices formed a 2QP structure, which was the same as that in the symmetrical flow field, and the strength of vortices also increased with the decrease of the free surface height. When Re = 6.1 × 104 and Z = 5.5D, the wake vortices were QP + P, which was the same as that in the symmetrical flow field, while when Z = 3.5D, the wake vortices were in 2P mode. When Re = 7.0 × 104, the wake vortices were 2P when Z = 5.5D and QT (quasi-triple) + T when Z = 3.5D.



Within the range of parameters studied, the amount of vortex shedding increased with the increase of the Reynolds number at the same free surface height (Z), and the corresponding wake mode transited from 2S to 2QP, then to 2P mode, and finally to QT + T mode. At the same Reynolds number, with the decrease of the free surface height, the wake mode was easier to change from single mode to multi-pair mode.




3.3. VIV Response


3.3.1. Amplitude and Frequency


In the asymmetric flow field with the free surface flow, there are three kinds of amplitude. One is the positive amplitude (upward amplitude when the cylinder at the highest position, named Apositive). Two is the negative amplitude (downward amplitude when the cylinder at the lowest position, named Anegative). The last one is the average amplitude (named Aaverage), which is the arithmetic mean value of Apositive and Anegative [20].



As shown in Figure 14a, the value of the positive and negative amplitude ratios of the flow-induced vibration of the PTC cylinder varied with Reynolds number in the free surface flow field. It can be seen from the graph that with the increase of the Reynolds number, the positive amplitude of the free surface flow fluctuated compared with the value of the symmetrical flow field, while the negative amplitude ratio of the free surface flow field was almost the same as that of the symmetrical flow field, indicating that the existence of the free surface had an effect on the highest position of the cylinder motion, but almost no effect on the lowest position. In Figure 14b, the average amplitude ratio varied with the Reynolds number in the free surface flow. Generally speaking, the fluctuation of the free surface weakened the amplitude response of the PTC cylinder. From the graph, it can be seen that the amplitude in the free surface flow was closer to the experimental data than that in the flow without the free surface. It should be noted that in the experiment conducted in the MRELab, the water channel had a free surface; therefore, in order to eliminate the influence of the free surface, the distance between the cylinder and the free surface was set to 6.5D. In the practical experiment, both the flow current and the wave influenced the response of the oscillator. The present numerical simulation method of the combination of the free surface with the dynamic mesh could be a better way to make a more realistic replication of the experiment in the computer.



As for the Re range, in the present study, the Re range was from 3 × 104 to 7 × 104, which belonged to the initial and VIV stage. The PTC could trigger galloping, which corresponded to the Re range of 10 × 104 to 13 × 104, and the phenomenon has been widely researched [7,8,9,10,11,12,14,15,16,19,20,21]. In the present simulation with the free surface flow, if the incoming flow velocity was high in the galloping range, the amplitude response of the oscillator was big enough to reach the free surface, which interrupted the calculation. Therefore, the galloping range was not included in the present simulations.



In Figure 15, the flow-induced vibration frequency ratio of the PTC cylinder varied with the Reynolds number in the free surface flow field. With the increase of the Reynolds number, the frequency ratio gradually increased and reached the maximum at Re = 6.1 × 104 (U = 0.7 m/s), then decreased with the increase of the Reynolds number; when Z = 4.5D and 3.5D, with the increase of the Reynolds number, the frequency ratio gradually increased and reached the maximum at Re = 5.3 × 104 (U = 0.6 m/s), and continued to decrease with the increase of the Reynolds number. In the case of the symmetrical flow field, the maximum value was obtained at Re = 5.3 × 104 (U = 0.6 m/s). It can be seen from the whole figure that the frequency of the free surface flow field was closer to the experimental data than that of the symmetrical flow field.




3.3.2. Energy Harvesting Characteristics


Figure 16a shows the output power performance of the PTC cylinder in VIVACE when the free surface existed. The energy output power of the PTC cylinder increased with the increase of the Reynolds number at the same free surface height, and the output power could reach the summit when the incoming flow velocity was about 0.7 m/s, which corresponded with the climax of the frequency ratio in Figure 15. The motion of the PTC cylinder caused irregular fluctuations of the free surface. The randomness of the free surface fluctuation made the energy output power of the PTC cylinder change nonlinearly at different free surface heights. There were two main reasons for the difference between the simulated and experimental data: One is that the spring and damping in the experimental system were considered as fixed values, which was different to their own actual non-linearity. The other was that the free surface existed in the experiment, and the immersion depth of the cylinder reached 6.5D. This can also be seen from the variation trend in the graph, where the higher the free surface height was, the closer the simulation result was to the experimental data.



