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Abstract: To reduce the drag of a cylinder, numerical simulations and experiments for both smooth
cylinder and circular cylinder with the dimpled surface are carried out in this paper. The numerical
simulation focuses on the variation of pressure coefficient, skin friction coefficient, and vortex
shedding strength of the smooth cylinder and the circular cylinder with the dimpled surface. It is
found that the dimpled structure can effectively reduce the drag of the cylinder within a specific range
of Reynolds number, and the maximum drag reduction rate reaches up to 19%. Another conclusion
is that the pressure drag and skin friction drag have an essential influence on the total drag of the
circular cylinder with the dimpled surface. On the other hand, the strength of vortex shedding also
decreases with the decrease of cylinder drag. Then, the flow field of both cylinders is measured using
the particle image velocimetry (PIV) technique, confirming that the dimpled structure can affect
the velocity field, the release of vortices and the scale of the vortex. More specifically, the velocity
recovery of the circular cylinder with the dimpled surface is faster than that of the smooth cylinder,
and the dimpled structure delays the release of the vortex at a specific range of Reynolds number.

Keywords: flow around a cylinder; drag reduction; force coefficient; velocity field; vortex structure

1. Introduction

The offshore platform is a central facility for offshore oil extraction, transportation,
observation, navigation, and construction. In summary, an offshore platform is the base
for offshore production, operation, and life. The pile leg is a vital structure to support
the offshore platform, but damage to the pile leg caused by drag is enormous. So how
to effectively reduce the drag and the structural vibration to prolong the service life of
offshore platform pile legs has become an important research topic.

The drag is related to vortex shedding in the wake of the cylinder. Moreover, it is
most dangerous when the cylinder’s vibration frequency is close to the natural frequency.
Therefore, the suppression of drag can be considered from two aspects: avoiding the natural
frequency of the structure, or suppressing the formation and development of vortices.
Of course, some measures can make both results occur simultaneously. Some methods
can reduce the drag of the system and avoid sympathetic vibration while suppressing
the vortex.

So far, there has been much research on the reduction of cylinder drag. For example,
Muddada and Patnaik [1] significantly reduced the drag induced by eddy current. The
method they used was to control the wake vortices by adding two small control cylinders
to the rear of the forced cylinder, and the technique was based on the simple active flow
control strategy of momentum injection. Owen and Bearman [2] conducted an experimental
analysis of drag reduction characteristics of risers across a broad Reynolds number range.
They found that, when the cylinder was attached with a sinuous axis, the suppression of
vortex shedding and drag reduction rate reached up to 47%, and about 25% for the cylinder
with bumps. Moreover, Ivo Amilcar [3] studied the acceleration of drag and the control
effect of the bio-cylinders’ flow structure based on a harbor seal vibrissa, then proved that
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the bionic surface changed the characteristics of drag of the cylinder. It was also found that
the bionic surface could reduce the drag of the cylinder at a certain wind attack angle, and
the eddy scale and the turbulent kinetic energy (TKE) in the wake area decreased. In the
experiment of Wang et al. [4], the drag reduction test of the wavy cylinder in the Re range of
2.0 x 10* t0 5.0 x 10* was carried out. They demonstrated that the average drag coefficient
of the wavy cylinder with different inclinations was less than that of the smooth cylinder.
The maximum drag reduction rate could reach more than 20%, and the surface inclination
of a wavy cylinder was an important parameter affecting its drag reduction effect.

Based on the above existing studies, it can be seen that the control of the flow drag
of the pile legs of the offshore platform can be, ultimately, simplified to the study of the
cylindrical flow phenomenon. However, these studies have significantly changed and
complicated the circular structure, increasing the cylinder mass. If these devices are applied
in the pile leg, its design and installation process will be confused. Further research has
greatly improved the above problems by using these conclusions [5,6]. They considered
that the non-smooth surface could reduce the drag of a plane or cylindrical surface. Many
studies have proved that a grooved surface and dimpled surface have good drag reduction
ability. In earlier studies, Oki et al. [7] found through numerical simulation that the
addition of grooves on the cylinder’s surface would lead to the backward movement of
the separation point of the cylinder, the reduction of pressure difference and the reduction
of drag. Takayama and Aoki [8] mainly discussed the influence of groove depth on force
coefficient and backflow by carrying out this experiment and analyzing the results.

