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The influence of the staggering position of a rotating rod on flow past a main circular
cylinder is investigated numerically. The rod is rotated at a constant speed ratio of 3. The
effect of the diameter ratio of the rotating rod is studied by considering two different
diameter ratios. The investigation is carried out at a fixed pitch length of 1. The study is
carried out for two Reynolds number, viz., 100 and 500. The momentum injection from
the rod is found to alter the flow characteristics behind the main cylinder. For a certain
arrangement of stagger angle and diameter ratio, the vortex shedding behind the main
cylinder gets suppressed. The corresponding configuration for which minimum drag co-
efficient is achieved is suggested from this study. �DOI: 10.1115/1.2842224�
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Introduction
Flow past a circular cylinder is of interest to fluid mechanics

esearchers as it has the application in many fields, and it features
any behaviors observed in complex flows. Details of earlier

tudies are available in Blevins �1� and Zdravkovich �2�. It is well
nown that due to vortex shedding, the circular cylinder experi-
nces flow induced vibration. To control the vortex shedding phe-
omena and to reduce the drag force on the cylinder, various
echniques have been tried. The control techniques are broadly
lassified into active and passive. In active control, an external
nergy is supplied to the flow by means of mechanical devices
uch as jet blowing, acoustic excitation, rotating cylinder, and so
n. In a passive control technique, the vortex shedding is sup-
ressed by means of passive devices, which do not require any
xternal driving forces. Different types of passive devices, such as
ircular cylinder, splitter plates, etc., were used for this purpose.

Barnes et al. �3� used a circular rod to control the flow past a
ylinder. They investigated base pressure and Strouhal number for
he angle of stagger ��� between 0 deg and 45 deg. In a tandem
rrangement for pitch length 1.32D to 1.94D �D is the diameter of
he main cylinder�, shear layers from the upstream rod reattaches
nto the downstream cylinder at �45 deg, and no vortex shedding
rom the upstream rod was observed. For larger gap distances,
ortex shedding from both cylinders occurred.

Luo and Gan �4� experimentally studied the effect of the up-
tream circular rod of d /D=0.33 for Re in the range of 3.15

104–8.8�104 in tandem arrangement. Lee et al. �5� experimen-
ally investigated the effect d /D in the range of 0.133–0.267 for
e=2�104 in tandem arrangement. They proposed a relation for
critical pitch length �Lcr /D�, which is defined as the pitch length
eyond which the vortex shedding from the rod starts to happen.
hey found that flow quantities change abruptly at this pitch

ength. From a flow visualization study, they found a cavity mode
or a lower pitch length and a wake impingement mode for a
arger pitch length.

Zhao et al. �6� numerically studied the flow around two cylin-
ers of different diameters at Re=500. They investigated the ef-
ect of L /D and stagger angle with the stationary rod of d /D
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=0.25. Recently, Zhao et al. �7� simulated the turbulent flow past
a main cylinder with the rod of the diameter ratio ranging from
0.1 to 0.5 by using a k−� turbulence closure. Wang et al. �8� used
an upstream rod of d /D=0.5 to reduce the drag on the main
cylinder for Re=8.2�103. They obtained maximum drag reduc-
tion due to the shielding effect of a separated shear layer of the
upstream rod on the downstream cylinder at lower L /D. They
found that the upstream rod can reduce the drag until the stagger
angle reaches 10 deg. In all the above discussed literatures, the
rod is stationary. It is well known that the rotation of an isolated
circular cylinder results in the acceleration and deceleration of
fluid particles on opposite sides of the cylinder based on the di-
rection of rotation. These phenomena result in the reduction of
drag, increase in lift, and vortex suppression. A brief review of the
work on an isolated rotating circular cylinder is discussed below.

The basic phenomenon of the rotating circular cylinder is ex-
plained by means of the Magnus effect. The potential flow theory
proposed by Prandtl gives the closed streamlines only when �
�2.0 �� is the speed ratio�, at which the stagnation point is de-
tached from the cylinder. Ingham and Tang �9� numerically inves-
tigated the steady two-dimensional flow past a rotating circular
cylinder for Re=5 and 20, and found that the mean drag force
decreases and the mean lift force increases with an increase in
speed ratio. They observed that the closed streamline pattern ex-
ists for all nonzero speed ratios. Takada and Tsutahara �10� simu-
lated flow around an impulsively rotating two-dimensional circu-
lar cylinder using the Lattice–Boltzmann method for the Reynolds
number of 200 and 500 for speed ratios of 0.5 and 1.

