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The present work investigates the combined effect of the angle of attack AOA (the angle6

between the semi-major axis of the cylinder and the vertical axis), and the gap ratio G/D7

(where G represents the distance between the cylinder center and the moving wall, and D8

denotes the semi-major axis of the elliptic cylinder) on the flow around an elliptic cylinder9

near a moving wall. Here AOA covers±15o,±30o and±45o with G/D ranging from 0.6 to10

2.5. The Reynolds number (based on the free-stream velocity and the semi-major axis) is11

fixed to 150. The resulting Kármán vortex street, the two-layered wake and the secondary12

vortex street have been investigated and visualized. The resulting patterns have been clas-13

sified and mapped out in the (G/D, AOA)-space. At small gap ratios, a clockwise rotation14

of the cylinder (negative AOA) leads to stronger suppression effect between the moving15

wall and the backside of the cylinder. This results in more transitions between the differ-16

ent wake patterns than for the counterclockwise rotated cylinder (positive AOA). As the17

cylinder is more rotated either clockwise or counterclockwise, (i.e., as |AOA| increases),18

the crest value of the drag coefficient decreases while the crest value of the lift coefficient19

first increases and then decreases for G/D≥ 1.0. For a given G/D, the time-averaged drag20

coefficient decreases with the increased rotation of the cylinder, except for an increase ob-21

served as AOA increases from 0o to 15o for G/D≤ 0.9. Moreover, the lift force is directed22

upwards and downwards for positive and negative AOA, respectively, and its magnitude23

decreases with increasing G/D when the cylinder is counterclockwise rotated, while it24

increases when the cylinder is clockwise rotated.25

a)Corresponding author: jianxun.zhu@ntnu.no
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I. INTRODUCTION26

The wake behind an isolated circular cylinder has been widely investigated because of its vital27

importance in understanding vortex shedding in engineering applications such as marine risers,28

sub-sea cables and pipelines1,2. For Reynolds numbers (based on the free-stream velocity and the29

cylinder diameter) larger than about 47, the well-known Kármán vortex street is present. Cimbala,30

Nagib, and Roshko3 reported that this vortex street exhibits a transition to a two-layered wake31

farther downstream, followed by a secondary vortex street with larger scales than the primary32

ones. Durgin and Karlsson4 and Karasudani and Funakoshi5 concluded that the first transition is33

due to the convection of the vorticity within the vortices, which leads to distortion and rotation34

of the vortices aligned with the stream-wise direction at some downstream location. The physical35

mechanism behind the second transition was first attributed to the hydrodynamic instability of36

the mean wake by Cimbala, Nagib, and Roshko3 and then further identified as the convective37

instability of the mean wake by Kumar and Mittal6.38

Although less attention has been paid on the elliptic cylinder compared to the circular cylinder,39

the wake behind an isolated elliptic cylinder has been investigated due to its practical impact on40

submarines7, bridge piers8 and heat exchangers9. This flow depends on the Reynolds number Re41

(based on the free-stream velocity and the semi-major axis of the cylinder), the ratio (AR) of the42

semi-minor to semi-major axis length of the elliptic cylinder and the angle of attack AOA (defined43

by the angle between the semi-major axis and the vertical axis). Thompson et al.10 conducted two-44

dimensional numerical simulations for flow around an isolated elliptic cylinder with AOA = 0o and45

AR ∈ [0,1] (where AR = 0 and 1 represent a normal flat plate and a circular cylinder, respectively)46

for Re ≤ 200. They found that an increase of Re (for a given AR) or a decrease of AR (for a47

given Re) can lead to the two-layered wake and the secondary vortex street moving upstream,48

i.e., towards the cylinder. Moreover, the secondary vortex street becomes more irregular with49

either increasing Re or decreasing AR. The effect of AOA on the wake structures was investigated50

numerically by Paul, Arul Prakash, and Vengadesan11 for AR ∈ [0.1,1.0] and for Re ∈ [50,200].51

It should be noted that AOA is defined by the angle between the inlet flow condition and the52

semi-major axis in their work, but here we use the present definition, i.e., the angle between53

the semi-major axis and the vertical axis. With this definition, for AOA ∈ [45o,60o], the wake54

consists of the Kármán vortex street only while a decrease of AOA from 45o to 0o (for given Re55

and AR) enhances the wake instability, leading to a higher vortex shedding frequency and the56

onset of the two-layered wake as well as the secondary vortex street. They also found that as AOA57

decreases from 60o to 0o (for given Re and AR) the time-averaged lift coefficient decreases while58

the time-averaged drag coefficient increases except for a drag reduction observed at AOA = 0o
59

for AR ∈ [0.4,0.8]. Qualitatively similar results were also observed by Shi, Alam, and Bai12,60

who conducted two-dimensional numerical simulations for AR ∈ [0.25,1.0] and AOA ∈ [0,90o] at61

Re = 150.62

The near-wall effect on a circular cylinder translating above a plane wall in calm water have63

been investigated extensively using both the experimental measurements13–15 and numerical64

simulations16–18. Here the flow depends on the Reynolds number Re and the gap ratio G/D65

(where G is the distance between the cylinder bottom and the bottom wall and D is the cylinder66

diameter). Huang and Sung16 conducted two-dimensional simulations for flow around a circular67
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cylinder near a moving wall, finding a critical value (G/D)c = 0.28 for Re = 300, below which68

the flow exhibits a transition from Kármán vortex shedding to a pair-wise vortex shedding where69

the vortex shed from the bottom part of the cylinder follows immediately the vortex shed from the70

top of the cylinder. This critical value decreases to about 0.25 as Re increases up to 500. As G/D71

decreases to 0.1 (for Re = 300), the vortex shed from the cylinder top dominates the wake flow,72

forming a single vortex row behind the cylinder while vortex shedding was not observed behind73

the bottom of the cylinder. These results coincide with the experimental findings of Taneda13.74

Huang and Sung16 also found that the time-averaged lift coefficient decreases with increasing75

G/D while the time-averaged drag coefficient first increases as G/D increases up to a critical76

value (G/D)c, and then decreases with a further increase of G/D. Moreover, they showed that i)77

for G/D > 0.6, an acceleration of the gap flow caused by a decrease of G/D enhances the vortex78

shedding frequency; ii) for (G/D)c <G/D < 0.6, the vortex shedding frequency decreases rapidly79

due to the wall suppression effect; iii) for G/D< (G/D)c, the vortex shedding frequency decreases80

slowly since the wake pattern exhibits a transition from Kármán vortex shedding to pair-wise vor-81

tex shedding. A comprehensive numerical investigation for Re ≤ 300 and G/D ∈ [0.1,19.5] was82

conducted by Jiang et al.18, showing that a decrease of G/D results in a stronger wall suppression83

effect, which leads to a larger critical Re for the onset of the vortex shedding.84

Less attention has been paid to the flow around an elliptic cylinder translating above a plane85

wall. This is important for understanding the basic mechanisms for flow over small-scale and low-86

speed underwater robots with an elliptic cross section moving near the seabed19,20, non-spherical87

particles21 such as fish larvae moving near the seabed as well as other biological flows22. More-88

over, this flow configuration can be used to investigate the effect of gap ratio on the transition from89

the Kármán vortex street to the two-layered wake and the transition from the two-layered wake90

to the secondary vortex street which do not occur for a circular cylinder translating above a plane91

wall at the same Re range18. Four wake patterns have been classified by Zhu et al.23 for flow92

around an elliptic cylinder with AR = 0.4 and AOA = 0o near a moving wall for Re ≤ 150 with93