Concerning the dimpled structure, Zhou et al. [9,10] had already made a comprehen-
sive study of the drag reduction characteristics of the dimpled structure when k/D = 0.05
(k/D is the roughness coefficient). The Cd and the root mean square of lift coefficient (Cl;s)
of the dimpled cylinder decreased within the range of Re = 7.4 x 10~8 x 10%, and the re-
duction rate was between 10% and 30%. The distribution position of dimples on the surface
of the cylinder also affected the drag. On the other hand, Wang et al. [11] used the shear
stress transport (SST k-w) turbulence model to conduct numerical simulation analysis to
discuss the influence of the dimpled structure’s parameters on the drag reduction. Finally,
it was concluded that the dimple depth’s impact is more significant than other factors, and
a circular dimple had a better drag reduction effect than a spherical dimple.

Based on the above research, this paper aims to control vortex formation and develop-
ment in order to reduce the drag by placing dimples on the cylinder surface. A dimple of
circular model and k/D = 0.005 will be decorated on the surface of the cylinder to suppress
the vortex. Numerical simulation and PIV technique are used to study drag reduction
characteristics. This study focuses on the drag reduction effect and mechanism of the
circular cylinder with the dimpled surface in terms of drag reduction rate, force coefficient,
Strouhal number, flow velocity, and flow structure.

2. Numerical Simulation Method
2.1. Turbulence Model and Transition Model

For the incompressible viscous fluid, the following formulas can express its governing
equations [12]:
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Here, u; is the velocity component of the fluid in the direction x;, in two dimensions, i,
j=1,2. u; =u and uy = v are the horizontal and vertical velocity components, respectively.
t and p represent the flow time and pressure. Re (=pUsD/ ) is the Reynolds number. p, Ueo,
D, and u are the fluid density, fluid velocity, cylinder diameter, and the viscosity coefficient.
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To describe the turbulent flows, the RANS (Reynolds-averaged Navier-Stokes) equa-
tion is usually used instead of the N-S (Navier-Stokes) equation. The RANS equation is
obtained by homogenizing the N-S equation, as described in the following;:
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Here, %; and 7; are time-averaged velocities, u; and u;- represent fluctuating velocities,
pe is the turbulent viscosity coefficient, k is the turbulent kinetic energy, and J;; is the

Kronecker delta symbol. —pugu;- (the Reynolds stress term) in the equation makes the
RANS system no longer closed, so the turbulence model is needed to make the stress term
closed based on Boussinesq's assumption.

The boundary layer velocity gradient is large for the flow around the cylinder, so
the SST (shear stress transport) k-w two-equation turbulence model is a better choice [12].
The SST k-w turbulence model contains two equations of turbulent kinetic energy (k) and
dissipation rate (w):

d(pk) | d(pku;) _ 0 m\ok| 5 L.
d(pw) | d(pwu;) 9 (1-F) ok dw

+ Py — Bpw® +2p (8)

Ut \ dw
<” " a) ax;
where 0y and 0, are the turbulent Prandtl numbers about k and w, y; is the turbulent
viscosity coefficient, Py is the effective rate of turbulent kinetic energy generation, Py,
is the rate of turbulent dissipation, §*(5* = 0.09) is the model constant, and F; is the
mixing function.

The boundary layer still shows laminar separation for the flow around the cylinder
within the subcritical region (300 < Re < 3 x 10°), while turbulent vortex streets already
exist in the wake. This paper combines a transition model based on the above turbulence
model to simulate the transition.

The transition SST four-equation transition model is based on the coupling of transport
equations about -y (intermittent factor) and Kegt (momentum thickness Reynolds number),
relevant empirical formulas, and the SST k-w two-equation turbulence model. The transport
equations of v and Reg; can be expressed as [13]:

o ox; _BTCJ- WO, axjach
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E'y = CaZPQ'YFturb (CeZ')’ - 1) (12)

Py = CGt% (Reet - ﬁff@t) (1-0 - FGt) (13)
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where oy, 0gs, Ca1, Ca2, Ce1, Ce, and cy; are the transition constants, Flength 18 the transition
length function, Fonset and Fyyyp, are the transition control functions, Fy; is the switching
function, and S, ), T, and Reg; represent the strain rate, the vorticity, the time scale, and
the critical momentum thickness Reynolds number respectively. The empirical correlation
function and model parameters of the transition model can be referred to as in the study of
Langtry et al. [14-16].

The Transition-SST model can capture flow variation sensitively when the Reynolds
number is more abundant. For example, it can represent flow separation and pressure
gradient change well. The model can also observe the near-wake of the cylinder’s flow
characteristics and even predict the transition of the boundary layer well [12].

