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Abstract

The effect of asymmetric heaving motion on the aerodynamic performance of a two-dimensional flapping foil near a wall is studied
numerically. The foil executes the heaving and pitching motion simultaneously. When the heaving motion is symmetric, the mean thrust
coefficient monotonically increases with the decrease in mean distance between foil and wall. Meanwhile, the mean lift coefficient first
increases and then decreases sharply. In addition, the negative mean lift coefficient appears when the foil is very close to the wall. After the
introduction of asymmetric heaving motion, the influence of wall effect on the force behavior becomes complicated. The mean thrust
coefficient is enhanced when the duration of upstroke is reduced. Moreover, more and more enhancement can be achieved when the foil
approaches the wall gradually. On the other hand, the positive mean lift coefficient can be observed when the duration of downstroke is
shortened. By checking the flow patterns around the foil, it is shown that the interaction between the vortex shed from the foil and the wall
can greatly modify the pressure distribution along the foil surface. The results obtained here might be utilized to optimize the kinematics of

the Micro Aerial Vehicles (MAVs) flying near a solid wall.
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1 Introduction

The wall effect can be frequently observed in the
propulsion of flyers and swimmers in nature. It can lead
to the drag reduction or lift enhancement, which is the
most appealing dynamic advantage for the flyers and

. 1,
sw1mmers[

2l For example, the black skimmer is found
to achieve high lift-to-drag ratio when flying above the
water surface®*, the pelican can save energy consump-
tion when gliding near the water surface!, the steelhead
trout can experience a high propulsion efficiency when
swimming near the channel wall'®, and the similar dy-
namic advantage can be found in many other flyers and
swimmers when advancing near the wall"*).

The wall effect was first investigated by fixing a
wing near the wall in a wind tunnel, which is called as
steady wall effect’’. It was found that the lift-to-drag
ratio could be as high as 20 or more if the clearance
between the foil and the wall is less than a threshold
value®. Such high lift-to-drag ratio is the consequence

of increased lift due to the high underside pressure and

*Corresponding author: Jie Wu
E-mail: wuj@nuaa.edu.cn

low induced drag due to reduced wing-tip vortices!'".

Besides the clearance between the wing and the wall, the
flow characteristics, such as the viscosity, inlet velocity,
and the Reynolds number and so on, are also found to

influence the wall effect!""? (13]

. Moreover, Rayner
pointed out that the higher aspect ratio of wing could
achieve more dynamic advantage from the wall effect.
The steady wall effect has been extensively studied so
far, and there are many successful applications, such as
the air cushion vehicles, the wing-in-wall-effect craft,
and the racing car'?.

On the other hand, when the animals move forward
near the wall, the clearance between the wings (or fins)
and the wall changes periodically, which then is called as
unsteady wall effect!'). Compared with the steady wall
effect, the unsteady wall effect is more complex due to
the changing clearance, which would induce the com-
plex vortex-structure interactions. Thus, in recent years,
the unsteady wall effect has been studied extensively.

Srinidhi and Vengadesan!" indicated that the

presence of the wall would cause the vortices rebound.
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As a result, the effective angle of attack of the flapping
foil would change, and then the force generation is in-

fluenced. Dai et al.!™

stated that the secondary vortex
generated by the wall would affect the vortex pairing and
rebounding. Fernandez-Prats er al.l'" showed that the
introduction of the wall could enhance the momentum
distribution along the propulsive direction. Gao and
Lu!'"found that there were three regimes of lift behavior,
i.e., enhancement, reduction, and recovery regime, as the
clearance increased.

In addition, Kolomenskiy et al."® numerically in-
vestigated the unsteady wing-wake interactions. They
pointed out that the steady wing kinematics was benefi-
cial for achieving the positive wall effect. Wu et al.!'”!
indicated that the flapping frequency of foil could in-
fluence the unsteady wall effect. They found that the
presence of the wall would reduce the drag at the high
frequency. Truong et al?®*! experimentally investi-
gated the wall effect during the takeoff of beetle. They
demonstrated that the unsteady wall effect that enhanced
the lift was mainly working during the downstroke but
negligible during the upstroke.