Kang et al. �11� simulated a two-dimensional flow past an iso-
lated circular cylinder for three different low Reynolds numbers,
Re=60, 100, and 160, and investigated the effect of speed ratio on
aerodynamic characteristics. They found that vortex shedding ex-
ists for low rotational speed, but completely suppressed beyond a
certain speed ratio.

From previous studies reported so far, it is observed that the use
of passive devices changes the flow pattern behind the main cyl-
inder and results in drag reduction for some configuration. It is
also known that the isolated rotating cylinder results in the sup-
pression of vortex shedding, decrease of mean drag coefficient,
and increase in mean lift coefficient. In this sense, it will be in-
teresting to investigate the effect of an upstream rotating rod on a
stationary cylinder. In the present study, the effect of a staggering
angle of a constantly rotating rod on flow past a main cylinder of

diameter D is analyzed numerically. In this study, rods of two
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iameter ratios d /D=0.2 and 0.5 are considered. The study is
arried out for two different Reynolds numbers, viz., 100 and 500.
he Reynolds number is defined based on the incoming uniform
elocity and diameter of the main cylinder.

Numerical Details

2.1 Governing Equations. The two basic fluid flow equa-
ions, viz., continuity and momentum equations in general index
otations, are given as

��ui�
�xi

= 0 �1�

��ui�
�t

+
��ujui�

�xj
= −

�p

�xi
+

1

Re

�

�xj
� �ui

�xj
+

�uj

�xi
� �2�

here the indices i and j each go through x, y, and z taken to
enote the streamwise, cross-stream and spanwise velocities �u,
elocity; x, spatial coordinate; t, time; p, pressure�.

2.2 Computational Domain and Grid. In this section, the
omputational domain and numerical details used for simulating
ow past an isolated circular cylinder is discussed. The commer-
ially available computational fluid dynamics preprocessor GAM-

IT is used for generating the grid. A box-type computational do-
ain size of 27D�16D with a structured grid in a Cartesian

oordinate system is used. The streamwise direction is along the x
xis, and the cross-streamwise direction is along the y axis with
he origin positioned at the center of the cylinder. The upstream
oundary is placed at 7D from the origin. This extent is slightly
ess than that used by Engelman and Jamina �12� and Behr et al.
13�, who used an inlet boundary at 8D, whereas Mittal et al. �14�
sed one at 5D for both isolated as well as interference cases. The
utlet boundary is specified at 20D downstream from the origin.
he same length was used by Engelman and Jamina �12� and
urbeau and Sagaut �15�. In the y direction, the boundary is kept
t 8D from the origin. This distance is the same as the one used by
ehr et al. �13� and Mittal et al. �14�.
For Reynolds number Re=500, a three-dimensional grid with a
axis along the spanwise direction, with z=0 being the midspan

f the cylinder, is used. Previous numerical studies for Re=200
nd 500 �Takada and Tsutahara �10�� and for Re=1000 �Jester and
allinderis �16�� were carried out with a two-dimensionality as-

umption. However, the instability experiment reported by Prasad
nd Williamson �17� and the three-dimensional floquet stability
nalysis performed by Barkley and Henderson �18� at subcritical
eynolds numbers showed that the dominant spanwise scales hav-

ng a wavelength of approximately three to four times the cylinder
iameters exist in the range 180�Re�240. After this Reynolds
umber, the wavelength shortens to nearly one diameter. Hence,
resent three-dimensional simulations are carried out with the
panwise length of 3D along the z direction.