2.2. Computational Domains and Boundary Conditions

The numerical simulations carried out in this paper shared the same computational
domain, as shown in Figure 1a. The domain size is determined based on the study by
Sarker [17]. According to Sarker’s research, the distance from the flow field’s outlet to the
cylinder’s center should be no less than 12D, which would ensure the disappearance of the
cylinder’s influence on the fluid. To better observe the flow field’s backflow, the distance
from the basin outlet to the center of the cylinder was set to 25D. The gap between the basin
inlet and the cylinder’s center was 5D, and the distance between the cylinder’s center and
the two sides of the wall was 5D. Finally, a rectangle computational domain of 30D (in the
streamwise direction) x 10D (in the transverse direction) was adopted for 2D numerical
simulations.
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Figure 1. The schematic diagrams of the computational domain and the cylinder: (a) Computational domain; (b) The

distribution of four columns of dimples on the surface of the cylinder.
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The boundary conditions of the computational domain are also known from Figure 1a.
For all simulations, the flow field’s inlet and outlet are the velocity inlet boundary and
the pressure outlet boundary, respectively. The front and back are no-slip walls, and the
cylinder is a fixed wall boundary. The geometric model above uses the two-dimensional
rectangular coordinate system for this computational domain. In this coordinate system,
x and y denote the streamwise and transverse directions of the flow field. Figure 1b is a
schematic diagram of the dimpled structure. D (D =20 mm), /&, and d are the cylinder’s
diameter, dimple’s depth, and the dimple’s diameter (d =2 mm, d/D = 0.1), respectively.

Table 1 provides the simulation cases and parameters covered. The number of dimple
columns controlled the number of dimples. The dimples were evenly distributed on
the surface of the cylinder in an equiangular manner. The distribution of dimples in
four columns, for example, is given in Figure 1b. The relevant parameters of Re are
obtained from the investigations [18-21]. The pile leg’s diameter was set as 0.5 m, and the
environmental flow velocity of the pile leg was 0.2 m/s and 0.4 m/s. To sum up, the values
of Reynolds number are Re; = 1 x 10° and Rey = 2 x 10°, respectively. & is estimated by the
formula of boundary layer thickness [22,23] (h = 0.035DRe — 1/7). To control the cylinder’s
roughness, the value of k is equal to 0.1 mm. That is, k/D = 0.005 (k/D is the roughness
coefficient, and k = h is the dimple’s depth).

Table 1. Included cases of the numerical simulation.

Number of Columns Req =1 x 10° Rey =2 x 10°
0 column Case 1-1 Case 2-1
4 columns Case 1-2 Case 2-2
8 columns Case 1-3 Case 2-3
12 columns Case 1-4 Case 2-4

2.3. Computational Mesh

In the region near the cylindrical wall, the gradient of the average velocity is consider-
able. In a very short reasonable distance from the wall, the relatively large velocity value
is suddenly reduced to the same velocity value as the wall. Due to such phenomena, the
simulation of the flow around a cylinder needs treatment of the near-wall [22,24]. Since
the Transition-SST turbulence model is adopted in this paper, it is usually required to meet
y* = 1. The relation between y+ and the height of the first layer mesh can be expressed
as [25]:

yt = 0.172%1{;30-9 (14)

Here, Ay is the height of the first layer mesh, and D is the cylinder’s diameter. Cal-
culated by the formula, the height of the first layer mesh of the two models in this paper
is 0.004 mm and 0.0021 mm. During the dividing of the grid, the height of the first layer
mesh was set to 0.001 mm.

After finishing the above work, grid independence verification was undertaken. Four
different meshes for the smooth cylinder and the dimple cylinder at Re = 1 x 10° were
checked. The number of cells was controlled by the grid expansion ratio and the number
of nodes. Tables 2 and 3 summarize the verification results, providing the dependence
of the Cd (Cd is the time-averaged drag coefficient. Cd = Fd/0.50U«2A, where Cd is
the drag coefficient, Fd is the drag of the cylinder, p is the fluid density, U is the flow
velocity, and A is the upwind area), and Cl;;s is the root mean square of lift coefficient.

N
x Cl%l 2 2. .. 2
Clys = \| "lg— = ch +C12§ *+Cly ), and the Strouhal number St (St = fD/Uw, where f

is the vortex shedding frequency, D is the cylinder diameter, U is the flow velocity) on
the mesh size. The three values converged at M3 and M3'. It can be seen that the data
differences between M3 and M4 or M3’ and M4’ are around 0.32%, indicating that a further
increase of mesh resolution would have a negligible effect on the results of the numerical
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simulation [26]. In the end, the mesh size of M3 (for the smooth cylinder) and M3’ (for the
dimple cylinder) was adopted in this simulation, the grid expansion ratio was kept below
1.1, and the time step size was controlled below 4 x 10~* s. The results of the meshing
are shown in Figure 2. For the smooth cylinder, this mainly controls the area with dense
meshes, while for the cylinder with dimples, it is vital to separate the dimples separately
for grid division.