G/D ∈ [0.1,5]; i) at relatively large G/D, the flow, which is denoted as wake pattern A, contains94

the Kármán vortex street, the two-layered wake and the secondary vortex street; ii) a decrease of95

G/D suppresses the secondary vortex street, forming the wake pattern B; iii) a further decrease96

in G/D leads to the break-down of the Kármán vortex, resulting in a pair-wise vortex shedding97

(denoted wake pattern C) or iv) forming a quasi-steady near-wake region (with time-independent98

lift and drag coefficients) and a pair-wise vortex shedding farther downstream (denoted wake pat-99

tern D). They also found that the critical Re for the transition between the different wake patterns100

increases as G/D increases. An overall increase of the time-averaged drag coefficient with an101

increase of G/D is observed. Moreover, as G/D increases (for a given Re), the onset location of102

the two-layered wake (i.e., the distance to the cylinder center) first decreases due to a decrease in103

the gap flow velocity and then increases due to the weakening of the wall suppression effect.104

The contribution from the present work can be viewed in the following context: First the flow105

over a circular cylinder near a moving wall was investigated by, e.g., Huang and Sung16, Rao106

et al.17 and Jiang et al.18. Since cylinders not necessarily circular, as outlined in the previous107

paragraph, these works were extended by Zhu et al.23 to include flow over an elliptic cylinder near108

a moving wall. This extension is significant since both the wake and the hydrodynamic forces on109

the elliptic cylinder are substantially different from those for the circular cylinder. In the present110
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work, the flow over an elliptic cylinder near a moving wall, where the cylinder is rotated relative to111

the vertical axis, is investigated. Since the angle of attack (AOA) plays a key role in the transition112

between wake patterns as well as the hydrodynamic forces on the elliptic cylinder, it is important113

to investigate the combined effect of AOA and G/D where G here is the distance between the114

cylinder center and the moving wall. Moreover, taking the AOA into account mimics the flow over115

an elliptic cylinder moving over a sloping bottom. The purpose of the present work is thus to116

investigate how the flow is affected by rotation (i.e., AOA) of the elliptic cylinder near a moving117

wall. Specifically, we consider an elliptic cylinder with AR = 0.4 at Re = 150 for G/D∈ [0.6,2.5].118

A detailed analysis of the effect of AOA on the vortex shedding, the wake as well as the lift and119

drag coefficients for different gap ratios is presented.120

II. PROBLEM DEFINITION AND GOVERNING EQUATIONS121

The current paper addresses the flow over an inclined elliptic cylinder near a moving wall as122

shown in figure 1. The aspect ratio of the elliptic cylinder equals to 0.4, given by the minor (a)123

to major (D) axis length ratio, i.e., AR = a/D. The gap ratio is given by G/D, and the Reynolds124

number is based on the semi-major axis, i.e. Re = UD/υ where υ is the kinematic viscosity. The125

angle of attack (AOA) is given by the angle between the semi-major axis and the vertical axis (red126

dashed line). The clockwise and counterclockwise rotations of the semi-major axis away from the127

vertical axis are denoted as negative and positive AOA, respectively; AOA = 0o when the semi-128

major axis coincide with the vertical axis. Here the incompressible flow with a constant density ρ129

is governed by the dimensionless two-dimensional Navier-Stokes equations given as130

∂ui

∂xi
= 0 (1)

131

∂ui

∂ t
+

∂uiu j

∂x j
=− ∂ p

∂xi
+

1
Re

∂ 2ui

∂x j∂x j
(2)

where the Einstein notation using repeated indices is applied. Here ui = (u,v) and xi = (x, y) for i132

= 1 and 2, indicate the velocity and Cartesian coordinates, respectively, whilst t and p denote the133

time and pressure, respectively. The velocity, time, pressure and length are scaled by U , D/U ,134

ρU2 and D, respectively.135136

III. NUMERICAL METHODS137

A projection method is used for solving the Navier-Stokes equations. The convective terms are138

discretized by a second order Adams–Bashforth scheme while the diffusive terms are discretized139

using the Crank-Nicolson scheme. The spatial derivatives are discretized with a second-order140

centred finite difference scheme on a staggered grid arrangement. The Poisson equation for pres-141

sure correction is solved using a biconjugate gradient stabilized method (BiCGSTAB) with a SIP142

(Strongly Implicit procedure) preconditioner. The cylinder geometry is taken into account by a143

direct-forcing immersed boundary method, which is described in detail in Zhu et al.23.144

4



FIG. 1. Sketch of the flow over an inclined elliptic cylinder near a moving wall.

IV. MESH CONVERGENCE STUDY145

The code applied in this work has been validated in previous works23,24 for flow around an146

isolated elliptic and circular cylinders for Reynolds numbers up to 200. In this work, numerical147

simulations of flow over an elliptic cylinder with AOA ∈ [−45o,45o] near a moving wall have148

been conducted for G/D ∈ [0.6,2.5] at Re = 150. Figure 2 shows the computational domain and149

boundary conditions in the present work. The inlet and outlet are located at 20D and 50D away150

from the cylinder center, respectively. The distance between the top and the bottom wall is 20D151

while the bottom wall is located at the gap distance (G) from the cylinder center. A dimensionless152

constant velocity u = 1 is applied at the inlet and the bottom wall is also moving with the velocity153

u = 1. A Neumann condition is applied for the velocity at the top and outlet boundaries. A no-slip154

condition is imposed at the cylinder surface and the bottom wall, which moves towards the right.155

The pressure at the outlet is set to be zero while a Neumann condition is applied for the pressure156

correction at other boundaries.157

It should be noted that if the flow (in the absence of the cylinder) is driven by an infinite long158

plate with a constant velocity U0, then this flow configuration exhibits an analytically transient159

solution25 given by u/U0 = 1− er f (y/
√

υt), where er f (k) denotes a complementary error func-160

tion, which approaches zero as k approaches zero, implying that u approaches U0 as the flow161

becomes steady, i.e., the quiescent flow evolves to uniform flow with a constant velocity U0.162

A uniform grid (∆x = ∆y) is applied to the square region (marked by a blue box in figure 2)163

around the cylinder. The left, right and top edges of this region are located at a distance of 0.8D164

from the cylinder center; the corresponding bottom edge is located at the distance G away from165

the cylinder. The grid is stretched from the top, left, and right edges of this region towards the top,166

inlet and outlet of the computational domain using constant geometric stretch ratios less than 1.05.167

A mesh convergence study was conducted for the flow over an elliptic cylinder with AOA ∈168

[15o,45o] near a moving wall for G/D = 0.6 at Re = 150 using three different grid resolutions.169

Table I shows the comparison of the Strouhal number St = f D/U (where f denotes the vortex170

shedding frequency), the time-averaged drag coefficient CD = 1
N ∑

N
i=1

2FD(t)
ρU2D2 (where FD represents171

the drag force on the cylinder while N indicates the number of values in the time history for172
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FIG. 2. Computational domain and boundary conditions of the flow around an inclined elliptic cylinder
near a moving wall.

