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Abstract

:

To clarify the hydrodynamic interference characteristics of flows around multiple cylinders under the wall effect, the two-dimensional (2D) flows around the near-wall single, two tandem and parallel cylinders are simulated under different gap ratios (0.15 ≤ G/D ≤ 3.0) and spacing ratios (1.5 ≤ T/D ≤ 4.0) at a Reynolds number of Re = 6300. We also examine the wake patterns, the force coefficients, and the vortex-shedding frequency with emphases on the wall effect and effects of the two-cylinder interference. A critical wall gap of G/D = 0.6 is identified in the single-cylinder case where the wall can exert significant influences. The two near-wall tandem cylinders exhibit three wake states: stretching mode, attachment mode, and impinging mode. The force coefficients on the upstream cylinder are significantly affected by the wall for G/D ≤ 0.6. The downstream cylinder is mainly influenced by the upstream cylinder. For G/D > 0.6, the force coefficients on the two cylinders exhibit a similar variation trend. In the parallel arrangement, the two cylinders exhibit four wake states in different G/D and T/D ranges: double stretching mode, hetero-vortex scale mode, unilateral vortex mode, and free vortex mode. Moreover, the two parallel cylinders in the hetero-vortex scale or free vortex mode have two states: synchronous in-phase state and synchronous out-of-phase state. The mean drag coefficients on the two cylinders decrease, while the mean lift coefficients exhibit opposite variation trends, as the T/D grows.
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1. Introduction


The flow around cylinders near a wall has extensive engineering applications, such as water supply, sewage pipes serving coastal cities, oil and gas pipelines laid under the seabed, as well as submarine optical cables [1,2]. Due to seawater erosion, gaps can be formed between the subsea pipeline and the seabed, resulting in cantilevered cylindrical structures. Under the action of the ocean current, the periodic vortex-shedding phenomenon will occur behind the submarine pipeline, which can induce fatigue failure, thereby reducing the operational longevity of the pipeline [3]. In addition, the existence of the seabed and the hydrodynamic interference between adjacent pipelines can have severe influences on the wake mode and dynamic response patterns of the cylinders. As a consequence, the environment becomes more complex and is more prone to fatigue damage.



In the past few decades, flows around cylinders have been extensively investigated by experiments [4,5] and the numerical method [6,7]. For example, Duan and Wan [8] numerically analyzed the wake characteristics of flows around a circular cylinder at Re = 3900. They demonstrated that the velocity profile in the wake region exhibited “U” patterns and “V” patterns. Manzoor et al. [9] numerically studied the flow around a triangular cylinder by a lattice Boltzmann method (LBM). They analyzed the variation of the vortex structures and force coefficients with the Reynolds number. Also, Aksoy et al. [10] investigated the flow around a circular cylinder by experimental measurements combining with the machine-learning method. With respect to the multiple cylinders, Lam et al. [11] experimentally studied the flows around four cylinders in a square arrangement at the Reynolds number of Re = 200. Some typical wake features were identified depending on the angles of incidence. Niegodajew et al. [12] experimentally investigated the flow around two bluff bodies in a tandem arrangement. They focused on the influence of the gap spacing between the two cylinders on the flow patterns. Mishra and Sen [13] numerically simulated the flow around two tandem rectangular cylinders by a finite element method. They found two transitions of the vortex-shedding mode with the variation of the gap spacing.



Nowadays, there have been abundant achievements concerning flows around the cylinders from multiple aspects, such as the different Reynolds numbers [9,14], conditions of incoming flow [15], section shapes [5,6,14] and geometric arrangements [16,17,18]. Comprehensive research achievements can refer to many specialized topic reviews [19,20,21,22,23,24,25,26]. However, the available results mostly concentrate on the free flow boundary problems. Studies on near-wall flows around the cylinders are relatively scarce. The existence of a wall can measurably affect the vibration response and wake patterns of cylinders. It exhibits new features, such as asymmetric loading, gap flow, vortex-shedding suppression and wall vortex roll-up. In addition, the shear layer and wake interference between multiple cylinders, especially the complex gap flow deflection phenomenon under small spacings, makes the flow mechanism more complicated.



On account of the near-wall flows around a cylinder, Ouro et al. [27] demonstrated that the near-wall effect can lead to the lifting of the wake around the near-wall cylinder. Zhou et al. [28] experimentally investigated the influence of the gap ratio (G/D) in the flows around a single cylinder close to a wall at Re = 200. They found that the near-wall effect of the cylinder on the flow characteristics was almost not observed for G/D > 0.6. Zhang et al. [29] simulated near-wall flows at a low Reynolds number for G/D = 0.4. It was shown that increasing the thickness ratio of the boundary layer would weaken the wall effect and reduce the vortex-shedding frequency. Zhou et al. [30] experimentally examined the flows around a cylinder at Re = 1000 for G/D = 0.5 and 1. It was found that secondary vortices would be formed periodically on the wall. The intensity of the vortices shedding from the upper surface of the cylinder is slightly greater than that from the lower surface. In addition, Zhai et al. [31] experimentally investigated the effects of the wall spacing on the flow patterns of a single near-wall cylinder at Re = 300. They concluded that the instability of the near-wall region was mainly caused by the alternative vortex shedding of the wake. Li et al. [32] numerically investigated the Honji instability of a cylinder near a flat wall. They found that the Honji instability is mainly generated on the gap side of the cylinder. Other investigations regarding the near-wall flow include the different shape of the cylinder [33,34], compressible flow [35], and two circular cylinders [36,37].