In Figure 16b, the energy output efficiency of the VIVACE system is shown. With the increase of the Reynolds number, the energy output efficiency of the PTC cylinder decreased for the same free surface height, with the exception of the initial stage from 0.4–0.5m/s, where the exception could be attributed to the fact that in this stage, the flow velocity was small, which made the denominator in Equation (16) small. Under the same Reynolds number, it can be seen that the energy output efficiency in the free surface flow field was greater than that in the symmetrical flow field.






4. Conclusions


In this paper, a numerical simulation technique was adopted to study the hydrodynamic performance of a stationary PTC cylinder and the vortex-induced vibration (VIV) performance of a PTC cylinder in a flow field with a free surface. The simulation technique combining a VOF method with a dynamic mesh was realized, and the influence of the corresponding flow and structure parameters were investigated. The following conclusions can be drawn:




	(1)

	
By analyzing the lift and drag time-history curves of flow around the stationary PTC cylinder and the VIV cylinder, it was found that the free surface increased the instability of the shear layer, promoting the formation of a Kármán vortex street, and then reached the periodic steady state quickly, where the stronger the asymmetry, the quicker the stability was achieved. The free surface shortened the starting time of the oscillator, shortened the response time to the incoming flow, and was more easily able to provide dynamic control of the motion of the oscillator in practical engineering applications.




	(2)

	
In the flow-induced vibration, due to the moving of the cylinder, the actual incoming flow direction mainly affected the front surface of the cylinder, thus the surface Cp distribution was different from that in the flow around the stationary cylinder, and the upper and lower surfaces of the instantaneous Cp curve intersected.




	(3)

	
Within the range of the parameters studied in this paper, the existence of the free surface did not affect the shape of the vortices when the PTC cylinder was stationary. When the PTC cylinder underwent flow-induced vibration, the wake vortices changed faster and new modes appeared faster with the increase of the Reynolds number at the same free surface height. Compared with the symmetrical flow field, the wake region of the free surface flow gradually extended, and the farther the vortex shedding was away from the cylinder, the more energy the multiple vortices had.




	(4)

	
In the flow-induced vibration, the existence of the free surface affected the positive amplitude ratio of the PTC cylinder, but had little effect on the negative amplitude ratio. Generally speaking, the fluctuation of the free surface weakened the amplitude response of the PTC cylinder, but compared with the simulation in the uniform asymmetric flow, the simulation results with the free surface were closer to the experimental data.




	(5)

	
With the increase of the Reynolds number, the energy output efficiency of the PTC cylinder decreased with the same free surface height, with the exception of the initial stage. Under the same Reynolds number, the energy output efficiency in the free surface flow field was greater than that in the symmetrical flow field.










5. Future Research


In the present study, the main content focused on the response characteristics of the oscillator in the flow field with a free surface, and the fluctuation of the free surface was not studied in depth. The fluctuation of the free surface will affect the vibration of the oscillator to some extent. The relationship between the phase of the free surface fluctuation and the phase of oscillator vibration deserves further study.



Compared to the uniform symmetric incoming flow, the asymmetric flow field with the free surface will have different response characteristics to that of the oscillator. Determining how to use the asymmetry of the flow field or the structure of the vibrator to influence the motion law of the vibrator and then control the movement of the vibrator is also an interesting and useful research direction.
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Figure 1. Computational domain. 
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Figure 2. Details of the roughness strip. 
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Figure 3. Grid system. 






Figure 3. Grid system.
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Figure 4. Time history of CL of the stationary cylinder at different free surface heights Z (Re = 3.5 × 104). 
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Figure 5. Time history of CD of the stationary cylinder at different free surface heights Z (Re = 3.5 × 104). 
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Figure 6. Time history of CL of the passive turbulence control (PTC) cylinder flow-induced vibration for different Zs (Re = 3.5 × 104). 
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Figure 7. Time history of CD of the PTC cylinder flow-induced vibration for different Zs (Re = 3.5 × 104). 
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Figure 8. The Cp of stationary PTC cylinder varied with the free surface heights Z (Re = 3.5 × 104). 






