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PAPER

Self-propelled swimming of a flexible plunging foil near a solid wall
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of China
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Abstract
Numerical simulations are conducted to investigate the influences of a solidwall on the self-propelled
swimming of a flexible plunging foil. It is found that the presence of a solidwall enhances the cruising
speed, with the cost of increasing input power. Rigid foil can achieve high percentage increase in
cruising speedwhen swimming near a solid wall, but the propulsive efficiencymay be reduced. Foils
with some flexibility can enjoy the enhancements in both cruising speed and propulsive efficiency.
Another advantage of the flexible foils in near-wall swimming is that smaller averaged lateral forces are
produced. The effects of wall confinement on thewake structure and the vortex dynamics are also
studied in this paper. The results obtained in this study shed some light on the unsteadywall effect
experienced by aquatic animals and also inform the design of bio-mimetic underwater vehicles which
are capable of exploiting thewall effect.

1. Introduction

Boundary confinements are frequently encountered in
the world of swimmers and flyers. It is well known that
the presence of a boundary can affect their locomo-
tion. Thus for making predictions or understanding
flow physics, it is crucial to account for the effect of
boundary confinement in theoreticalmodels.

In the studies of macro-scale biolocomotion, the
effect of boundary confinement is also termed as
ground effect, or wall effect. Such effect can be found
in steady gliding with fixed-wing configuration. For
example, gliding black skimmer (rhyncops nigra) can
exploit ground effect to increase its forage efficiency
[1]. Gliding pelican was found to achieve significant
energy savings from ground effect [2]. Similar aero-
dynamics advantage was found in flying fish when
gliding close to the sea surface [3]. Ground effect is also
observed in undulatory swimming with deforming
body or fin. For example, steelhead trout was found to
alter its kinematics under the influence of channel side
walls. The wall effect reduced its tail-beat amplitude
and swimming speed, while the tail-beat frequency
was not affected [4]. The kinematics of plaice (which is
a typical example of benthic fish) were also affected by
the presence of a substrate [5]. The plaice’s tail-beat
amplitude reduced when swimming near the ground.

Its tail-beat frequency increased with speed when
swimming near the bottom, but was independent of
speedwhen swimming away from the bottom.

Although the ground effects in steady gliding and
undulatory swimming seem to be alike, the physical
mechanisms behind them are actually very different.
In the case of steady gliding, ground effect improves
the aerodynamic performance by increasing the lift-
to-drag ratio. The increase in lift-to-drag ratio is the
consequence of (a) enhanced lift production due to the
high pressure between the lifting surface and the
boundary, and (b) lower induced drag due to the inhi-
bition of wing-tip vortices. Mathematical models
based on traditional steady aerodynamics theory have
been used to predict the gliding performance of birds
near the ground or the sea surface [6, 7]. In the case of
undulatory swimming near a surface, the wall effect
becomes unsteady due to the time-varying pressure
and flow structures in between the swimmer and the
surface. Unlike the steady wall effect, the unsteady wall
effect in undulatory swimmers is still not fully under-
stood. As a first step towards understanding the
unsteady wall effect experienced by aquatic animals,
the influences of an underneath boundary on the pro-
pulsive performance of mechanical locomotors have
been investigated.
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Analytical approach was first used by Tanida [8] to
study the fluttering of a soft plate in oscillating mode
near a channel wall. The results showed that the wall
effect can increase the thrust and propulsive efficiency.
Iosilevskii [9] used asymptotics to predict the unsteady
lift and drag on a two-dimensional, oscillating airfoil
near a flat surface.

Recently, experiments were carried out by Quinn
et al [10] to study rigid airfoils undergoingpitching oscil-
lations near a solid surface, and itwas demonstrated that
thrust can be enhanced by the wall effect while the pro-
pulsive efficiency remained a constant. In another
experiment conducted byQuinn et al [11], aflexible rec-
tangular panel was actuated at the leading edge near the
wall of a water channel. For a given actuation mode
under the self-propelled condition, it was found that the
panel swam faster near the channel wall whilemaintain-
ing the same propulsive economy. Under the tethered
condition, it was found that the panel produced more
thrust near the channel wall. In the work by Fernandez-
Prats et al [12], the propulsive dynamics of a flexible
undulating foil under self-propelled condition near a
wall was investigated. In the experiments on stingray-
inspired flexible fins [13], it was found that under most
kinematic conditions, the robotic fins cannot swim fas-
ter near a solid wall, while the cost of transport can
increase byup to 10%.