The above-mentioned research [27,28,29,30,31,32,33,34,35] mainly focuses on the near-wall flows around a single cylinder. The studies on the near-wall flow around multiple cylinders are rare. However, in the field of oil and gas transportation, the configuration of multiple cylinders is usually adopted. Two cylinders in tandem and parallel arrangements provide a simple multi-body model. In the available investigations, Li et al. [36] numerically simulated the near-wall flow around two tandem circular cylinders by OpenFOAM with the consideration of three small gap ratios between the cylinder and the wall. Liu et al. [37] experimentally investigated the flow around two parallel circular cylinders. They examined the influence of the central spacings between the two cylinders on the wake patterns. The dynamic characteristics are not yet discussed. Currently, near-wall flows around the multiple cylinders exert abundant phenomena yet to be fully understood. There remains a lack of comprehensive studies on the influence of key factors such as the flow conditions, the arrangement form, and the gap spacing. Especially, the vortex-shedding mode and dynamic response features of the cylinders, under the interaction of the gap flow and the wake flow, have not been thoroughly investigated. This paper numerically investigates the two-dimensional (2D) flows around a single cylinder and the two tandem and parallel cylinders close to a wall. The different gap ratios and cylinder spacing ratios are considered with a constant Reynolds number of Re = 6300. We analyzed the wake modes, the force coefficients, and the vortex-shedding frequencies under the near-wall effects and the hydrodynamic interference of two cylinders. This study is expected to provide a new understanding of the near-wall flow phenomena. Also, it is of practical significance to realize effective flow control for mitigating structural fatigue.




2. Mathematical Formulation


The 2D flows around one and two near-wall circular cylinders are simulated in this study. Figure 1 presents the geometric model and the boundary conditions in the considered computational domains. The incompressible, viscous flow is assumed. The wall and the cylinder surface are assumed to be no-slip. The governing equations for the incompressible viscous flow adopted are the 2D Reynolds-averaged Navier–Stokes (RANS) equations. The RANS model can well consider the effects of the turbulent flows, while the required computational resources are much less than required by the large eddy simulation (LES) model. The dimensionless form of the governing equations is expressed in the Cartesian coordinate system as follows:


    ∂  u i    ∂  x i    = 0  



(1)






    ∂  u i    ∂ t   +  u j    ∂  u i    ∂  x j    +   ∂ p   ∂  x i    −  1  Re    ∂  ∂  x j        ∂  u i    ∂  x j    +   ∂  u j    ∂  x i      −   ∂    u i ∗   u j ∗   ¯    ∂  x j    = 0  



(2)







The normalization of Equations (1) and (2) is realized based on the diameter of the cylinder D and the free-stream velocity of Uo at the inlet, as shown in Figure 1. Therefore, the important flow parameter of the Reynolds number can be obtained with Re = UoD/v. In Equation (2),      u i *   u j *   ¯    is the Reynolds stress tensor, which is expressed as:


  −    u i ∗   u j ∗   ¯  =  μ t      ∂  u i    ∂  x j    +   ∂  u j    ∂  x i      −  2 3  k  δ  i j    



(3)







The standard k-ε model is adopted for the simulations of fully turbulent flows. This k-ε model has a good convergence rate and requires relatively low memory. Moreover, it performs well in solving external flow problems with complex geometries. It is given as:


    ∂ k   ∂ t   +  u j    ∂ k   ∂  x j    =  ∂  ∂  x j        v +    μ t     σ k        ∂ k   ∂  x j      +  μ t      ∂  u i    ∂  x j    +   ∂  u j    ∂  x i        ∂  u i    ∂  x j    − ε  



(4)






    ∂ ε   ∂ t   +  u j    ∂ ε   ∂  x j    =  ∂  ∂  x j        v +    μ t     σ ε        ∂ ε   ∂  x j      +  C 1   ε k   μ t      ∂  u i    ∂  x j    +   ∂  u j    ∂  x i        ∂  u i    ∂  x j    −  C 2   ε k   



(5)







The turbulent viscosity coefficient is given as      μ  t      =     C μ   k 2  / ε  . The coefficients of the standard k-ε model are determined according to Launder and Spalding [38]:


    C 1  = 1.44 ,        C 2  = 1.92 ,        σ   k  = 1.0   ,    σ ε  = 1.3 ,    C μ  = 0.09 .   



(6)







The drag coefficient Cd, the lift coefficient Cl, and the Strouhal number St are the critical dimensionless parameters. They are given as follows:


   C d  =    F d    0.5 ρ    U 0   2  D   ,    C l  =    F l    0.5 ρ    U 0   2  D    



(7)






  S t =   f D    U 0     



(8)








3. Numerical Method


3.1. Numerical Implementation


The present computational model is established based on the software of STAR-CCM+ 13.04. The RANS model is adopted to solve the flow patterns around the cylinders with the standard k-ε model for consideration of the turbulence characteristics. The overlapping grid is used to treat the solid boundaries. The governing equations are discretized by the finite volume method. The convective and the viscous terms are approximated by the second-order upwind and central differencing schemes, respectively. The second-order implicit scheme is used to advance the governing equation in time. The semi-implicit method for pressure-linked equations (SIMPLE) method is employed to decouple the velocity and pressure. To ensure the good convergence and stability of the calculation, we set the pressure relaxation factor to 0.3 and the velocity relaxation factor to 0.7.