As seen from the previous studies, it is known that
both the clearance and the wing kinematics influence the
unsteady wall effect greatly. However, the further un-
derstanding of the unsteady wall effect is still required.
For example, there is very little study about the unsteady
wall effect of a wing with asymmetric motion. Therefore,
the unsteady wall effect of a two-dimensional foil, which
simultaneously executes the asymmetric heaving motion
and the traditional pitching motion near a wall, is inves-
tigated numerically in this work. Based on the numerical
results obtained, the influence of asymmetric motion
with wall effect on the force behavior of the flapping foil
is analytically displayed.

2 Problem definition and methodology

2.1 Problem definition

In the current study, a two-dimensional NACA0012
airfoil is used to represent the model of wing, as shown
in Fig. 1a. The freestream velocity is Uy, and the chord
length of foil is ¢. The foil, which simultaneously per-
forms the heaving and pitching motion, is placed near a
solid wall. The heaving motion is asymmetric, and the
pitching motion is traditional. So the flapping motion is
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Fig. 1 (a) Sketch of a flapping foil near a solid wall and (b)
h(t)-0(¢) phase diagram.

prescribed as®:

0(1) =6, + 0, sin(2nft), (1)
t*
hy +h, cos| 2n| — ||,
28
1-1 .
hy+h, cos| 2n| — ||, S<t <1
2(1-5)

where 6(¢) is the instantaneous pitching angle, 6, is the

0<t <S

h(t) = (2)

mean angle of attack, 6, is the pitching amplitude, A(?) is
the clearance between the foil and the wall, Ao is the
mean value of clearance, 4, is the heaving amplitude,
is the flapping frequency, ¢ is the time, ¢ = fi — int(ff) =
mod(#/T), T is the flapping period. S is the asymmetric
coefficient, which describes the asymmetric level. For
example, as shown in Fig. 1b, S = 0.4 means that the
downstroke consumes 40% of one cycle time, whilst
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S = 0.5 represents the symmetric heaving motion. In
addition, the pitching axis is fixed at quarter-chord in
this study.

2.2 Numerical method
In this study, the two-dimensional viscous flow

over the flapping foil is governed by the Navier-Stokes

equations'®):

op
Ly,
= TV (ou)

0, €)

agfuw-(puwz)=uv-[V(pu)+\7(p")T]’ ¥

where p s the flow density, u is the flow velocity vector,
p is the pressure, u is the dynamic viscosity of the flow,
and 7 is the unit tensor. For the case of small density-
variation and low Mach number, Egs. (3) and (4) can be
used to simulate incompressible flows'”. By the finite

volume method, they can be discretized as*¥:
dw, 1 &
=——>»F_S, 5
a2 e
W =(p,pu,pv)" 2 ()
T
F:1:(Fp’Fpu’va) b4 (7)

where W is the conservative variable vector, F, is the
numerical flux vector, J is the index of the control cell,
Q; denotes the volume of the control cell J, Nyrepresents
the number of the face of the control cell J, and S, is the
area of the ith interface of the control cell J, u and v
represent the horizontal and vertical velocities in the
global Cartesian coordinate system defined at the cell
center, respectively.

Eq. (5) is a flux equation, and the key to solve this
equation is to calculate numerical fluxes F,. As a con-
sequence, the local coordinate system defined at the cell
interface is introduced™:

W=nW, (®)
F =n-F, 9)

where n denotes the unit vector of the local coordinate
system, W and F, represent the conservative variables
and the numerical fluxes in the local coordinate system,

respectively, which can be expressed as'>:

W =(p,pu. pus)' (10)
— T
E1:<Fp’Fpu]’Fpu2) ’ (11)

where u = (u;, uy) is the velocity vector in the local co-
ordinate system.

