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Abstract

Passive wake control behind a circular cylinder in uniform flow is studied by numerical simulation for ReD ranging

from 80 to 300. Two small control cylinders, with diameter d/D ¼ 1/8, are placed at x/D ¼ 0.5 and y/D ¼70.6.

Unlike the 1990 results of Strykowski and Sreenivasan, in the present study, the vortex street behind the main cylinder

still exists but the fluctuating lift and the form drag on the main cylinder reduces significantly and monotonously as the

Reynolds number increases from 80 to 300. Obstruction of the control cylinders to the incoming flow deflects part of the

fluid to pass through the gap between the main and control cylinders, forming two symmetric streams. These streams

not only eliminate the flow separation along the rear surface of the main cylinder, they also merge toward the wake

centerline to create an advancing momentum in the immediate near-wake region. These two effects significantly reduce

the wake width behind the main cylinder and lead to monotonous decrease of the form drag as the Reynolds number

increases. As the Reynolds number gets higher, a large amount of the downstream advancing momentum significantly

delays the vortex formation farther downstream, leading to a more symmetric flow structure in the near-wake region of

the main cylinder. As the Reynolds number increases from 80 to 300, both increasing symmetry of the flow structure in

the near-wake and significant delay of the vortex formation are the main reasons for the fluctuating lift to decrease

monotonously.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Because of the practical importance of bluff bodies in uniform flow, a large number of numerical and experimental

investigations have been performed for a wide range of Reynolds numbers (Griffin, 1995; Hoerner, 1957; Kim and Lee,

2001; Roshko, 1955; Suryanarayana et al., 1993). Details on the subject of a circular cylinder in uniform flow can also

be found in the book of Zdravkovich (1997). Within a wide range of Reynolds numbers (46oReDo2� 105), wake flow

patterns are complicated by factors such as turbulence intensity, aspect ratio, blockage ratio, end effects,

wall proximity, etc. Although the Reynolds number is usually high in most practical situations, wake flows are

also important at low Reynolds numbers for microsystem applications. Three important goals to modify the wake
e front matter r 2007 Elsevier Ltd. All rights reserved.
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Nomenclature

CD drag coefficient

Cdp form drag coefficient of the main cylinder

CdT total drag coefficient of a single cylinder or

cylinder system

CL lift coefficient

/CLS fluctuating amplitude of the lift coefficient

CP fluctuating surface pressure coefficient

D diameter of the main cylinder (cm)

d diameter of the control cylinder, d/D ¼ 1/8

Lf vortex formation length (cm)

Ld vortex formation distance (cm)

Dr grid size in radial direction

ReD Reynolds number, ReD ¼ rUiD=m
StD Strouhal number, StD ¼ fD=Ui

S1 rear stagnation point on the main cylinder

S2, S3 four-way saddle points of the recirculation

region

TS shedding period of vortex street (s)

t time instant (s)

Dt time increment (s)

UBo mean velocity of reversed flow along wake

centerline (cm/s)

UBomax maximum mean velocity of reversed flow at

wake centerline (cm/s)

Ui uniform inflow speed (cm/s)

Ū mean streamwise velocity (cm/s)

u streamwise velocity (cm/s)

~ur:m:s: root-mean-square value of the velocity

fluctuation (cm/s)

n transverse velocity (cm/s)

x streamwise coordinate

X1 new streamwise coordinate centered at the

saddle point S1 or S3

X Bomax streamwise location corresponding to

UBomax

y transverse coordinate

Y1 new transverse coordinate centered at the

saddle point S1 or S3

z spanwise direction

y angle from the forward stagnation point of

the main cylinder (deg)

Dy circumferential angular increment (deg)

m viscosity (dyne s/cm2)

r density (g/cm3)

Subscripts

o refers to the condition without control

cylinders

c refers to the condition with control cylinders

Superscripts

* refers to nondimensional quantities

Overbar refers to the mean quantities
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flows at low Reynolds numbers are: (i) reducing the form drag (Huner and Hussey, 1977; Suryanarayana et al., 1993),

(ii) suppressing the vortex shedding (Bearman, 1965; Berger, 1967; Blevins, 1985; Strykowski and Sreenivasan, 1990),

and (iii) changing the heat transfer characteristics (Lange et al., 1998).

Active and passive wake controls are usually employed in the literature. For the former, acoustics excitations

(Blevins, 1985), heating the cylinder (Lecordier et al., 1991), oscillating the cylinder at an appropriate frequency or

frequency-modulation (Berger, 1967; Nakano and Rockwell, 1991; Tokumaru and Dimotakis, 1991; Suryanarayana

et al., 1993), blowing and suction (Bearman, 1965), and recently electromagnetic force control (Kim and Lee, 2001) are

typical examples. For the latter, typical examples are surface protrusions (Nigim and Batill, 1997) to change the flow

separation location, shrouds to affect the fluid entrainment (Zdravkovich, 1997), the rear-wake stabilizer to minimize

the mutual interactions of separated shear layers (Bearman, 1965; Eisenlohr and Eckelmann, 1989), and recently use of

a very small control cylinder to efficiently suppress the wake behind the main cylinder (Strykowski and Sreenivasan,

1990).