3.2. Geometric Models and Boundary Condition


The width of the computational domain is set as 15 D. The center of the cylinder is positioned 10 D from the inlet and 25 D from the outlet. The thickness ratio of the boundary layer is given as δ/D = 0.2. Also, the gap ratio between the cylinder center and the wall G/D is chosen from 0.15 to 3.0. The spacing ratio of two cylinders in the tandem and parallel arrangement T/D is from 1.5 to 4. The primary intention of this study is to investigate the influence of the gap ratio and spacing ratio on the wake pattern and dynamic characteristics. Therefore, a fixed Reynolds number is adopted with Re = 6300, though the Reynolds number is the critical flow parameter affecting the flow characteristics. In addition, the flow is usually in the sub-critical regime, where the Reynolds number ranges from 300 to 1.4 × 105 [39]. The Reynolds number of Re = 6300 adopted is consistent with the realistic situation in engineering, and the requirement for the computational resource is acceptable. Also, there are experimental studies [40] available for comparison. In terms of the boundary conditions, the uniform inflow boundary condition with a velocity of U0 is enforced on the inlet. The outlet is set as the pressure outlet boundary condition. The cylindrical surface and the lower wall are prescribed as no-slip wall boundary conditions. In addition, a slip wall boundary condition is imposed on the upper wall. Regarding the turbulence parameters, the turbulent kinetic energy k and the turbulence dissipation rate ε are applied. They are estimated through the formulae of k = 1.5(UoI)2 and ε = C0.75k1.5/D, where I is the turbulence intensity dependent on the Reynolds number, and C is generally taken as 0.09.




3.3. Grid Generation


A structured grid is adopted to separate the computational domain into four regions, and the local grid around the cylinder is shown in Figure 2. To examine the grid independence, three grids with different resolutions are considered. Detailed information on three grids is presented in Table 1. The grid NO. 1 has approximately 54,000 elements. The grid NO. 2 is refined based on the grid NO. 1, with the element number of around 190,000. Also, the grid NO. 3 is further refined based on the grid NO. 2, with the element number of about 540,000.




3.4. Grid Independence Verification


The flow around a near-wall cylinder with a gap distance of G/D = 0.5 at Re = 6300 is simulated to test the grid independence. The three grids are presented in Table 1. The time step is set as 0.002 s to ensure the good stability of the simulation. Table 2 presents the predicted average drag coefficient     C ¯  d   , the average lift coefficient     C ¯  l   , and the Strouhal number St of the three grids, in comparison with the reference results.



The results, including the force coefficients and the Strouhal number, are very close for the three grids, confirming the good grid convergence. Reasonably good agreements with the reference results have been obtained, which validates the accuracy of the present numerical model. Specifically, the     C ¯  d    of the three grids is very close to the 1.02 obtained in Wang et al.’s [40] experiment. The     C ¯  l    approaches the 0.13 in Wang et al.’s experiment [40] and is also consistent with the 0.137 gained in Lei et al.’s experiment [41]. In terms of the St, it agrees well with that in Lei et al.’s experiment [41] and Kazeminezhad et al.’s numerical method [42]. In the following cases, the grid NO. 2 is adopted to achieve a good balance between the computational resources and the solution quality.





 





Table 2. Comparison of the force coefficients and the Strouhal number on the near-wall cylinder at Re = 6300.






Table 2. Comparison of the force coefficients and the Strouhal number on the near-wall cylinder at Re = 6300.





	Numerical Method
	     C ¯  d    
	     C ¯  l    
	St





	Grid NO. 1
	1.04
	0.130
	0.24



	Grid NO. 2
	1.05
	0.140
	0.23



	Grid NO. 3
	1.10
	0.133
	0.23



	Wang et al. [40]
	1.02
	0.13
	0.195



	Kazeminezhad et al. [42]
	1.13
	0.116
	0.233



	Lei et al. [41]
	1.30
	0.137
	0.21










4. Numerical Results and Discussion


4.1. Near-Wall Single Cylinder


In this section, the flows around a single cylinder adjacent to a wall are studied. In particular, the influence of G/D on the dynamic characteristics and wake mode is analyzed. Figure 3 shows the time history of the lift (Cl) and drag (Cd) coefficients on the single cylinder for different G/D. For G/D ≤ 0.2, Cl and Cd approach a constant value after several periods of initial disturbance. No regular oscillation is observed, indicating that the wall inhibits the generation of vortex shedding. For G/D ≥ 0.3, sinusoidal oscillation patterns are observed, because periodic shedding vortices are generated on the cylindrical surface. As the cylinder stays away from the wall (0.3 ≤ G/D ≤ 0.6), the undulation amplitude of Cl increases, because the intensity of vortex shedding grows. For a larger gap ratio of G/D > 0.6, the amplitude of Cl starts to decrease. The influence of the wall on the cylinder begins to weaken, which is consistent with the experimental conclusion of Zhou et al. [28].