Figure 8. The Cp of stationary PTC cylinder varied with the free surface heights Z (Re = 3.5 × 104).



[image: Energies 13 00907 g008]







[image: Energies 13 00907 g009 550] 





Figure 9. The Cp of the stationary PTC cylinder varied with the Reynolds number (Z = 5.5D). 
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Figure 10. The Cp of PTC cylinder in flow induced vibration varies with Z (Re = 5.3 × 104). 
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Figure 11. The Cp of the PTC cylinder in the flow-induced vibration varied with Re (Z = 5.5D). 
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Figure 12. The vortex structure of the stationary PTC cylinder in the free surface flow. 
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Figure 13. The vortex structure of the flow-induced vibration of the PTC cylinder in the free surface flow. 
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Figure 14. The amplitude ratios (A/D) of the PTC cylinder flow-induced vibration in the free surface flow. 
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Figure 15. The frequency ratio (f*) of the PTC cylinder. 
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Figure 16. Comparison of the harness power and power conversion efficiency of VIVACE with the PTC cylinder in the free surface flow. 
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Table 1. Grid independent verification (Re = 35,000).






Table 1. Grid independent verification (Re = 35,000).





	Grid (Central Square: Circumferential × Radial)
	CL, max
	CD, rms





	Coarse (120 × 30)
	1.825
	1.577



	Medium (180 × 45)
	1.836
	1.548



	Fine (240 × 60)
	1.837
	1.549











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
s To s a0 12t s 67 6o

@ RSy pax

) Rt mery s

L@ .
© e -
(e oy ey
o - =
2 e o1, (0O 0g. T o
) 5 a el “og,
@ neati ey P ey
e (G
Ol ®!
o 0 ~ o ef - o

© RO mmmetry = T





media/file27.png
(a) Re=3.5x10*

(b) Re=4.4x10?

b

Qr

(¢) Re=5.3x10*

()

2 (o

P

(d) Re=6.1x10*

T (‘,
» @) 0
\.\l .

(¢) Re=7.0x10*

symmetry

symmetry

P

1@0 .

() .
-

symmetry

QP I.

symmetry

symmetry

L . || N | | e
-10-9 -8 -7 6 -5-4-3-2-1012 3 45 6 7 8 9 10

—_ —— —

S

( ‘. ~ -—\ . -
ﬂ A () 'ﬂ
ONO) & CXC

S

7=5.5D —

7=5.5D | T

—— — — =T

Z=5.5D 7=3.5D

7=5.5D =gy

Q1






media/file13.png
1
o o
I 1

1 1 1
N (7 N
— T

A W N R & = N W A
| D D L L L D )

N W A
— 7

=
—

symmetry‘ ﬂ
0o 5 10 15 20
time(s)
(a) symmetry
| | —— 7=4.5D| ﬂ n
(I) é | 1I0 | 1I5 | 2IO
time(s)

(c) Z=4.5D

1
[y
—

1 1 1
= ) N
— 7

A b N A & R N W oA
| D L L L L L

[ ) o =
—

 |—— 7=5.5D)

o s 10 15 20
time(s)
(b) Z=5.5D
|| —7=3.5D
0 0 15 20
time(s)
(d) Z=3.5D






media/file31.png
14
12 |
1.0 |
Sos| ¥
H symmetry
e 7=5.5D
0.6 A 7=45D
<« 7=3.5D
04 | e xperiment[19]
1 1 1 1 M 1
U(m/s) 0.4 0.5 0.6 0.7 0.8
Rex10* 3 6 7
1 1 1 1
U= 4 5 6 7 8






media/file12.jpg
a

[

.
Er
u
2 3
N 3
3
L S o
N
@ symmetry
N=2E
s
)
.
) 4\/
4
3
3 3
M 4
R S 0 W
iny

©Z=45D






media/file18.jpg
R S0 st
450 g st

o0)

(a) Highest position

(b) Lowest position






media/file9.png
2.0

15}F
1.0 !
0.5 !
o 0.0 !
-0.5 !
-1.0 !
-1.5 !
-2.0 !

- —zisn) !\
(l) | é | 1I0 1I5
time(s)
(c)Z=4.5D

2.0

1.5
1.0 !
0.5}
0.0 !
05}
-1.0 !
1sf
-2.0 !