2.3 Numerical Approach. The governing equations are
olved using a commercial solver FLUENT 6.2. The equations are
iscretized using a finite volume method on a collocated grid in a
ully implicit form. The convective terms in momentum equations
re solved using the QUICK scheme, and the SIMPLE algorithm is
sed for coupling the pressure and velocity terms. The second
rder implicit scheme is used for the time integration of each
quation. At the inlet, a uniform velocity is specified. A convec-
ive boundary condition is applied at outlet the boundary. In lat-
ral boundaries, a symmetry boundary condition is prescribed. On
he cylinder wall, a no-slip boundary condition is applied. For a
hree-dimensional grid, a periodic boundary condition is enforced

n the spanwise direction.
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2.4 Validation Details

2.4.1 Grid Independence Test for a Single Stationary
Cylinder. Mesh sensitivity studies are carried out for Reynolds
number Re=100 for the case of flow past a stationary isolated
cylinder with three different grids. The comparison details are
given in Table 1. In that table, Nx�Ny�N� denotes the number
of grid points used along the streamwise, cross-stream, and cir-
cumference of the cylinder. In Grid A, the first grid point is placed
at a distance of 0.05D from the cylinder wall. In Grids B and C,
the first grid point is placed at 0.01D and 0.007D, respectively.
The solution is initiated and allowed to march in time with an
increment of dt=2�10−2 until the vortex shedding becomes pe-
riodic. The simulation is continued for some more vortex shed-
ding cycles to attain the stationary flow condition, after which the
time averaging is done over 20 vortex shedding cycles to obtain
both bulk and field quantities. Bulk parameters such as mean drag
coefficient �Cd mean�, root mean square value of lift coefficient
�Cl rms�, and Strouhal number �St� reported in Table 1, showed a
good agreement with numerical data. The Cd mean value in litera-
ture shows a scatter from 1.32 to 1.40, and present simulation
results fall within this range. From the table, we also observe that
the bulk parameters for Grids B and C agree well with the quoted
references. Considering the computational time, the improvement
showed by Grid C is negligible. Hence, further calculations are
performed with Grid B. Figure 1 shows the typical grid used for
isolated stationary cylinder case.

2.4.2 Rotating Isolated Circular Cylinder at Re�100. As re-
ported in Sec. 1, many numerical and experimental studies are
available for a single cylinder rotating with constant angular speed
for Reynolds numbers such as Re=5, 20, 60, 100, and 200. The
flow past a circular cylinder started impulsively from rest to rota-
tion reaches a steady or an unsteady state depending on the Rey-
nolds number and speed ratio. The flow past a circular cylinder
rotating with constant angular speed is simulated to validate the
numerical schemes adopted in the study.

The solver, discretization schemes, domain, construction of
grid, and boundary conditions on all directions are the same as
those used for the case of a stationary isolated circular cylinder.
For the rotating case, on a cylinder surface, constant angular speed
is applied with respect to its own axis. The angular speed is non-
dimensionalized by using freestream velocity and is given as a
speed ratio �=	D /2U
. This speed ratio indicates the tangential
speed of the cylinder periphery with respect to the freestream
velocity.

The medium grid used for the stationary isolated cylinder is
used for this simulation as well, and results are compared with
Kang et al. �11�. The variation of mean aerodynamic coefficients
and wall pressure coefficient with respect to speed ratio is shown
in Fig. 3. For the stationary cylinder, the value of Cl mean is zero
because of the symmetric nature of vortex shedding for each
cycle. With increasing speed ratio, the magnitude of Cl mean in-
creases linearly toward the negative direction. This same trend is

Table 1 Mesh independent study and comparison of bulk pa-
rameters for Re=100

Re=100
Mesh size

�Nx�Ny�N�� St Cd mean Cl rms

Grid A 76�51�60 0.156 1.34 0.145
Grid B 110�71�100 0.160 1.38 0.241
Grid C 135�105�140 0.163 1.39 0.253
Kang et al. �11� 0.164 1.34 0.236
Engelman and Jamina �12� 0.170 1.40 0.257
Mittal et al. �14� 0.164 1.32 0.230
Meneghini et al. �19� 0.165 1.37 0.257
reported by Kang et al. �11�. The mean drag coefficient obtained
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y the present simulation �Fig. 3�b�� shows the decreasing trend
ith increasing speed ratio. When compared with Kang et al. �11�,

he magnitude deviates constantly for all the speed ratios, but the
ame trend was obtained. The wall pressure coefficient is also
ound to be in good agreement with the reported references.