Table 2. Grid independence verification for the smooth cylinder at Re = 1 x 10°.

Time-Averaged Root Mean
- Number of . 3 Square of Lift Strouhal
Mesh Description Cells Drag C(%fﬁ“e‘“ Coefficient ~ Number (S1)
(Clyns)

M1 Mef;‘ﬁzngi‘g“’“ 72,936 1.4001 0.7492 0.2337

M2 The first layer Mef;‘ﬁzngi‘zm 89,476 1.3129 0.6391 0.2212
height 0.00005D =

M3 & Mesh expansion 107,116 1.2424 0.6217 0.2137
ratio of 1.1.

M4 Mesh expansion 125,856 1.2418 0.6214 0.2130
ratio of 1.05

Table 3. Grid independence verification for the dimple cylinder at Re =1 x 10°.
Time-Averaged Root Mean
. Number of s Square of Lift Strouhal
Mesh Description Cells Drag C(%fﬁuent Coefficient Number (St)
(Clyns)
M1/ Mersahﬁ‘;ngi‘;lo“ 96,988 1.3412 0.7115 0.2214
the first layer height .
M2' 0.00005Ddensity  Meshexpansion g5 46 12584 07073 02206
40 layers mesh for the Mesh ex ar{sion
M3/ location with dimples o gf 1 110,302 1.0060 0.6131 0.2010
M4/ Mesh expansion 131,214 1.0052 0.6114 0.2005

ratio of 1.05

3 35 4 45 A§/D5.5 6 65 7 75

Local
enlargement

Local i Local
enlargement enlargement

U y 4 £
48 5 52 54 1 X X 48 52 54 56
XD X?D

3 35 4 45 /&DSI) 6 65 7 75

Figure 2. Schematic diagrams of the mesh: (a) Computational grid; (b) Close-up of the grid around the cylinder.
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2.4. Parameter Verification

The parameter verification was performed for the smooth cylinder at Re =1 x 10° to
verify the accuracy of the turbulence model. The parameters include Cd and St, and the
experimental data came from the research of Schewe [27] and Zdravkovich [28]. According
to Table 4, the values of Cd and St in the numerical simulation are very close to the
experimental values, indicating that the results of the turbulence model are highly reliable.

Table 4. Comparison of related parameters.

Source of Literature Cd St Note
Schewe 1.18 0.21 experiment
Zdravkovich 1.2 0.20 experiment
This paper 1.24 0.22 simulation

2.5. Numerical Simulation Parameters Setting

Based on the above work, the basic setup for fluid computing software can be selected
as follows, as tabulated in Table 5. In the table, it can be obtained that the solver is a
pressure-based transient solver, the pressure-velocity coupling scheme is SIMPLEC, and
the solution format is the second-order upwind format.

Table 5. The input parameters.

The Parameters Choices Notes
Solver Pressure-Based, Transient
Model Transition-SST
. . P o p =998.2kg/m?
The fluid medium Water-liquid (20°) 1 = 0.001003 kg /(m-—s)
The boundary conditions Velocity-Inlet & Pressure-Outlet
Pressure-Velocity Coupling Scheme SIMPLEC
Spatial Discretization Second Order Upwind

3. Numerical Simulation Results and Discussion
3.1. Drag Coefficient

The following formula can calculate the drag reduction rate:

Cdoorn — Cddimpled

x 100% (15)
Cdsmooth

]7:

Here, 7 is the drag reduction rate in the equation (“+” is for drag reduction, “—" is
for drag increase). Cdg,,0 represents the time-averaged drag coefficient of the smooth
cylinder, and @dimpled is the time-averaged drag coefficient of the circular cylinder with
the dimpled surface.

Table 6 provides the drag reduction rates for all cases. For Re = 1 x 10°, compared
to Case 1-1, it can be obtained that the Cd of Case 1-2, Case 1-3, and Case 1-4 is smaller,
and the value of Cd increases in turn with the increase of the number of dimples. The
maximum of % is +19.00% for Case 1-2, and the minimum of # is +12.16% for Case 1-4.
However, at Re = 2 x 10°, Cd of Case 2-2, Case 2-3, and Case 2-4 is higher than that of
Case 2-1. Similarly, Cd increases in turn with the increase in the number of dimples. The
maximum of 7 reaches —20.27%.
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Table 6. The drag reduction rates of included cases.

