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Abstract. In this paper the rotational oscillation of a cylinder is numerically studied. The two-dimensional Navier-
Stokes equations for incompressible fluids with the Smagorinsky sub-scale model are solved for a cartesian non-
uniform grid. The Immersed Boundary Method with Virtual Physical Model are used for modelling the presence of the
circular cylinder. The simulations were carried out for a Reynolds number equal to 1000 for different amplitudes of
oscillation and different forcing frequencies. In order to better understand the flow dynamics due to the rotational
oscillation movement of the cylinder, the aerodynamic coefficients, the Strouhal number and the length of the
recirculation are presented.
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1. INTRODUCTION

The flow around a circular cylinder has been a topic of interest for many years mainly due to the importance of an
engineering problem of vortex induced vibration of bluff bodies in a stream. Vortex streets are formed in the wake of a
bluff body over a wide range of Reynolds number. The formation of the vortices in the flow past a stationary circular
cylinder has been well documented, both numerically and experimentally (e.g., Lima e Silva, 2002; Silva, 2004; Lai and
Peskin, 2000; Ryan et al. 2004; Su et al. 2006). A number of researchers has studied the effects of rotating cylinder on
the wake structure (e.g., Silva et al. 2004a, Silva et al., 2004b, Carvalho, 2003, Kang et al., 1999). Flows over a bundle
of cylinders disposed in “V”, at different angles were also studied by Silva et al. (2003) for low Reynolds number.

The effective control of drag exerted by the fluid on the cylinder has been a challenge that has received particular
attention. The drag force on the cylinder may be reduced by an active control in the rotational oscillation of the
cylinder. The literature covers the effect of cross-flow oscillations and in-line oscillations, but studies on rotational
oscillations are very few. According to Fujisawa et al. (1998), the effects of rotational oscillations on the cylinder wake
were first studied by Okajima et al. (1975).

The purpose of the present paper is to study the influence of rotational oscillation on the flow around a circular
cylinder in a uniform flow.

2. MATHEMATICAL METHODOLOGY AND NUMERICAL METHOD
All the simulations were carried out using the Immersed Boundary Method (Peskin, 1977) with the Virtual Physical

Model (Lima e Silva, 2002).
The Navier-Stokes equations and continuity can be written as follow:
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where p e v, are the specific mass and effective viscosity, respectively, u, represents the components of the velocity,

p is the pressure and f, the components of eulerian force vector. The force term is calculated by the distribution of the
components of lagrangian vector as follow:
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where X and X, are the position vectors of the eulerian and lagrangian points, respectively, AS is the distance between

two lagrangian points, ﬁ()‘(k) is the interfacial lagrangian force and D is the interpolation/distribution function,

proposed by Juric (1996).

The turbulence model used in the present work is based in the filter process, named by box filter described in
Silveira-Neto et al. (2002) and Silveira-Neto (2003). The turbulent viscosity (Smagorinsky, 1963) is given as a function
of the strain rate and scale length as:
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where ¢ =,/AXAy is the characteristic sub-grid length, S_” is the strain rate and C; is the Smagorinsky constant. The

analytical value Cg =0.18 , which was determined by Lilly (1967), was used.

In all of the simulations a damping function was used in the outlet of the domain. Details of this procedure can be
found in Silva (2004), Silva et al. 2004¢ and Souza et al. (2002).

The Fractional Step Method (Chorin, 1968) based on the pressure correction was also used. The spatial
discretization of the Navier-Stokes equations was done by the Finite Difference Method and the time discretization by
the second order Runge-Kutta method. The effective viscosity and velocities were interpolated as suggested by Patankar
(1980).

3. RESULTS AND DISCUSSION

The influence of the forced frequency and the oscillation amplitude in the structure wake, in the behavior of the
aerodynamic coefficients as drag and lift, in the length of recirculation bubble and in the Strouhal number were
analyzed. The results are presented for different frequencies, 0.2< f /f, <6.0 ( f, is the forced frequency and f, is

the natural frequency of vortex shedding for stationary cylinder) and amplitudes 1.0< A<3.0 (A is the oscillation
amplitude). The Reynolds number based on the diameter of the cylinder and on the free stream velocity is 1000 and the
dimension of the domain is 40 x 15m. All the simulations were done with a non-uniform grid of 400 x 125 points,
where the small space grid in the normal and transversal directions of the flow is given by 2R/nmc (nmc is the grid
number inside the cylinder). The cylinder was located at 16.5d in x direction and 7.5d in y direction, where d is the
diameter of the cylinder.

The behavior of structure wake is different when the cylinder oscillates around its own axis. According to Ponta and
Aref (2006), the usual vortices wake would be designed as ‘2S” mode in the classification of WR (Willianson-Roshko).
This mode indicates the vortex shedding of two single vortices per cycle of each side of the cylinder. There are five
different flow regimes according to Lee and Lee (2006), for a amplitude equal 30°. Many other authors consider only
two different regimes to classify the flow, named non lock-on and lock-on regimes (Cheng et al., 2001; Cheng et al.,
2001a).

