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Abstract: - In this study, unsteady turbulent flow across a counterclockwise rotating circular cylinder is 
computed using Large Eddy Simulation (LES). The spinratio varies between 0 and 2 and The Reynolds number 
changes from 3900 to 10000. Time integration of the flow equations is carried out for a very large 
dimensionless time. Smagorinsky subgrid scale model with Cs=0.1 is used to resolve the residual stresses. 
Variations of the mean drag and lift coefficients, and the flow structure with spin ratio and Reynolds number are 
studied. It is found that by increase ofspin ratioor decrease of Reynolds number, both the stagnation point and 
the wake region move upward along the cylinder. As a result,the mean drag decreases and the mean lift 
increases. Length of the vortices behindthe cylinder is also increased by increase of bothspin ratio and Reynolds 
number. The computed results are compared with the results from the other numerical or experimental works, 
showing a good correspondence. It was found that the LES method is an accurate and convenient method for 
computation of highly recirculating flows. 
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1  Introduction 
Turbulent flow aroundbluffbodies,because of its 

vast range of applications and its complex physics, 
was the subject of many investigations for a very 
long time. There are various numerical methods and 
models to solve this problem. For example, 
Reynolds-averagedNavier-Stokes (RANS) method 
solves the problem using the time-averaged flow 
equations. This method can be accurate under 
certain conditions, but is not appropriate for 
transient and unstable flows. Direct numerical 
simulation (DNS) method directly solves all the 
small and large scales of turbulence without any 
modeling. It is the most complete turbulent model, 
but requires a huge amount of time and 
computational cost.Large Eddy Simulation 
(LES)directly solves the large scales (like theDNS 

method), while it models the smaller scales (like the 
RANS methods). LESis more appropriatefor sucha 
problem, since it is more accurate than the RANS 
methods and less expensive than the DNS method. 
Flow around circular cylinders has had the highest 
number of investigations among bluff bodies. Many 
of these studies were performedon stationary 
cylinders atReynolds number of 3900.Some of 
them, in which LES method is applied,are discussed 
here.Breuer[1]investigated the effect of grid size 
and subgrid scale onthe drag and pressure 
coefficientsusing five networks with various grid 
numbers. He found out that the numerical 
dissipation produced by a scheme is more crucial 
for LES than its formal order of accuracy. Central 
schemes are better suited with LES than upwind 
schemes. He concluded that the dynamic 

WSEAS TRANSACTIONS on FLUID MECHANICS K. Mobini, M. Niazi

E-ISSN: 2224-347X 131 Issue 3, Volume 8, July 2013

mailto:Kmobini@srttu.edu�


subgridmodel combined with central differencing 
yields the best solution, which agrees quite well 
with experimental measurements.Blackburn and 
Schmidt [2]studied the two methods of spectral 
element large eddy simulationand finite volume 
large eddy simulation,and compared their results 
withtheexperimental results.They found out that the 
results from the spectral element method are more 
accurate.Franke and Frank [3] investigated the 
accuracy of the LES and compared the results 
withthose from the DNS and experiments.They 
showed that the averaging time must be as large as 
possible, so that the mean values properly converge 
with good accuracy.Tremblay et al. [4] used both 
LES methods to solve the flow around a circular 
cylinder using Cartesian grids.They tested the 
influence of the subgrid scale model and the grid 
resolution. A fair agreement between LES and their 
previous DNS results was shown.Frohlich et al. [5] 
used LES method to solve the subcritical flow 
around circular cylinders using two methods: finite 
volume with structured grid and finite element with 
unstructured tetrahedral grid, and the results were 
compared together and with the other available 
results in the literature.They concluded that use of 
unstructured grid with sufficient accuracy requires a 
previous knowledge about the flow field, which is 
not really practical. 
LES has also been applied to high Reynolds umber 
flow across stationary cylinder. Breuer [6] applied 
LES to a challenging case of the Reynolds number 
of 140000. His aim was to evaluate the applicability 
of LES for practically relevant high-Reynolds-
number flows and to examine the effect of subgrid 
scale modeling and grid resolution on the results. 
The results were in good agreement with 
experimental data. Catalano et al. [7] advanced 
further and applied LES to supercritical regime. 
They computed the flows with Reynolds numbers 
of 500000 and 1000000. The results were compared 
with the RANS results and some experimental 
results. LES results were found superior to the 
RANS results. Later, Yoshiyuki and Tetsuro [8] 
applied LES to critical and supercritical flow across 
a cylinder. They studied detailed structures of the 
separation bubble using time-sequential computed 
results as the Reynolds number changes. 