A few numerical studies on the unsteady wall effect
can also be found in the literature. Quinn et al [10] used
the unsteady potential flow method to compute thrust
and lift on a pitching aerofoil close to a solid boundary.
Liang et al [14] employed a potential-flow-based discrete
vortex method to investigate the unsteady wall effect in
heaving airfoils. Viscous flow simulations have been
conducted to study the aerodynamic behavior of an
inverted airfoil (based on Formula One car front wing)
which oscillated near the ground [15, 16]. The two
works above focused on the wall effect on the produc-
tionof down force (negative lift force).

As seen from the literature review above, the
unsteady wall effect is a relatively new research topic in
biolocomotion. Whether the presence of an under-
neathwall enhances the propulsive performance is still
inconclusive. Motivated by the desire to achieve a bet-
ter understanding of the unsteady wall effect, in the
current work, we conduct simulations on the self-pro-
pulsion of a flexible plunging foil near a solid bound-
ary. To the best of our knowledge, numerical studies
which solve the Navier–Stokes equations to quantify
the wall effect on the propulsive performance of free-
swimming flapping foils still lack in the literature. Two
main questions are considered this study: are there any
energetic benefits by swimming near a solid wall, and
how does the presence of a boundary modify the wake
structure behind the swimmer?

The rest of the paper is arranged as follows.
Section 2 presents the model problem, numerical
methodology and simulation set-ups. Section 3 pre-
sents the results and discussions, including the effects

of an underneath wall on the propulsive performance,
the production of averaged lift and the wake structure.
Finally, some conclusions are drawn in section 4.

2.Model problem andnumerical
methodology

2.1.Model problem and governing equations
We consider the self-propulsion of a flexible plunging
foil near a solid wall. The fluid flow around the foil is
assumed to be incompressible and laminar. Here the
foil is simplified as an inextensible filament which is
actuated by a prescribed vertical motion at its leading
edge. In the horizontal direction, no constraint is
imposed and the foil is allowed tomove freely.

In this paper, the plungingmotion is prescribed as
w=( ) ( )Y t A tcos , where Y is the vertical position of

the leading-edge, A and w are the plunging amplitude
and the circular frequency, respectively. Figure 1 is a
schematic diagram of the model problem considered
in this study. Here c is the chord length of the foil; d is
the vertical distance between the equilibrium position
of the leading edge and the solid wall. The dimension-
less plunging amplitude and dimensionless wall dis-
tance are defined as =Ā A c and =D̄ d c,
respectively.

The fluid flow is governed by the incompressible
Navier–Stokes equations written in a dimensionless
form as:

¶
¶

+  ⋅ = - +  +( ) ( )u
uu u f

t
p

Re

1
, 1

p

2

 ⋅ = ( )u 0. 2

Here u is the velocity and p is the pressure. f is the
dimensionless Eulerian forcing term which mimics
the effect of the immersed foil on the fluid flow.

All quantities in equations (1) and (2) are scaled by
the reference length c and reference time /c U ,ref

where the reference velocityUref is defined as themax-
imum plunging velocity, Aω, of the leading edge. Rep

is the plunging Reynolds number which is defined as
/r mU c ,f ref where r m,f are the density and dynamic

viscosity of thefluid, respectively.
The motion of the flexible foil is governed by the

structure equationswritten in a dimensionless form as:

Figure 1. Schematic diagramof themodel problem. c is the
chord length.A is theflapping amplitude. d is the distance
between the equilibriumposition of the leading-edge and the
solidwall.
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Here X is the position vector; s is the dimensionless
Lagrangian coordinate along the arc length; F is the
dimensionless Lagrangian forcing term which
accounts for the interaction between the foil and
thefluid.

The dimensionless equations (3) and (4) are also
obtained by scaling space and time with c and /c U ,ref

respectively. β, x, γ are the density ratio of the foil to
the fluid, the dimensionless tension coefficient and the
dimensionless bending rigidity, respectively. The defi-
nitions of these three parameters are:

b
r
r

x
r

g
r

= = = ( )
c

T

U c

B

U c
, , , 5s

f f ref
2

f ref
2 3

where rs is the linear density of the flexible foil.T andB
are the dimensional tension and bending rigidity,
respectively.