3.1. Description of the flow

The oscillation amplitude and frequency were used as control parameters. The tangential velocity over the cylinder
is given as:

V, (t)= ARsin(2x f.t) (©)

where Az% is the oscillation amplitude, R is the radius of cylinder and t is the physical time of the simulation.

0

According to He et al. (2000) this procedure is constituted by two degrees of freedom.



Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November 5-9, 2007, Brasilia, DF

3.2. Vorticity Fields

Figure 1 shows the vorticity fields for an admensional time of 200, 0.2< f /f <6.0 and 1.0<A<3.0. The
positive vorticity is represented by the red color and the negative vorticity by the blue color. The three columns
represent the simulations with A=1, A=2 and A=3, respectively. As can be observed there are different modes of
vortex shedding for a given column and for the same frequencies considering different amplitudes.

©)
Figure 1. Vorticity field: a) f, =0.2f ;b) f, =0.5f ;c) f,=09f ;d) f.=25f ;e) f. =6.0f,. From left to right

A=1, A=2 and A=3

For f,=0.2f and A=1, vortices are generated from both sides of the cylinder and the wake oscillates with time.
There are pairs of vortices with opposed signs in the wake. This behavior was also observed in the other amplitudes,
however the longitudinal and transversal displacement between the pairs of vortices is larger. For the frequency

f, =0.5f,, the behavior is similar to the previous one, however for A =3, the pairs of vortices have the same signal.

For f,=0.9f,, the vortices are synchronized with the oscillation of the cylinder. In other words, the cylinder and
vortex shedding have the same characteristic frequency ( f, = f_). This is the lock-on phenomenon or resonance. In this
regime, the formation of an elliptic wake close to the cylinder with vortices of the same signal in the same row was

observed. These vortices form a single wake far from the cylinder. The range of the lock-on regime obtained in this
work for A=1 was 0.6 < f /f <1.05, while for A=2 was 0.5< f /f <1.1 andfor A=3 was 0.2< f /f <1.8.
For f,<2.8f, and A=1, a transition from the vortex shedding mode to the ‘P+S’ mode was found, which is clear
at f,=2.5f, and f, =2.8f (notshown here). This mode corresponds to one pair of vortices of one side and a single
vortex of the other side. It was also observed that the wake has the form of a cone. This structure wake is also observed
for A=2 for the same frequency. However in this case, the vortex shedding mode is named ‘2P’, that is, two pairs of
vortices in each cycle. Increasing the amplitude, A =3, a double wake close to the cylinder and a single wake far away
were noted. For all amplitudes analyzed and for the larger frequencies it were observed that the wake vortices come

back to the regular configuration of the Karman street and the standard of vortices do not change anymore. The non
synchronized flow is similar to the flow for the stationary cylinder with some disturbance due to the movement



(Tuszynski and Léhner, 1998). In other words, the disturbance caused by the oscillation is limited near the cylinder,
instead of downstream, the vortices reorganize to form the Von-Karman street. This behavior is better visualized in the
next item by the power spectra.

3.3. Drag coefficient

The control of the instabilities that lead to the vortex shedding is possible when the cylinder is forced to oscillate in
the sinusoidal mode as Eq. 6. Figure 2 shows the behavior of the mean drag coefficient C, versus the oscillation

frequencies. The results were compared with the numerical results of Cheng et al. (2001a), Chou (1997) and Lu and
Sato (1996).

The results of the present work are in good agreement with those of other authors in the resonance range. For high
f./f, , the results also tended to approximate to those of Cheng et al. (2001) for amplitudes 2 and 3. High C, values in

the lock-on regime and small values for high forced frequency, out of the lock-on regime were found. The mechanism
of drag reduction is caused by the combined effect of forced frequency and oscillation amplitude due to the
modification of wake at high frequency and of the delay in the separation of the flow. It is worth to note that the
quantitative difference would be a consequence of the influence of the flow parameters, of the different numerical
methods and of the assumptions adopted in the simulations. However, considering that at a given frequency, the
vortices wake acquire the configuration and frequency of the classic Von Karman street, it is expected that the value of
drag would be close to the correspondent value of a stationary cylinder. This coherence can be observed in the results of
the present work.
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Figure 2. Mean drag coefficient: a) A=1,b) A=2 andc) A=3

Figure 3 shows the behavior of the mean drag coefficient with the oscillation amplitude for the two frequencies. It is
observed for A=1 that the mean drag presented approximately the same value for both frequencies. Increasing the
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oscillation amplitude an increase of the mean drag for low frequency and reduction for high frequency is observed. This
behavior was already mentioned previously. Depending on the amplitude, the minimum drag can be around half or even
a third of the stationary case value (Srinivas and Fujisawa, 2003). For Ray and Christofides (2005), when the cylinder
oscillates at five times the natural frequency, it exhibits a drag reduction compared with the stationary case, to a range
Reynolds number of 100 — 500.
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Figure 3. Mean drag coefficient versus oscillation amplitude
3.4. Power Spectra

The power spectra obtained by Fast Fourier Transform (FFT) of the lift coefficient signal is presented in Fig. 4 for
the same ratios of frequency and amplitude of the previous item. The columns refer to the amplitudes A=1, A=2 and
A =3, respectively.