2.4.3 Two Circular Cylinder in Tandem Arrangement at
e�100. As the influence of the upstream rotating rod on flow
ast bluff bodies is our interest, it is necessary that we have to
alidate our solver, domain, computational scheme, and grid con-
truction for the interference case as well. For this, the simulation
f flow past two identical stationary circular cylinders in a tandem
rrangement for various pitch lengths is carried out. The construc-
ion of mesh is done in the same way as it was done for the
solated case, except for the region in between two cylinders. The
alue of L /D at which the Cd mean of downstream cylinder
hanges abruptly is called critical pitch length �Lcr /D�. The data
rom the present simulation along with those from various litera-
ures are reported in Table 2. It is found to agree well with the
xperimental result of Huhe et al. �20�. The numerical results of
harman et al. �21� and Li et al. �22� predicted lower values of
cr /D.

ig. 1 Typical grid used for flow over an isolated circular cyl-
nder. „a… Complete domain. „b… Enlarged view of the grid near
he cylinder.

able 2 Comparison of critical pitch length „Lcr/D… for two
dentical cylinders in tandem arrangement at Re=100

References Lcr /D

Present 4.25�Lcr /D�4.75 Numerical
Huhe et al. �20� 4.5�Lcr /D�5 Experimental

Sharman et al. �21� 3.75�Lcr /D�4 Numerical
Li et al. �22� 3�Lcr /D�4 Numerical
ournal of Fluids Engineering
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2.5 Schematic Arrangement and Other Details for the
Present Study. The schematic arrangement of the present study is
shown in Fig. 2. The circular cylinder having diameter D is used
as the stationary main cylinder. A rod is a small circular cylinder
of diameter d and is positioned on the upstream side of the main
cylinder. The center-to-center distance between the rod and the
main cylinder is denoted as L, which is nondimensionalized with
the diameter of the main cylinder �D�. The extension of compu-
tational domain from the center of the rod and the main cylinder is
same as the one used for the isolated cylinder. The strategies
adopted for the construction of grids in upstream, downstream,
and two sidewise regions are the same as those adopted in the case
of the isolated cylinder. Along the circumference of rod ���, 60
and 80 number of grid points are taken, respectively, for d /D
=0.2 and 0.5. For the rod, the first point is kept at a distance of
0.005D from the wall.

The angle of stagger ��� is varied nonuniformly from the tan-
dem arrangement to the side-by-side arrangement. From Barnes et
al. �3� and Wang et al. �8�, it is observed that for a stationary rod
at a lower staggering angle, the influence of rod is greater com-
pared to that of the higher staggering angle. Hence, in this study,
near by tandem line stagger angle is changed by a small value.
The staggering angles used for the present simulation are 0 deg,
3 deg, 5 deg, 10 deg, 45 deg, and 90 deg. In the present study, the
speed ratio is kept constant at �=3, where �=	D /2U
 and �	� is
the angular velocity.

3 Results and Discussion
There are many ways to present the results obtained by current

simulations. Luo and Gan, �4�, Tsutsui and Igarashi, �23� and Lee
et al. �5� presented their results with respect to the effect of L /D
as their investigations were limited to the tandem arrangement. On
the other hand, Barnes et al. �3� and Wang et al. �8� explained
theirs by means of the influence of stagger angle as they did not
study the influence of the speed ratio. In this paper, the results are
presented as the effect of stagger angle for a constant speed of
rotation �=3. The characteristics of aerodynamic coefficients,
profiles of velocity at different wake stations, and streamline pat-
terns are discussed in the following section.

3.1 Simulation Results at Re=100. The flow Reynolds num-
ber based on the main cylinder diameter for this case is 100. In
this section, the effect of the diameter ratio of rod is analyzed by
using the rod of diameter ratios 0.2 and 0.5.