statistics) and the time-averaged lift coefficient CL = 1
N ∑

N
i=1

2FL(t)
ρU2D2 (where FL represents the lift173

force on the cylinder) obtained from the coarse (∆x = ∆y = 0.02), standard (∆x = ∆y = 0.015) and174

fine (∆x = ∆y = 0.01) grid resolutions.175

The results obtained from the standard grid resolution deviate less than 1% from those obtained176

from the fine grid resolution. Hence, the standard grid resolution is used in the present study. Here177

the grid is stretched from the left and right edges of the uniform-mesh region to the inlet and178

outlet, respectively, (with the grid size ∆x ranging from 0.015 to 0.2) as well as from the top179

edge to the top boundary (with the grid size ∆y ranging from 0.015 to 1.5). Here the stretch ratio180

is less than 1.05, and the time step size is fixed to 0.002 for all simulations to ensure the CFL181

(Courant-Friedrichs-Lewy) number smaller than 0.5.182183

V. RESULTS AND DISCUSSION184

A. Wake patterns185

Numerical simulations of flow around an elliptic cylinder with AOA ∈ [−45o,45o] near a mov-186

ing wall have been conducted for G/D ∈ [0.6,2.5]. The Reynolds number Re here is fixed to 150187

where the secondary vortex street can be clearly observed at G/D=2.5. Hence, we can investigate188

the effect of AOA on the secondary vortex street. The combined effect of the Re and G/D has189

been investigated for a fixed AOA = 0o by Zhu et al.23, finding that an increase of Re can lead to a190

transition sequence of steady flow -> wake pattern D -> wake pattern C -> wake pattern B -> wake191

pattern A; these wake patterns will be further described below. In the present work, we found that192

the change of AOA does not generate new wake patterns but changes the critical G/D and Re for193

the transition between different wake patterns. Hence, the effect of Re for given AOA and G/D194

on the transition between different wake patterns remains qualitatively similar as that observed by195
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Mesh AOA St CD CL

Coarse (∆x = ∆y = 0.02) 15o 0.113 1.686 0.697
Standard (∆x = ∆y = 0.015) 15o 0.113 1.694 0.685

Fine (∆x = ∆y = 0.01) 15o 0.113 1.708 0.686
Relative error (%) - 0 0.82 0.14

Coarse (∆x = ∆y = 0.02) 30o 0.137 1.610 0.958
Standard (∆x = ∆y = 0.015) 30o 0.137 1.612 0.939

Fine (∆x = ∆y = 0.01) 30o 0.137 1.623 0.945
Relative error (%) - 0 0.67 0.63

Coarse (∆x = ∆y = 0.02) 45o 0.18 1.349 1.012
Standard (∆x = ∆y = 0.015) 45o 0.177 1.312 1.045

Fine (∆x = ∆y = 0.01) 45o 0.177 1.322 1.05
Relative error (%) - 0 0.75 0.47

TABLE I. Comparison of CD, CL and St obtained from the coarse, standard and fine grid resolutions for
flow around an elliptic cylinder with AOA= 15o,30o and 45o near a moving wall for G/D= 0.1 at Re= 150.

Zhu et al.23 for AOA = 0o.196

Figure 3 shows the vorticity contours (ω = ∂u/∂y−∂v/∂x) for flow around the elliptic cylinder197

with AOA ∈ [−45o,45o] near a moving wall for G/D = 2.5 and Re = 150. For AOA = 15o(figure198

3a), a Kármán vortex street is present in the near-wake region, followed by a two-layered wake,199

while a secondary vortex street occurs far downstream. This wake pattern can be identified as the200

wake pattern A, corresponding to the previous work of Zhu et al.23 for AOA = 0o.201

As AOA increases to 30o (figure 3b), the secondary vortex street disappears; the wake struc-202

ture involves the Kármán vortex street and the two-layered wake. This wake pattern is denoted203

wake pattern B. Figure 4 shows the time-averaged circulation convected into the wake from the204

top (Γtop =
∫ s+0.3

s u|ω|dy/T , where s denotes the cylinder top, 0.3 is chosen to ensure all the205

vorticity fed into wake being included for integration, and T = 200) and the bottom (Γbottom =206 ∫ b−0.3
b u|ω|dy/T , where b denotes the cylinder bottom) of the cylinder for AOA = 15o,30o and 45o

207

at G/D = 2.5. As AOA increases Γbottom decreases gradually while Γtop remains nearly unchanged208

as AOA increases from 15o to 30o but decreases as AOA increases further to 45o. Moreover, Γbottom209

is smaller than Γtop, and the difference between them increases with increasing AOA, which is con-210

sistent with the strength difference between the vortices shed from the top and the bottom of the211

cylinder. This can be further visualized by the time-averaged vorticity contours (ω) and stream-212

lines as shown in figure 5 for AOA ∈ [15o,45o]. As AOA increases, the clockwise time-averaged213

recirculation region on the backside of the cylinder becomes larger than the counterclockwise re-214

circulation region, implying that the vortex shed from the top of the cylinder becomes stronger215

than the one shed from the bottom of the cylinder. Hence the interaction between the clockwise216

and counterclockwise vortices becomes weaker, stabilizing the wake instability, qualitatively sim-217

ilar to the findings of Paul, Arul Prakash, and Vengadesan11 for flow around an isolated elliptic218

cylinder with different AOA. As AOA increases further to 45o (figure 3c), the wake pattern B re-219
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mains but with the onset location of the two-layered wake being located farther downstream than220

that for smaller AOA (figure 3a and 3b).221

The location for the transition from the Kármán vortex street to the two-layered wake for flow222

over an elliptic cylinder near a moving wall can be identified by the local negative maximum of the223

time-averaged vertical velocity23. Zhu et al.23 found the two-layered wake moving upstream with224

decreasing G/D. Figure 6 shows time-averaged vertical velocity (v) contours (a and c) and the225

corresponding instantaneous vorticity contours (b and d) for AOA = 15o and AOA = 30o at G/D =226

2.5. Here the v-contours for AOA = 30o are more asymmetric than for AOA = 15o, coinciding227

with the observation that the strength difference between the upper and lower vortices increases228

as AOA increases (see e.g., figure 4). The negative local maximum of v (figure 6a for AOA = 15o
229

and 6c for AOA = 30o) denoted by the dashed-dot lines moves downstream with increasing AOA,230

showing that the onset location of the two-layered wake is farther away from the cylinder as AOA231

increases. This can be further illustrated by the spacing ratio H/L, as shown in figures 6(b) and232

6(d), where L denotes the distance between the two successive upper vortices (V 1 and V 2) and H233

represents the distance between the lower vortex (V 3) and the line connecting V 1 and V 2. Durgin234

and Karlsson4 and Karasudani and Funakoshi5 found that H/L increases downstream for flow235

over an isolated circular cylinder. The transition to the two-layered wake occurs as H/L reaches236

a critical value at a given downstream location where two successive vortices such as V 1 and V 2237

impose the convection of vorticity within the vortex V 3. As a result, this vortex starts to distort238

and rotate to align with the stream-wise direction, forming the two-layered wake. Zhu et al.23
239

found that the critical value of H/L is weakly affected by Re and the aspect ratio of the elliptic240

cylinder but decreases significantly as G/D decreases. In the present work, the critical value of241

H/L for AOA = 15o and 30o is approximately 0.38, slightly smaller than the value 0.41 obtained242

by Zhu et al.23 for AOA = 0o at G/D = 2.5. It appears that the critical value of H/L is only weakly243

affected by the rotation of the cylinder, but the location of the critical H/L is farther downstream244

for AOA = 30o than for AOA = 15o.245

Qualitatively similar behaviors are observed when the cylinder is clockwise rotated (i.e., AOA=246