For A=1 and f,<0.5f, there are two peaks of frequencies in the power spectra. One of them corresponds to the
smallest frequency, that is, the forced frequency f, and the other is the natural frequency of vortex shedding f, which
is near f, (frequency of the stationary cylinder). In this range it can be noted that the smallest frequency has nearly the
same magnitude for both ratio of frequency. In the lock-on regime only one peak is observed and the vortex shedding
frequency f, is synchronized with the forced frequency of cylinder f, (fv ~ fc) . According to Lee and Lee (2006), as

the oscillation amplitude decreases, the range of lock-on also decreases until reaching a given limit amplitude, which
above this, the lock-on phenomenon only occur at f,=1.0f . Increasing the frequency, the two peak reappear

indicating that the lock-on no longer exists. For f, =6.0f,, the magnitude of the small scale frequency f, increase and

approaches of the value of the natural vortex shedding frequency.
For A=2, the range of lock-on regime is 0.5< f /f, <1.1. The magnitude of the peaks are greater than those of

A=1. It was also observed a decrease in the magnitude of the frequency peak along the lock-on regime. For f, <2.5f,
the value of the large scale vortex shedding frequency f, is smaller than the value for the stationary cylinder. For
f. >3.0f,, due to interaction between the vortices the final configuration has type and frequency f, similar to the
Von-Karman of the stationary cylinder f,.

The lock-on range, for A=3, occurs for 0.2< f /f <25. For the same Reynolds number and amplitude, the
range of lock-on regime found by Cheng et al (2001a) was 0.5< f /f, <3.0. It can be observed that the range of lock-
on regime increase with the oscillation amplitude. For f, >3.0f the magnitude of lift fluctuating at the scale vortex

shedding frequency tends to be constant, implicating in their stability. It was also noted that this frequency remains
approximately at f, for flow past a stationary cylinder. At high frequencies all the amplitudes presented the same

behavior.
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Figure 4. Power spectra: a) f. =0.2f ;b) f,=05f ;c) f,=0.9f ;d) f,=25f,;e) f,=6.0f From leftto
right A=1, A=2 and A=3.
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3.5. Length of recirculation bubble.

The length of recirculation bubble L, is defined as the distance between two stagnation points downstream of the
cylinder. The first point is located at the surface of the cylinder and the second at the end of the bubble. For this reason
many numerical probes were created downstream of cylinder, as presented in Fig. 5. The time average of the y
component of the velocity was obtained at each probe. The distance between two points where the velocity is zero gives
the value of L.
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Figure 5. lllustrative scheme of the positions of the numerical probes.

Figure 6 shows the mean length of recirculation, formed downstream of the cylinder versus ratios of frequency for
all analyzed amplitudes.
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Figure 6. Mean length of recirculation bubble.

As can be noted by the presented results, the control parameters not only change the standard configuration of wake
as they also alter the forces acting on the cylinder. It was also observed alterations in the length of recirculation bubble.
For small frequencies where the flow is more accelerated it is noted a reduction on the length compared to the stationary
case, L, =0.45. In the lock-in regime, it is observed an increase in drag due to the accelerated flow and it is also
observed an increase in the length of recirculation. It is worth to emphasize that out of lock-on regime, where the forced

frequency is greater than the natural frequency, the length of recirculation bubble is almost the same as the length of the
stationary cylinder. This behavior is comparable with the observations found for vorticity field and drag coefficients.

4. CONCLUSIONS

In this work, the two-dimensional, incompressible viscous flow over a circular cylinder was examined with the
effect of controlled rotational oscillation cylinder in reducing the drag and the influence in the Strouhal number and in
the length of recirculation bubble. It was observed that the drag reduction is strengthened with an increase in oscillation
amplitude, but it is saturated at higher oscillation amplitude. Thus, the mechanism of drag reduction is considered to be

due to the combined effect of optimal pairs {A, fc}, which is caused by the modification of the flow structure by

generating small-scale vortices along the shear layers and the delay in mean separation points along the cylinder
surface. The maximum drag reduction compared at the value of stationary cylinder was 38.8% at A=3 and



f,=1.65f,, whileat A=2, f, =25f and A=1, f =7f, the reduction were 24.13% and 3.76% respectively.

With appropriate choice of the control parameters, the rotational oscillation of a cylinder can be a promising method for
controlling the drag acting on the cylinder. Importantly for practical applications, this approach is effective even at large
Reynolds numbers.
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