Serial Number Remark Ccd 1

1 Case 1-1 1.242

2 Case 1-2 1.006 +19.00%
3 Case 1-3 1.088 +12.40%
4 Case 1-4 1.091 +12.16%
5 Case 2-1 0.898

6 Case 2-2 0.931 —3.67%
7 Case 2-3 1.060 —18.04%
8 Case 2-4 1.080 —20.27%

The above results indicate that dimples can effectively reduce the cylinder drag within
a certain Reynolds number. When the Reynolds number exceeds a certain critical value,
dimples will bring about the opposite effect. Moreover, the number of dimples has a
significant influence on the drag of the cylinder. A cylinder with more dimples adhering
to its surface will create more considerable drag. In other words, the roughness of the
cylinder surface will affect the drag of the cylinder.

3.2. Pressure Coefficient and Skin Friction Coefficient

Previous studies [29] have shown that the smooth cylinder drag mainly comes from
pressure drag (a component of the total drag), accounting for more than 98% of the full
drag. However, for rough cylinders, the pressure drag and the skin friction drag are both
critical [30], so the analysis of both is indispensable.

Figure 3a depicts a schematic sketch for monitoring the pressure coefficient and the
skin friction coefficient. 6 is the monitoring angle relative to the streamwise direction. The
initial monitoring point is set at # = 0°, and the angle ranges from 0° to 180° (along the
streamwise path). Figure 3b shows the schematic sketch of a dimple. The dimpled interior
can be regarded as the dimple valley, and the sharp edge can be viewed as the peak of
the dimple [31].

(b)
Valley of the dimple  pegk of the dimple

N

Figure 3. The schematic sketches: (a) Force coefficient monitoring angle; (b) Close-up of the dimple.

Figures 4 and 5 expose the time-averaged skin friction coefficient Cf (Cf = 7,/0.50Ux?,
where 7, is the shear stress) and the time-averaged pressure coefficient Cp (Cp = (pg —
Po)/0.50U?, where py is the pressure at the rear stagnation points, and p« is the reference
pressure at the inlet). It is known that the skin friction drag is the integral of the shear stress
on the cylinder surface, and the pressure along the cylinder surface can be integrated to
obtain the pressure drag. Therefore, Cf and Cp can represent the skin friction drag and
pressure drag on the cylinder surface.
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AtRe =1 x 10°, as shown in Figure 4a, Cf first increases and then decreases with the
increase of 6 for Case 1-1 in the range of 0° < 6 < 87° and reaches the maximum value at
0 ~ 50°. The curve of C7f for Case 1-1 is relatively smooth. However, for Case 1-2, Case 1-3,
and Case 1-4, it is evident that the value of Cf will decrease sharply then increase suddenly
at the dimple positions, and the minimum value is around 0. Other than that, at the same
place on the cylinder surface, C7f of Case 1-2, Case 1-3, and Case 1-4 is greater than that of
Case 1-1 (except for the location of 90° < 0 < 120°). For this reason, the skin friction drag
obtained by integrating on the circular cylinder with the dimpled surface is less than that of
the smooth cylinder. When 90° < 6 < 120°, there is a phenomenon of vortex reattachment,
and the dimple will enhance this phenomenon, so Cif of the circular cylinder with the
dimpled surface will be higher than that of the smooth cylinder.

0.02
(a) Case 1-1
’ - = Case 1-2
uuuuuuuu Case 1_3
0015 | /4 — -~ Case I4
£

0.005

LI

T T L T e
2

1 PAAAS RS LLAD 9 PALLS 6O BAA 01 9T

0 ;
0 20 40 80 100 120 140 160 180
0(°)
0.02
(b) Case 2-1
[ . — — Case 2-2
0016 | .y e Case 2-3
n [ ' = - = Case 2-4
5
0.012 1
S :
IS |
0.008 i
0.004 l :

0 20 40 60 80 100 120 140 160 180

(%)

Figure 4. Distribution of time-averaged skin friction coefficient over the cylinder surface with
different dimpled numbers: (a) Re =1 X 10%; (b) Re = 2 x 10°.
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1.5 1.5
(a) Case 1-1 -(b) Case 2-1
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-1k 15}
15} 2r
25|
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1 1 1 " 1 " 1 " 1 " 1 L 1 L 3 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
6(°) 0(°)

Figure 5. Distribution of time-averaged pressure coefficient over the cylinder surface with different dimpled numbers:
(@) Re =1 x 105; (b) Re =2 x 10°.