−15o,−30o and−45o) as shown in figure 3(d)-3( f ). For AOA=−15o, wake pattern A occurs, i.e.,247

the wake structures contain a Kármán vortex street, a two-layered wake, and a secondary vortex248

street. As AOA decreases further to −30o and −45o, the secondary vortex disappears, implying249

wake pattern B. Moreover, the onset location of the two-layered wake moves downstream as |AOA|250

increases, qualitatively similar to that observed for positive AOA (figure 3a-3c).251

As G/D decreases to 1.0 (figure 7), no secondary vortex street is present for AOA∈ [−45o,45o]252

due to a stronger wall suppression effect. Here the flow exhibits wake pattern B for all AOAs.253

The onset location of the two-layered wake moves downstream as |AOA| increases, qualitatively254

similar to that observed for G/D = 2.5 (figure 3). Moreover, for a given AOA, a decrease of G/D255

leads to the onset location of two-layered wake moving upstream, which is qualitatively similar to256

that observed by Zhu et al.23 for AOA = 0o.257

It should be noted that for the cylinders with |AOA| = 30o (figure 7b and 7e) and 45o (figure258

7c and 7 f ), the onset location of the two-layered wake is closer to the cylinder for the negative259

AOA (clockwise rotated cylinder) than for the positive AOA (counterclockwise rotated cylinder).260

This is because for positive AOA, the vortices shed from the bottom of the cylinder are not only261

weakened by the counterclockwise rotation (see, e.g., figure 5) but also by the wall suppression262
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FIG. 3. Instantaneous vorticity contours for flow around an elliptic cylinder with AOA = (a)15o, (b)30o,
(c)45o, (d)−15o, (e)−30o and ( f )−45o near a moving wall for Re = 150 at G/D = 2.5.

effect. This behavior results in a larger strength difference between the upper and lower vortices263

for the positive AOA than that for the negative AOA, where the vortices shed from the bottom of the264

cylinder is stronger than those shed from the top of the cylinder. Here, for the negative AOA, the265

wall suppression effect weakens the lower vortex, leading to a smaller strength difference between266

the upper and lower vortices, thus resulting in a stronger interaction. This leads to the distortion267
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FIG. 4. Time-averaged circulation fed into the wake from the top (Γtop) and the bottom (Γbottom) of the
cylinder for AOA = 15o,30o and 45o for Re = 150 at G/D = 2.5.

FIG. 5. Time-averaged vorticity contours and streamlines for flow around an elliptic cylinder with AOA =

(a)15o,(b)30o and (c)45o near a moving wall for Re = 150 at G/D = 2.5.

and rotation of the vortices aligned with the stream-wise direction being closer to the cylinder.268

As G/D decreases further to 0.6, for AOA ∈ [−15o, 45o] (figure 8a-8d), the vortex shed from269

the bottom part of the cylinder follows immediately the vortex shed from the top of the cylinder,270

forming a vortex pair moving downstream and deflecting away from the wall. This wake pattern271

can be classified as wake pattern C23. Furthermore, an increase of |AOA| weakens the wall sup-272
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FIG. 6. Time-averaged vertical velocity v contours for flow around an elliptic cylinder with (a) AOA = 15o

and (c) AOA = 30o near a moving wall at G/D = 2.5 as well as the corresponding instantaneous vorticity
contours (b) and (d); the dashed-dot line denotes the transition location from the Kármán vortex street to
the two-layered wake.

pression effect on the near-wall vortex shedding, thus resulting in a smaller distance between each273

vortex pair. Table II shows the time-averaged angular positions of the front stagnation point (θF ),274

the upper (θU ) and lower (θL) separation points for G/D = 0.6 and AOA ∈ [15o,45o] at Re = 150.275

Here the angular position is measured from the semi-minor axis of the cylinder where θ = 0o. As276

AOA increases from 15o to 45o, the values of θU , θL and θF decrease, implying that the up and277

lower separation points move downwards along the backside of the cylinder while the front stag-278

nation point moves upwards along the front of the cylinder, causing a smaller offset of the vortex279

pairs away from the moving wall (figure 8a-8c).280

For AOA =−30o and −45o (figure 8e-8 f ), the flow becomes steady and the vortex shedding is281

absent. It appears that in addition to the wall suppressing the near-wall vortex shedding, there is a282

larger blockage effect between the moving wall and the backside of the cylinder for AOA =−45o
283

and −30o than for AOA = −15o. As a result, the vortex shedding is completely suppressed for284

AOA =−30o and −45o.285

Figure 9 shows the distribution of the steady wake pattern where vortex shedding is absent, as286

well as wake patterns A, B and C within the (G/D, AOA)-space for Re = 150. Here the results287

for AOA = 0o were obtained from the previous work of Zhu et al.23. For AOA ∈ [−15o,15o], the288

flow exhibits a transition sequence of ’wake pattern A’→ ’wake pattern B’→ ’wake pattern C’→289
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FIG. 7. Instantaneous vorticity contours for flow around an elliptic cylinder with AOA = (a)15o, (b)30o,
(c)45o, (d)−15o, (e)−30o and ( f )−45o near a moving wall for Re = 150 at G/D = 1.0.

’steady wake’ as G/D decreases.290

For AOA = ±30o, wake pattern B is found for G/D ∈ [0.8,2.5]. As G/D decreases from 0.8291

to 0.7, there is a transition from wake pattern B to wake pattern C for AOA = ±30o. It should be292

noted that for AOA = −30o, there is a further transition from wake pattern C to the steady wake293

flow regime as G/D decreases from 0.7 to 0.6. For AOA = 45o, there is a transition from wake294

pattern B to wake pattern C as G/D decreases from 0.8 to 0.7 while for AOA=−45o, this transition295
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FIG. 8. Instantaneous vorticity contours for flow around an elliptic cylinder with AOA = (a)15o, (b)30o,
(c)45o, (d)−15o, (e)−30o and ( f )−45o near a moving wall for Re = 150 at G/D = 0.6.

takes place as G/D decreases from 1.0 to 0.9. Moreover, a further transition from wake pattern C296

to the steady wake flow regime takes place as G/D decreases from 0.7 to 0.6 for AOA =−45o.297

Overall, the clockwise and counter clockwise rotation of the cylinder weaken the vortices shed298

from the top and bottom of the cylinder, respectively. For G/D≥ 1.0, both the clockwise and the299

counterclockwise rotation of the cylinder leads to similar wake transitions. For G/D < 1.0, the300

clockwise rotation of the cylinder leads to more transitions than those for the counterclockwise301
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G/D AOA θU θL θF

0.6 15o 83.5o -80.6o -123.5o

0.6 30o 80.4o -84.2o -135.5o

0.6 45o 73.6o -87.1o -180.2o

TABLE II. Time-averaged angular positions of the front stagnation point (θF ), the upper (θU ) and lower
(θL) separation points for G/D = 0.6 and AOA = 15o,30o and 45o at Re = 150. Here the angular position is
measured from the semi-minor axis of the cylinder where θ = 0o.