2.2. Numericalmethodology
To numerically simulate the model problem, a
loosely-coupled fluid–structure interaction (FSI) sol-
ver is used. In the FSI solver, the fluid flow and foil’s
movement are sequentially advanced by one step in
time. In the fluid part, the incompressible Navier–
Stokes equations are solved by using the direct-forcing
immersed boundary method based on the discrete
stream function formulation [17]. In the structural
part, the inextensibility condition (4) is satisfied by
solving a Poisson equation for the dimensionless
tension x . The governing equation (3), together with
the Poisson equation for x, are solved by using a finite
difference method based on staggered grids [18]. The
FSI solver used in this study has been extensively
validated in [19].

2.3. Simulation set-ups
In this work, numerical simulations are performed on
a rectangular domain of [−23c, 23c] × [−6c, 6c]. The

solid wall is represented by the bottom side of the
computational domain.

Amulti-block Cartesianmeshwith hanging-nodes
[17] is used in this study. Comparing with the single-
block stretched mesh, this locally-refined mesh can
drastically reduce the total number of mesh points
needed for achieving the comparable resolution. A
schematic diagram of the multi-block Cartesian mesh
is shown in figure 2. In this study, we use amesh which
consists of seven blocks with different resolutions to
conduct the simulations. The finest sub-mesh, which
is generated on the sub-domain encompassing the
flapper, has 301 grid points along the chord length.
The sub-meshes generated on other sub-domains are
coarsened level-by-level toward the outer boundary by
doubling the grid width. The total number of grid
points for the multi-block mesh is approximately 3
million.

The non-slip boundary condition is imposed on
the front, bottom and rear sides of the computational
domain, while the free-slip boundary condition is
imposed on top side. The non-slip boundary condi-
tion on the flexible foil is realized by using the direct-
forcing immersed boundarymethod proposed in [17].
For the structure solver, the leading edge is treated as a
clamped end without horizontal constraints, while the
trailing edge is treated as a free-end [19].

Initially, the foil is parallel to the solid wall with its
leading edge being placed at (12c, −6c + d + A). The
initial velocity of the fluid is set to zero. The time steps
for the simulations are chosen such that themaximum
CFL number based on the maximum velocity magni-
tude is 0.5.

3. Results and discussion

3.1. Control parameters
The physical parameters used in the simulations are
listed in table 1. For all simulations, the density ratio,
the dimensionless flapping amplitude and the flapping
Reynolds number are set to 0.03, 0.1 and 200,

Figure 2. Schematic diagramof the computational domain and themulti-blockCartesian grid used in the simulation. Seven sub-
domains and sub-meshes (with different levels ofmesh refinement) are shown. The size of thefinest sub-domains is [−14c, 14c]
´ -[ 6c, −5c]. The gridwidths for the seven sub-meshes (from thefinest to the coarsest) are: ,c

300
,c

150
,c

75
,c2

75
,c4

75
,c8

75

c16

75
.
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respectively. The density ratio and dimensionless
amplitude are comparable with those in some exper-
imental studies [13]. As a first step towards unveiling
the physical mechanism in unsteady wall effect, we use
a Reynolds number which is smaller by two orders in
magnitude than those of the mechanical flappers
[11, 13] or the living stingrays [20]. The use of a
reduced Reynolds number is based on the facts that (a)
the flow physics in flapping-foil systems is relatively
insensitive to the Reynolds number (at least in the
range of < < )Re10 10 ,2 4 and (b) a smaller Reynolds
numbermakes the simulationsmore tractable.

Before investigating into the wall effect, we first
consider the case with negligible wall effect =( ¯ )D 6.0 .
We compute three key parameters for assessing the
propulsive performance, i.e., the cruising speedU ,c the
input power P ,s and the propulsive efficiency η [19].
The cruising speed is the time-averaged horizontal
velocity achieved by the leading edge. The input power
is the time-averaged power required to produce the
oscillation and the forward motion of the foil. The
propulsive efficiency is the ratio of the foil’s kinetic
energy to the input work within one flapping period.
Mathematically, the definitions of the three para-
meters are:
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ò ò
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T
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s
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c
2
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p

where Tp is the dimensionless flapping period. These
three parameters are evaluated after the periodically
steady state is reached.