For Re = 2 x 10° (Figure 4b), Cf of Case 2-2, Case 2-3, and Case 2-4 is higher than that
of Case 2-1 at the same location. The difference between Figure 4a,b indicates that the flow
velocity also influences the drag of the circular cylinder with the same structure. Because of
this phenomenon, the skin friction drag for the circular cylinder with the dimpled surface
will be greater at Re = 2 x 10°. This difference is one of the essential reasons why the
dimpled structure’s drag reduction results are different at the two Reynolds Numbers.

The curve characteristics of Cp are similar to that of Cf (Figure 5). For example, the
curve of Cp for the smooth cylinder is relatively smooth. For the circular cylinder with the
dimpled surface, Cp fluctuates wildly at the dimple positions. However, the pressure drag
results for Re =1 x 10 and Re = 2 x 10° are different. The pressure drag of the circular
cylinders with the dimpled surface is lower than that of the smooth cylinder at Re = 1 x 10°
but higher than that of the smooth cylinder at Re = 2 x 10°.

From Figures 4 and 5, it is concluded that both the number of dimples and the flow
velocity have an effect on the total drag. In other words, at a certain Reynolds number
interval, the proper roughness for the cylinder surface will reduce the cylinder drag.

3.3. Vortex Shedding Strength

In this study, Fast Fourier Transforms (FFT) is used to analyze lift coefficient (Cl) and
its calculation method can be described as follows.

For a periodic set of N sampled points, ¢, the discrete Fourier transform [32] expresses
the signal as a finite trigonometric series:

N-1 ,
=Y ¢ue?™*/Nk=0,1,2,...(N-1) (16)
n=0

where the series coefficients ¢, are computed as:

1 N-1

= Y e 2 /N =0,1,2,... (N 1) (17)
k=0

In addition, Power Spectral Density (PSD) is the distribution of signal power in the
frequency domain, and it is defined for the frequency f;:

PSD(f,) = E(fa)/Afn=1,2,...,N/2 (18)
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where Af is the frequency step in the discrete spectrum, and the Fourier mode power E(f;)
is computed as:

05(2|¢,)* n=1,2,...,N/2—1

|$n|® n=N/2

Figure 6 profiles the relationship between the PSD and the St (St = fD/Ue, where f is
the vortex shedding frequency, D is the cylinder diameter, and U is the flow velocity). As
plotted in Figure 6a, at Re = 1 x 10°, it is evident that the peak values of PSD of Case 1-2,
Case 1-3, and Case 1-4 are smaller than that of Case 1-1 [9,33], indicating that the dimpled
structure can reduce the strength of vortex shedding. The distribution characteristics of the
curve in Figure 6b are entirely different from those in Figure 6a, in that the peak values of
PSD of Case 2-2, Case 2-3, and Case 2-4 are much higher than that of Case 2-1. It is conceivable
that the dimpled structure will increase the strength of vortex shedding at Re =2 x 10°. The
advantage of vortex shedding will affect the structure of the flow field and the size of the
vortex. Thus, it is a non-negligible factor influencing the drag of the cylinder.
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Figure 6. Power Spectral Density of lift coefficient of the cylinders with different dimple numbers:
(@) Re=1 x 10°; (b) Re =2 x 10°.
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4. Experimental Results and Discussion
4.1. Experimental Equipment

The PIV technique is used to display the flow around the cylinder with or without
dimples to observe the field’s backflow. The circulating water tank is about 4 m long with
a rectangular cross-section of 0.3 m x 0.25 m (width x height), so the cross-sectional area S
of the tank in the experimental section is 0.075 m?. An innovative bench was built based on
the water tank and related experimental equipment, as presented in Figure 7. The console
controls the quantity of flow, thus controlling the flow velocity. The schematic diagram
also gives the flow direction. The two side walls and bottom surfaces of the tank are made
of glass to facilitate the access of lasers generated by optical instruments.

N :
\\.ﬂ\\‘?\ : Laser sheet o
W2 7 : , m=1mm e | g | e
: a3 ‘ S|
. - '/“ an X ] -
i Tl
Syjinder 55 Y Console
v Sy u .
/ - s /
A N T
Y e tna sco. —| Processor
< = Selay i A . -
3 5 ""_- - o High-speed camera
Tracer particle. < ' * . B et
NG T . > ‘\\\’(\
. 4 o<

ETCCTTENYETISIRYTIIT, -
Computer

Laser device

Figure 7. Experimental setup in the water tank.

