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Summary. A numerical simulation is performed to investigate the viscous flow over a smooth wavy wall
undergoing transverse motion in the form of a streamwise travelling wave, which is similar to the backbone
undulation of swimming fish. The objective of this study is to elucidate hydrodynamic features of the flow
structure over the travelling wavy wall and to get physical insights to the understanding of fish-like
swimming mechanisms in terms of drag reduction and optimal propulsive efficiency. The effect of phase
speed, amplitude and Reynolds number on the flow structure over the wavy wall, the drag force acting on
the wall, and the power consumption required for the propulsive motion of the wall is investigated. The
phase speed and the amplitude, which are two important parameters in this problem, predicted based on
the optimal propulsive efficiency agree well with the available data obtained for the wave-like swimming
motion of live fish in nature.

1 Introduction

A biofluiddynamics of fish locomotion was founded by Lighthill with a theory for evaluating
reactive forces between an undulating fish body and the water surrounding it [1], [2]. Further
development of the subject was carried out and comprehensive reviews of relevant work can be
found in [3]-5]. To better explore the swimming ability of these live, the interactions between
the swimming body and fluid need to be studied to understand the physical mechanisms. Both
the wave-like swimming and flapping motions of the body are essential to the propulsion of
fish. Previously researchers have shown the ability of the caudal fin of a fish to produce a jet-
like wake similar to that of a flapping foil [6]-{10]. While the undulating body motions produce
the locomotion, it is not yet clear exactly how the body undulating motion effects the flow very
near a fish or a travelling wave wall.

As is well known, fish use predominantly oscillatory movements [11]. Gray noted that fish
swimming movement is mainly described as a combination of two wave-like phenomena [12].
One is cyclic change of the curved shape of the body showing a lateral wave of curvature
running in the caudal direction, and the other is every single point of the body performing, in
consequence of the wave of lateral curvature on the body, a sinusoidal track in a horizontal
plane. Thus, a travelling wavy wall problem is of interest parallel to the swimming fish, since the
backbone motion of fish species is essentially that of the travelling wave. Actually, the model is
appropriate for anguilliform, subcarangiform, and carangiform swimmers [13}-{15].

Fish swimming can be very instructive in disclosing mechanisms of unsteady flow control,
which was raised first in the relation to swimming of live fish. Gray [16] observed that an
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actively swimming dolphin only consumes one seventh of the energy needed to tow a rigid body
at the same speed, and suggested that substantial drag reduction must occur in the live dolphin.
Then, much work has been performed to explore this problem. Important contributions by
Lighthill [2] and Wu [17], [18] have shed light on the inviscid hydrodynamics of fish-like
propulsion. Cheng et al. [19] analyzed the swimming propulsion mechanism of a three-
dimensional plate moving in an inviscid fluid. Based on experimental investigation, Aleyev [20]
and Harper and Blake [21] reported the outstanding performance by fish and led to interest in
fish-like vehicles capable of emulating the high performance of fish propulsion and maneu-
vering. Barrett et al. [22] found that the power required to propel a swimming body may be
smaller than that needed to tow a straight-rigid body.

It has been proposed that the travelling wave motion contributes to reducing drag force and
increasing propulsive efficiency by restraining separation [23], [24]. Viscous flow past a travelling
wavy wall, in which the wall wavy displacements propagate in the streamwise direction, differs
from the flow near a fixed wavy wall. The flow over the wavy wall is strongly affected by surface
normal pressure gradient and centrifugal force due to alternating convex and concave curvatures.
The effects of a surface normal pressure gradient are evident as the flow over a rotationally
oscillating cylinder, in which flow separation can be reduced as observed experimentally by
Tokumaru and Dimotakis [25], and numerically by Lu and Sato [26] and Lu [27]. Experiments
were undertaken to investigate viscous flow past a travelling wavy wall. Taneda and Tomonari
[28] observed that the boundary layer separates at the back of the wave crest for the travelling wave
phase speed being smaller than the external flow velocity, but the boundary layer does not separate
for the wave phase speed being larger than the external flow velocity. Kendall [29] investigated the
effect of a travelling wavy wall on flow behavior. Meanwhile, numerical simulations [30],[31] have
been performed for viscous flow over a fixed wavy surface and confirmed the previous experi-
mental measurements.

To understand fish swimming propulsion, it is needed to study two typical problems including
the nature of the force resisting the motion and the mechanisms that lead to the thrust force [24]. In
this study, computational fluid dynamics is applied to investigate viscous flow over a travelling
wavy wall. We recognize the limitation of this model for modeling fish swimming, in which fish are
of finite length, shed vortices unsteadily in their wake, and experience force on both sides of its
body. However, we still feel that the results will be of fundamental use in exploring the hydro-
dynamic feature of the flow near the travelling wavy wall and in getting into physical under-
standing of fish-like swimming mechanisms.