3.1.1 Aerodynamic Coefficients

3.1.1.1 Variation of Cd mean. The variation of the mean drag
coefficient of the main cylinder is shown in Fig. 4�a�. For the rod
of d /D=0.2, the mean value of Cd mean increases continuously up
to the stagger angle of 45 deg and then decreases for a side-by-
side arrangement. The magnitude of Cd mean alternatively de-
creases and increases for the rod of d /D=0.5. The minimum value
of the drag coefficient is observed at the staggering angle of

Fig. 2 Schematic arrangement of the present study
10 deg for d /D=0.5. For both diameter ratios, the drag acting on

MARCH 2008, Vol. 130 / 031103-3
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he main cylinder is less than the value of the isolated stationary
ylinder �Table 1�. This drastic change in the Cd mean can be ex-
lained with the help of the mean streamline plot shown in Fig. 5
or �=0 deg and 10 deg. Because of the rotation of the rod, the
uid in the gap region gets decelerated and creates a recirculation
ubble in front of the main cylinder. This causes negative pressure
istribution in that area. For both tandem and 10 deg stagger
ngles, the negative region extends to the wake behind the main
ylinder and forms a dumbbell shape. This dumbbell shape is not
bserved for the rod of d /D=0.2. For the sake of completeness,
he mean drag coefficients of the rod for both diameter ratios are
lso given in Fig. 4�d�. For both d /D, it shows a decreasing trend
ith increasing stagger angle up to 45 deg and then almost stays

onstant.

3.1.1.2 Variation of Cl mean. Figure 4�b� shows the variation of
he mean lift coefficient of the main cylinder with respect to the
ositioning of the rotating rod. For lower stagger angles, the value
ontinuously decreases with the rod of d /D=0.2. Whereas for the

Fig. 3 Results for the isolated rotating cylinder. Legends are
Variation of mean drag coefficient. „c… Variation of wall press
od of d /D=0.5, this magnitude slightly increases for lower stag-

31103-4 / Vol. 130, MARCH 2008
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ger angles’ and then it decreases continuously. For all the cases
considered in this study, the Cl mean value stays nonzero. This is
due to the asymmetry nature of pressure distribution on the main
cylinder because of the rotation of the rod.

3.1.1.3 Variation of Cl rms. The variation of the root mean
square value of lift coefficient �Cl rms� shown in Fig. 4�c� depicts
a favorable trend in vortex suppression. With the rotating rod of
d /D=0.2, a magnitude of Cl rms decreases continuously with in-
creasing stagger angle. This value attains zero for �=90 deg, and
the flow behind the main cylinder is steady. This steady flow
behind the main cylinder can be observed in the instantaneous
vorticity contour. Figure 6�a� shows the instantaneous vorticity
plot for d /D=0.2 at the 90 deg stagger angle. This vorticity con-
tour is at a time instant corresponding to the maximum positive
lift of the main cylinder. For a better comparison, the simulation is
carried out for the stationary rod of the same d /D and is given in
Fig. 6�a�. �i� Nice periodic counter rotating vortices are observed

e same in both plots. „a… Variation of mean lift coefficient. „b…
coefficient with speed ratio.
th
ure
behind the main cylinder for the stationary rod, whereas at �=3
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Fig. 6�a� �ii��, the contours are stretched. The flow does not show
eatures changing with respect to time, and the vortex shedding
ehind the main cylinder is suppressed. A similar behavior is ob-
erved for both 45 deg and 90 deg with the rod of diameter ratio
.5, as shown in Figs. 6�b� and 6�c�, respectively. The contours of

Fig. 4 Variation of aerodynamic coefficients. „a… Mean drag
main cylinder. „c… rms lift coefficient of the main cylinder. „d
plots.

ig. 5 Mean streamline contours for d /D=0.5. „a… Tandem ar-

angement. „b… Staggering angle of 10 deg.

ournal of Fluids Engineering
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urms shown in Fig. 7 for a typical case also confirm the trend. The
value is very low when the rod is subjected to rotation.