In this work, a simplified circular function-based

3lis used to calculate the fluxes in the
local coordinate system, which is written as'**':

gas kinetic scheme®

F,=F'+7,[F"-F'], (12)
where 7, =7, /8t , 8t is the streaming time which is
calculated as & = 0.4min(ALAr)/(max( u, ,u, )tcy),
where ¢,=+2U,/Ma, Al and Ar represent the lengths of
the shortest edges of the left and right cells around the
interface, respectively. The details of F'' and F' can be

found in Ref. [23].

In order to simulate the fluid-structure interactions
between the flapping foil and the surrounding flow, a
velocity correction-based immersed boundary method'*”!
is employed. In this method, the flow velocity is im-
plicitly corrected by the no-slip boundary condition. For

. . 19.2
more details, one can refer to our previous work!!?#,

2.3 Numerical validation

To validate the adopted numerical method, the
simulation of a flapping foil near a wall is carried out.
The parameters used are the same as our previous
work!""). The size of computational domain is 25¢ x 25c.
A non-uniform mesh is used, which is fine and uniform
around the foil, and the spacing of uniform mesh is
Ah =0.025¢. The Reynolds number, Re = pUyc/u, is 150,
and other parameters are ho/c = 3, h,/c = 0.4, 6y = 0,
6,, = m/4 and = 0.125. Fig. 2 shows the time histories of
drag coefficient (Cp) and lift coefficient (Cy) of the foil.
It can be seen from the figure that the current result
agrees well with that of Wu et all'". Therefore, the
adopted method is suitable for the current investigation.

3 Results and discussion

In this section, the aerodynamic performance of a
rigid flapping foil with asymmetric heaving motion in
wall effect is studied in detail. It should be pointed out
that, in order to simplify the problem, the effect of the foil
considered in this

deformation is not work,

although the flexibility and deformation also influence
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Fig. 2 Time histories of (a) drag coefficient and (b) lift coeffi-
cient obtained from different methods.

the aerodynamics of a flapping foil** %), The values of
parameters used in current simulations are set as:
Re =500, h,/c=1,6,=u/6,f=0.2,0,=0, 1.2 < ho/c <
2.5 and 0.25 <8 <0.75. To make comparison, the cases
of ho/c = o, which represents no wall effect, are also
simulated. In the first part, the wall effect of symmetric
flapping foil (S = 0.5) will be studied, and then the
asymmetric flapping foil will be investigated in the se-
cond part. Before that, the validation of mesh inde-
pendence should be finished. To do that, the simulation
at §=0.5 and hy/c = o is performed. As shown in Fig. 3,
the mesh spacing of A4 = 0.025¢ is fine enough to
achieve the accurate results.

3.1 Wall effect in symmetric motion

The force behaviours of the symmetric flapping foil
near a wall, such as the mean thrust coefficient (C, ) and
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Fig. 3 Time histories of (a) thrust coefficient (Cr) and (b) lift
coefficient obtained from different meshes.

the mean lift coefficient (C’L ), are shown in Fig. 4. The
dash line represents the results of 4¢/c = . From the
figure, it is found that the curves of C, and C, become
steeper and steeper when the mean clearance (%) de-
creases. It indicates that the wall effect becomes stronger
and stronger as the foil gradually approaches the wall.
As shown in Fig. 4a, the presence of the wall can en-
hance C, clearly. Meanwhile, the enhancement in-
creases as /g decreases. However, C, first increases and
then decreased as /o decreases, as shown in Fig. 4b. The
peak value of C’L occurs at hg/c = 1.5. Moreover, one
noted feature is that the negative EL is produced if the
foil is very close to the wall (h¢/c < 1.3). It implies that
the decrease in 4y is not always helpful for the lift gen-
eration. The negative wall effect, which restrains the lift
generation, can be observed when the mean clearance is
less than a threshold value.

