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Abstract A numerical model for two-dimensional flows around a pitching foil in a viscous flow is presented. The
model is numerically solved using the immersed boundary method and used to investigate the flow patterns of the foil
pitching sinusoidally over a range of frequencies and amplitudes. A transition from the Karman vortex streets to the
reverse Karman vortex streets are found, as the amplitudes of pitching motions increase. In the transition, the vortex
streets undergo symmetry-breaking to the central lines of vortex streets. Those observations are in agreement with
the previous experiment (Phys. Rev. E. 77 016308 2008). Furthermore, we examine the wake of the foils pitching
with different frequencies. The transition from the Karmanvortex streets to the reverse Karman vortex streets is also
observed. An explanation is presented to the mechanism of the transition.

INTORDUCTION

The pitching of tails is a common mode for animals to generatethrust. As a tail pitches vertically, thrust can be hori-
zontally generated, depending on either amplitudes or frequencies of pitching motions. A simple model to understand
the mechanism of pitching-generated-thrust is the Karman vortex streets (KVS) and the reverse Karman vortex streets
(RKVS). At a certain range of Reynolds numbers, a KVS can be observed behind a steady foil without thrust genera-
tion. As either amplitudes or frequencies increase of pitching motions, the transition from the KVS to the RKVS can
be observed and thus a thrust is generated. The present paperis devoted to numerically investigate the transition from
the KVS to the RKVS.

Knoller [1] and Betz [2] were the first to observe that a flapping wing could generate thrust. Karman and Burgers [3]
offered the first theoretical explanation of drag or thrust production based on the wake vortices, where the wake of the
flow past bluff bodies is modeled by an infinite row of alternating vortices commonly known as von Karman Vortex
Streets. In following years, many researchers investigated the RKVS in different situations, such as the wakes of fish [4]
in experiment [5] and numerical simulations [6,7]. More recently, Godoy-Diana et al.[7] experimentally investigated
the transition from the KVS to the RKVS in the wake of pitchingfoil. We will simulate the transition process using the
immersed boundary method and compare the results obtained with Godoy-Diana et al’ s experimental results.

NUMERICAL METHOD

Two-dimensional incompressible Navier-Stokes equationsare used

∂u
∂ t

+u ·∇u=−∇p+
1

Re
∇2u+f (1)
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∇ ·u= 0 (2)

wherev is the kinematic viscosity. The geometry of the pitching foil is described in Figure 1, where the chordC =
23 mm and the semicircle diameterD = 5 mm. The foil pitches with respective to the center of the semicircle. The
control parameters are the velocityU , the oscillation frequencyf and the peak to peak amplitudeA. The main non-
dimension parameters are the Reynolds numberRe, the pitching amplitudeAD and the Strouhal numberSt, defined
as: Re = UD/v, AD = A/D and St = f D/U , The pitching motion of foils is a sinusoidal function of time: A(t) =
−AD sin(2π f t).

The computational region is the one from -3D to 19D in the horizontal (or streamwise) directionx, and from -8D to 8D
in the vertical direction with the origin at the centre of thesemicircle. The number of uniform grids is 240×120 with
∆x = 0.025,∆y = 0.025, see Figure 2.

The boundary conditions are defined as follows: a uniform flowwith U0 = 1 is imposed at inlet with the normal gradient
of pressure being zero, the velocity at outlet is extrapolated from interior and the pressures gradients at up and bottom
boundaries are zero. A direct forcing approach of the immersed boundary method [8,9] is used for moving boundaries
on a non-staggered Cartesian grid, where the forcing is computed through the volume fraction occupied by the solid and
is used to mimic the non-slip boundary on the immersed surfaces [10]. A finite volume based fractional step method
is used to numerically solve the N-S equations. The spatial discretization and temporal advancing schemes are both
second order accurate.

Figure 1: Schematic views of the foil Figure 2: Grid used for the present computation

NUMERICAL RESULTS

Figure 3 shows the numerical results obtained atRe= 255 andSt = 0.22: the left column is for the vorticity, the middle
one for time averaged velocity component in the streamwise direction and the right one for the streamwise component
of velocity in the near of wake. The first row atAD = 0.36 is the typical case of low-amplitude pitching which produces
a KVS. Increasing the pitching amplitude toAD = 0.71, the vortices of alternating signs align with the symmetry line
of the wake. Further increasing the amplitude toAD = 1.07, the rotation direction of vortices changes and the flows in
wakes transit from the well-known KVS to the RKVS, which generate thrust on the pitching foils. It is clearly seen that
the velocity profile becomes convex forward. As the amplitude increases to 1.77, the vortex streets are deflected and
asymmetric to the deflection line. Further increasing the pitching amplitude, a symmetry breaking is observed in the
RKVS. All of the observations are in agreement with the reference [7]. Similarly, increasing the frequency of pitching
foil, a transition from KVS to the RKVS can be also seen as shown in Figure 4. The transition is induced by large
motions of pitching foils.

CONCLUSION

In this paper, we use the immersed boundary method to simulate the wake of pitching foils. We observed the transition
from the KVS to the RKVS, as either amplitudes or frequenciesof flaps increase. The observations are in agreement
with the previous experiment in [7]. Further measurement will be carried out such as the drag coefficients, propulsion
efficiency and unstable models. The latter will be used to explore the mechanism of transition of the KVS to the RKVS.
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Figure 3: Instantaneous vorticity field (left column), time-averaged velocity component in stream-wise direction (middle column) and
the component with direction in the near of wake (right column) for fixedRe = 255 andSt = 0.22, from top to bottom forAD = 0.36,
0.71, 1.07, 1.77, 2.8

St = 0.22 St = 0.3 St = 0.4

Figure 4: Instantaneous spamwise vorticity field for fixedRe = 255 andAD = 1.07
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