At Reynolds number less than 100, the experimental and numerical study of Strykowski and Sreenivasan

(1990) showed complete wake suppression behind a circular cylinder by a very small control cylinder with diameter

ratio d/D ¼ 20. They further elucidated that damping out the temporal instability in the near-wake region is the

primary reason for effective wake suppression. Their results showed that, at ReD ¼ 70, a contoured region, located

slightly above the mean loci of the maximum vorticity, can lead to effective wake suppression. The size of this

contoured region will further reduce and move upstream toward the main cylinder when the Reynolds number increases

from 46 to 80. So far, at higher Reynolds numbers (ReD4120), the mechanisms for reducing the form drag and

fluctuating lift or the possible wake control are still not clear. This inspires us to locate the control cylinders at

x/D ¼ 0.5 and y/D ¼70.6 with a hope to modify the wake behind the main cylinder or reduce the loading on the main

cylinder at high Reynolds numbers. Therefore, the objective of this numerical study is to understand the wake flow

structures modified by two small control cylinders placed at x/D ¼ 0.5 and y/D ¼70.6 as the Reynolds number ranges

from 80 to 300.
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The format is organized in the following sequence. After the Introduction, the physical system considered is described in

Section 2. The problem formulation describing the governing equations, associated with proper boundary and initial conditions,

as well as the numerical methods, are stated in Section 3. Also, validations of the present simulation model are performed in that

section. Results and discussion are given in Section 4. Finally, a conclusion under specific flow conditions is given.
2. Physical system

In Fig. 1, the center of main cylinder with diameter D is defined as the origin of the flow domain with uniform inflow velocity

(Ui) entering from the left boundary. Two small control cylinders, having diameter d/D ¼ 1/8, are placed at two symmetric

locations about the wake centerline (e.g., at x/D ¼ 0.5 and y/D ¼70.6). The flow domain is divided into several blocks with

multiple mesh densities to satisfy the local resolution in the flow of large velocity gradient. The total number of grid point is

around 3� 105. The surface of the main cylinder is discretized into a total of 300 control volumes (CV) at the finest level,

leading to a circumferential resolution of Dy ¼ 1.21. In the radial direction, the smallest grid size is about Dr/D ¼ 2� 10�3.

To ensure that the limited computational domain does not affect the solution, the upper and the lower-most

boundaries are located far away from the main cylinder at y/D ¼725. In Fig. 1, the leftmost and the rightmost

boundaries of the flow domain are located at x/D ¼ �10 and 40, respectively. Any further extension of the flow domain

in both x and y directions yields the same flow velocity and surface pressure distributions, with maximum deviation

about 0.21% and 1.57%, respectively. Therefore, to compromise both the computation efficiency and the accurate

results, the flow domain is employed as depicted in Fig. 1 for all the cases investigated herein.
3. Problem formulations and model validations

3.1. Governing equation

For an unsteady, two-dimensional, laminar and incompressible fluid flow with constant properties, the

nondimensional continuity and momentum equations in Cartesian coordinate can be expressed in tensor forms as

qu�i =qx�i ¼ 0; i ¼ 1; 2; (1)
x

y

x/D = 40 

y/
D

= 
50

x/D = -10

at the inlet section

Main cylinder, D

Control cylinders, 
d/D=1/8

 at the side boundary

u x  =

v x  =
and

 at the side boundary

iU

=  and  =0iu U v

=  and  =0iu U v

=  and  =0iu U v

Fig. 1. Coordinate system of the main and the control cylinders, flow boundaries of the simulation domain and the boundary

conditions specified. The control cylinders are placed at x/D ¼ 0.5 and y/D ¼70.6 for ReD ¼ 80–300.



ARTICLE IN PRESS
C.-H. Kuo et al. / Journal of Fluids and Structures 23 (2007) 938–956 941
qu�i =qt� þ qðu�i u�j Þ=qx�j ¼ �qp�=qx�i þ ð2=ReDÞq
2u�i =qx�j qx�j ; i; j ¼ 1; 2. (2)

Velocities, pressure and spatial coordinates in Eqs. (1) and (2) are nondimensionalized by the free-stream velocity Ui,

velocity head rU2
i =2 and the radius of the main cylinder D/2, respectively. The set of coupled differential equations will

be solved by the large eddy simulation (LES) method for the unknown pressure p, and the two velocity components

(ui, i ¼ 1, 2) in x and y directions. The gravity force is excluded in the present study. The computations are carried out

by the Fluent (2005) solver based on the finite volume method with quadrilateral differential CV. All the dependent

variables are located at the center of each CV. Values of the velocity components and the pressure at the CV face

locations are expressed in terms of nodal values using a central differencing scheme. Thus, the present scheme has a

second-order spatial accuracy.