The variations of cruising velocity and efficiency
with increasing bending rigidity are shown in figure 3.
In this work, five representative bending rigidities,
namely, 1.0, 3.0, 10.0, 30.0 and ¥, are selected to
study the wall effect. g = 3.0 andg = 10.0 represent
the bending rigidities for achieving the optimal effi-
ciency and optimal cruising speed, respectively.
g = 1.0 and g = 30.0 are two suboptimal bending
rigidities, in terms of the cruising speed and efficiency
achieved. In addition to these four bending rigidities,
the rigid limit of a flexible flapper g = ¥( ) is also con-
sidered. For this case, the FSI simulation is conducted
by coupling the equations for the fluidmotion and the
Newton’s second law which governs the horizontal

motion of a rigid foil [19] (eqautions (3) and (4) are not
used). For reference purpose, the values for the cruis-
ing speed, input power and propulsive efficiency at
thesefive bending rigidities are listed in table 2.

To study the influence of wall effect on perfor-
mance, cases with different wall proximities in the
range of ¯ D0.20 6.0 are simulated, for the five
bending rigidities selected. Note that =D̄ 0.20 is the
closest wall proximity considered in this work. We do
not consider even smaller D̄ for the following two rea-
sons. First, the lack of mesh resolution prevents us
from accurately predicting the flow in the narrow
clearance. Second, for foils withmoderate or high flex-
ibilities, the trailing edges may even collide with the
wall and such collision further complicates the
problem.

3.2.Mesh sensitivity test
To ensure that the solutions obtained are independent
of the mesh width and domain size, a sensitivity test is
conducted for the case of g = 3.0 and =D̄ 0.20. In
this case, the narrowest possible gap between the
flapper and underneath wall is formed due to the
highest trailing-edge amplitude and the closest wall
proximity. To resolve the flow in the small gap, a very
dense mesh is required. This case is thus the most
stringent one for themesh sensitivity test.

Three meshes with different resolutions are gener-
ated for the sensitivity test. The detailed information
for the meshes used in the test are summarized in
table 3. The time histories of the leading-edge’s hor-
izontal velocity and the vorticity at one mark point,
obtained by using these three meshes, are shown in
figure 4. Mesh convergence behaviors are clearly seen
from the solutions on themedium and finemeshes. In
addition, we also test the sensitivity of the solution to
the domain size by using a larger computational
domain of [−28c, 28c] × [−6c, 9c]. Another mesh
with the resolution comparable to that of the medium
mesh is generated on the enlarged domain. It turns out
that the solution obtained is barely affected by the
using of the enlarged domain. Thus, we are confident
that the artifacts caused by the far field boundaries
(such as unphysical blocking and shear stresses on the
flow) are insignificant. To summarize, convergent and
mesh-independent solutions can be obtained by using
the medium mesh on a computational domain of
[−23c, 23c]× [−6c, 6c].

3.3.Wall effect on propulsive performance
The influences of wall proximity on the propulsive
performance of the flappers with various bending
rigidities are summarized infigure 5.

It is clearly seen that the wall effect becomes less
obvious for ¯ D 2.2. In the range of <¯ D0.2 2.2,
for almost all bending rigidities considered here, the
cruising velocity and the input power increase mono-
tonically with decreasing D̄. The only exception is the

Table 1.Physical parameters used in the simulations.

Rep 200

Ā 0.1

b 0.03

g 1.0, 3.0, 10.0, 30.0,¥
D̄ 0.2, 0.22, 0.25, 0.3, 0.35, 0.4, 0.5, 0.7, 1.2, 2.2, 6.0
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input power for g = 3.0, which almost remains unal-
tered in the presence of a solid wall. It is also seen that
foils with very low or very high bending rigidities
(g = 1, 30 and ¥) tend to gain a high percentage of
velocity increase, while the velocity benefits in foils
with moderate flexibilities (g = 3 and 10) are much
less. Very rigid foils (g = 30 and¥) in wall effect tend
to suffer from a high percentage increase in input
power. For very soft foil and foils with moderated
bending righties (g = 1, 3 and 10), the relative increa-
ses in input power are much lower. Among all cases
considered in this study, the highest percentage
increases in cruising velocity and input power are 66%
and 149%, respectively.

The trends of propulsive efficiencies with decreas-
ing D̄ are more complicated. For g = 3, 10 and 30,

the efficiencies increase monotonically with decreas-
ing D̄, while this monotonicity is not seen in the effi-
ciencies of the most flexible and the rigid foils. The
highest percentage increase in efficiency (35%) is
gained by themost flexible foil at =D̄ 0.2. In a certain
range of D̄, the most flexible and the rigid foils may
suffer from a reduction in efficiency. The largest
percentage reduction in efficiency (14%) is found in
the rigid foil at =D̄ 0.5.