T—27=3.5D

1 2 1
0 5
time(s)

(d) Z=3.5D

10

15






media/file14.jpg
G
" ) :
i: « H
S
iis
3t
2

|
\IW

AW






media/file20.jpg
S0 perstce 233D lowr e

223 50 e s

sy uppec o+ symaney_lower

D Dimen | Tt
(L D i+ 235D vt

Rtipoine

P T

W w O

(a) Highest position (b) Lowest position





media/file7.jpg
» ==

as|
& o)






media/file23.png
| | = 4 o = 4
Re=3.5x 104_upper surface Re=3.5x 104_lower surface - Re=35x10" upper surface = Re=3.5x10" lower surface
* Re=5.3x10"_upper surface o Re=5.3x10"_lower surface o Re=5.3x10" upper surface ° Re=5.3x10* lower surface

2H Re=7.0x10* upper surface = Re=7.0x10* lower surface 2 £

s Re=7.0x10* upper surface = Re=7.0x10* lower surface
C

0 | 45 | 90 | 135 | 180
0(°)
(a) Highest position (b) Lowest position






media/file5.png
(a) Non-uniform grid system

S

Foepopmflmgomdnrn’ A

(b) Grid in the vicinity of the cylinder





media/file15.png
symmetry

]
h
[a—,
]

time(s)

(a) symmetry

20

—— 7~4.5D|

—
h

10

time(s)

(c) Z=4.5D

20

Cp

—7=5.5D

(d) Z=3.5D

0 5 10 15 20
time(s)
(b) Z=5.5D
—— 7=3.5D)|
0 5 | 10 15 20
time(s)






media/file19.png
= Re=3.5x10" upper surface = Re=3.5x10" lower surface
« Re=5.3x10" upper surface ° Re=5.3x10" lower surface
s Re=7.0x10" upper surface » Re=7.0x10" lower surface

5,

W
é

0 45 90 135 180
6(°)
(a) Highest position

= Re=3.57 0" uppersurface © Re=3.5? 0 lower surface
2 ¢ Re=53? 0 uppersurface o Re=5.3? 0" lower surface
+ Re=7.0? 0" uppersurface » Re=7.0? 0" lower surface

0 45 90 135 180
6(°)

(b) Lowest position






media/file28.jpg
S |

e g

an

pp ey

9 LA
] 1h
S | o e
s 02
vy 0405 p6 o7 o WA o -
e S [T E I PR B S
s e (A S e T

(a) Positive and Negative Amplitude Ratios (b) Average Amplitude Ratio





media/file2.jpg





media/file32.jpg
o
ey oa o5 pe wr ap

o
T AT

et w——— Reviot —

o R I )

(3) Power output of the PTC cylinde (b) Efficiency of the PTC cylinder n the free surface.
arince florw flow





nav.xhtml


  energies-13-00907


  
    		
      energies-13-00907
    


  




  





media/file11.png
2.0

1.5

O 1.0

0.5

0.0

— Z=5.5D
— 7Z74.5D
—7Z=3.5D

symmetry

10
time(s)

15 20

25





media/file6.jpg
z 154
i 0]
os] os
oo oo
5, s,
m 10
s, s,
20 20
s w5 omoox O [T
amets) dmets)
®)Z=55D

(@) symmetry






media/file24.jpg
Re=3.5x10"

Re=4.4x100

Re=S.3x10

Re=6.1x10°

Re=70x10°

a0

09 87654 D201 23456750910

10000008

< 0000008%

Nee

s 00UOUAN






media/file29.png
1.5 ; : : - 1.4
1.0 F E | % é 1.2
05 1.0 -
u Symmetry_Apositive = Symmetry_Anegative -
S 0.0 | ® ZZS'SD_Apositive o ZZS'SD_Anegative 0.8 |
‘: I A Z=45 D_Apositive A 74 SD_Anegative i g | symmetry
_0 5 | < Z:3'5D_Apositive d Z:3'5D_Anegative 0 6 | § ® /=55D
' ' A 7=45D
3 é . i < 7Z=35D
-1.0 g 3 2 0.4 - e experiment| 19]
-1.5 | . I . I . I . I 0.2 I ' I ' 1 1 . 1
U(m/s) | 0.4 | 0.5 . I0.6 . q.7 . 0.|8 U(m/s) = 0.4 0.5 0.6 07 08
Re><104 3 | 4I 5 | 6 | Rex 104 3 I ; 4 1 . 5| . |6 : 1 7 .
U= 4 ' g ' 6 ' - ' Q U* 4 5 6 7 8