For calculation of pressure, a pressure-correction equation based on the SIMPLER algorithm (Patankar and

Spalding, 1972) is employed. For details on the discretization and the pressure–velocity coupling, refer to Ferziger and

Peric (1996). The iteration process stops as long as the sum of the absolute residuals in all equations is less than 10�4.

This convergence criterion considers the balance between the accuracy near the wall, and the shear layer as well as the

computational efficiency. All the final results are tested to be independent of the initial conditions and the number of

grid points.
3.2. Boundary condition

The no-slip boundary conditions are assigned on the surfaces of the main and the control cylinders, as follows:

Inflow boundary condition:

u ¼ Ui and v ¼ 0; at x=D ¼ �10 for� 25py=Dp25, (3)

outflow boundary condition:

qu=qx ¼ 0 and qv=qx ¼ 0; at x=D ¼ 40 for� 25py=Dp25, (4)

the upper and the lower boundary conditions:

u ¼ Ui and v ¼ 0; at y=D ¼ �25 for� 10px=Dp40. (5)

The initial velocities in the flow domain are specified as u ¼ Ui and v ¼ 0 at t ¼ 0. In case of unsteady flow

calculations, suitable time steps and the modified Crank–Nicolson scheme are employed. The nondimensional time step

is selected as Dt� ¼ UiDt=D ¼ 10�4 in the first 40 s, Dt� ¼ 10�3 for the next 20 s and finally Dt� ¼ 10�2 in order to avoid

the nonphysical oscillations and obtain a smooth time-dependent solution.
3.3. Validation of simulation model

In Fig. 2, the dimensionless streamwise mean velocity profiles U�ð¼ Ū=UiÞ obtained by simulation and experiment

are compared at selected x/D locations behind a single cylinder for the same Reynolds number (ReD ¼ 80). The

measured velocities are obtained by a laser Doppler velocimetry (LDV) system in the plane at mid-span (at z ¼ 0). In

this experiment, the blockage ratio of the cylinder in the test-section is 6.7%. Details on the principle of the LDV system

and the data acquisition system can be found in Kuo and Jeng (2003). Evidently, in the region 0.52px/Dp5.98 and

�3py/Dp3 of Fig. 2, the streamwise mean velocity profiles match well with the measured results, except for the

overshoot along the separated shear layer in the immediate near-wake region. These deviations are caused by the

differences in the blockage ratio between the simulated (2%) and experimental models (6.7%).

In Fig. 3, the instantaneous vorticity contours are shown within the flow domain y/D ¼72.5 and �1px/Dp14 at

selected instants over the shedding cycle. Here t* ¼ 0 represents the dimensionless instant at which the upper vortex

(V2) is about to be shed downstream. The classical Karman vortex street sheds periodically downstream having a

shedding frequency corresponding to StD ¼ 0.156. Besides, other results obtained by simulation match quite well with

the previously quoted literature in the bracket for a single cylinder around ReD ¼ 80. For example, the form drag

coefficient is calculated around 1.52 (Huner and Hussey, 1977; Roussopoulos, 1993). The Strouhal numbers of the

fluctuating lift and drag on the cylinder are 0.156 and 0.312, respectively (Williamson and Brown, 1998). The simulated

results also match quite well with those of Figures 11 and 22 in Strykowski and Sreenivasan (1990). Namely, around

ReD ¼ 80, the shedding frequency in terms of fD2/n gives a value 12.48. Besides, in the present study, the peak value of
~ur:m:s:ð0:27%UiÞ obtained at y/D ¼ 0.5 and ReD ¼ 80 is slightly higher than that measured at y/D ¼ 0.7 and ReD ¼ 78

in Strykowski and Sreenivasan (1990).
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Fig. 3. Vorticity contours behind the main cylinder at selected instants within the shedding cycle without control cylinders at

ReD ¼ 80. Note that t* ¼ 0 denotes the instant at which the upper vortex V2 is about to be shed downstream.
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Fig. 2. Comparison of the measured and the simulated velocity profiles at several x/D locations behind a single cylinder at ReD ¼ 80.