3.1.2 Variation of Mean Velocity. The variation of mean ve-
locity in the field shows how the supplied momentum through the
rotation of the rod is convected to various regions of the flow
field. Figure 8�a� shows the variation in mean streamwise velocity
along the wake centerline of the main cylinder for the rotating rod
of d /D=0.2. For the tandem arrangement, a small positive veloc-
ity region is observed in front of the main cylinder. This indicates
that the direction of flow crosses the centerline. For small stagger-
ing angles, negative velocity is observed in the gap region. This is
because of the continuous deceleration of flow in the positive y
direction. The velocity profile behind the main cylinder is not
affected for tandem and small stagger angles. However, for 45 deg
and 90 deg, the flow is considerably affected behind the main
cylinder. In the side-by-side arrangement, the recirculation region
is not observed behind the main cylinder. The velocity profile
becomes almost flat without any negative velocity, and the
freestream recovery is delayed.

The respective velocity variation for the rotating rod of d /D
=0.5 is shown in Fig. 8�b�. For the tandem arrangement and for
other lower stagger angles, a negative velocity region is observed
in between gaps. Behind the main cylinder, the velocity profile

efficient of the main cylinder. „b… Mean lift coefficient of the
ean drag coefficient of the rod. Legends are the same in all
co
… M
changes considerably for each staggering angle. However, for the

MARCH 2008, Vol. 130 / 031103-5
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od of diameter ratio 0.2 in tandem as well as low staggering
ngles, the velocity profile coincides with one another. For the rod
f d /D=0.2, the velocity profile along the normal plane at x=0 is
hown in Fig. 9�a�. In this plot, the velocities in the positive y

ig. 6 „a… Instantaneous vorticity contour for d /D=0.2 and �
90 deg: „i… �=0 and „ii… �=3. „b… Instantaneous vorticity con-

our for d /D=0.5 and �=45 deg: „i… �=0 and „ii… �=3. „c… In-
tantaneous vorticity contour for d /D=0.5 and �=90 deg: „i…
=0 and „ii… �=3.
irection �i.e., above the cylinder� coincide with each other for all

31103-6 / Vol. 130, MARCH 2008

ded 04 Mar 2008 to 203.199.213.66. Redistribution subject to ASM
the cases. On the other hand, for the rod of d /D=0.5, which is
shown in Fig. 9�b�, a negative velocity profile is observed for
lower staggering angles. This could be again due to the formation
of the recirculation region in front of the main cylinder.

Fig. 7 urms contour for „a… d /D=0.5, �=0 deg, and �=0 and „b…
d /D=0.5, �=0 deg, and �=3

Fig. 8 Mean streamwise velocity along the wake centerline for
„a… d /D=0.2 and „b… d /D=0.5. Legends are the same in both

plots.
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3.2 Simulation Results at Re=500. To investigate the effect
f Reynolds number, the present study is extended to Re=500.
hough the flow becomes turbulent at this Re, from available

iterature there is no clear information about what is the good or
ight turbulence model even for flow past an isolated circular cyl-
nder as they all show some kind of discrepancy in predictions.
arge eddy simulation �LES� or direct numerical simulation

DNS� techniques are computationally expensive methods for the
resent study. Hence, we perform simulations for this case also
ith the laminar flow model as this assumption may not have any

erious influence on aerodynamic quantities and mean velocities,
nd, hence, on the conclusions with respect to the objective of the
resent study.

However, for reasons mentioned in Sec. 2.2, three-dimensional
imulations are carried out. A mesh independent study is carried
ut for this case as well. The grid size in the streamwise and
ross-streamwise directions are kept the same as the one used for
e=100 case. In the spanwise direction, the domain is chosen as
D �Ayyappan �24�� and the number of mesh points is varied as
0, 26, and 32, respectively, for three grids, namely, Grids D, E,
nd F. Drag coefficients computed by these grids for the case of

ig. 9 „a… Variation of mean streamwise velocity along a nor-
al line at x1 /D=0 for Re=100 and d /D=0.2. „b… Variation of
ean streamwise velocity along a normal line at x1 /D=0 for
e=100 and d /D=0.5. Legends are the same in both plots.
ow past an isolated cylinder are compared in Table 3. From the

ournal of Fluids Engineering
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table, we observe that there is a 10% variation between Grids D
and E and a 3% variation between Grids E and F. Hence, further
calculations are run with Grid F. The contours of streamwise vor-
ticity are presented in Fig. 10 for two representative cases. They
show the presence of a vortical structure in the spanwise direction,
which indicates the need for carrying out three-dimensional cal-
culations. For this Reynolds number also, a control rod with two
different diameter ratios is considered. The results are also com-
pared with those for Re=100.