In contrary to the case of stationary cylinder, 
comprehensive researches on the flow 
acrossrotating circular cylinder are more 
limited.The rate of rotational speed is usually 
expressed by spin ratio. Spin ratio is defined as the 
ratio of the cylinder’s circumferential speed to the 
free stream speed.There are a number of studieson 
laminar flow past rotating cylinder, for which the 

Reynolds numbers do not exceed 1000.Some of 
them are mentioned here. Badret al.[9] studied the 
unsteady flow acrossarotating circular cylinder both 
numerically and experimentally atthe Reynolds 
numbersfrom1000to 10000and the spin ratios of 0.5 
to 3.Their purpose was to investigate the effect of 
rotational speed on the flow structure.A good 
agreement between the two results were 
demonstrated.Stojkovic et al. [10] studied a new 
vortex shedding mode used on laminar flow across 
a rotating cylinder. It was found that the Strouhal 
number strongly depends on the spin ratio and 
weakly relates to the Reynolds number.Mittal and 
Kumar [11]analyzed the physics of the laminar flow 
passing a rotating cylinderat the Reynolds number 
of 200 and the spin ratios between 0 and 5.They 
found that vortex shedding stops at spin ratios 
greater than 1.91 and at the higher spin ratios the 
flow is stable.Padrino and Joseph [12] obtained the 
lift, drag and pressure coefficients atthe Reynolds 
numbers of 200, 400 and 1000whilethe spin ratio 
was changed between 3 and 6.They determined the 
position of the outer edge of the recirculating region 
as a function of the rotational speed. 

There are a small number of studies on the flow 
across rotating cylinder with higher Reynolds 
numbers. Lam [13] has experimentally studied the 
flow around a rotating circular cylinder at Reynolds 
numbers between 3600 and 5000 and with spin 
ratios of 0 to 2.5, but he only investigated the 
vortex shedding behind the cylinder. Karabelas et 
al. [14] studied high Reynolds number turbulent 
flow past a rotating cylinder. They solved two-
dimensional RANS equations via the finite-volume 
method closed by a modified k–ε turbulence model. 
The range of spin ratio was from 2 to 8 and 
Reynolds number changedbetween 5 × 105and 
5 × 106.Elmiligui et al. [15] studied the flow past 
arotating cylinder at the Reynolds number of 50000 
and the spin ratios of 0 to 1. They used two 
multiscale type turbulence models based on 
modifying the RANS equations: a hybrid 
RANS/LES model and a modified version of the 
partially averaged Navier-Stokes (PANS) 
model.Aoki and Ito [16] studied a nonuniform flow 
across a rotating cylinder both experimentally and 
computationally at two Reynolds numbers of 60000 
and 140000 and spin ratios between 0 and 1. Doll et 
al. [17] experimentally investigated the flow across 
a rotating cylinder at the Reynolds number of 9000 
and the spin ratios from 0 to 2.7. They found 
outthat the Strohal number increases with spin ratio 
and vortex shedding stops at spin ratios greater than 
2. Cheng et al. [18] solved the flow across a 
rotating cylinder at the Reynolds number of 6000 

WSEAS TRANSACTIONS on FLUID MECHANICS K. Mobini, M. Niazi

E-ISSN: 2224-347X 132 Issue 3, Volume 8, July 2013

http://www.sciencedirect.com/science/article/pii/S0307904X11004124�
http://www.sciencedirect.com/science/article/pii/S0307904X11004124�
http://www.sciencedirect.com/science/article/pii/S0307904X11004124�


using discrete vortex method.   
The only published work found by the authors 

on the use of LES forthe flow across a rotating 
cylinder is the work of Karabelas [19]. He studied 
uniform flow past a rotating cylinder at 
Re = 140,000 with different spin ratios varying 
from 0 to 2.  