FIG. 9. Distribution of the wake patterns, i.e., steady wake (�), wake pattern A (�), wake pattern B (#),
wake pattern C ( ) within the (G/D, AOA)-space.

rotation of the cylinder due to a stronger suppression effect on the near-wall vortex shedding for302

the clockwise rotation.303

The combined effect of AOA and G/D on the critical Reynolds number Rec for the onset of304

vortex shedding has been investigated for AOA = 0o and±45o for G/D = 0.6 and 0.9. For G/D =305

0.9, Rec equals to 77.5±2.5, 72.5±2.5 and 82.5±2.5 for AOA = 0o,45o and −45o, respectively.306

This implies that a counterclockwise rotation of the cylinder results in a smaller Rec for AOA= 45o
307

than for AOA = 0o due to an increase of the gap between the cylinder bottom and the moving wall,308

which results in a weaker wall suppression effect on the vortex shedding for AOA = 45o than for309

AOA = 0o. A clockwise rotation of the cylinder leads to a larger Rec for AOA = −45o than for310

AOA = 0o due to a decrease of the gap between the cylinder back and the moving wall which311

results in a stronger wall suppression effect on the vortex shedding for AOA = −45o than for312

AOA = 0o. As G/D decreases to 0.6, Rec increases to 117.5±2.5 for AOA = 0o and 45o and more313

than 150 for AOA = −45o. This shows that the onset of vortex shedding is only weakly affected314

by a counterclockwise rotation of the cylinder due to the strong wall suppression effect, while a315

clockwise rotation of the cylinder leads to a much larger Rec than for AOA = 0o.316
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B. Instantaneous drag and lift forces acting on the cylinder317

1. Counterclockwise rotation of the cylinder318

Figure 10 shows the time history of CD (left column) and CL (right column) for flow over an319

elliptic cylinder with AOA = 15o,30o and 45o near a moving wall for G/D = 0.6,1.0 and 2.5,320

at Re = 150 (i.e., for the counterclockwise rotated cylinder). For G/D = 2.5, every second crest321

value of CD (figure 10a) is larger than the other. The smaller crest values are caused by the vortices322

shed from the bottom part of the cylinder, while the larger crest values are caused by the vortices323

shed from the top of the cylinder; this coincides with the time-averaged vorticity and streamlines324

shown in figure 5. Moreover, the frequency of CL is half of CD, coinciding with the Kármán325

vortex shedding in the near-wake region as shown in figure 3(a)-3(c). The difference between326

the crest and trough values (hereafter refered to as fluctuation height) of CD and CL decreases as327

AOA increases, coinciding with the weakening of the vortex shedding (figure 3a-3c). Furthermore,328

the crest values of CL first increase as AOA increases from 15o to 30o and then decrease as AOA329

increases further to 45o. This behavior can be explained by two major mechanisms: i) an increase330

of AOA leads to an increase of the vertical component (CL) of the total force acting on the cylinder,331

resulting in an increase of the crest values of CL as AOA increases from 15o to 30o; ii) an increase332

of AOA weakens the vortex shedding, resulting in a decrease of the magnitude of the total force,333

thus leading to a decrease of the crest values of CL as AOA increases from 30o to 45o.334

As G/D decreases to 1.0, as shown in figure 10(c), the smaller crest values (marked by a and335

c for AOA = 15o and 30o, respectively) of CD are caused by the vorticies shed from the top of336

the cylinder while the larger crest values of CD (marked by b and d for AOA = 15o and 30o, re-337

spectively) are caused by the vortices shed from the bottom part of the cylinder. This is opposite338

to that observed for G/D = 2.5. Figure 11(a)-11(c) show the corresponding time-history of the339

circulation fed into the wake from the top (Γtop) and the bottom (Γbottom) of the cylinder with340

corresponding markers a,b,c,d,e and f in figure 10(c). Here Γbottom decreases significantly as341

AOA increases while Γtop is weakly affected as AOA increases from 15o to 30o but decreases sig-342

nificantly as AOA increases further to 45o. Moreover, the peak values of Γtop become larger than343

Γbottom when AOA increases, and the difference between their peak values increases with increas-344

ing AOA. This behavior is consistent with the time-averaged circulation observed for G/D = 2.5345

(figure 4), showing that a counterclockwise rotation of the cylinder leads to the upper vortices346

being stronger than the lower vorticies. Figure 12(a), 12(b), 12(c), and 12(d) show the instanta-347

neous vorticity contours and streamlines corresponding to the crest values marked as a,b,c, and d348

in figure 10(c). It is clearly shown that the vortex core (region with maximum vorticity) is closer349

to the cylinder for the vortex shed from the cylinder bottom than for the vortex shed from the350

cylinder top. This leads to a larger crest value of CD when the wake is dominated by the lower351

vortex (figure 12b and 12d) than when the wake is dominated by the upper vortex (figure 12a and352

12c) for AOA = 15o and 30o despite the fact that the upper vortex is stronger than the lower vortex.353

For AOA = 45o (figure 10c), the smaller crest values (marked by e) are caused by the vorticies354

shed from the bottom part of the cylinder while the larger crest values (marked by f ) are caused by355

the vortices shed from the top of the cylinder. The corresponding instantaneous vorticity contours356

and streamlines are shown in figures 12(e) and 12( f ). Here an increase of AOA leads to a decrease357
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FIG. 10. Time history of CD (left column) and CL (right column) for flow around an elliptic cylinder with
AOA = 15o,30o and 45o near a moving wall for G/D = (a-b) 2.5, (c-d) 1.0, and (e-f) 0.6 at Re = 150.

of the gap flow velocity, i.e., a smaller circulation fed into the lower vortex as shown in figure358

11(c), resulting in a smaller recirculation region of the lower vortex on the backside of the cylinder359

(figure 12e), which leads to smaller crest values of CD for AOA = 45o than for AOA = 15o and 30o.360

The corresponding lift coefficient CL is shown in figure 10(d). Here the fluctuation heights of361

CL decrease as AOA increases while the crest values of CL first increase and then decrease as AOA362

increases from 15o to 45o, qualitatively similar to the observation for G/D = 2.5 (figure 10b).363

It should be noted that for G/D = 1.0, the crest values of CL are larger for AOA = 45o than for364

AOA = 15o while an opposite behavior is observed for G/D = 2.5 (figure 10b). It appears that a365

decrease of G/D from 2.5 to 1.0 leads to a stronger blockage effect in the gap18, resulting in larger366
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crest values of the pressure acting on the cylinder front, thus forming larger crest values of CL for367

AOA = 45o at G/D = 1.0.368

FIG. 11. Time history of circulation fed into the wake from the top (Γtop) and the bottom (Γbottom) of the
cylinder with AOA = (a) 15o, (b) 30o and (c) 45o with markers corresponding to those in figure 10(c) for
G/D = 1.0 and Re = 150.

As G/D decreases further to 0.6 (figure 10e-10 f ), the values of CD and CL fluctuate with the369

same frequency for a given AOA. This is consistent with the observed pair-wise vortex shed-370

ding (wake pattern C) shown in figures 8(a)-8(c). The fluctuation heights of CD (figure 10e)371

increase as AOA increases from 15o to 30o due to stronger vortex shedding (figure 8a-8b), which372

leads to a larger pressure difference between the front and the backside of the cylinder. As AOA373

increases further to 45o, this fluctuation height decreases slightly due to the decrease of the hori-374

zontal component (CD) of the total force acting on the cylinder, which counteracts the increase of375

the magnitude of the total force caused by a stronger vortex shedding (figure 8c). Moreover, both376

the fluctuation heights and the crest values of CL (figure 10 f ) decrease as AOA increases due to377

stronger vortex shedding and the increase of the vertical component of the total force.378

2. Clockwise rotation of the cylinder379

Figure 13 shows the time history of CD (left column) and CL (right column) for AOA =380

−15o,−30o and −45o at G/D = 0.6,1.0 and 2.5 (i.e., for the clockwise rotated cylinder). For381
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FIG. 12. Instantaneous vorticity contours and streamlines for flow around an elliptic cylinder with AOA =

(a-b) 15o, (c-d) 30o and (e-f) 45o near a moving wall at different instants (a-f) (marked in figure 10c) for
G/D = 1.0 and Re = 150.