3.2.1 Aerodynamic Coefficients

3.2.1.1 Variation of Cd mean. The variation of the mean drag
coefficient of the main cylinder with respect to the angular posi-
tion of the rotating rod is given in Fig. 11�a�. With the rod of
d /D=0.2, the drag value slightly increases for lower stagger
angles and decreases for higher stagger angles. The opposite be-
havior of drag coefficient is found to occur with the rod of d /D
=0.5. A minimum mean drag value is observed at a 10 deg stagger
angle with the rod of diameter ratio of 0.5. It is observed that for
both Re=100 and 500, the trend is the same for both diameter
ratios. Once again, the mean drag of the rod for both diameter
ratios is also given in Fig. 11�d�. For both ratios, it shows a de-
creasing trend with increasing stagger angle up to 45 deg and then
a marginal rise.

3.2.1.2 Variation of Cl mean. Figure 11�b� shows the variation
of the mean lift coefficient of the main cylinder by the influence of
the staggering angle. This value constantly decreases for the main
cylinder when the rod of d /D=0.2 is placed at various staggering
angles. For the rod of d /D=0.5, the Cl mean value slightly in-
creases at lower staggering angles. This value decreases with fur-
ther increase in staggering angle and reaches a minimum value for
the side-by-side arrangement, which is also observed for the Rey-
nolds number of 100.

3.2.1.3 Variation of Cl rms. The variation of Cl rms of the main
cylinder with respect to the positioning of the rotating rod is
shown in Fig. 11�c�. For the rod of d /D=0.2, this value slightly
increases first and then decreases. Again, this value increases in
the side-by-side arrangement, whereas this value for the rod of
d /D=0.5 slightly oscillates for lower stagger angles and then con-
stantly decreases as the stagger angle increases. A minimum Cl rms
of magnitude 0.05 is observed in the side-by-side arrangement.
The suppression of vortex shedding observed for the Re=100 case
is not observed here.

3.2.2 Variation of Velocity. The variation of the mean stream-
wise velocity component along the normal plane at x=0 for
d /D=0.5 is shown in Fig. 12�a�. At x=0, a maximum negative
velocity in the region closer to the positive y direction is observed
for the tandem arrangement. As the angle of stagger increases, the
negative velocity region in the positive y direction changes to a
positive magnitude. A small wake is observed behind the main
cylinder for the 45 deg stagger angle. For the side-by-side ar-
rangement, a steep velocity gradient is observed near the rotating
rod. The same velocity component at x /D=1 is shown in Fig.
12�b�. The reduction in width of the wake is observed as the
stagger angle increases. The velocity gradient behind the rod dis-

Table 3 Comparison of bulk parameters for Re=500

Re=500
Mesh size

�x�y���z� Cd mean

Grid D 110�71�100�20 1.217
Grid E 110�71�100�26 1.114
Grid F 110�71�100�32 1.085

Wen et al. �25� 1.143
appears, and the wakes from the cylinder and the rod merge.
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Fig. 10 Contours of streamwise vorticity for the case of d /D=0.2 and �=3. „a… �=0 deg; „b…
�=90 deg.
Fig. 11 Variation of aerodynamic coefficients. „a… Mean drag coefficient of the main cylinder. „b… Mean lift coefficient of the
main cylinder. „c… rms lift coefficient of the main cylinder. „d… Mean drag coefficient of the rod. Legends are the same in all

plots.
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3.3 Maximum Drag Reduction. In previous sections, the
ariation of aerodynamic coefficients of the main cylinder and
elocity profile in the flow field with respect to the positioning of
he rotating rod is discussed. The variation of the mean drag of the
ontrol rod is also observed independently. However, the drag
cting on the rod contributes a small increase when considered as
system along with the main cylinder. Hence, the mean system

rag �Cd sys� is calculated by using the formula Cd sys=Cd main
d /Dx�Cd rod�, as reported by Luo and Gan �4�. This formula is a