The purpose of the current article is to apply 
LES to solve the flow pastarotating circular 
cylinder atthe Reynolds numbers of 3900, 5000, 
7000 and 10000which are in the lower subcritical 
range.No published LES work on rotating cylinders 
in this range of Reynolds numbers was found by the 
authors.At the subcritical range of Reynolds 
numbers, the flow within the boundary layer on the 
cylinder surface is laminar up to the separation 
point, but after that the flow is turbulent and 
unstable. At each Reynolds number,the spin ratio 
ischanged from 0 to 2. For each case, lift and drag 
coefficients arecalculated and the streamlines are 
drawn. Some of the results are compared with the 
experimentaland numerical results from other 
available researches. 

 
 

2  Governing Equations 
Governing equations are theincompressible 

continuity and Navier-Stokes equations, which are 
written as follows: 
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In order to eliminate small scales, these 
equations are filtered using the filter convolution 
kernel G.G is defined by: 
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is the filtered velocity and  is dummy variable. 
The filter length scale is denoted by Δ which is 

defined by: 

4 ( )212 x G x dx∆ = ∫ 

Applying the above filter on the governing 
equations, filtered continuity and Navier-Stokes 
equations are obtained as follows: 
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are the filtered velocities and 
filtered pressure respectively. is the residual 
stress tensorand is the filtered strain rate tensor 
defined by: 
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To solve the small scale, Smagorinskysubgrid 
model [20] has been used. This model is based on 
eddy viscosity concept and relates residual stress 
tensor to filtered strain rate tensor by: 
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Assuming that the small scales promptly 
dissipate all the energy received from the large 
scales, eddy viscosity is obtained from the 
following equation: 

9 ( ) SCf st
2∆= µν 

Cs is the Smagorinsky constant which is taken 
equal to 0.1. S is defined by: 

10 ( ) 2/1
2 ijij SSS = 

The filter length is taken equal to grid size 
which is: 

11 ( ) ( ) 3/13/1
ijkzyx V∆=∆∆∆=∆ 

fµ is the Van Driest damping function which is 
used to damp turbulent fluctuations at the near wall 
regions. 

Lift and drag forcesare computedby carrying out 
integration on the cylinder surface area: 
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Here  and  are the Cartesian components of 

the unit vector  that is normal to the cylinder 
boundary. is the component of velocity tangent to 
the cylinder surface.  

Strouhalnumber is calculated from: 
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is the frequency of the vortex formation. 
Spin ratio is calculated by: 

(15) ∞
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ω is the angular velocity of the cylinder.  
Reynolds number is defined by: 

(16) µ
ρ ∞=

DURe 

 
3  Computational Grid and Numerical 
Method 

To solve this problem a Ctype computational 
grid is used with dimensions of 

. Close to the counterclockwise rotating 
circular cylinder the grid is of Otype with diameter 
of 2D. The cylinderis located at the distance of 5D 
from the entrance and it has the same distance from 
the upper and lower walls (Fig.1).Uniform velocity 
is used as the inletboundary condition. At the outlet 
the fully developed boundary condition is 
considered. For the upper and lower walls, 
symmetry boundary condition is used and for the 
front and back walls, periodic boundary condition is 
chosen. 

 

 
Fig.1. The computational domain and O grid around 

the cylinder. 

 
Inlet velocity is taken as the initial condition 

throughout theentire computational field.Zero 
pressure is considered as the outlet boundary 
condition and as the initial condition through the 
entire field.Fine grid is used near the cylinder 
surface that requires a higher computational 
accuracy. As moving towardthe walls the grid 
becomes coarser. 