Note that the deviations of the overshoot region in the near wake are caused by different blockage ratios between the simulated and

experimental models.
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Further examination of this simulated model has also been used to validate some of the results of Strykowski and

Sreenivasan (1990) around ReD ¼ 80. For example, in Fig. 4(a), as only one small control cylinder with d/D ¼ 1/4 is

placed asymmetrically at x/D ¼ 1.53 and y/D ¼ 1.1, the streamline pattern behind the main cylinder exhibits

two asymmetric stationary eddies, indicating complete suppression of the vortex street behind the main cylinder. In

Fig. 4(b), when two control cylinders are placed symmetrically in the region of complete wake suppression, the



ARTICLE IN PRESS

x/D

y/
D

-1 -0.5 0 0.5 1 1.5 2 2.5 3
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

x/D

y/
D

0 2 4 6 8 10 12 14

-2

-1

0

1

2

y/
D

0 2 4 6 8 10 12 14

-2

-1

0

1

2

x/D

Fig. 4. (a) Instantaneous streamline pattern with one control cylinder (d ¼ D/4) placed at x/D ¼ 1.53 and y/D ¼ 1.1; (b)

instantaneous vorticity contours around the main cylinder when two control cylinders (d ¼ D/8) are placed symmetrically at x/D ¼ 1.0

and y/D ¼71.0; (c) two control cylinders are placed at x/D ¼ 0.8 and y/D ¼70.6. All the Reynolds number are ReD ¼ 80.
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instantaneous vorticity contours are distributed symmetrically and do not vary with time. However, the Karman vortex

street reappears in Fig. 4(c) when the control cylinders are placed outside the region of complete wake suppression.

Compared with those illustrated in Fig. 5 of Strykowski and Sreenivasan (1990), the results depicted in Fig. 4 further

confirm the simulation model used in the present study. Based on these preliminary validations, this simulation model

will be employed to study the wake flow structures modified by two small control cylinders at Reynolds number ranging

from 80 to 300.
4. Results and discussions

4.1. Flow characteristics at Reynolds number 80

When two small control cylinders (d ¼ D/8) are placed symmetrically at x/D ¼ 0.5 and y/D ¼70.6, the

instantaneous vorticity contours over the same flow domain are depicted in Fig. 5(a). Compared with those in Fig. 3,

the staggered vortex street behind the main cylinder in Fig. 5(a) still exists with slightly longer wavelength and lower

Strouhal number. In other words, the periodic vortex shedding is only slightly affected by the control cylinders at

Reynolds number 80. Though this result is largely different from the 40% frequency reduction found by Strykowski and
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Sreenivasan (1990), there is no contradiction at all, because the location of the control cylinders in the present study

is not located in the region where the wake is effectively suppressed. Furthermore, there exists a region of low vorticity

(or vorticity depletion region) in the near-wake immediately behind the main cylinder.

Detailed velocity vectors and the associated streamline patterns in the near-wake region are shown in Fig. 5(b) within

the shedding cycle. In Fig. 5(b) (left column), two saddle points (solid circles) wandering around y ¼71351 denote the

unsteady boundary layer separation near the rear surface of the main cylinder. Besides, the instantaneous alleyways in

the near-wake penetrate alternately across the wake centerline, clearly indicating the shedding vortex street (Perry et al.,

1982). However, in Fig. 5(c) (right column), all the velocity vectors in the gap between the main and the control

cylinders move downstream, showing no flow reversal within the shedding cycle. Relative to the results in Fig. 5(b), this

indicates that the flow vectors reverse their directions near the saddle point S1. In addition, there exists an extra four-

way saddle point S3 in the near-wake region.

For a single cylinder in a uniform stream, contours of the streamline pattern, moving with the shedding vortex

streets, are shown in Fig. 6(a) within the same flow domain as in Fig. 3. It is clear that, in Fig. 6(a), the locations

of the well-defined centers in the far-wake region (x/D45) match well with those of the vorticity contours in Fig. 3.

In the far-wake region, the already shed vortices move at nearly constant convection velocity and thus form

the well-defined centers in the streamline patterns when observed in the frame moving with the shedding vortices

(Perry et al., 1982). In the present study, the convective speed of the vortex street is evaluated at x/D ¼ 10

where it becomes nearly constant and approximately equals 0.87Ui. This value is very close to that obtained

by Zhou and Antonia (1992) who claimed a convection velocity 0.84Ui�0.86Ui in the far-wake region and that

it is also independent of Reynolds number for the laminar wake. In the near-wake region of Fig. 6(a), the shape of

contours is severely distorted. Because the vortices are at the formation stage in the near-wake region, the centers

of the distorted vortices are shifted to different extents and move at a much lower speed than those of the shedding

vortices.
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Fig. 5. (a) Vorticity contours behind the main cylinder, (b) velocity vectors and associated streamlines in the near-wake region for the

case without control cylinders, (c) velocity vectors and associated streamlines in the near-wake region with control cylinders at selected

instants within the shedding cycle for ReD ¼ 80. Note that t* ¼ 0 denotes the instant at which the upper vortex V2 is about to be shed

downstream. The solid circles represent the saddle points and the hollow circles denote the small control cylinders located at x/D ¼ 0.5

and y/D ¼70.6.
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In Fig. 6(b), the mean streamline pattern, averaged over ten vortex shedding cycles, shows two recirculation regions

located symmetrically about the wake centerline (y/D ¼ 0). The recirculation region is bounded streamwisely by two

saddle points S1 and S2. The three-way saddle point S1 represents the mean location of the instantaneous rear

stagnation point of the main cylinder in Fig. 5(b); while the four-way saddle point S2 represents the mean location of

the instantaneous four-way saddle point S2 in the near-wake region of Fig. 6(a). From Figs. 3, 6(a) and (b), it is clear

that the region between S1 and S2 provides a streamwise space for vortex formation before it starts to shed

downstream. The vortex shedding will occur downstream of the saddle point S2.