The cylinders used in the experiment are made of aluminum, and the dimples are
machined by the Computer Numerical Control (CNC) machining center. The length of the
cylinders is 302 mm, and their diameter is 20 mm. The diameter (d) and depth (1) of the
dimples are 2 mm (d/D =0.1) and 0.1 mm (k=h =0.1 mm, k/D =5 x 1073), respectively.
The distance between two dimple centers is 4 mm, and the dimples are evenly distributed
on the cylinder. Figure 8 provides the specific size data and finished product.

The length-to-diameter of the cylinders used in the experiment is 15.1, which is
considered large enough to ensure a 2D flow of the cylinder’s near-wake [34]. The coordi-
nates x, ¥, and z represent the streamwise, transverse, and spanwise directions, as shown
in Figure 7. The flow velocity in the experiment is calculated according to the flow rate
formula (Q = SV, where Q is the quantity of flow, S is the cross-sectional area, and Ve
is the flow velocity in the experiment). It is noteworthy that V is consistent with the
environmental velocity of the pile leg. The two free-stream velocities in the experiment
are 0.204 m/s and 0.407 m/s, corresponding to Re; = 4.08 x 10 and Re, = 8.14 x 103,
respectively. Tables 7 and 8 demonstrate the lists of test cases and experimental conditions.

Table 7. Covered experimental conditions.

Q (m3/h) S (m?) Voo (m/s) Re

55 0.204 4.08 x 103

110 0.075 0.407 8.14 x 103




Water 2021, 13, 197 13 of 20

Table 8. Included test cases.

Number of Columns Req = 4.08 x 10° Re, = 8.14 x 103
0 column Case a-1 Case b-1
4 columns Case a-2 Case b-2
8 columns Case a-3 Case b-3
12 columns Case a-4 Case b-4

(a)

8§X0.1
12X0. 1

Figure 8. Experimental cylinder: (a) cylinder size; (b) finished product.

Figure 7 also presents the experimental set-up of high-speed PIV. A high-speed camera
(pco. dimax S1) with a resolution of 1008 x 1008 pixels was used to capture the 2000
successive digital particle images at a time interval of 1 ms (i.e., 1000 frame per second)
between two consecutive images, and the shutter speed of each frame is set at 1.5 us. A thin
light-sheet of thickness m = 1 mm produced by a high-intensity continuous light source
(Figure 7) was used to illuminate the tracer particles (the diameter of the tracer particle
is 10 um) around the cylinder. The distance from the camera’s focal plane mark to the
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light-sheet plane was fixed at about 0.5 m. The PIV view software based on the spatial
cross-correlation method was applied to record the particle trajectories in the flow around
a cylinder.

4.2. Velocity Field

As shown in Figure 9, to analyze the backflow velocity of cylinders in the experiment,
the streamwise velocities of three locations close to the cylinder in the backflow region are
extracted and compared. The measurements are performed at three different locations:
X/D =1.0 (location A), X/D = 1.5 (location B), and X/D = 2.0 (location C) from the center
of the cylinder.

Cylinder Ve

=

4

| | =
I\\\ / ——

|/ =

—
X/D=1.0—=

e EEm—
[ /D=1.5 —
————X/D=2.0— =

Figure 9. Position diagram for velocity distribution.

The averaged streamwise velocity (U/V «) profiles in the near wake behind the cylinder
are reported in Figure 10. According to Figure 10, it is apparent that the velocity curve
shows a “U” shape near the cylinder, while the curve changes and presents a “V” shape
away from the cylinder. These phenomena can also be found in the research of Aguedal
etal. [35].

Under the premise that the streamwise velocity profile in the wake does not change
significantly along the streamwise direction, these velocity profiles were used as stability
analysis [36]. As shown in Figure 10a, it is interesting to note that Case a-2, Case a-3, and
Case a-4 recover 22.34-36.58% of the incoming flow velocity at the location A (X/D = 1.0)
while Case a-1 does not. The results indicate a lower dimpled structure velocity gradient
and a lower shearing action than a smooth one [37]. However, this percentage is down to
24.15-8.45% at location C (X/D = 2.0). On the other hand, at Re = 8.14 x 10° (Figure 10b),
Case b-2, Case b-3, and Case b-4 show the higher momentum deficiency even at the location
A (X/D = 1.0) and the velocity recovery is slower than is the case in Figure 10a. This
phenomenon indicates that the increase of Reynolds number weakens the effect of dimples
on velocity recovery.
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Figure 10. Time-averaged streamwise velocity distribution of the experiment at different positions
with different dimpled numbers: (a) Re = 4.08 X 103; (b) Re = 8.14 x 10°.