In this work, unsteady 
3Dimensionalincompressible Navier-Stokes 
equations have been solved for 60 seconds. Central 
difference method with second order accuracy is 
used for spatial andtemporal discretization of the 
equations.The fully implicit finite volume method is 
applied. The time step for computation is 
considered as 0.07s and in each time step the 
poisson equation is solved for pressure correction 
usingthe Simplec method. The Smagorinsky model 
with constant of 0.1 is used for subgrid scale 
modeling. 

After using different grid sizes, a grid with 
108800 cells was found to be the most appropriate 
one, and was used throughout the work.  

 
 

4  Validation of the Computational 
Code 

There are a number of experimental or 
numerical works performed on non-rotating 
cylinder at the Reynolds number of 3900.For the 
sake of comparison and validation of the current 
computational method, this Reynolds number has 
been usedand the rotational speed is set equal to 
zero.The present results are compared with the 
experimental results of Norberg[21] and the 
numerical results of Breuer [1], Blackburn and 
Schmidt [2],Tremblay et al.[4] andFrohlichet 
al.[5].Norberg [21] performed a number of 
experiments on a stationary cylinder at the 
Reynolds numbers of 50 to 40000, including 
3900.The results are summarized in Table 1.It can 
be seen that the results of the current workare in a 
good agreement withboth the experimentaland DNS 
results, andthis agreement is better than the other 
LES results. 

 
Table 1.Comparison of the current work with 

experimental results and other numerical results. 
 

St dC  SGS model Method  
0.21 0.99 - EXP Norberg [21] 

0.22 1.03 - DNS Tremblay et 
al.[4] 
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0.24 1.07 Smag. 
1.0=sC  LES Blackburn and 

Schmidt [2] 

0.21 1.08 Smag. 
1.0=sC  LES Frohlichet al.[5] 

- 1.07 Smag. 
1.0=sC  LES Breuer B5 [1] 

0.21 1.02 Smag. 
1.0=sC  LES Present work 

 
Fig.2 shows the variation of time-mean 

streamwise velocity along thehorizontal line 
starting from the rear stagnation point x/D=0.5 
through the wakedown to x/D=4.2.Results from the 
presentwork have been compared with the 
experimental results of Lourenco and Shih [22]. 
The two results are in a very good correspondence 
from the cylinder end to x/D=2.Afterwards, there 
are discrepancies between the two curveswhich 
could be due to change of the grid type from O to C 
and changes in grid refinement. However, the two 
results are generally in an acceptable agreement. 

 

 
Fig.2. Time-mean streamwise velocity along the 

central line. 
 
 

5  Results and Discussion 
Physics of the turbulent flow 

pastarotatingcircular cylinder is different from that 
of a stationary cylinder. Rotation of the cylinder 
changes the flow speed around the cylinder and 
hence the whole flow field changes. In this 
work,five spin ratiosof 0, 0.5, 1, 1.5and 2 and four 
Reynolds numbers of 3900, 5000, 7000 and 10000 
have been used. 

In Fig.3velocitycontours around the cylinder for 
different Reynolds numbers and the spin ratio of 
zero are shown. In the spin ratio of zero (stationary 
cylinder) the passing flow velocitieson the upper 
and the lower parts of the cylinder are 
approximately the same.The stagnation point is 
exactly located on the center line in front of the 
cylinder, and the separation points are symmetrical 
on the upper and lower surfaces.Von Karman 
vorticesalternatively separate from the upper and 
lower surfaces for the first three Reynolds numbers, 
and they are symmetrical with respect to the 
centralplane. Lengths of the vortices behind the 
cylinder are increasing byReynolds number.For the 
Reynolds number of 10000, von Karman voritices 
disappear and a stretchedsymmetrical vortex area is 
observed behind the cylinder. 

 

  
Re=5000 Re=3900 

  
Re=10000 Re=7000 

Fig.3. Velocity contours around the cylinder for the 
spin ratio of 0  

 
Flow pattern is completely different when the 

cylinder rotates. If the cylinder rotates 
counterclockwise, there will be a counter-current 
flow on the upper surface and a co-current flowon 
the lower surface. Therefore, flow velocity 
decreases on the upper surface and increases on the 
lower surface compared with stationary 
cylinder.Pressure has an opposite behavior on the 
two surfaces. A positive pressure increment on the 
top surface and an equal negative pressure 
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increment on the bottom surface create a negative 
lift force on the cylinder. 