The mean streamline pattern around the main cylinder with two control cylinders is depicted in Fig. 6(c). Evidently,

the streamlines, passing through the gap, follow the rear surface profile (901pyp1801) of the main cylinder, and

converge toward S1. Subsequently, the streamlines neck symmetrically toward the wake centerline and an extra saddle

point S3 is formed in the near-wake region of Fig. 6(c). The four-way saddle point S2 is now located at x/D ¼ 2.6,

showing a 30% elongation or downstream delay relative to that in Fig. 6(b).

It is clear in Fig. 5(c) that obstruction of the control cylinders to the incoming flow deflects part of the fluid to pass

through the gaps between the main and the control cylinders without flow reversal. In Fig. 6(c), necking of the

streamlines in the immediate near-wake is primarily caused by the merging of the two streams toward the wake
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moving with the shedding vortex for ReD ¼ 80.
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centerline. In fact, the merging streams create extra advancing momentum in the downstream direction, forming a new

saddle point S3 in the near-wake region. In Fig. 6(c), the extra saddle point S3, formed very close to the main cylinder, is

due to the small amount of the advancing momentum at Reynolds number 80. It is clear that the downstream

advancing momentum delays not only the vortex formation region but also the location of the vortex shedding from the

main cylinder.

4.2. Reynolds number effects

4.2.1. Vorticity contours

As the Reynolds number changes from 120 to 300, the vorticity contours behind a single cylinder show similar

dynamic characteristics as those in Fig. 3, except that the early rolling up of the first vortex means a shorter wavelength

of the vortex street. In addition, the Strouhal number changes from 0.176 to 0.20 (Williamson and Brown, 1998) and

0.212 as the Reynolds number varies from 120 to 300.
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When the control cylinders are placed at x/D ¼ 0.5 and y/D ¼70.6, the vorticity contours at the instant t* ¼ 0

are shown in Fig. 7 for ReD ¼ 120–300. Evidently, the periodic shedding vortex street still remains. How-

ever, the wavelength is reduced and the Strouhal numbers of the shedding vortex streets increase from 0.172 to

0.195 and 0.207 as the Reynolds number increases. In Fig. 7, there also exists a vorticity depletion (or low vorticity)

region in the immediate near wake of the main cylinder. The vorticity depletion region gets longer as the Reynolds

number increases from 120 to 300. Furthermore, immediately behind the control cylinders, two small regions with

intensive vorticity levels are getting more symmetric about the wake centerline as the Reynolds number increases from

120 to 300.

4.2.2. Near-wake flow structures

To get further insight of the near-wake flow structures, the velocity vectors and the associated streamline

patterns are depicted in Fig. 8. For the cases without control cylinders, some similarities are found in Fig. 8(a)

(left column). For example, there are two saddle points (solid circles) wandering near y ¼71351, indicating the

existence of unsteady flow separation from the main cylinder. Similarly, the highly curved alleyways cross the wake

centerline and change their directions alternately within the shedding cycle, indicating the periodically shedding vortex

streets.

For all Reynolds numbers in Fig. 8(b) (right column), some differences should be noticed relative to the no-control

counterpart (Fig. 8(a)). First of all, the velocity vectors in the gap region move along the rear surface of the main

cylinder, indicating no flow separation within the gap. Secondly, two streams through the gap flow along the rear

surface of the main cylinder and merge near S1. Note that all the velocity vectors change directions near S1. Third, two

merging streams through the gap create an advancing momentum in the downstream direction. This advancing

momentum further alleviates the degree of rotation (or levels of vorticity), leading to a vorticity depletion regime in the

immediate near-wake region. Fourth, the near-wake flow structure becomes more symmetric about the wake centerline

as the Reynolds number increases.

In Fig. 7, the intensive levels of the vorticity contours behind the small control cylinders and near the rear surface of

the main cylinder are the result of large velocity gradient of the streams passing through the gap.
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4.2.3. Mean streamline patterns

The mean streamline patterns are illustrated in Fig. 9 to compare the flow topology at different Reynolds numbers for

cases with and without the control cylinders. On the left column of Fig. 9, the saddle point S2 moves upstream toward

the main cylinder and the streamwise distance between S1 and S2 becomes shorter as the Reynolds number increases.