Here we compare the observations of this work
with those from some recent studies. The finding that
wall effect can enhance cruising speed is in consistency
with the results from Quinn et al [11] and Fernandez-
Prats et al [12], where free-swimming experiments
were conducted on flexible pitching (or plunging) foils
near a solid boundary. However, the current finding is
in contrast with that from Blevins and Lauder [13],
where almost no gain in the cruising speed was found
in a stingray-inspired robotic model swimming near
the substrate. As to the propulsive efficiency, it seems
that inconsistency exists between our finding and that
of Quinn et al [11], where the propulsive economy was
found to be unaffected by the presence of a solid
boundary. However, this inconsistency could be
caused by the different metrics used to quantify the
efficiency. The propulsive economy defined in Quinn
et al [11] is a dimensional quantity which represents
the ‘distance traveled per energy input to the fluid’,
and is not equivalent to the propulsive efficiency
defined in equation (6).

3.4.Wall effect on production of averaged lift
Under the self-propelled condition, the averaged
streamwise force is always zero. Since the up-down
symmetry of the flow field is broken by the introduc-
tion of the underneath wall, the foil may experience a
nonzero averaged lateral (or lift) force. The time-
averaged lift force is computed by

Figure 3.Variations of cruising velocity and efficiencywith increasing bending rigidity for the case of negligible wall effect =( ¯ )D 6.0 .
The cruising velocity and efficiency in this plot are normalized by the corresponding values obtained at the rigid limit g = ¥( ). For
plotting the entire curve within a limited range of γ, the rigid limit is replaced by an extremely large value of 104.

Table 2.Cruising speed, input power and propul-
sive efficiency achieved at =D̄ 6.0, for thefive
bending rigidities selected.

g =( ) ¯U Dc 6.0 =( ) ¯P Ds 6.0 h =( )D̄ 6.0

1.0 0.8994 0.6946 0.0278

3.0 2.1989 2.2699 0.0509

10.0 2.9442 4.5358 0.0456

30.0 2.0671 3.1308 0.0326

¥ 1.3976 2.0541 0.0227

Table 3. Information for themeshes used in themesh sensitiv-
ity test.

Mesh

Points/chord

length (finest
sub-mesh)

Total grid

points (M)
Total levels of

refinement

C 201 1.6 6

M 301 2.8 7

F 401 5.4 7

ML 301 3.1 7

Note. C: coarse mesh; M: medium mesh; F: fine mesh; ML: mesh of

medium resolution on an enlarged domain.
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Figure 6 shows the normalized averaged lift forces
as a function of D̄, for flappers with various bending
rigidities. It is seen that the wall effect on the averaged
lift forces becomes less obvious for ¯ D 2.2. It is also
noticed that the averaged lift forces do not approach
zero with increasingD̄. The offset from zero at

=D̄ 6.0 (which is positive for g = ¥ and negative
for other bending rigidities) is caused by the asym-
metry in the boundary conditions (free-slip on the top
and no-slip at the bottom). Since the offset from zero
is very small inmagnitude (which never exceeds 2% of
the root-mean-square (rms) lift), this numerical arti-
fact has barely any influences on the study of the wall
effect.

In the range of <¯ D0.2 2.2, the trends of aver-
aged lift forces with decreasing D̄ are very compli-
cated. For g = 1 and g = 30, the averaged lift forces
are always negative, which indicates that the foils
always experience an attraction towards the wall. The
largest magnitude of the negative lift force, which is
approximately 16% of the rms lift force at =D̄ 6.0, is
achieved at =D̄ 0.2 in the foil of g = 30. For the
other three bending rigidities (3, 10 and ∞), the

averaged lift forces can be either negative or positive,
depending on the values of D̄. A positive averaged lift
force indicates that the foils experience a repulsion
from thewall. The largestmagnitude of the positive lift
force, which is approximately is 20% of the rms lift
force at =D̄ 6.0, is achieved at =D̄ 0.2 in the rigid
foil. The averaged lift forces experienced by the foils of
g = 3 and g = 10 are actually quite small, with the
largestmagnitude being less than 10%of the rms lift at

=D̄ 6.0. For g = 3, 10 and ¥, an equilibrium point
(where the averaged lift is zero) can be found in the
range of < <D̄0.35 0.7. These equilibrium points
can be categorized as stable equilibrium point, in the
sense that if the foil is free to move laterally, it will
always return to the equilibrium position after small
disturbances.