Fig.4 shows the velocity contours at the spin 
ratio of 0.5. It can be seen thatthe stagnation point 
is no longer on the center, and has slightly moved 
upward. The reason is that due to the 
counterclockwise flow on the cylinder surface, zero 
velocity occurs at a point located on top of the 
cylinder front center. Vortices behind the cylinder 
are no longer symmetrical and are 
slightlyinclinedupward. This is due to dislocation of 
the two separation points in the direction of the 
cylinder rotation. In other words, separation is 
advanced on the upper surface and is retarded on 
the lower surface. It can be seen that the upward 
inclination of the wake decreases by increase of 
Reynolds number, and the wake is more stretched. 
 

  
Re=5000 Re=3900 

  
Re=10000 Re=7000 

Fig.4. Velocity contours around the cylinder for the 
spin ratio of 0.5  

In Figs.5,6 and 7, the velocity contours around 
the cylinder for spin ratios of 1, 1.5 and 2 are 
plotted. It is observed that as the spin ratio 
increases, the upward dislocation of the stagnation 
point and the vortices behind the cylinderare 
increased.As a result,the stagnation point and the 
separation point on the upper surface get closer and 
closer.  

Negative pressure increment on the lower 
surface and positive pressure increment on the 
upper surface are also increased by increase of spin 
ratio, resulting in increase of the downward lift.  

 

  
Re=5000 Re=3900 

  
Re=10000 Re=7000 

Fig.5.Velocity contours around the cylinder for the 
spin ratio of 1  

  
Re=5000 Re=3900 

  
Re=10000 Re=7000 

Fig.6. Velocity contours around the cylinder for the 
spin ratio of 1.5  

Another point to be noted is increase of the 
vortices length with increase of spin ratio while 
they become narrower and decline upward. This is 
due to upward displacement of the lower separation 
point and increase of the fluid velocity on the lower 
surface while at the upper surface it decreases. 
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Re=5000 Re=3900 

  
Re=10000 Re=7000 

Fig.7. Velocity contours around the cylinder for the 
spin ratio of 2  

In Figs.8 and 9 drag and lift coefficients are 
plotted against spin ratio at different Reynolds 
numbers. Results from the presentwork are 
compared withthe results of Kang et al [23] for the 
Reynolds numbers of 40 and 160 and Mittal and 
Kumar [11] for the Reynolds number of 200. 
Although the flows in thesetwo works are laminar, 
comparison of the results shows the correct trend of 
the two aerodynamic coefficients. 

 

 
Fig.8. Drag coefficient versus spin ratio at different 

Reynolds numbers. 

As seen in Fig.8, drag coefficient decreases with 
spin ratio. The reason for this reduction is the 

upward dislocation of the stagnation point or the 
high pressure area. For stationary cylinder, the high 
pressure area is exactly located at the middle of the 
left semi-cylinder, and has the highest contribution 
to pressure drag. When this area moves upward, 
horizontal component of pressure on the left surface 
decreases, which leads to decrease of pressure drag. 

Fig.8 also shows that drag coefficient decreases 
by increase of Reynolds number. Increase of 
Reynolds number is due to increase of free stream 
velocity.Increase of free stream velocityshould be 
along with increase of the cylinder’s angular 
velocity so that the spin ratio remains constant. 
Therefore, both rotational speed and Reynolds 
number are increased. The former tends to increase 
upward displacement of the stagnation point, while 
the latter has an adverse effect. Therefore, no 
change in the position of the stagnation point is 
expected when spin ratio remains constant. Hence, 
the reason for decrease of drag coefficient should 
be the changes in the wake area behind the cylinder. 
As seen in the velocity contour diagrams, the wake 
area behind the cylinder is more stretched and 
narrower when Reynolds number increases in a 
constant spin ratio. As a result, overall pressure on 
the right half of the cylinder increases, which leads 
to drag reduction. It can be seen in Fig.8 that there 
are some discrepancies in the normal trend at the 
spin ratio of 2which must have a computational 
origin.The exact reason is still unknown to the 
authors. 