When two control cylinders are placed at x/D ¼ 0.5 and y/D ¼70.6 (right column of Fig. 9), the saddle point S1 still

remains at the same location on the main cylinder, and a new saddle point S3 is formed in the near wake. The saddle

point S3 is delayed significantly downstream, whereas the location of S2 is delayed downstream only slightly. It is clear

that, as the Reynolds number increases from 120 to 300, the merged flow in the near-wake region creates an increasing

amount of the advancing momentum in the downstream direction. The enhanced advancing momentum in the near-

wake region leads to elongated necking of the streamlines and significant downstream movement of S3 location. It also

shifts the recirculation region farther downstream and reduces the size of the recirculation region. Obviously, as the

Reynolds number increases, the enhanced advancing momentum also alleviates the rotation rate of the fluid (or

reunifies the flow directions) in the near-wake region. Therefore, the advancing momentum is primarily responsible for

the elongated region of the vorticity depletion in the near-wake region (Fig. 7).

4.3. Root-mean-squared value of the velocity fluctuation

Apart from the unsteady characteristics (e.g., vorticity contours, streamline patterns and the velocity vectors),

contours and streamwise variations of ~ur:m:s: at various Reynolds numbers are also illustrated in Fig. 10 for the cases

with and without control cylinders. The magnitudes of ~ur:m:s: in the flow domain are calculated by Eq. (6) over ten
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The left column is for the cases without control cylinders; the right column represents the cases with two control cylinders.
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vortex shedding cycles (Ts):

~ur:m:s: ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 10TS

0

½uðtÞ � Ū �2 dt

s8<
:

9=
;
,

10TS . (6)

In Fig. 10, all the contours of ~ur:m:s: are distributed symmetrically about the wake centerline. All these contour

distributions agree well with the eigenmodes of ~uðtÞ predicted by linear stability analysis. In Fig. 10(a), the locations of

peak ~ur:m:s: move upstream toward the main cylinder as the Reynolds number increases from 120 to 300. This trend

agrees well with the results of Bearman (1965). However, the peak locations of ~ur:m:s: are situated farther downstream in

Fig. 10(b) than those in Fig. 10(a). Similar eigenmodes of ~uðtÞ in Fig. 10(a) and (b) imply that the vortex street still

remains in the far-wake. Besides, in the immediate near-wake region of Fig. 10(b), the regions of low ~ur:m:s: values are

actually associated with the vorticity depletion regions shown in the corresponding vorticity contours.
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Streamwise variations of ~ur:m:s: along an elevation y/D ¼ 0.5 are shown in Fig. 10(c) and (d) to illustrate the growth

and the decay of ~ur:m:s: along the separating shear layer. The peak value of ~ur:m:s: increases and the peak location of ~ur:m:s:
moves upstream as the Reynolds numbers become higher for all the cases with and without control cylinders. However,

the peak values of ~ur:m:s: are smaller in Fig. 10(d) than those in Fig. 10(c).

4.4. Surface pressure distributions

As the Reynolds number increases from 80 to 300, the distribution of the fluctuating surface pressure coefficient (Cp)

are plotted in Fig. 11 at instant t* ¼ 0 for the cases with and without control cylinders. Note that t* ¼ 0 represents the
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instant when the vortex V2 is about to shed downstream (Fig. 3). Fluctuating pressure coefficients are calculated by

subtracting the mean surface pressure distribution on the main cylinder. Here the inward-pointed and the outward-

pointed vectors denote the positive (or compression) and the negative (or suction) pressures on the main cylinder,

respectively. Besides, the length of each vector (or arrow) indicates the magnitude of Cp. It is clear in Fig. 11(a) that the

magnitude of Cp increases with increasing Reynolds number. The increasing magnitudes of Cp in Fig. 11(a) are in

accordance with the increasing peak values of ~ur:m:s: in Fig. 10(c) as the Reynolds number increases from 80 to 300. On

the other hand, in Fig. 11(b), as two control cylinders are placed at x/D ¼ 0.5 and y/D ¼70.6, the magnitudes of Cp

have maximum value at ReD ¼ 80 and decrease monotonously as the Reynolds number increases. Note the scales in

Fig. 11(a) and (b) are quite different.

4.5. Lift variations as function of Reynolds number

To illustrate the efficiency of wake control, the fluctuating amplitudes of lift coefficient /CLS on the main cylinder

with and without control cylinders are shown in Fig. 12. Integration of the surface pressure distribution in the

y-direction over a complete shedding cycle gives a cyclic variation of lift force on the main cylinder. It is clear in Fig. 12

that the fluctuating amplitude /CLS without control cylinders increases monotonously with increasing Reynolds

number. This trend is in accordance with the increasing magnitudes of ~ur:m:s: in Fig. 10(c) and Cp in Fig. 11(a) as the

Reynolds number increases from 80 to 300. However, in Fig. 12(b), the fluctuating amplitude /CLS decreases

monotonously as Reynolds number increases. This variation agrees well with decreasing magnitudes of Cp in Fig. 11(b)

as the Reynolds number increases from 80 to 300.
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At ReD ¼ 80, the fluctuating amplitude of the lift coefficients /CLS are comparable for the cases with and without

control cylinders, implying only limited control efficiency. The inefficient wake control at ReD ¼ 80 is due to the fact

that the control cylinders are placed outside and relatively far away from the complete wake suppression region.