G/D = 2.5, every second crest value of CD (figure 13a) is larger than the other. The larger crest382

values of CD (marked by a in figure 13a) are caused by the vortices shed from the bottom part383

of the cylinder while the smaller crest values (marked by b in figure 13a) are caused by the vor-384

tices shed from the top of the cylinder. Figures 14(a) and 14(b) show the instantaneous vorticity385

contours and streamlines corresponding to the marked crest values a and b in figure 13(a). The386

magnitude of the vorticity and the recirculation region on the backside of the cylinder are larger387

for the vortex shed from the bottom of the cylinder than for the vortex shed from the top of the388

cylinder. This leads to a larger crest value of CD caused by the lower vortex than the crest value389
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FIG. 13. Time history of CD (left column) and CL (right column) for flow around an elliptic cylinder with
AOA =±15o,±30o and ±45o near a moving wall for G/D = (a-b) 2.5, (c-d) 1.0, and (e-f) 0.6 at Re = 150.

of CD caused by the upper vortex. Moreover, both the fluctuation heights and the crest values390

of CL (figure 13b) decreases as AOA increases due to the weakening of the vortex shedding. The391

frequency of CL is half of CD, coinciding with the Kármán vortex shedding in the near-wake region392

(figure 3d-3 f ).393

As G/D decreases to 1.0, the crest values of CD (figure 13c) caused by the vortices shed from394

the bottom part of the cylinder (e.g., marked by c for AOA =−15o) are larger than those caused by395

the vortices shed from the top of the cylinder (e.g., marked by d for AOA = −15o), as visualized396

by the corresponding vorticity contours and streamlines in figure 14(c) and 14(d). This behavior397

is qualitatively similar to that observed for G/D = 2.5. It is worth noting that the crest values398
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FIG. 14. Instantaneous vorticity contours and streamlines for flow around an elliptic cylinder with AOA =

−15o near a moving wall for G/D = (a-b) 2.5 and (c-d) 1.0 at Re = 150.

of CD caused by the upper vortices become small for G/D = 1.0, relative to those at G/D = 2.5399

(figure 13a). This can be further explained by the time-averaged vorticity contours and streamline400

shown in figure 15 for AOA = −15o at G/D = 2.5 and 1.0. A decrease of G/D from 2.5 to 1.0401

leads to a weaker upper vortex with a smaller recirculation region on the backside of the cylinder,402

thus resulting in the small crest values for G/D = 1.0 (marked by d in figure 13c). Moreover, both403

the fluctuation heights and the crest values of CL (figure 13d) decrease as AOA increases, which is404

a qualitatively similar behavior as that observed for G/D = 2.5.405

As G/D decreases further to 0.6 (figure 13e-13 f ), the values of CD and CL are nearly time-406

independent, coinciding with the long shear layer in the near-wake region for AOA = −15o and407

the absence of vortex shedding behind the cylinder for AOA = −30o and −45o shown in figure408

8(d)-8( f ).409

Overall, the drag coefficient CD exhibits a qualitatively similar behavior for positive (figure 10a410

and 10c) and negative (figure 13a and 13c) AOA at G/D = 2.5 and 1.0. This behavior can be411

summarized as follows; i) every second crest value is larger than the other; ii) both the fluctuation412

heights and the crest values of CD decrease with increasing |AOA|; iii) the frequency of CD is413

double of CL. At G/D = 0.6, the CD fluctuates with the same frequency as CL for positive AOA414

(figure 10e) but remains nearly constant for negative AOA (figure 13e) due to strong suppression415

effect between the moving wall and the backside of the cylinder. As for the lift coefficient (CL),416

the fluctuation height exhibits a similar behavior, i.e., it decreases as AOA increases for positive417
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FIG. 15. Time-averaged vorticity contours and streamlines for flow around an elliptic cylinder with AOA =

−15o near a moving wall for G/D = (a) 2.5 and (b) 1.0 at Re = 150.

and negative AOA at G/D = 2.5, 1.0 and 0.6. However, for G/D = 2.5 and 1.0, as |AOA| increases,418

the crest values of CL first increase and then decrease for positive AOA while the corresponding419

crest values decrease for negative AOA.420

C. Time-averaged drag force acting on the cylinder421

1. Counterclockwise rotation of the cylinder422

Figure 16(a) shows the time-averaged drag coefficient (CD) for G/D ∈ [0.6,2.5] and AOA =423

0o,15o,30o and 45o at Re = 150. The results obtained from AOA = 0o by Zhu et al.23 are included424

for comparison. For AOA = 15o, the value of CD increases gradually for G/D ∈ [0.6,1.5], except425

for a drag reduction observed for G/D ∈ [0.74,0.8]. This is qualitatively similar to that observed426

by Zhu et al.23 for AOA = 0o, who explained the intermediate drag reduction with the strength of427

the vortex shedding behind the cylinder; as G/D decreases from 0.8 to 0.74, the shear layer on the428

bottom wall leads to a stronger interaction between the vortices shed from the top and bottom part429

of the cylinder, causing a higher vortex shedding frequency, thus forming stronger vortices shed430

from the bottom part of the cylinder, which results in an increase of CD. It should be noted that431

for G/D≤ 1.0, CD is smaller for AOA = 0o than for AOA = 15o while for G/D > 1.0, CD is larger432

for AOA = 0o than for AOA = 15o. The mechanism underpinning this behavior will be further433

discussed in section C2. In the work of Zhu et al.23, the physical mechanisms for the variation434435

of CD with G/D are mainly explained by the vortex shedding behind the cylinder, i.e., stronger436

vortices resulting in a larger CD. In the present work, the variation of the time-averaged pressure437

drag force acting on the front and the backside of the cylinder is further investigated for different438

G/D and AOA to clarify the combined effect of the flow over the front of the cylinder and the439

vortex shedding behind the cylinder on CD.440

Figure 16(b) shows the horizontal component (Px, f ) of the time-averaged pressure force result-441

ing from integrating the pressure over the front of the cylinder for AOA = 0o,15o,30o and 45o with442

G/D ∈ [0.6,2.5] at Re = 150. For AOA = 15o, the value of Px, f decreases as G/D increases due to443
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FIG. 16. Variation of (a) CD, (b) Px, f and (c) Px,b for flow around an elliptic cylinder with AOA=±15o,±30o

and ±45o near a moving wall for G/D ∈ [0.6,2.5] at Re = 150.

a decrease of gap flow velocity16, which results in a smaller pressure force acting on the near-wall444

part of the cylinder front. This can be further visualized by the distribution of the time-averaged445

pressure coefficient Cp around the elliptic cylinder shown in figure 17(a) for AOA = 15o with446

G/D ∈ [0.6,0.8]; here Cp is defined by (p− p0)/(0.5ρU2) where p0 is the pressure at the outlet447

of the computational domain. The time-averaged pressure coefficient Cp are plotted such that the448

value of line at a given point is proportional to the normal distance from the cylinder surface. The449

value of Cp on the near-wall part of the cylinder front decreases as G/D increases. This coincides450

with the decrease of Px, f with increasing G/D.451

Figure 16(c) shows the horizontal component (Px,b) of the time-averaged pressure force ob-452

tained by integrating the pressure over the backside of the cylinder for AOA = 0o,15o,30o and 45o
453

with G/D ∈ [0.6,2.5] at Re = 150. It should be noted that the pressure behind the cylinder is over-454

all negative (the reference pressure p0 at the outlet of the computational domain is zero). Hence455

the resulting horizontal component Px,b acts in the positive x-direction, i.e., in the same direction456

as Px, f . For AOA = 15o, the value of Px,b increases as G/D increases due to the weakening of the457

wall suppression effect, except for a sudden drop for G/D ∈ [0.74,0.8]. This behavior coincides458

with that observed for CD for AOA = 15o (figure 16a). Since the increase of Px,b is larger than the459

decrease of Px, f as G/D increases, the variation of CD with G/D is mainly affected by the strength460

of the vortices shed from the cylinder. The physical mechanism underpinning the sudden drop of461

Px,b was previously explained by Zhu et al.23 for AOA = 0o at Re = 150; at small G/D (e.g., for462
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FIG. 17. Time-averaged pressure coefficient Cp around the elliptic cylinder with (a) AOA = 15o and (b)
AOA =−15o at G/D = 0.6,0.7,0.8 and 0.9 for Re = 150. Here the value of Cp at a given point of the line is
proportional to the normal distance from the cylinder surface. The value of Cp is calculated with a reference
pressure of zero at the outlet.