imple arithmetic addition of mean drag for the main cylinder and

Fig. 12 Variation of mean streamw
d /D=0.5 and Re=500. „a… x /D=0; „b…
plots.
he rod nondimensionalized by the main cylinder diameter �D�,

ournal of Fluids Engineering
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and the variation for all the cases considered is shown in Fig.
13�a�. The optimum configuration in comparison with drag in the
corresponding stationary case is listed in Table 4. As can be ob-
served, at Re=100 for the d /D=0.2 case, a minimum system drag
observed is at the stagger angle of 3 deg, whereas this position is
10 deg for the d /D=0.5 rod. However, based on the magnitude of
drag, maximum reduction is observed with the rod of d /D=0.5.
The minimum system drag obtained for this Reynolds number is
0.598, corresponding to the case d /D=0.5 and �=10 deg. The
Cd sys obtained for the Reynolds number Re=500 is 0.647, corre-

e velocity along a normal line for
D=1. Legends are the same in both
is
x /
sponding to the case d /D=0.5 and �=10 deg. The same arrange-
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ent and speed ratio are found to give a minimum drag for both
eynolds numbers considered in the present study.

3.4 Power Coefficient. The total power required �Ptot� for
ny particular configuration is the summation of translational
Ptrans� and rotational power �Prot�. Ptrans is the drag coefficient of
he system and Prot is the power coefficient of the rotating rod.
ower coefficient �Prot� is calculated from the nondimensionalized
all shear stress acting on the rod ��W�, speed ratio ���, and
iameter ratio �d /D� as Ptot=�w��d /D�. The power coefficient
equired to rotate the rod is given in Fig. 13�b�. The magnitude of
ower coefficient for a particular configuration is the same for all
he stagger angles. In the near tandem arrangement, the magnitude
lightly fluctuates. This is because of the presence of the main
ylinder. For the rod of d /D=0.2 at Re=100, the power coeffi-
ient calculated lies closer to 0.12. This value reduces to 0.06 for
he rod of d /D=0.5 for the same Reynolds number. This reduction
n power required to rotate the rod with the increase in d /D is
bserved for Re=500 also. The total power coefficient of the
inimum drag coefficient configuration is 0.718 for Re=100 and

ig. 13 Variation of system drag for both diameter ratios and
eynolds numbers

Table 4 Optimum configuration for drag reduction

Re d /D � �deg� Cd sys For stationary rod

100 0.2 3 1.053 1.105
0.5 10 0.598 1.014

500 0.2 45 1.066 1.127
0.5 10 0.647 0.869
31103-10 / Vol. 130, MARCH 2008
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0.697 for Re=500. This value is less when compared to the sys-
tem drag �Table 4� for the corresponding case of the stationary
rod.

4 Conclusions
The influence of the rotating rod on flow past a main circular

cylinder is investigated numerically. The effect of the staggering
position of the rod on aerodynamic coefficients is analyzed. A
common phenomenon of increase in the velocity behind the rotat-
ing rod is observed, and the reason is attributed to the momentum
transfer. With the rod of diameter ratio of 0.2, vortex suppression
behind the main cylinder is observed for Re=100 in the side-by-
side arrangement. This vortex suppression phenomenon is ob-
served for 45 deg stagger angle and in the side-by-side arrange-
ment with the rod of diameter ratio of 0.5. The optimum position
for a maximum drag reduction is calculated by considering system
drag. The staggering position is found to be at 10 deg from the
stagnation point of the isolated cylinder. The same position of the
staggering angle and speed ratio is obtained for both the Reynolds
numbers considered in this study. It is observed that the total
power required for the minimum system drag configuration is less
than that for the stationary rod case.

Nomenclature
D � diameter of the main cylinder
f � frequency of vortex shedding
d � diameter of the upstream rod
L � pitch length

Lcr � critical pitch length
� � speed ratio �	D /2U
�
	 � angular velocity
� � stagger angle
U � freestream velocity
St � Strouhal number
xi � spatial coordinate
p � pressure

 � kinematic viscosity

Re � Reynolds number �U
D /
�
Cd � coefficient of drag

Subscripts
rms � root mean square

main � main cylinder
sys � system
rod � upstream rod

trans � translational
rot � rotational
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