However, at higher Reynolds number, the control efficiency is greatly improved. The primary reason is due to different

extents of flow-structure modification described in the previous section. From another viewpoint, the contoured region

of complete wake suppression shrinks its size and moves close to the main cylinder, located slightly above the mean loci

of the maximum vorticity, as the Reynolds number increases from 46 to 100 (Strykowski and Sreenivasan, 1990). The

remarkable efficiency of wake control at high Reynolds number may also be caused by the fact that the control

cylinders are placed relatively close to the complete wake suppression region. In the present study, the control cylinders

are fixed at x/D ¼ 0.5 and y/D ¼70.5 for all Reynolds numbers.

4.6. Drag variations as function of Reynolds number

In this section, all the form and the total drags are referred to the mean values. Fig. 13 depicts the variations of the

form drag and the total drag (form drag plus viscous drag) coefficients at different Reynolds numbers. The form drag is

obtained by integrating the normal pressure distribution in the x direction over the surface of the main cylinder.

However, the total drag is calculated by the finite CV analysis. Here the CV is bounded by the region �10px/Dp25

and �25py/Dp25. Along the control surfaces, the mean static pressure and two mean velocity components are

employed to perform this analysis. Further enlargement of the CV leads to only 1.6% deviation on the total drag.

In Fig. 13, the form drag coefficient (C̄dpo) of a single cylinder remains nearly constant around 1.51 for all the Reynolds

numbers studied herein. These values are close to the results in previous literature (Kim and Lee, 2001; Lange et al., 1998;

Williamson and Brown, 1998; Zdarvkovich, 1977). However, when two control cylinders are placed at x/D ¼ 0.5 and

y/D ¼70.6, the form drag coefficient (C̄dpc) of the main cylinder reduces monotonously as the Reynolds number

increases from 80 to 300. It is evident from the velocity vectors and the associated streamline patterns in the near wake

(Figs. 5(c) and 8(b)) that the flow passing through the gap completely eliminates the flow separation along the rear surface

of the main cylinder for all Reynolds number studied herein. Both complete removal of flow separation and merging of

two gap flows toward the wake centerline significantly reduce the wake width behind the main cylinder, and are the main

reasons for monotonous reduction of the form drag for the cases with two control cylinders.

For a single main cylinder, the total drag coefficient (C̄dTo) starts from 1.78 at ReD ¼ 80 and increases mildly with

increasing Reynolds numbers. The viscous drag is defined as the difference between the total drag and the form drag. In

Fig. 13, the viscous drag coefficients (i.e. the difference of symbols ~ and K) of a single main cylinder increase mildly

from 0.23 to 0.4 for Reynolds numbers between 80 and 300. These results agree well with those of Hoerner (1957). The

slight increase in the viscous drag on a single cylinder is due to the large velocity gradient at the walls as the Reynolds

number increases.

When the control cylinders are placed at x/D ¼ 0.5 and y/D ¼70.6, the total drag coefficient (C̄dTc) of the cylinder

system (i.e. the main cylinder and two control cylinders) decreases monotonously with increasing Reynolds numbers.

Furthermore, the form and the total drag coefficients of the cylinder system form two nearly parallel curves as Reynolds

number increases. This implies that the viscous drag coefficients are about 0.53 for all Reynolds numbers studied herein.

For the cylinder system, it is impossible to accurately calculate the viscous drag for the main and the control cylinders

separately based on the CV analysis; the detailed variations on the individual viscous drag of each cylinder are not yet

understood well enough at present.

In Fig. 13, the total drag of the cylinder system is larger than that without control cylinders for ReDp180 because the

increase of the viscous drag overwhelms the reduction of the form drag. However, for ReD4180, the total drag with

control cylinders is smaller than the counterpart without control cylinders because the reduction of form drag is more

significant than the increase of viscous drag.

4.7. Mechanism on wake modification and related lift alteration

The vortex formed asymmetrically (or in staggered arrangement) in the near wake can induce periodic lift force on

the main cylinder. Therefore, both the loss of asymmetry of the flow structure in the near-wake and the significant

delaying of vortex formation farther downstream are the main reasons for significant reduction of the fluctuating lift

coefficient as Reynolds number increases from 80 to 300.