The average drag and lift coefficients of     C ¯  d    and     C ¯  l    for the single cylinder at different G/D are demonstrated in Figure 4. The average force coefficients predicted by the present method for various gap ratios are in satisfactory agreement with previous work [40,41,42]. As the G/D rises, the     C ¯  d    grows to maximum for G/D = 0.6 following by a gradual decrease. In contrast, the     C ¯  l    decreases dramatically for G/D < 1.5 and then shows a slow downward trend as the G/D further reduces. Note that the     C ¯  d    predicted by the present method is slightly smaller than that predicted by the previous methods [40,41,42] for most gap ratios. These discrepancies may be caused by the different boundary layer thicknesses δ/D. In the study by Wang et al. [40], δ/D = 0.47. It is set as δ/D = 0.25 in Lei et al. [41] and δ/D = 0.3 in Kazeminezhad et al. [42]. The boundary layer thickness is an important variable that cannot be ignored. According to the conclusions of Kazeminezhad et al. [42], the     C ¯  d    can be noticeably affected by the δ/D. The reasons for this are that the flow velocity on the cylinder is not constant in different boundary layers at a specific gap ratio. In other words, the velocity close to the cylinder surface would vary with the δ/D. In addition, the Reynolds number (Re) adopted in this paper is also different from that used in Lei et al. [41] and Kazeminezhad et al. [42], which may also cause the difference in the numerical results. Generally, the present     C ¯  d    and     C ¯  l    agree well with the experimental and numerical results, which validates the reliability of the present numerical method.



The distributions of the pressure coefficient on the cylindrical surface for different G/D are presented in Figure 5, where the counterclockwise rotation is defined as positive and the clockwise rotation is negative. They are compared with the reference results [43,44,45]. The angle is varied with an increment of 30°. In Figure 5a, the pressure coefficient behind the rear part of the cylinder (−90 < θ < 90) is significantly smaller than that on the front side. This is due to the direct impinging of the incoming flow on the front side of the cylinder. Consequently, an apparent high-pressure area is generated on the front side of the cylinder, and a negative pressure area is created behind the cylinder. For G/D ≤ 0.2, the velocity of the incoming flow impinging on the cylindrical surface decreases due to the inhibition effects of the wall, which reduces the pressure differences between the front and rear sides of the cylinder. The pressure distributions for G/D ≥ 0.6 nearly coincide because the wall effects are weakened. Also, the pressure exerted on the lower side of the cylinder is less than that on the upper side, generating a positive transverse force. The calculated pressure coefficients for three gap ratios of G/D = 0.4, 0.6, and 0.8 are compared with the experimental data [43] and the simulation results [44,45] in Figure 5b. They are consistent with the experimental and the simulation results, again confirming the reliability of the numerical model.



Furthermore, the influence of the wall effects on the separation angle is discussed. As shown in Figure 5a, the position of 0° is at the rear stagnation point of the cylinder, and the position of 180° or −180° represents the front stagnation point. The separation angle can be determined by the front stagnation point, the separation point, and the center of the cylinder. It is seen in Figure 5a that the inflection point of the pressure distribution maintains at approximately 95° on the upper surface of the cylinder. Therefore, the separation angle on the upper surface is determined to be about 85° for various gap ratios. The results are consistent with those of the flows around a single cylinder by Kravchenko et al. [46] and Franke et al. [47], again confirming the accuracy of the present model. However, the separation angle on the lower surface of the cylinder is not symmetrical with that on the upper surface. The separation angle on the lower surface is about 105° for G/D = 0.2 and 0.15, and it is around 95° for G/D ≥ 0.4. It is indicated that the presence of the wall effect can cause the delay of the separation point. Moreover, the smaller the gap ratio, the more significant the influence on the separation point due to the greater intensity of the wall effect.




4.2. Two Near-Wall Tandem Cylinders


This section simulates flows around two tandem cylinders near a wall at Re = 6300 to examine the wall effect and hydrodynamic interaction by changing the gap ratio (G/D) and the spacing ratio (T/D). The vorticity contours around the cylinders under different G/D and T/D are studied first, as presented in Figure 6. For G/D = 0.2, the wall suppresses the generation of the vortices from the two cylinders at different T/D. Therefore, the upper shear layer on the upstream cylinder is reattached on the downstream one, forming an elongate shear layer to extend downstream. When G/D is larger than 0.4, a vortex near the wall is generated and interacts with the one generated from the upper cylinder. The large-scale vortex is then formed to travel downstream. As the gap ratio grows, the generation location of the wall vortex moves backward. In real sea conditions, the wall vortices can be generated by the seabed surface. Moreover, they can carry the sand particles to the low-speed area behind the cylinder due to the upward migration. The sand particles would deposit in this low-speed area due to the limitation of velocity. Gradually, a sand accumulation line is formed.