To further check the variation of forces due to the
wall effect, the time histories of thrust and lift coeffi-
cients (Cr and Cy) at hg/c =1.2, 1.5 and oo in one flapping
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Fig. 4 (a) Mean thrust coefficient and (b) mean lift coefficient as
function of mean clearance between foil and wall.

cycle are plotted in Fig. 5. As shown in Fig. 5a, two
positive peaks of Cr can be observed at the instants of
t/T=0.3 and 0.8, respectively. For the case of h¢/c = 1.2,
the peak value at #/T = 0.8 is higher than that of /¢/c = .
Moreover, it can be noted that Cy during the interval of
t/T = 0.5-0.6 is strengthened significantly, and even a
secondary peak is observed at about #7 = 0.55. For the
case of hy/c = 1.5, however, the wall effect is weakened,
and the curve of Cris close to that of /g/c =o0. As
illustrated in Fig. 5b, on the other hand, C; at hy/c = 1.2
experiences a sharp decrease during the interval of
t/T=0.5-0.6 as compared with the case of /p/c = oo, and
there is a negative peak value of C; at #/7 = 0.55. But
when h¢/c = 1.5, Cy is increased more or less during the
interval of /7= 0-0.4.

Besides the force performance, the flow patterns
can be also modified by the wall effect. Fig. 6 and
Fig. 7, respectively, provide the instantaneous vorticity
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Fig. 5 Time histories of (a) thrust coefficient and (b) lift coeffi-
cient obtained from different clearances.

and pressure coefficient contours at two typical instants,
ie, t/T = 0.55, 0.65 and 0.8. Again, the results at
ho/c = 1.2, 1.5 and oo are presented. Compared with the
case of hy/c = oo (Fig. 6¢), strong interaction between the
vortex shed from the foil and the wall happens for the
case of hy/c = 1.2 (Fig. 6a). As a result, the pressure
distribution around the foil (Fig. 7a) differs from that at
ho/c = oo (Fig. 7¢). For the case of hy/c = 1.5 (Fig. 6b),
however, the vortex interaction is greatly weakened. So
the pressure distribution around the foil (Fig. 7b) is
similar to that at /¢/c = oo (Fig. 7¢).

In particular, at the earlier stage of upstroke
(#/T = 0.55), the vortex is developing along the lower
surface of the foil. As a result, the small distance be-
tween the foil and the wall induces an obvious low
pressure region at the lower surface of the foil, as plotted
in Fig. 7a. Consequently, both the increase in thrust and
the decrease in lift occur, as shown in Figs. 5a and 5b,
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respectively. This is the reason why both the instanta-
neous thrust and lift coefficients have secondary peaks
near the stroke reversal for the case of hy/c = 1.2, as
shown in Figs. 5a and 5b, respectively. When # 7= 0.65,
the vortex is stagnated near the trailing edge of the foil,
which results in the appearance of low pressure region at
the upper surface of the foil. Consequently, small pres-
sure difference between the lower and upper surfaces
occurs as compared with the case of /iy/c = . This is the
reason why the thrust is decreased but the lift is in-
creased at this instant as compared with the case of no
wall effect, as shown in in Figs. 5a and 5b. When
t/T= 0.8, a new Leading Edge Vortex (LEV) is forming
along the lower surface of the foil, which results in the
low pressure region on the lower surface. Comparing the
results in Figs. 7a and 7c at this instant, it is found that
the low pressure region on the lower surface is elongated
by the wall significantly. This phenomenon causes the
thrust enhancement and lift reduction as shown in
Figs. 5a and 5b. Therefore, flapping much close to the
wall may be harmful due to the negative lift.

Based on the results above, it is known that to
generate both high mean thrust and positive mean lift in
wall effect, the mean clearance between foil and wall
should be larger than a critical value. Moreover, the wall
effect mainly changes the force behavior during the
upstroke of flapping foil. Thus, in order to further en-
hance the mean thrust or mean lift, the duration of up-
stroke can be modified. In the following section, the
asymmetric heaving motion then will be introduced into
the wall effect.

