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lecting velocities.
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1. Introduction

The flapping foil is a common form of propulsion for many flyers and swimmers
in nature, such as birds, insects and fishes. Inspired by the applications for the
micro-aerial vehicles [1], the flapping foil has interested many researchers for
several decades [2] [3] [4]. The vortex formation and organization are the key to
understand the intrinsic mechanism in flying and swimming motions in nature
[5]. Different wake patterns can be produced by a flapping foil as the flapping
parameters changed, such as the von Karman vortex street and reversed von
Karman vortex street, which are typically associated with drag and thrust gener-
ation, respectively [6] [7].

The deflected vortex wake of a flapping foil is an interesting phenomenon,

since the vortex street deflected to one side of the flapping foil rather than locat-
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ing symmetrically along the middle-line of the flapping foil [8]. Lai and Platzer
pointed out that the deflection direction was related to the initial direction of
flapping motion [9]. However, Heathcote and Gursul revealed that the deflection
direction was quasi-periodic altered [10]. Ellenrieder and Pothos measured the
range of the deflection angle following the shape of the mean velocity profiles
[11]. Ramiro Godoy-Diana et al provided a quantitative prediction of the def-
lected wake based on two consecutive counter-rotating vortices [12]. Zheng and
Wei indicated that the deflection angle can be correlated with the effective sym-
metry breaking and symmetry holding phase velocities [13]. Many factors, such
as the aspect ratios, the flexibility and the shape of the foil, that influence the
formation of vortex wake of a flapping foil, were studied experimentally and
numerically [14] [15] [16] [17]. The system of dual-flapping foils is a new style
and unconventional device which has high propulsive efficiency [1]. Investigat-
ing the vortex formation of the wake of dual-flapping foils is beneficial for the
optimization design of the micro-aerial vehicles; this is the motivation of this
paper.

In this paper, the unsteady flow fields around dual-flapping airfoils are simu-
lated by solving the 2-D viscous incompressible N-S equations based on the im-
mersed boundary method [18] [19]. The vortex formation and organization are
analyzed in detail. The rest of this paper is organized as follows. Section 2
presents the physical model and numerical method. Details of the simulation
results are presented and discussed in section 3. Finally, the conclusions are pre-

sented in section 4.

2. Physical Model and Numerically Method

In this paper, a NACAO0012 airfoil is used as the contour of the flapping foil, as
shown in Figure 1, the flapping motion of the upper foil is described as follow:

y =Y, +hsin(2aft) (1)

where y is the vertical coordinates of the flapping foil, y; is the vertical coordi-

nate of the mean position of the flapping foil, 4 is the flapping amplitude, fis the
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U..: initial velocity of the flow; L: separation distance between the up-
per and lower foils; ¢ the chord length of NACA0012.

Figure 1. Schematic of the physical model of dual-flapping foil.
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flapping frequency. All the control parameters are non-dimensionalized, the
spacing L=L'/c, the flapping amplitude h=h'/c, the flapping frequency
k =2=rfc/U_ . The lower foil flaps counter-phase with the upper foil.

The governing equations of a two-dimensional incompressible viscous flow

are written as follows:
ou 1_,
—+V-(uu)=-Vp+—V-u+f, 2
ot ( ) P Re @

V-u=0. (3)

where @ is the velocity, p is the pressure, the Reynolds number is defined as Re =
LU,/ v, vis the viscosity, and fis the Eulerian force density. The parameters in
the current work are defined as follows: U, = 1.0, ¢ = 1.0, Re = 500.0. A simple
immersed boundary method [19] is employed to calculate the interacting force
between the flapping foil and the surrounding fluid, the solution procedure of
the immersed boundary method can be done as the following steps (time ad-

vancement from nto n+ 1):

U—Un __E n l n—l_ N i 2 n ~
. 2V(uu) +2V(uu) Vp +2Rev (u +u) (4)
(X, )=>,0(x)8, (x=X,)h? (5)
5 U, (X, )—-G(X
D (0 (x=X) 8, (x =X, ) Ash )F(xj)z% (6)
f(x)=2 0 F(X)8, (X=X, )As (7)
u-a e
A ®)
u”-u’ N
A =Vp 9)
V-u© =Vipm (10)
unﬂ UH n+l
=P (11)

where 0, u” and U™ are the intermediate velocity values between the time
step of nand 1 + 1, the complete details of the algorithm and the validations are

available in the previous work [20].