Accounting for the influence of the T/D, the alternative vortex shedding of the upstream cylinder cannot be developed for T/D = 1.5 since the downstream cylinder suppresses the detachment of the shear layers. As a result, the wake pattern of the two cylinders is in an extended state, showing a stretching mode. For T/D = 3, vortex pairs start to appear between the two cylinders, and no vortex shedding occurs. The shear layer of the upstream cylinder will adhere to the front side of the downstream one, showing an attachment mode. For T/D = 4, an alternative vortex-shedding phenomenon occurs between the two cylinders at G/D ≥ 0.4. The shedding vortices will impact the front side of the downstream cylinder, showing an impinging mode. Compared with T/D = 3, it is shown that the upper shear layer of the downstream cylinder is elongated and enlarged.



Figure 7 illustrates the time history of the lift (Cl) and drag (Cd) coefficients on two cylinders at T/D = 3. The oscillation amplitudes of both Cl and Cd on the downstream cylinder are much larger than those on the upstream one. This is because the vortex shedding from the upper cylinder enhances the vorticity intensity of the downstream one. At G/D = 0.4, steady force coefficients are obtained after several periods of initial disturbance, since the alternative vortex shedding is inhibited. The Cl on the upstream cylinder approaches to the steady state after a dimensionless time of 60. In contrast, the oscillation amplitude of the Cl on the downstream cylinder will gradually increase again until it reaches stability. In this situation, the shedding vortex of the upstream cylinder is restrained. The shear layers of the two cylinders are in a stretching state and begin to produce a single vortex street. As the gap spacing further increases to G/D ≥ 0.6, the Cl on two cylinders exhibits a sinusoidal oscillation pattern after initial disturbance.



The flow between the two cylinders becomes unstable for G/D < 0.6 due to the interference of the upstream cylinder and the adjacent wall, as seen in Figure 6 and Figure 7. The shear layer of the upstream cylinder adheres to the front surface of the downstream one, affecting the force coefficient on the downstream cylinder. For G/D ≥ 0.6, the wall effect is weakened, and the two cylinders exhibit periodical force variation.



Figure 8 demonstrates the average force coefficients of     C ¯  d    and     C ¯  l    on two near-wall tandem cylinders. The     C ¯  d    on the downstream cylinder is smaller than that on the upstream one at different G/D due to the sheltering effects of the upstream cylinder. For the upstream cylinder,     C ¯  d    and     C ¯  l    are close to those on the near-wall single cylinder, indicating that the wall imposes significant effects on the upstream cylinder. For the downstream cylinder,     C ¯  d    is smaller than that on the upstream cylinder. This is because the shear layer of the upstream cylinder extends or adheres to the front surface of the downstream cylinder, reducing the impact on the downstream cylinder. When the wall effect is weakened (G/D > 0.6), the     C ¯  l    increases as the T/D grows. The possible reason for this is that the downstream cylinder exerts the regular and stable vibration, and the intensity of vortex shedding increases when the influence of the upstream cylinder is weakened.



The spectrum of Cl on two cylinders by fast Fourier transform (FFT) for G/D = 2 and 1.4 at three T/D is shown in Figure 9. At G/D = 2, multiple peaks of the Cl spectrum appear, indicating that the vortex-shedding frequency is unstable. It is shown in Figure 6 that unstable vortex shedding occurs initially and is then suppressed after several cycles. For G/D = 1.4, there is only a single peak, indicating that the vortex-shedding frequency is relatively stable. As the T/D rises, the vortex-shedding frequency rises. Meanwhile, the vortex-shedding frequencies and the peaks of the Cl spectrum on both cylinders are basically the same for a given G/D and T/D. This reveals that the near-wall effect and the interaction characteristics of the two cylinders have a more remarkable influence on two cylinders as a whole, while they have less influence on the individual ones.



To reveal the interaction mechanism, the horizontal and vertical velocities at several typical positions for T/D = 3 are investigated, as shown in Figure 10. The positions of X1 and X2 are located at a horizontal distance of D and 2D away from the center of the upstream cylinder, respectively. Also, X3 is 2D away from the center of the downstream cylinder. To reproduce the flow details, the velocity profiles of the local area around the cylinder at positions of X1–X3 are presented.



In Figure 10a, the horizontal velocity of the incoming flow is reduced when it reaches the front side of the cylinder. It rises sharply on two sides of the cylinder. The horizontal velocity forms a deceleration band behind the cylinder and extends downstream. Meanwhile, a pair of periodic positive and negative vortices is generated behind the cylinder when the vertical velocity encounters the obstruction of the cylinder. They dissipate slowly when moving downstream. In Figure 10b, the positive peak of the vertical velocity slowly reduces and transients to the negative one as the G/D increases before the incoming flow velocity encounters the upstream cylinder. However, the maximum horizontal velocity does not change much.



In detail, for G/D ≤ 0.2, the horizontal velocity at the gap decreases continuously to 0, which explains the moderate changes in the pressure coefficient for G/D ≤ 0.2 in Figure 5. At the X2 position, the peak of the vertical velocity becomes larger as G/D decreases. This indicates that the existence of the wall affects the intensity of the periodic positive and negative vortices. However, the trough value of the horizontal velocity returns to a constant value (about 0.06 m/s) as the G/D increases.