3.2 Wall effect in asymmetric motion

The asymmetric heaving motion is controlled by
the coefficient S, as defined in Eq. (2). When § < 0.5, the
downstroke duration is less than the upstroke one, and
vice versa. Fig. 8 plots the variation of C; and C, with
respect to S at hy/c = 1.2, 1.5, 2 and .

From Fig. 8a, it is indicated that C, first decreases
and then increases with the increase in S for the cases of
ho/c = 1.5, 2 and oo. In addition, the results at hy/c = 2 is
approximate to that at /s/c = oo, which means that the
wall effect has been weakened obviously. As the foil is
very close to the wall, i.e., hip/c = 1.2, the variation of
C, is complex when > 0.5. Tt vibrates around the value
of ET ~0.7. On the other hand, by changing #,, (_?T can

demonstrate different variation trend at a fixed S.
Without considering the case of /y/c = 1.2, there are two
typical regimes, i.e., monotonic reduction and mono-
tonic enhancement. When § < 0.4, C_TT experiences a
monotonic reduction as /g decreases. It means that the
wall effect is harmful for the thrust generation. The
similar negative wall effect has also been observed in the
previous work!'®'”). When § > 0.4, C, increases mono-
tonically as /g decreases. Thus, the wall effect under this
condition is beneficial for the thrust generation, which is
similar to the positive wall effect that reported in many
previous studiest* "),

From Fig. 8b, it is found that EL always can de-
crease with S monotonically for all values of 4y consid-
ered. In particular, (_?L is positive when § < 0.5 and
negative when S > 0.5. It implies that the short down-
stroke duration is beneficial for the lift generation.
Moreover, for a given S, the value of (_?L at different /g
is close to each other when S < 0.5. It then means that the
influence of wall effect on C, is weaker than that of the
asymmetric heaving motion when § < 0.5. From the
results in Fig. 8, it is known that the wall effect in the
asymmetric flapping motion becomes complex. To en-
hance the mean thrust, the upstroke duration should be
shortened. But to generate the positive mean lift, the
downstroke duration needs to be reduced.

Similar to Fig. 5, Fig. 9 illustrates the time histories
of Ct and Cp in one flapping cycle. Since the curves
change sharply for the case of /¢/c = 1.2, only the results
at hy/c = 1.5 are presented. Two asymmetric coefficients,
i.e.,$=0.3 and 0.7 are selected. Moreover, the results at
S§'=0.5 are also involved for comparison.

From Fig. 9a, compared with the case of S = 0.5,
although Ct at §=0.3 is enlarged clearly during the most
part of downstroke, it is reduced significantly during the
whole upstroke. Since the upstroke duration is longer,
the resultant E’T then is still reduced. The opposite situ-
ation can be observed for the case of S = 0.7. Here, the
difference of mean thrust coefficient can be defined
as AC,= aT,S:i - E‘T’S:O.S , where i = 0.3, 0.7, the positive
and negative differences are identified as AC; and AC; ,
respectively. For the case of S = 0.3, AE{ = 0.57 and
AC_’T" =—0.76. As a consequence, AéT =—0.19, namely,
the thrust is decreased. As for case of S = 0.7,
AC; =091 and AC; =-0.65. As aresult, AC, = 0.26,
namely, the thrust is increased. From Fig. 9b, the peak
value of Cp at §'= 0.3 during the downstroke is increased
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Fig. 8 (a) Mean thrust coefficient and (b) mean lift coefficient
varying with asymmetric coefficient.

obviously as compared with the case of S = 0.5. In the
meanwhile, Cp during the upstroke is nearly close to be
zero. As a sequence, the generated C, is positive. Again,

the opposite situation happens for the case of S=0.7.
Similar to Fig. 6 and Fig. 7, the instantaneous vor-

ticity and pressure coefficient contours (h/c = 1.5,
§=0.3,0.5 and 0.7) at four typical instants are presented
in Fig. 10 and Fig. 11, respectively. It should be noted
that the contours ranges in these two figures are the same
as that in Fig. 6 and Fig. 7.