Here the trends of averaged lift forces with varying
wall distance reported in this study are also compared
with those from some recent works. The trend of the
averaged lift force in the rigid foil g = ¥( ) is found to
be consistent with that reported in [10], where inviscid
simulations were conducted to study the wall effect on
a rigid pitching foil. This suggests that the production
of averaged lift is onlymarginally affected by the inclu-
sion of fluid viscosity. In another recent experimental

Figure 4.Time histories of (a) leading-edge’s horizontal velocity and (b) vorticity at onemark point (7c,−5.98c), obtained by using
differentmeshes. Themark point is at close proximity to the bottomwall.When the foil passes by, thismark point is also close to the
lower surface of the swimmer.
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study on flexible plunging foils near a surface [11], no
averaged lateral (lift) forces were detected. We con-
jecture that the flexible foils in [11] may still experi-
ence some non-zero averaged lift forces. However, due
to the range of bending rigidity considered in that
study, these forces were too small and hard to
measure.

3.5.Wall effect onwake symmetry and vortex
dynamics
The wake structures for various wall proximities and
bending rigidities are shown in figure 7. From this
figure, it is seen that when the free-swimming occurs
away from the wall =( ¯ )D 6.0 , a reversed Karman
vortex street is the wake structure which emerges
behind the foil. In the reversed Karman vortex street,
the vortex cores are evenly spaced and arranged in a
staggered fashion. This wake structure is symmetric
with respect to the horizontal line corresponding to
the equilibrium position of the leading-edge. Since

two single vortices with opposite signs are shed into
the wake during one flapping cycle, this pattern of
vortex formation is often termed as ‘2 S’mode. Among
the vortex streets for the foils with three different
bending rigidities, the largest spacing between two
neighboring vortices is found in the foil withmoderate
flexibility. The reason behind this phenomenon is that
the foil with moderate flexibility achieves the highest
cruising speed.

The introduction of an underneath wall breaks the
symmetry of the wake structure. Under the influence
of the wall effect, the positive and negative vortex cores
now appear in pairs (dipoles). Due to the ascending
motion of these dipoles, the vortex streets now
become up-tilted. During ascending, the dipoles also
undergo an anticlockwise spinning motion. With
deceasing wall distance, the vortex dipoles become
more compact, the deflection angle of the vortex street
becomes larger, and the spinning motion of the
dipoles also becomes more noticeable. Although some

Figure 5.Normalized cruising speed, swimming power and propulsive efficiency as a function of dimensionless wall distance D̄: (a)
cruising speed, (b) input power, (c) propulsive efficiency. The cruising speed, swimming power and propulsive efficiency are
normalized by the values obtained on the same foil which flaps at =D̄ 6.0.
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common features exist in the wall effects for foils with
different bending rigidities, some differences can still
be found. For foil with moderate flexibility g =( )10 ,
the deflected vortex street consisting of dipoles can
extend to the far wake. For the most flexible foil
g =( )1.0 , however, the vortex strength becomes
lower and the vortex street also decays more rapidly.
For the rigid foil g = ¥( ), the dipoles are highly dis-
torted in the far wake due to the fact that the negative
vortices become too weak. Under extreme wall effect

=( ¯ )D 0.2 , the negative vortices almost completely
disappear and only one row of positive vortices is left
in the far wake.

For a better understanding of the physical
mechanisms behind the wall effects on vortex dynam-
ics, a close view of the near wake structures at five dif-
ferent phases during one flapping cycle for the foil
with moderate bending rigidity and moderate wall
effect (g = 10.0 and =¯ )D 0.3 is shown in figure 8. A
schematic explanation of the mechanisms for vortex
pairing, dipole ascending and spinning are shown in
figure 9. The cause of vortex pairing can be attributed
to the velocities induced by the secondary vortices
attached to the solid wall. The secondary vortices can
induce a downstream (or upstream) velocity on the
positive (or negative) vortex cores. As a result, the
positive and negative vortex cores tend to approach
each other and form pairs (dipoles). The ascending of
dipoles is caused by the mutual induction of the two
vortices within each vortex pair. The cause of the
anticlockwise spinning of the dipoles can be attributed
to the fact that the positive vortex is always stronger
than the negative one within each pair. The reason
why the positive and negative vortices shed into the
wake are not equal in strength is still is not fully under-
stood. We conjecture that in the process of vortex for-
mation, the negative vortex cores are closer to the solid
wall and thus diffuse more intensively than their posi-
tive counterparts.