G/D ∈ [0.6,0.74]), the bottom-wall shear layers cause the vortex shed from the bottom part of the463

cylinder to roll up such that it is located closer to the vortex shed from the top of the cylinder. This464

results in an increase of the vortex shedding frequency (i.e., Strouhal number St = f D/U ; where465

f denotes the vortex shedding frequency), which counteracts the decrease of St induced by the466

enhanced wall suppression effect (as G/D decreases from 0.8 to 0.74), thus resulting in a nearly467

constant St for G/D ∈ [0.74,0.8]. This behavior is also present for AOA = 15o as shown in figure468

19(c), showing the variation of St with G/D for AOA∈ [−45o,45o] at Re = 150; St remains nearly469

constant for G/D ∈ [0.74,0.8] for AOA = 15o.470

For AOA= 30o, CD (figure 16a) increases slightly as G/D increases from 0.6 to 1.1, except for a471

small drag reduction observed for G/D∈ [0.74,0.8] as observed for AOA= 0o and AOA= 15o. The472

variation of Px, f (figure 16b) and Px,b (figure 16c) with G/D is almost the same as for AOA = 15o,473

and, by the same argument as for these AOAs, the increase of CD with increasing G/D is mainly474

caused by the increase of Px,b due to weakening of the wall suppression effect. However, the475

sudden drop of Px,b observed for AOA = 15o for G/D ∈ [0.74,0.8] is nearly absent here; it appears476

that a counterclockwise rotation of the cylinder of AOA = 30o weakens the interaction between477

the bottom-wall shear layers and the vortices shed from the bottom part of the cylinder. This is478

confirmed by the decrease of St (as G/D decreases from 0.8 to 0.74) shown in figure 19(b). Thus,479

by comparing Px, f , Px,b and CD in figure 16(b), 16(c) and 16(a), respectively, the drag reduction480

for G/D ∈ [0.74,0.8] for AOA = 30o is mainly due to the decrease of the Px, f .481

As G/D increases from 1.1 to 2.5 for AOA = 30o, CD decreases slightly, coinciding with the482

decrease of both Px, f and Px,b. It appears that an increase of G/D for G/D > 1.1 leads to a483

decrease of the gap flow velocity, which results in a smaller pressure on the front of the cylinder484

and a weaker vortex shedding behind the bottom part of the cylinder, thus causing the decrease of485

Px, f and Px,b, respectively. This slight decrease of CD with increasing G/D is absent for AOA = 0o
486
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and 15o.487

For AOA = 45o, the values of CD remain nearly constant for G/D∈ [0.6,0.7] due to the balance488

between the decrease of Px, f and the increase of Px,b, as shown in figure 16(b) and 16(c), respec-489

tively. As G/D increases further, CD decreases, coinciding with the decrease of both Px, f and Px,b,490

which is qualitatively similar to the observation for AOA = 30o for G/D∈ [1.1,2.5]. Moreover, the491

decrease of CD with increasing G/D occurs at a smaller G/D for AOA = 45o than for AOA = 30o
492

due to the weakening of the wall suppression effect caused by the counterclockwise rotation of the493

cylinder.494

2. Clockwise rotation of the cylinder495

Figure 18(a-c) shows the time-averaged drag coefficient (CD), the time-averaged horizontal496

component of the pressure force (Px, f ) acting on the front of the cylinder and the corresponding497

time-averaged horizontal force (Px,b) acting on the backside of the cylinder for G/D ∈ [0.6,2.5]498

and AOA = 0o,−15o,−30o and−45o at Re = 150. For AOA =−15o, a general increase of CD with499

increasing G/D is present due to the increase of Px,b, as further visualized by Cp in figure 17(b).500

Moreover, a drag reduction is observed for G/D ∈ [0.74,0.8] due to the decrease of both Px, f and501

Px,b. These behaviors are qualitatively similar to those observed for AOA = 15o (figure 16a-16c).502

FIG. 18. Variation of (a) CD, (b) Px, f and (c) Px,b for flow around an elliptic cylinder with AOA=−15o,−30o

and −45o near a moving wall for G/D ∈ [0.6,2.5] at Re = 150.
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For AOA = −30o, CD increases as G/D increases, resulting from the combined effect of the503

nearly unchanged Px, f and the increase of Px,b. Here Px, f is less affected by G/D than that observed504

for AOA = 30o (figure 16b) because the flow over the front of the cylinder for AOA =−30o is less505

affected by the moving wall. A qualitatively similar behavior is present for AOA=−45o but with a506

smaller CD, Px, f , and Px,b for a given G/D than for AOA =−30o due to a decrease of the horizontal507

component of the pressure force acting on the cylinder.508

Overall, the variation of CD with G/D is qualitatively similar as that observed for the counter-509

clockwise rotation of the cylinder, with the same underpinning physical mechanisms. However,510

for a given G/D and for a given |AOA|, the value of CD is larger for the counterclockwise rotated511

cylinder (figure 16a) than for the clockwise rotated cylinder (figure 18a). This might be due to two512

different physical mechanisms; i) for the clockwise rotated cylinder, the gap between the front of513

the cylinder and the moving wall results in stronger blockage effect than for the counterclockwise514

rotated cylinder, thus resulting in a stronger stagnation effect on the front of the cylinder, i.e., a515

larger Px, f for positive AOA (see figures 16b and 18b); ii) the vortex shedding behind the cylinder516

is less affected by the moving wall for the counterclockwise rotated cylinder than for the clockwise517

rotated cylinder, thus resulting in a larger Px,b for positive AOA (see figures 16c and 18c). More-518

over, for a given G/D, an increase of |AOA| (i.e., both clockwise and counterclockwise rotation)519

leads to a decrease of the horizontal component of the pressure force acting on the cylinder, i.e.,520

a smaller CD, Px, f , and Px,b, except for G/D ∈ [0.6,1.0] where CD is larger for AOA = 15o than521

for AOA = 0o (figure 16a). It appears that at small G/D, the stagnation effect at the front of the522

cylinder is stronger for AOA = 15o than for AOA = 0o, counteracting the decrease of Px, f as the523

cylinder is rotated counterclockwise. The values of Px,b for G/D < 0.9 (figure 16c) remain nearly524

the same for AOA = 0o and 15o due to the equilibrium between the decrease of Px,b caused by the525

rotation of the cylinder for AOA = 15o and the increase of Px,b due to the weaker wall suppression526

effect for AOA = 15o.527

D. Time-averaged lift coefficient, rms values of the lift coefficient and Strouhal number528

Figure 19(a) shows the time-averaged lift coefficient (CL) for G/D ∈ [0.6,2.5] for AOA =529