For G/D = 2, the horizontal velocity at the gap has a back-flow region. The peak of the vertical velocity changes chaotically behind the downstream cylinder (X3 position). The trough peak of the horizontal velocity returns to a constant value (about 0.2 m/s) as the G/D rises. The peak of the horizontal velocity at the X2 position is lower than that at the X3 position for the same G/D. The reason for this is that the horizontal velocity decreases when it hits the upstream cylinder. The horizontal velocity reduces further due to the interference of the downstream cylinder.



The variation of St with T/D and G/D on the downstream cylinder is shown in Figure 11. The St obviously increases with the increase in T/D for the same G/D. It is smaller than that of the single cylinder near the wall, because the gap flow between the two cylinders hinders the generation of the vortex shedding. As the G/D increases, the hydrodynamic interference between the two cylinders is weakened, and thus the frequency characteristics of the downstream cylinder approach those of the single near-wall cylinder. For G/D > 0.6, the change in St is small since the wall has negligible effects on the vortex-shedding frequency of the cylinder. Consequently, the downstream cylinder exhibits the sinusoidal oscillation variation.




4.3. Two Near-Wall Parallel Cylinders


In this section, the flows around two parallel cylinders near a wall under different G/D and T/D at Re = 6300 are discussed. The local vorticity contours around two parallel cylinders are first investigated, as shown in Figure 12. In the case of T/D = 1.5, the shear layers of the two cylinders are in an extended state at G/D = 0.2. The vortices are suppressed, showing a double-stretching mode. As the gap ratio grows to G/D = 0.4, the vortices on the two cylinders reappear after being suppressed. The oscillation amplitude of the lower cylinder is higher than that of the upper one, which reflects the different intensity of vortex shedding. In addition, the vortex pattern in Figure 12 shows a hetero-vortex scale mode, where the vortex structure of the upper cylinder is larger than that of the lower one. This is because the wake flow deflects to one side, leading to the asymmetric vortex size of the two cylinders. For G/D = 0.6, the unstable vortex shedding is inhibited again. The wake size of the two cylinders is enlarged for G/D = 1.0, since the wall effect and the deflection of the gap flow are weakened.



When T/D is 2.0, the wake exhibits a unilateral vortex mode for G/D ≤ 0.4, where alternative vortex shedding from the upper cylinder is generated, and that from the lower cylinder is inhibited. As the gap ratio grows to G/D ≥ 0.6, both cylinders form complete vortex shedding. In comparison with that in the case of T/D = 1.5, the amplitude of the wake changes slightly, which indicates that the deflection phenomenon of the gap flow is not obvious.



For T/D = 3.0, the shedding vortices on the two cylinders can be clearly distinguished at G/D ≥ 0.4. In this situation, the hydrodynamic interference between the two cylinders is weakened, and the deflection phenomenon of the gap flow disappears. The wake pattern is similar with that of the near-wall single cylinder, showing a free vortex mode. Meanwhile, there are two opposite states of the two cylinders: the hetero-vortex scale mode or free vortex mode in Figure 12. For G/D ≤ 0.6, the vortex shedding shows a synchronous in-phase state, where the shear layers of the two cylinders are shed simultaneously. In contrast, the vortex shedding shows a synchronous out-of-phase state for G/D = 1.0.



The time histories of the lift coefficient Cl and the drag coefficient Cd on two cylinders at T/D = 1.5 are presented in Figure 13. Correspondingly, Figure 14 demonstrates the average drag and lift coefficients of     C ¯  d    and     C ¯  l    on two parallel cylinders. If G/D ≤ 0.6, the     C ¯  d    on the two cylinders shows a distinct pattern for different T/D. As G/D is larger than 0.6, the     C ¯  d    of the two cylinders shows the similar variation trend. The     C ¯  d    decreases with the increase in T/D, since the wall effect is dominant when the gap ratio is small. On the other hand, the wake interaction between the two cylinders plays the dominant role when the gap ratio is larger than a critical value. Also, the wake interaction becomes weak with the increase in the gap ratio.



It is seen in Figure 14 that the     C ¯  l    on two cylinders reduces with the increase of the G/D. However, the two cylinders show opposite trends as the T/D grows. The     C ¯  l    on the upper cylinder decreases, and that on the lower cylinder increases as the T/D decreases. This is because the gap flow has an outward repulsion effect. The repulsion effect is weakened, and the     C ¯  l    on the two cylinders is consistent with that in the single cylinder case as the spacing ratio increases.



The spectrum of Cl on two parallel cylinders by FFT for G/D = 2 and 1.4 at three T/D is demonstrated in Figure 15. For T/D = 1.5, there is no obvious peak in the spectrum. According to Figure 12, it is observed that the unstable vortex shedding of the two cylinders is restrained. For T/D = 2, there is a single peak, and the frequencies of the two cylinders are identical at G/D = 2. The upper cylinder exhibits stable vortex shedding, while that of the lower cylinder is restrained. However, the shedding vortices of the two cylinders can interact with each other due to the small spacing, resulting in the identical frequencies. For the case of G/D = 1.4, there are two peaks, and the main peaks of the two cylinders are different. The reason for this is that the gap flow is inclined to one side of the cylinder, leading to different vortex-shedding frequencies.