4.3. Vortex Structure

Figure 11 depicts a schematic sketch of the recirculation zone. It concludes the features
of the flow field and the parameters, describing the near-wake recirculation zone. The
flow field’s primary function is the formation of a symmetrical recirculation zone in the
cylindrical near wake (the length of the recirculation zone (Lg) is measured from the center
of the cylinder along with the streamwise direction). The circumfluence zone consists of a
pair of fixed vortices, which are generally equal in strength and opposite in the course of
rotation. a is measured from the center of the cylinder to the center of the vortex, and b
is the distance between the centers of the pair of vortices. After, the vortex will become
asymmetrical and fall off the cylinder [38].
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Figure 11. A schematic sketch of the recirculation zone.

To analyze the differences of the above flow characteristics in the experimental cases,
the streamlines and time-averaged velocity vector diagram are used to show these features
intuitively and clearly, plotted in Figure 12. Moreover, the values of the three parameters
(Lr, 2, and b) are measured in detail, as shown in Figure 12.

Figure 12 visually shows the state of vortices, and the structure of vortices in all cases
is consistent with the description in Figure 11. The distinctions between each case are
mainly reflected in the values of Ly, 4, and b. For example, at Re = 4.08 x 103, it can be
observed that the three parameter values of Case a-2, Case a-3, and Case a-4 are almost more
significant than those of Case a-1. This phenomenon also occurs at Re = 8.14 x 10°. From
the above discussions, it can be concluded that when the drag of the circular cylinder with
the dimpled surface decreases at the same Reynolds number, the three parameters in the
near-wake field (Lg, a, and b) will increase [39,40]. A reasonable conclusion can be made
that the dimple structure delays the release of the vortex at a specific range of the Reynolds
number. Therefore, the formation of the larger vortex leads to a decrease in the vortex
shedding frequency, thus the drag is reduced.

Interestingly, Zhou et al. [10] found that Lg, 4, and b of the non-smooth cylinders
were smaller than that of a smooth cylinder in their study. This result is different from the
experimental result of this study and the conclusion of Liu et al. [39]. The reason may be
due to the different roughness, which changes the influence of the boundary layer on the
flow field.

The variation of the three parameters is provided in Figure 13 to compare the flow
field in the numerical simulation and the experiment. It can be found that three parameter
values in the numerical simulation always fluctuate above and below the experimental
values, and the average error is about 2.7%. This result further demonstrates that the
numerical simulation is credible.
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Figure 13. Variation of the normalized length scales of the cylinders with respect to Re: (a) the smooth cylinder; (b) the
cylinder with 4 columns of dimples; (c) the cylinder with 8 columns of dimples; (d) the cylinder with 12 columns of dimples.

5. Conclusions

In this paper, dimples with roughness coefficient k/D = 0.005 are arranged on the

cylinder. The force coefficient, vortex shedding strength, velocity field, and vortex structure
of different cylinders are analyzed. The following conclusions can be drawn from the above
discussions:

)

)]

®)

4)

)

The dimple structure can effectively reduce the drag of the cylinder within a specific
range of Reynolds numbers. The maximum drag reduction rate reaches 19%. How-
ever, the drag reduction rate is reduced to a minimum of 12.16% with the increase in
the number of dimples.

In terms of the composition of drag, it is also worth noting that both the pressure drag
and the skin friction drag have an essential influence on the total drag of the circular
cylinder with the dimpled surface.

When the drag is reduced, the cylinder’s vortex shedding strength is less than that of
a smooth cylinder at the same Reynolds number. On the other hand, the drag of the
circular cylinder with the dimpled surface will be increased when the flow velocity
exceeds a certain critical value and the vortex shedding strength of the cylinders will
be more muscular than that of the smooth cylinder.

The velocity recovery of the circular cylinder with the dimpled surface is faster than
that of the smooth cylinder, indicating a lower velocity gradient and a lower shearing
action in the dimpled structure. At the same time, the increase of Re will weaken the
effect of dimples on velocity recovery.

Through discussions of the vortex scale, it is found that when the drag of the cylinder
decreases, the values of Lg, 4, and b will increase. This phenomenon indicates that the
release of the vortex is delayed, and the drag of the cylinder is therefore reduced.
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