3. Results and Discussion

In order to compare the wake of dual-flapping foils to that of an isolated foil,
two values of flapping amplitude (4= 0.1 and A = 0.35) are simulated. As shown
in Figure 2, the Von-Karman vortex street and deflected reversed Von-Kirman
vortex street are generated by an isolated flapping foil with 42 = 0.1 and A4 = 0.35,
respectively. The upper foil was selected for compare because its motion is same
to an isolated foil. Figure 3 shows the wake of the dual-flapping foils with the
flapping parameters of X = 4 and A = 0.1. An interesting phenomenon, the def-
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(a) (b) 5432112345

Figure 2. Vorticity contours for the case of an isolated flapping foil with the flapping am-
plitude /2 = (a) 0.1 and (b) 0.35. The other control parameters are &= 4.0, Re = 500. White
and black colors denote positive (anticlockwise) and negative (clockwise) vorticity, re-
spectively.

(b)

(d)

Figure 3. Vorticity contours for the case of dual-flapping foils with the separation dis-
tance L = (a) 0.6, (b) 0.8, (c) 1.0 and (d) 1.2. The other control parameters are k= 4.0, A =
0.1 and Re = 500. White and black colors denote positive (anticlockwise) and negative
(clockwise) vorticity, respectively.

lected von-Karman vortex street, was observed behind the dual-flapping foils,
and the deflection angle increases as the separation distance decreases. It is very
surprising since the Kdrmdn wake of a flapping foil reported in the previous stu-
dies was not deflected [6]. Figure 4 shows the wake pattern of dual-flapping foils
with the flapping parameters of & = 4 and A = 0.35. The deflected reversed von-
Karman vortex streets have formed behind the flapping foils, but the direction of
the deflection is opposite to that of an isolated foil. The deflection weakens as the
spacing increases. We should point out that, the wake of dual-flapping foils
would not deflect when the spacing is appropriate, although the wake of an iso-
lated flapping foil with the flapping parameters of k= 4 and A = 0.35 deflects. It
means that the dual-foils not only restrain the wake deflection but also promote
the wake deflection.

The deflected direction was according to the initial heaving direction of an
isolated foil in the previous studies [9] [11], when the airfoil starts moving up-
ward at the beginning of the heaving motion, the wake deflects downward, and
vice versa [13]. But for the dual-flapping foils, the deflected direction of the wake
is not affected by the initial heaving direction. Only the upward deflected wake
has observed for the upper foil, and the downward deflected wake for the lower

foil, no matter its initial heaving direction is upward or downward. It is very dif-
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(b)

Figure 4. Vorticity contours for the case of dual-flapping foils with the separation dis-
tance L = (a) 1.6, (b) 2.0, (c) 2.4 and (d) 2.8. The other control parameters are k=4.0, 4=
0.35 and Re = 500. White and black colors denote positive (anticlockwise) and negative
(clockwise) vorticity, respectively.

(a) (b) 54321012345

Figure 5. The pairing competition among the first few vortices of dual-flapping foils with
different initial motions. (a) the upper foil has an initially upward motion; (b) the upper
foil has an initially downward motion. White and black colors denote positive (anti-
clockwise) and negative (clockwise) vorticity, respectively.

ferent to the deflection of the wake behind an isolated flapping foil. The vortex
generated in the open flapping motion also followed the vortex produced during
the consecutive close flapping motion, no matter the up foil starts with an up-
ward or downward motion initially. Figure 5 shows the vortex field at the nas-
cent stages after the foils start to move. When the upper foil has an initially up-
ward motion, the starting vortex “A” is pairing with the strong vortex “B” gen-
erated in the consecutive downward motion. However, when the upper foil has
an initially downward motion, the vortex pair formed by the vortex “B” and “C”,
instead of the vortex “B” and “A”. This is because the jet flow generated during
the close flapping motion can push the vortex to the downstream. Figure 6
shows the mean velocity profiles for x/c = {1.0, 2.0, 3.0, 4.0} chord-lengths
downstream from the trailing edge of the dual-flapping foils, the zero value in
the y axis is the middle position between two flapping foils. As pointed in the
previous studies [11] [13], the angle of deflection could calculate following the
shape of the mean velocity profiles. As shown in Figure 7, four fine lines