According to Fig.9, lift coefficient increases 
with spin ratio. The reason is the upward 
displacement of the high pressure region with 
increase of angular velocity. Thisdisplacement 
increases the vertical component of the exerted 
force and hence the downward lift increases. 

 

 
Fig.9. lift coefficient versus spin ratio at different 

Reynolds numbers. 
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It can be seen in Fig.9 that for the current work 
lift coefficient decreases with Reynolds number, 
whereas for the previous works there is no specific 
trend. Regarding the latter, the flow is laminar and 
the Reynolds numbers are very close. Therefore the 
curves are very close together, and any small source 
of computational error may cause the curves to 
intersect with each other.For the current work, lift 
force decreases with Reynolds number.This is due 
to decrease of the upward displacement of the wake 
with increase of Reynolds number. This means that 
separation point on the upper surface moves 
forward, which means higher velocity and lower 
pressure on the top. Lower top pressure means 
smaller downward lift force. 

In Fig.10 variations of drag and lift coefficients 
with time are demonstrated for different spin ratios. 
For the stationary cylinder (spin ratio of 0), both the 
coefficients become almost statistically stationary 
after about 5 seconds. By increase of the rotational 
speed it can be seen that the time at which the 
coefficients become statistically stationary, 
increases. This is due to increase of instabilities by 
increase of the rotational speed which requires a 
longer time to reach stability. 

For stationary cylinder, the averaged drag 
coefficient is about 1 and for the lift it is zero. By 
increase of the spin ratio, the averaged drag 
decreases and the absolute value of the averaged lift 
increases. This case was extensively discussed 
before.  

 

 

 
α = 0 

 

 
α = 0.5 

 

 
α = 1.0 

 

 
α = 1.5 

 

 
α = 2.0 

Fig.10. Drag and lift coefficients versus time for 
different spin ratios 

At spin ratio of zero, amplitude of drag 
coefficient is very small (about 0.05) and for the lift 
it is much higher (about 0.7). This is due to the fact 
that the reason for the fluctuations is: intermittent 
grow and release of vortices on the upper and lower 
surfaces of the cylinder, and hence intermittent 
change of pressure on these surfaces. For stationary 
cylinder, vortex shedding from the upper and lower 
surfaces is symmetrical respect to the horizontal 
surface. Therefore, intermittent change of the 
horizontal forces on the upper and lower surfaces 
has only a minor effect on the total horizontal force 
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(drag). However, the change on the vertical forces 
and hence the lift is substantial. 

This figure also shows that after reaching a 
stable condition, the amplitude of fluctuations 
decreases by increase of the spin ratio. This fact 
shows that the size and strength of the vortices 
decrease by the increase of spin ratio and vortex 
shedding eventually disappears. 

 
 

6  Conclusion 
Turbulentflow across a counterclockwise 

rotating circular cylinder is numerically studied 
using Large Eddy Simulation method with 
Smagroniskysubgrid scale model. Spin ratio has 
changed from 0 to 2 and Reynolds number has 
changed from 3900 to 10000. Comparison of the 
results with some other numerical and experimental 
results showed a good correspondence. According 
to the results, both the stagnation point and the 
wake region move upward and get close together by 
increasing the cylinder rotational speed. Therefore, 
the drag coefficient decreases and the downward lift 
coefficient increases. Increase of Reynolds number 
at constant rotational speed has an opposite effect 
on the stagnation point and the wake and reduces 
their upward displacement. It was also observed 
that the wake region behind the cylinder stretches 
by increase of both spin ratio and Reynolds 
number.The time required to reach a stable flow 
increases by increase of the rotational speed, while 
the amplitude of the fluctuations decreases by 
increase of the spin ratio. 

It is found from this work that the LES method 
is capable of solving highly recirculating flows with 
great accuracy and with a low computational cost. 
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