The vortex formation length is analyzed in Figs. 14 and 15. In the inset of Fig. 14, the new coordinate system X1 and

Y1 is centered at the rear stagnation point S1. Here X Bomax and UBomax denote respectively the location and the

magnitude of the maximum mean velocity of the reversed flow occurred at the wake centerline. The length Lfo
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represents the mean streamwise distance between the saddle points S1 and S2 and is defined as the vortex formation

length (Bearman, 1965) for the case without control cylinders. Surprisingly, all the nondimensional velocity profiles in

Fig. 14 collapse into a single curve. This implies that the length Lfo of the recirculation region behind the main cylinder

is an important length scale regardless of the variations of Reynolds number between 80 and 300. On the left column of

Fig. 9, the shorter the length Lfo, the higher is the shedding frequency behind the main cylinder. Therefore, the length

Lfo is scaled with the shedding frequency and inversely with the wavelength of the vortex street.
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For the case with two control cylinders (Fig. 15), the origin of the new coordinate is shifted to the saddle point S3,

and the streamwise distance between saddle point S3 and S2 is referred as Lfc. In Fig. 15, only part of each curve

collapses into a single nondimensional curve. The collapsed part of each curve coincides well with the recirculation

region. Obviously, the length Lfc between saddle points S3 and S2 is also an important length scale for the wake flow

when two control cylinders are applied. The noncollapsed part corresponds to the region between the saddle points S1

and S3 where the vorticity depletion region resides. In the central part of the vorticity depletion region, all the velocity

vectors are moving downstream without flow reversal for all the Reynolds numbers studied. Therefore, the region

between S3 and S1 is really nothing to do with the vortex formation. In the present study, the vortex streets are not

significantly changed. The shedding frequencies are reduced only slightly relative to their no-control counterpart, so is

the length Lfc, only slightly longer than Lfo, at each Reynolds number. It is evident in Fig. 15 that the shedding

frequency is actually scaled with the length Lfc, and it has nothing to do with the distance between S1 and S3 when the

two control cylinders are present.

On the other hand, the vortex formation distance (Ld) is defined as the streamwise distance between the centers of the

main cylinder and the recirculation region shown in Figs. 14 and 15. For the cases of a single cylinder (left column of

Fig. 9), the vortex formation length Lfo behind the main cylinder becomes short when the Reynolds number increases

from 80 to 300. This variation trend is in accordance with the previous literature (Bearman, 1965; Griffin, 1995). So is

the distance Ldo. Therefore, in Fig. 11(a), large fluctuating magnitudes of Cp on the main cylinder are primarily caused

by both the increasing peak values of ~ur:m:s: and the decreasing distance Ldo as the Reynolds number increases from 80 to

300. Similarly, as the Reynolds number increases, smaller magnitudes of Cp in Fig. 11(b) are caused primarily by

significant downstream movement of the vortex formation distance (Ldc in Fig. 9(b)) behind the main cylinder and small

peak value of ~ur:m:s: (Fig. 10(d)) for the case with control cylinder. Thus, the distance Ldc is a suitable length that will be
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scaled with the magnitude of the induced surface pressure on the main cylinder when two control cylinders are placed at

x/D ¼ 0.5 and y/D ¼70.6.
5. Concluding remarks

A new mechanism, which can significantly reduce the fluctuating lift and the form drag on the main cylinder, is

explored without completely suppressing the vortex street for ReD ¼ 80–300. In other words, by this control, the vortex

street behind the main cylinder is still maintained but the fluctuating lift and the form drag on the main cylinder

decreases monotonously with increasing Reynolds number.

In the present study, two small control cylinders, with diameter d/D ¼ 1/8, are placed at x/D ¼ 0.5 and y/D ¼70.6

and the Reynolds number is varied from 80 to 300. Obstruction of the small control cylinders to the incoming flow

deflects part of the fluid to pass through the gaps between the main and small control cylinders. These streams not only

eliminate the flow separation in the gap; they also create downstream advancing momentum in the immediate near-

wake region. The advantages of this advancing momentum are twofold. First of all, as the Reynolds number increases

from 80 to 300, the enhanced advancing momentum further minimizes the rotation rate of the fluid and increases the

symmetry of flow structures in the near-wake region. It also delays the vortex formation farther downstream. This merit

causes a monotonous decrease of the fluctuating lift coefficient on the main cylinder as the Reynolds number increases.

Secondly, elimination of flow separation along the rear surface and merging of the two gap streams toward the wake
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centerline of the main cylinder largely reduce the wake width. The second merit also reduces monotonously the form

drag on the main cylinder as the Reynolds number changes from 80 to 300. As a whole, the total drag of the cylinder

system is larger than that without control cylinders for ReDp180 because the increase of the viscous drag overwhelms

the reduction of the form drag of the cylinder system. However, for ReD4180, the total drag of the cylinder system is

smaller than the no-control counterpart because the reduction of form drag is more significant.

The results in the present study do not imply that the control efficiency is always better at Reynolds number 300 than

at 80, because the location of optimal wake control is strongly dependent on the Reynolds number and the precise

locations of the control cylinder. The apparent high control efficiency at Reynolds number 300 is due to the fact that the

control cylinders are possibly placed near the contoured region of optimal efficiency. To perform efficient control of the

surface loading (lift and drag) at higher Reynolds numbers, the optimal location of the control cylinder must be

carefully studied in advance.
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