For T/D = 3, a single peak exists, and two cylinders have the identical frequencies at G/D = 2. When G/D = 1.4, it is still a single peak, while the frequencies of the two cylinders are slightly distinct. The reason for this is that the deflection phenomenon of the gap flow and the mutual interference effect between the two cylinders are weakened as the spacing ratio increases. Consequently, the stable vortex shedding of both cylinders is formed, and the hydrodynamic interference between the two cylinders can be negligible. Meanwhile, the vortex-shedding frequency of the two cylinders is reduced as the T/D increases, indicating that the intensity of vortex shedding is weakened.



Figure 16 shows the local profiles of the horizontal and vertical velocities at a typical location, where X4 is located 2 D from the cylindrical center. In Figure 16a, a clear deflection of the gap flow can be observed, resulting in a narrower and wider jet of the horizontal velocity behind the two cylinders, respectively. The vertical velocity has periodic positive and negative velocity vortices on the upper cylinder, while the velocity contours at the lower cylinder are inhibited.



For T/D = 1.5, the hydrodynamic interference characteristics between the two cylinders are strong, as shown in Figure 16b. The trough values of the horizontal velocity behind the two cylinders are basically equal, while the peak values of the vertical velocity change in a disordered fashion. For T/D = 2.0, the hydrodynamic interference between the two cylinders is weakened, and the horizontal velocity behind the two cylinders has different peaks. If G/D is small, the velocity peak behind the lower cylinder is lower. The velocity peak behind the upper cylinder is reduced as the G/D increases. However, the wake flow of the lower cylinder begins to break away from the inhibition state, and the intensity of the velocity vortex is increased. In the case of T/D = 3.0, the peak value of the horizontal velocity behind the upper cylinder does not change with the G/D. Also, the maximum horizontal velocity behind the lower cylinder recovers to a constant value as the G/D grows. The maximum vertical velocity behind the two cylinders has two states: the same side (G/D = 0.6, 0.8, 1.4) and the opposite side (G/D = 0.4, 1.0). This indicates that the periodic velocity vortices show synchronous in-phase and synchronous out-of-phase states. For the same G/D, the maximum horizontal velocity behind the lower cylinder changes little as the T/D increases.



The Strouhal number St as a function of the T/D and G/D on the lower cylinder is demonstrated in Figure 17. The change in the St is small for G/D > 0.6. For the same G/D, the Strouhal number St of the lower cylinder is reduced as the T/D increases and approaches that seen in the case of the near-wall single cylinder. This results from the fact that the near-wall effect and the hydrodynamic interference make the wake unstable when the T/D is small and thus affects the vortex-shedding frequency. However, the near-wall effect and the hydrodynamic interference are weakened as the T/D further increases. It is observed that the wake pattern of the two cylinders is similar with that in the single cylinder case.





5. Conclusions


The 2D flows around a single cylinder, two tandem, and two parallel cylinders near a wall have been studied in this paper using the software of STAR CCM+. The accuracy of the present model is demonstrated in comparison with the experimental [40,41,43] and other numerical [42,44,45] results. Good grid convergence has been achieved. Note that Lei et al. [41] and Kazeminezhad et al. [42] only focused on the near-wall effects on a single cylinder. Wang et al. [43] investigated the flows around the near-wall for tandem two cylinders and found three types of vortex-shedding modes. However, comprehensive results were not obtained, including the fluid details and the force coefficients. In this work, the wake patterns, the force coefficients, and vortex-shedding frequencies under different gap distances and cylinders spacing are investigated. The influence of the wall effect and the hydrodynamic interference between two cylinders are explored. The main conclusions are as follows.



For flows around a single cylinder near the wall, the critical gap of G/D = 0.6 is identified. For G/D < 0.6, the wall can impose apparent effects on the force coefficient and wake structures. In particular, the vortex shedding is completely inhibited for G/D ≤ 0.2. However, the vortex pattern near the wall transients from the suppressed state to the independent vortex-shedding state as the G/D increases. The position, where the wall vortex appears, will move backward until G/D > 0.6, and then the wall vortex disappears. The wall effects can be negligible for G/D > 0.6.



For the flows around two tandem cylinders near the wall, the wake shows three states: a stretching mode at T/D = 1.5, an attachment mode at T/D = 3, and an impinging mode at T/D = 4. The force coefficient on the upper cylinder is similar to that on the single cylinder near the wall. The force coefficient on the downstream cylinder is mainly affected by the upstream cylinder. However, the force coefficient on the two cylinders exhibits a similar variation trend, where both the     C ¯  d    and     C ¯  l    are gradually reduced as the G/D further increases. It is observed that the     C ¯  d    on the downstream cylinder is smaller than that on the upstream one, since the incoming flow toward the downstream cylinder is blocked by the upstream one. In addition, the Strouhal number on the downstream cylinder near the wall grows with the increase in the T/D. It is smaller than that in the near-wall single cylinder case, since the existence of the upstream cylinder inhibits the vortex shedding at the gap.