(a) Positive and Negative Amplitude Ratios (b) Average Amplitude Ratio





media/file1.png
air free smfac*e'

¥
V4
water | VLA o

15D

30D






media/file10.jpg
2.0

0.0

15 20 25





media/file33.png
5 35
i B symmetry [ m s
— ymmetry
: éiigg 30F o 7=55D
o 7-3.5D ' A 7=45D
| % I\ 25 < Z=3.5D
? . e— cxperiment| 19] ) a = 20. experiment[19]
I > 90 L
: SE
N
N 15
R2F .
10} L
(L .
| ] 5 L
O 1 M 1 L 1 L 1 M 1 O 1 L 1 M 1 L 1 M 1
Um/is) L, 04 05 06 07 08 Um/s) , 04 05 06 07 08
Rex10*3 . 4 . 5 = 6 . | 7 Rex10*3 4 =~ 5 =~ 6 7
U= 4 5 6 7 8 U* 4 5 6 7 8

(a) Power output of the PTC cylinder in the free (b) Efficiency of the PTC cylinder in the free surface
surface flow flow





media/file16.jpg
et 23 v ot |

() Highest position

2
B
A
s
o)
(b) Lowest position





media/file3.png





media/file22.jpg
510 s s+ Re-3 310 lower e
5110 e s R 3010 et ]
010 e e+ 2010 e o]

TR g+ RS0 o
© RS0 o
© Re7010 v st

(a) Highest position (b) Lowest position





media/file17.png
«  symmetry upper surface ©  symmetry lower surface = symmetry upper surface o symmetry lower surface
e 7=55D uppersurface o Z=5. 5D_lgwer surface 7 e 7=5.5D uppersurface o Z=5.5D lower surface
2r| . Z=45D uppersurface  » Z=4.5D lower surface s+ Z=45D upper surface & Z=4.5D lower surface
v 7Z=3.5D uppersurface v Z=3.5D lower surface [ | v Z=3.5D_upper surface v Z=3.5D_lower surface
1} A S

(a) Highest position (b) Lowest position





media/file4.jpg
() Non-uniform grid system

(b) Grid in the vicinity of the






media/file30.jpg
14

m symmetry

® 7=55D
: a
3 R
04—
. .
U(m/s) 04 L 05 0.6 0.7
Rex10* 3 4 5 [3
v —% 5 G 7






media/file8.png
20T [— symmetry 201 —z=ssp
1.5} 15k
1o} 1o} m “ ”
0.5} 0.5}
O ool T oof
o0sf 0.5}
10} o}
15} s) U U
20 o 200
6 | 5 | 1|0 15 20 25 0o 5 10 15
time(s) time(s)

(a) symmetry (b) Z=5.5D





media/file25.png
| B E | O B
Q(1/s): -10-9 -8 -7 6 -5-4-3-2-101 2 3 435 6 7 8 910

Pap—— At — —— L —

[PEEERSE S ) = WO BT U R S
2700008 « 00008 < 000008
Re=3.5x10"
il R = e et Wl e e — o —
———— . Ol -
21000008 2 1 000U0N < T0U0UOVE
Re=4.4x10" = -
R S —— .
e O e e -
7V 0000 Y | 200008, < J0O0V0OUAN
Re=5.3x10"

e — s e T e

« DO0UOUANAY R 0O0UAVAYaR =2 100000UAS

Re=6.1x10*

— — _ —

— L — — o — e

« 0O00NUAYASE 2 000UNUAVEER= 2 000000AVE

Re=7.0x10*

7=5.5D 7=4.5D £=3.3D





media/file0.jpg
e ﬁ'eeswfac.e ]

water

30D






media/file21.png
* symmetry upper surface = symmetry lower surface
e 7Z=5.5D upper surface o 7Z=5.5D lower surface
+  7Z=4.5D upper surface s 7=45D lower surface
e < Z=3.5D lower surface

2F

-4 1 . 1 . 1 . 1 . 1
0 (°)
(a) Highest position

= symmetry upper surface = symmetry lower surface
e Z=5.5D_ upper surface o Z=55D_lower surface
s+ Z=4.5D upper surface = Z=4.5D lower surface

2r| 7Z=3.5D upper surface < Z=3.5D lower surface

2F

-4 1 . 1 . 1 . 1 . 1
0 45 90 135 180

0(°)

(b) Lowest position