At the instant of #7 = 0.2, the foil is moving
downward. For the case of § = 0.3, a clear leading edge
vortex has been formed. It is developing along the upper
surface of the foil due to the dynamic stall, as shown in
Fig. 10a. As compared with the case of S = 0.5, as
shown in Fig. 10b, the size of LEV is larger. In addition,
the foil is also plunging faster. Therefore, as shown in

10
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Fig. 9 Time histories of (a) thrust coefficient and (b) lift coeffi-
cient at different asymmetric coefficients.

Fig. 11a, a lower pressure region is produced along the
upper surface and a higher one along the lower surface.
For the case of S = 0.7 shown in Fig. 10c, however, no
clear LEV can be found. So the pressure along the lower
surface is lower than that along the upper surface, as
shown in Fig. 11c.

At the instant of /T = 0.5, the foil with §= 0.5 just
reaches its lowest position of heaving motion. The LEV
is leaving the upper surface. Nevertheless, the foil with
S = 0.3 has already come to the upstroke. The LEV has
been shed into the wake, and a new LEV is being gen-
erated along the lower surface. So a high pressure region
is formed around the leading edge of upper surface. In
contrast, the foil with § = 0.7 is still carrying out its
downstroke and approaching the wall. At this moment,
the pressure along the lower surface is higher than that
along the upper surface.
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Fig. 10 Instantaneous vorticity contours at different instants and asymmetric coefficients with hy/c = 1.5.
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Fig. 11 Instantaneous pressure coefficient contours at different instants and asymmetric coefficients with 4y/c = 1.5.
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At the instant #/T = 0.8, the foil is moving upward.
For the case of § = 0.3, the heaving velocity of the foil is
slower than that of S = 0.5. The newly formed LEV is
greatly elongated along the lower surface. As a result, no
clear pressure difference between the upper surface and
lower surface is observed. For the case of $=0.7, the foil
is speeding up, and a new LEV starts to be produced
along the lower surface. Consequently, great pressure
difference between the upper surface and lower surface
appears.

At the instant #7 = 1.0, the foil just finishes a com-
plete cycle of flapping motion. When S = 0.3, the LEV is
only shed partly. So there is no clear pressure difference
between two surfaces yet. When S'= 0.7, on the contrary,
the new LEV is very strong and developing along the
lower surface. However, the pressure along the upper
surface is also low, which then reduces the pressure dif-
ference between two surfaces. The flow patterns in
Fig. 10 and Fig. 11 explain well the force behavior in
Fig. 9.

4 Conclusion

In this work, the aerodynamic performance of a
two-dimensional flapping foil with asymmetric heaving
motion in wall effect is investigated. To perform the
numerical simulation, an immersed boundary-simplified
circular function-based gas kinetic scheme is adopted.
The effects of the clearance between foil and wall and
the asymmetric coefficients are investigated systemati-
cally. Based on the numerical results, it is found that the
force behavior is affected by both the wall effect and
asymmetric heaving motion significantly. When only the
wall effect is considered, the mean thrust monotonically
increases as the foil approaches the wall gradually. At the
same time, the mean lift first increases and then decreases
suddenly. If the foil is very close to the wall, the mean lift
even becomes negative. When the asymmetric heaving
motion is also involved, the variation of forces becomes
complex. When the duration of upstroke is decreased, the
foil experiences the enhancement of mean thrust. In ad-
dition, further enhancement can be obtained when the
clearance between foil and wall decreases. When the
downstroke duration is shorter than the upstroke duration,
the positive mean lift can be observed. After checking the
flow patterns around the foil, it is demonstrated that the

interaction between the vortex shed from the foil and the
wall greatly changes the pressure distribution along the
foil surface. In summary, a flapping foil heaving quickly
during the downstroke but slowly during the upstroke is
an effective strategy when it is advance near a wall. The
results in this work may be used to optimize the kine-
matics of the MAVs flying near a wall or water surface.
On the other hand, it is noted that the flexible deforma-
tion also affects the aerodynamic performance of a
flapping foil, and it will be our future work.
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