For the flows around two near-wall parallel cylinders, the wake shows four modes: (1) a double-stretching mode for a small T/D and G/D; (2) a hetero-vortex scale mode when T/D is small and G/D is large; (3) a unilateral vortex mode for T/D being large and G/D being small; (4) a free vortex mode if T/D and G/D are both large. Moreover, the hetero-vortex scale mode or free vortex mode exhibits two states: synchronous in-phase state and synchronous out-of-phase state. The force coefficients on both cylinders are remarkably influenced by the wall effects for G/D ≤ 0.6. For G/D > 0.6, the     C ¯  d    on both cylinders decreases as the T/D increases, and the     C ¯  l    exhibits the opposite variation trend. The     C ¯  d    on both cylinders approaches that on the near-wall single cylinder. The     C ¯  l    on the upper cylinder decreases from 0.5 to 0.15, and that on the lower cylinder increases from −0.3 to 0.06.



The present study focuses on 2D simulation to save computational resources. However, the three-dimensional (3D) turbulent effects of the wake cannot be ignored for a large Reynolds number. To investigate the 3D effects, we intend to simulate the 3D flows around near-wall circular cylinders with different aspect ratios in the near future.
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Nomenclature










	u
	Cartesian velocity vector
	U0
	Free-stream velocity



	t
	Time
	θ
	Angle



	p
	Pressure
	D
	Cylinder diameter



	ρ
	Density
	St
	Strouhal numbers



	μ
	Dynamic viscosity coefficient
	f
	Vortex-shedding frequency



	Re
	Reynolds number
	Fl, Fd
	Lift and drag forces on the cylinder



	T
	Center distance between two cylinders
	G
	Distance from the lower surface of a cylinder to the wall



	k
	Turbulent kinetic energy
	ε
	Turbulent dissipation rate



	      μ  t       
	Turbulent viscosity coefficient
	     C ¯  d    
	Average drag coefficient



	Cd
	Drag coefficient
	     C ¯  l    
	Average lift coefficient



	Cl
	Lift coefficient
	xi (i = 1, 2)
	Coordinates in the x- and y-directions



	δij
	Kronecker delta function
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Figure 1. Geometric model and boundary conditions. 
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Figure 2. Local grid division around the near-wall cylinder. 
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Figure 3. Time history of the drag and lift coefficients on a single near-wall cylinder at Re = 6300 for different G/D. 
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Figure 4. The mean force coefficients on a single near-wall cylinder at Re = 6300 for different G/D: (a) mean drag coefficient; and (b) mean lift coefficient [40,41,42]. 
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Figure 5. Distributions of the pressure coefficient on the cylindrical surface at Re = 6300 for different G/D: (a) present results for different G/D; and (b) comparison with the reference results [43,44,45]. 
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Figure 6. Instantaneous vorticity contours around the two tandem cylinders at Re = 6300 with different G/D and T/D. 
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Figure 7. Time history of the drag and lift coefficient on two tandem cylinders at Re = 6300 for T/D = 3: (a) the upstream cylinder; and (b) the downstream cylinder. 
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Figure 8. The average drag and lift coefficients of     C ¯  d    and     C ¯  l    on two tandem near-wall cylinders at Re = 6300 for different T/D: (a) average drag coefficient; and (b) average lift coefficient. 
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Figure 9. Spectrum of Cl on two tandem near-wall cylinders at Re = 6300 for G/D = 2 and 1.4 at three T/D: (a) T/D = 2; (b) T/D = 3; and (c) T/D = 4. 
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Figure 10. Horizontal and vertical velocities at several typical positions at Re = 6300 for T/D = 3: (a) contours of the horizontal and vertical velocities; and (b) vertical profiles of the horizontal and vertical velocities for different G/D. 
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Figure 11. The variation of the St number with T/D and G/D for the downstream cylinder and near-wall single cylinders at Re = 6300 [40,42]. 
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Figure 12. Instantaneous vorticity contours around the two near-wall parallel cylinders at Re = 6300 for different G/D and T/D. 
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Figure 13. Time history of Cd and Cl on two near-wall parallel cylinders at Re = 6300 for T/D = 1.5: (a) the lower cylinder; and (b) the upper cylinder. 
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Figure 14. The average drag and lift coefficients of     C ¯  d    and     C ¯  d    on two parallel cylinders near the wall at Re = 6300 for different T/D. 
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Figure 15. Spectrum of Cl on two near-wall cylinders at Re = 6300 for G/D = 2 and 1.4 at three T/D: (a) T/D = 1.5; (b) T/D = 2; and (c) T/D = 3. 
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Figure 16. Vertical profiles of the horizontal and vertical velocities at typical locations at Re = 6300: (a) velocity contours for T/D = 1.5 and G/D = 0.6; and (b) variation of horizontal and vertical velocities with G/D and T/D. 
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Figure 17. The variation of St with T/D and G/D at Re = 6300 for the parallel lower cylinder near the wall. 
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Table 1. Detailed information on the three grids.
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	Grid Resolutions
	Grid NO. 1
	Grid NO. 2
	Grid NO. 3





	Grid size of region I/mm
	3.5
	3.5
	3.5



	Grid size of region II/mm
	1.6
	0.8
	0.8



	Grid size of region III/mm
	0.8
	0.4
	0.4



	Grid size of region IV/mm
	0.4
	0.2
	0.1



	Number of elements
	53,721
	190,642
	540,170
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