The phenomenon of vortex pairing (formation of
dipoles) due to wall confinement was also reported in
inviscid simulations of rigid pitching foil [10] and
(passively) fluttering flexible plate [21]. Interestingly,
in inviscid simulations, the induced velocities on the
vortex cores are caused by the images vortices, which
are analogous to the secondary vortices observed in
current viscous simulations. In studying the wall effect
on the propulsion of a rigid pitching foil, the spinning
of dipoles was also observed in experiments [10].
However, in that study, the vortex dipoles were found
to spin in the clockwise direction, which is in contra-
diction with the result of current work. By comparing
the problem settings of these two studies, we think that
there are several factors which can affect the strength
of the positive and negative vortices, which in turn,
causes the reversal of the dipoles’ spinning direction.
First, the foil is driven by a pitching motion in [10],
which is different from the plunging motion con-
sidered here. Second, due to amuch higherRe number
in the experiments, the viscous effect in [10] is much
smaller than that in current work. Moreover, in the
experiments of [10], the pitching foil is placed in a
steady streamnear a stationarywall and thus the vortex
shedding process is also interfered by the vorticity gen-
erated in a fully developed boundary layer.

Here we also probe into the asymmetric properties
of the foil’s deformation, power input and force produc-
tion under the wall effect, which are closely associated
with the asymmetric wake structures shown in figure 7.
Figure 10 shows the time histories of the trailing-edge’s
vertical position, (instantaneous) input power and
(instantaneous) horizontal and lateral forces, for the foil
with moderate bending rigidity g =( )10 . It is seen that
the asymmetric features in the foil’s deformation, input
power and force production are only noticeable at close
wall proximity <( ¯ )D 0.5 . The asymmetry in the trail-
ing-edge’s position shown in figure 10(a) indicates that
the downward (passive) motion of the trailing-edge is
restricted due to the presence of the solid wall. After

Figure 6.Normalized time-averaged lift forces as a function ofwall proximity. The time-averaged lift forces are normalized by the rms
lift forces obtained at =D̄ 6.0.The reference values used in the normalization are 2.124, 6.254, 13.445, 14.020 and 13.196, for g = 1,
3, 10, 30 and¥ , respectively.
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the integration of the instantaneous input power
(figure 10(b)), it is found that with extreme wall effect

=( ¯ )D 0.2 , the input power during downstroke
( ) T t T7 7.5p p is roughly 14% larger than that dur-
ing upstroke <( )T t T7.5 8p p .

By examining the influence of a solid wall on the
proportionality of the streamwise kinetic energy in the
flow field, here we propose a preliminary explanation
for the enhanced performance in foils with unsteady
wall effect. From figure 11, we can see that for a flapper
at close wall proximity, a larger proportion of the

kinetic energy is diverted into the propulsion direction
(x-direction). Presumably, this energy redistribution is
favorable for achieving a higher performance.

3.6. Biological implications
Here we investigate the effects of a solid wall on the
free-swimming of a simple mechanical flapper.
Although this model is non-biological, some biologi-
cal implications can still be found.

Several key control parameters considered in this
work are similar to those in some experimentalmodels

Figure 7.Wake structures (vorticity contours) for foils with various bending rigidities andwall proximities. The blue and red colors
denote vortex cores with clockwise and anticlockwise rotations, respectively. The thickened black lines denote the solidwalls. For
cases of =D̄ 6.0, the solidwalls are too far to be included.
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or living aquatic animals. The density ratio of 0.03
considered in this work is similar to that measured for
eels [22] (which possess body length of 0.2 –0.3 m,
body thickness of 0.004 –0.008 m, and body density
close to that of water). For a model sunfish studied in
[23], the passive body stiffness can vary from themini-
mum of 10−6 (Nm2) near the tail to the maximum of
10−3 (Nm2) near the head. The equivalent range for
the dimensionless bending rigidity is approximately

from 10−5 to 1. Thus the lowest bending rigidity con-
sidered here are within the range considered in [23]. In
the experiment on plaices swimming near the bottom
[5], the distances to the substrate varied from 0.04 to
1.0 propulsor span. In the investigation of the effect of
solid channel walls on swimming steelhead trout [4],
the wall proximities studied were in between 0.11 and
2.71 propulsor span. Thus the range of wall proximity
considered in the present study partially overlaps with
those of some previous experiments on living fish.