represent the downstream positions where the values of mean velocity has been
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Figure 6. Plot of the mean streamwise velocity profile showing asymmetric wake for (a) 2= 0.1, L= 0.6; (b) A=
0.35, L= 1.6. The other control parameters are k= 4.0 and Re = 500.
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Figure 7. Average wake deflection angle for the case of L = 0.6, A= 0.1 k= 4.0, Re = 500.
®: the deflected angle. Fine lines indicate four locations in the flow direction (x-direction)
for the downstream distances from the trailing edge of the upper foil. Rectangular sym-
bols imply locations of maximum mean velocity. Heavy line represents the linear curve-
fit which is performed through the rectangular symbols.

recorded, the rectangular symbols represent the locations of maximum value of
each mean velocity profiles of the upper foil. The deflection angle is calculated
through a linear curve fit (the heaving line) which is performed through the rec-
tangular symbols in Figure 7. The results of deflection angle will discuss in the
latter.

In order to analysis the wake deflection quantitatively, Godoy-Diana et al
proposed a dipole model of two adjacent vortices and used the effective phase
velocity of a dipole to quantify the trend of wake deflection [12]. Zheng and Wei
used the effective phase velocities of two adjacent dipoles that defined as the
symmetry breaking and symmetry holding, to quantify the trend of wake deflec-
tion [13]. The vortex deflection motion can divide into horizontal and vertical
transportations, which are motivated by the horizontal and vertical flow veloci-

ties, respectively. Thus, the vertical flow velocity is the crucial factor that influ-
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ences the deflection. Here, we calculate the vertical dipole-induced velocity as

follows:
Vi =(T/2né)sina (13)

where T is the vortex circulation, is the distance between adjacent vortex cores,
and a is the angle between the direction of the dipole and the horizontal direc-
tion, as shown in Figure 8. The way we used to calculate the vortex circulation T'
follows the previous study [13].

The vertical dipole-induced velocities of two adjacent dipoles define the trend
of upward deflecting and downward deflecting, respectively. As shown in Figure
8, the upward deflecting dipole is represented by vortices “I” and “II” which in-
duce an upward velocity, and the downward deflecting dipole is represented by
vortices “II” and “III” which induce a downward velocity. Figure 9 shows the
results of the deflected angle and the vertical dipole-induced velocity in the wake
of the upper foil in different simulation series. It shows that, the wake deflects
upward when the upward deflecting velocity is larger than the downward def-
lecting velocity, and the deflected angle increases as the difference between up-
ward and downward deflecting velocities increases. When the downward def-
lecting velocity is larger than the upward deflecting velocity, the wake of a flap-
ping foil deflects downward, such as the wake of the lower foil in Figure 3(a)

a8

Figure 8. Parameters used in calculating the vertical dipole-induced velocity.
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Figure 9. Deflected angle plotted as a function of the difference between upward and
downward deflecting velocities.
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and Figure 4(a).

4. Conclusion

The vortex formation of the wake of dual-flapping foils has been numerically
studied using the immersed boundary method. Beside the deflection of the re-
versed von-Karman vortex street, an interesting phenomenon, the deflection of
the von-Karman vortex street, was observed behind the dual-flapping foils. The
deflected direction is not according to the initial direction of the heaving motion
because the vortex generated in the open flapping motion was also pairing with
the vortex produced during the consecutive close flapping motion. The deflec-
tion trend correlates with the vertical induced velocities of two adjacent dipoles,
which represent the trends of upward and downward deflecting, respectively.
Moreover, the deflection angle is determined by the difference between upward
and downward deflecting velocities. The results may provide some physical in-
sights for understanding the intrinsic mechanism in flying and swimming in

nature, and the three-dimensional model will be considered in our further work.
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