0o,±15o,±30o and ±45o at Re = 150. The results obtained from AOA = 0o by Zhu et al.23 are530

included for comparison. For positive AOA (i.e., counterclockwise rotation of the cylinder), CL531

decreases as G/D increases due to the weakening of the blockage effect at the gap, leading to532

more flow going through the gap. For negative AOA (i.e., clockwise rotation of the cylinder), the533

direction of the vertical component of the pressure force acting both on the backside and on the534

front of the cylinder is directed downwards, resulting in negative values of CL. Here |CL| increases535

slightly as G/D increases due to a stronger vortex shedding with a resulting smaller pressure on536

the backside of the cylinder and thus a larger pressure difference between the backside and the537

front of the cylinder. Moreover, for a given G/D, |CL| increases as |AOA| increases due to an538

increase of the vertical component of the pressure force acting on the cylinder.539

Figure 19(b) shows the rms values (root mean square) of the lift coefficient C
′
L(=

√
2
N ∑

N
i=1(CL,i−CL)2)540

for G/D ∈ [0.6,2.5] for AOA = 0o,±15o,±30o and ±45o at Re = 150. For AOA = 0o and ±15o,541

C
′
L increases gradually as G/D increases while for AOA = ±30o and ±45o, C

′
L first increases542
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and then decreases slightly as G/D increases. Moreover, for a given G/D, C
′
L remains nearly543

the same for |AOA| ≤ 15o. For |AOA| = 30o, C
′
L decreases for G/D ≥ 1.0 due to the weakening544

of the interaction between vortices shed from the top and the bottom of the cylinder. However,545

for G/D < 1.0 and for AOA = −30o, C
′
L remains nearly the same as for AOA = 0o and ±15o.546

This is because the wall suppression effect dominates, counteracting the effect of the rotation of547

the cylinder. It should be noted that for AOA = 30o, C
′
L is larger than for AOA = −30o, and this548

difference appears to increase with decreasing G/D. This is because the counterclockwise rotation549

of the cylinder weakens the wall suppression effect. A qualitatively similar behavior is observed550

for AOA =±45o.551

FIG. 19. (a) Time-averaged lift coefficient CL, (b) the root mean square of lift coefficient C
′
L and (c)

Strouhal number St for flow around the elliptic cylinder near a moving wall for AOA = 0o,±15o,±30o and
±45o and for G/D ∈ [0.6,2.5] at Re = 150.

Figure 19(c) shows the Strouhal number (St) for AOA = 0o,±15o,±30o and ±45o as well as552

for G/D ∈ [0.6,2.5] at Re = 150. The results for AOA = 0o obtained by Zhu et al.23 are included553

for comparison. A general increase of St with increasing G/D (for a given AOA) is observed and is554

due to the weakening of the wall suppression effect. For AOA =±15o, St remains nearly constant555

for G/D ∈ [0.74,0.8], coinciding with the drag reduction of CD shown in figures 16(a) and 18(a).556

Moreover, for AOA = −45o, St decreases slightly as G/D increases from 1 to 2.5. This can be557

explained by that an increase of G/D leads to stronger vortices shed from the bottom part of the558

cylinder, enlarging the strength difference between the vortices shed from the top and the bottom559

part of the cylinder, resulting in a weaker interaction between the vortices (i.e., a smaller St).560
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As |AOA| increases (for a given G/D) St increases,. This is qualitatively similar to the observa-561

tion by, e.g., Paul, Arul Prakash, and Vengadesan11 for flow over an isolated elliptic cylinder with562

different AOA. For a given |AOA| (for a given G/D), St is larger for negative AOA than for positive563

AOA. This is because for negative AOA, the vortices shed from the top of the cylinder are weaker564

than the vortices shed from the bottom part of the cylinder while an opposite behavior is observed565

for positive AOA as shown in figures 5 and 15. Here the lower vortices are weakened by the wall566

suppression effect, thus resulting in a decrease and an increase of the strength difference between567

the upper and lower vortices for negative AOA and positive AOA, respectively. Consequently, the568

vortex interaction is stronger for negative AOA than for negative AOA, i.e., St is larger for positive569

AOA. Furthermore, the difference between St for positive and negative AOA increases as |AOA|570

increases due to a larger strength difference between the upper and lower vortices.571

VI. SUMMARY AND CONCLUSIONS572

In the present work, the flow around an elliptic cylinder, which is either clockwise (negative573

angle of attack AOA) or counterclockwise (positive AOA) rotated relative to the normal direction574

from the moving bottom wall, is investigated. Here AOA ranges from −45o to 45o, the gap ratio575

G/D (where G denotes the distance between the cylinder center and the moving wall) ranges from576

0.6 to 2.5, and the Reynolds number is 150 based on the semi-major axis length of the cylinder577

and the free-stream velocity. The aspect ratio of the cylinder is fixed to 0.4. The resulting wake578

patterns, vortex shedding, the drag and lift coefficients as well as the Strouhal number (St) have579

been investigated and discussed in details. The main results from this work can be summarized as580

follows:581

• The rotation of the cylinder leads to a strength difference between the vortices shed from582

the top and bottom part of the cylinder. Thus, the parameter range of the four wake patterns583

previously presented in Zhu et al.23 for flow over a non-rotated elliptic cylinder near a584

moving wall, now depends both on the gap ratio and the angle of attack. These four wake585

patterns have been mapped out in (G/D, AOA)-space.586

• For small gap ratios, the clockwise rotation of the cylinder leads to a stronger wall suppres-587

sion effect than for the counterclockwise rotation, since the clockwise rotation results in a588

smaller gap between the backside of the cylinder and the moving wall. Consequently, for589

G/D = 0.6, the steady wake pattern (where vortex shedding is absent) only occurs for the590

clockwise rotated cylinder.591

• The rotation of the cylinder leads to a decrease of the horizontal component of the pres-592

sure force acting on the cylinder, which again leads to a decrease of the time-averaged drag593

coefficient relative to that for the non-rotated cylinder. However, for G/D≤ 0.9, a counter-594

clockwise rotation from 0o to 15o leads to an increase of the time-averaged drag coefficient.595

This is caused by an increase of the pressure force acting on the front of the cylinder due to596

a blockage effect in the gap between the front of the cylinder and the moving wall.597

• For the counterclockwise rotated cylinder, the time-averaged lift force is directed upwards598

and decreases with increasing G/D due to the decrease of the pressure force acting on the599
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cylinder front. For the clockwise rotated cylinder, the time-averaged lift force is directed600

downwards, and its magnitude increases with increasing G/D due to the weakening of the601

wall suppression effect on the vortex shedding behind the cylinder.602

• The rotation of the cylinder leads to a shorter vortex shedding period, i.e., an increase of603

the Strouhal number St. Furthermore, the clockwise rotation of the cylinder weakens the604

upper vortices, whilst the resulting wall supression weakens the lower vortices. For the605

counterclockwise rotation of the cylinder, however, the lower vortices are more weakened606

(due to the wall supression) than for the clockwise rotation, while the upper vortices are607

strengthened. Consequently, the strength difference between the upper and lower vortices608

is smaller for the clockwise rotated cylinder than for the counterclockwise rotated cylinder.609

Thus, a stronger vortex interaction, i.e., a larger St, is observed for the clockwise rotated610

cylinder.611
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