We demonstrate that for a self-propeller flapper,
benefits can be gained from the wall effect, such as
enhanced cruising speed and/or propulsive efficiency.
The results of this work also indicate that rigid flapper
are inferior to the flexible ones in near-wall swimming.
A rigid flapper may achieve high percentage increase in
cruising speed, however, the propulsive efficiency can
be even reduced due to increasing energetic cost.
Please also note that although flexible flappers may
gain less percentage increase in the cruising speed, their
absolute speeds in near-wall swimming can still be
higher than that of the rigid flapper. This is because the
reference cruising speed (i.e., cruising speed for swim-
ming in an unbounded domain) in flexible flapper can
be higher than that in the rigid one (see figure 3).
Another disadvantage of the rigid flapper in near-wall

Figure 8.Evolution of the near wake structurewithin one flapping period for foil withmoderate bending rigidity g =( )10 and
moderate wall effect =( ¯ )D 0.3 at t= 1/5Tp, 2/5Tp, 3/5Tp, 4/5Tp, and 1Tp. The thickened black lines denote the solidwalls.

Figure 9.A schematic explanation of howwake dynamics is
influenced by the presence of a solidwall. Positive (antic-
lockwise rotating) vortices are illustrated by red color;
negative (clockwise rotating) vortices are illustrated by blue
color. Vortex strength is illustrated by its size. The thickened
black line denotes the solidwall. Secondary vortices attached
to thewall are illustrated by ellipses. Gray arrows indicate the
motion of vortex paring, dipole ascending and spinning as a
consequence ofmutual induction among vortices.

10

Bioinspir. Biomim. 11 (2016) 046005 LDai et al

http
://

dsp
ac

e.i
m

ec
h.ac

.cn



swimming is that the production of averaged lateral
force can be quite large. Thus for animals swimming
steadily near a surface, more efforts are needed to
counteract the averaged lateral force if rigid propulsors
are used.

Many aquatic animals moving near boundaries
not only use flexible flappers but also actively alter
their stiffness during locomotion [11]. The results of
the current work shed some light on the importance of
flexibility in exploiting the unsteady wall effect for per-
formance improvement. It is also suggested that for
near-wall swimming a compromise between the gains
in speed and efficiency can be reached by subtly tuning
the stiffness of bodies and fins.

4. Conclusions

The numerical results of this study indicate that the
presence of a wall can enhance the cruising speed of a
self-propelled plunging foil, with the cost of increasing
input power. The rigid foil can achieve high percentage
increase in cruising speed but its propulsive efficiency
may even decrease. Foils with some passive flexibilities
can enjoy a boost in both cruising speed and efficiency.
Moreover, when swimming near a wall, flexible foils
produce smaller averaged lift forces than the rigid foil.

The introduction of an underneath wall breaks the
up–down symmetry of the flow field. The foils’ defor-
mation, power input and force production also exhibit
some asymmetric features with the presence of a solid
wall. Under the influence of wall confinement, the
wake structure behind the foil transits from a conven-
tional reversed Karman vortex street into a deflected
vortex street consisting of vortex dipoles. The phe-
nomena of vortex pairing, dipole ascending and spin-
ning observed in the wakes with wall effect can be
explained by themutual induction among vortices.

Although the model considered in this work is
non-biological, the results obtained here provide some
insights into the unsteady wall effect experienced by
free-swimming aquatic animals. These results can also
be used to inform the design of bio-mimetic under-
water vehicles which are capable of making use of the
unsteadywall effect.

In the future work, the link between the altered
wake structure due to unsteady wall effect and the
enhancement in propulsive performance should be
carefully studied. The influences of actuating kine-
matics and Reynolds number on the near-wall swim-
ming of flexible flappers also need to be systematically
investigated. Furthermore, optimization of swimming
performance by using flappers with varying and
actively controlled stiffness along the chord can be
another avenue for future research.

Figure 10.Time histories of (a) trailing-edge’s vertical position, (b) instantaneous input power, (c) instantaneous horizontal force, and
(d) instantaneous lateral force, for a foil withmoderate bending rigidity g =( )10 at variouswall proximities. The dotted pink line in
(a) denotes the time history of the leading-edge’s vertical position.
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