This paper is organized as follows. The physical problem and mathematical formulations are
described in Sect. 2. The numerical method and its validation are briefly given in Sect. 3. In
Sect. 4, the flow structure, the drag force and the power consumption are analyzed and dis-
cussed.

2 Physical problem and mathematical formulation

As shown schematically in Fig. 1, viscous flow over a moving wall undergoing a travelling wave
motion is considered. Two-dimensional incompressible Navier-Stokes equations are employed
as governing equations. To nondimensionalize the equations, the wavelength A is used as the
length scale, and the mean velocity of the external flow U as the velocity scale. Then, the
nondimensional equations are given by
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where Re is the Reynolds number defined as Re = UJ/v with v the kinematic viscosity. The
pressure p is normalized by pU? where p is the fluid density.

The wall is taking a vertical oscillation in the form of a wave travelling in the streamwise
direction, and the position of the wall is described by

Yw = Asink(x — Ct), (3)

where A and C are the amplitude and the phase speed of the travelling wave, k = 2n/Z is the
wave number, and the subscript w denotes the quantity on the wall. Here, the steepness of the
travelling wave is represented as ¢ = 21A /1. The moving wall possesses an up-down oscillation
with velocity components shown as

Uy =0, vy = —kCA cosk(x — Ct), (4)

where % and v represent the velocity component in the x- and y-direction, respectively.

In this study, the frame is chosen as moving with the phase velocity of the travelling wave.
This approach can simplify the numerical scheme by eliminating the time-derivative terms in
grid generation, at the expense of modifying the velocity boundary conditions according to the
phase speed of the wave. Then, the wavy surface becomes stationary and fluid elements on
the wall have a nonzero horizontal velocity —C. The corresponding boundary conditions at the
upper boundary (i.e., at y =H ) are wu=1—-C, v =0, and dp/dy = 0. Periodic boundary
conditions are employed in the streamwise direction. The height of the upper boundary is
chosen as H/4 = 2. It will be confirmed that, in the following section, the domain size is large
enough to have little influence on the calculated results.

3 Numerical method and validation

A frictional step method is used to solve Eqgs. (1) and (2). The time advancement is approxi-
mated with the Adams-Bashforth method for the convective terms and the Crank-Nicholson
for the viscous terms. The convective terms are discretized using a variation of QUICK [32].
The pressure is obtained by solving the pressure Poisson equation with a multigrid method [33].
Detailed discretizations were described by Zang et al. [32].
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The computational domain in Fig. 1 is chosen as 0 <x/1 <1 in the x-direction and the
height of the upper boundary H/A =2 in the y-direction, with the grid number 256 x 256. A
time step is determined as 0.0002 based on the computation stability condition. The grid is
uniform along the x-direction. To increase the grid resolution near the wavy wall boundary, the
mesh is stretched in the y-direction following the transformation used by Lu [34], [35].

Extensive convergence checks with different grid sizes, time steps and computational
domains have been carried out. As a typical case, Fig. 2 shows the distribution of the
streamwise component of friction force acting on the wavy wall at ¢ = 0.25, C = 1.0 and
Re = 2000. Four cases are considered, and these results agree well with each other. It means
that the calculated result converges as the grid, time step and computation domain are varied
independently. The present computational code was also verified by our previous work [34]-
[36]. Thus, it can be confirmed that our calculation is reliable for the prediction of the behaviors
of flow and force for the flow over a travelling wavy wall.

4 Results and discussion

The computational parameters are chosen as follows: the phase speed C ranges from —1.0 to 2.0
with 0.2 interval, the wave steepness ¢ is 0.125, 0.25, and 0.5, and the Reynolds number Re is
400, 2000 and 5000, respectively.

4.1 Flow structures

Flow structures are based on the streamline patterns and the vorticity contours. The streamline
topology pattern provides an overall picture of the flow near the wavy wall, and the vorticity
contours clearly depict the character of the shear layer over the travelling wall boundary. Some
typical results for Re = 2000 and ¢ = 0.25 with different phase speeds are analyzed.
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Fig. 2. Computation validation based on the distribution of the streamwise component of friction force
acting on the wavy wall at ¢ = 0.25, C = 1.0 and Re = 2000. Case I: grid number N = 256 x 256, time
step At = 0.0002, computational domain 0 < /A <1 and H/1 = 2; Case 2: phase-averaged value by
use of 4-wavelength data with N = (4 x 256) x 256, At = 0.0002, 0 <x/A <4 and H/. =2; Case 3:
N =512x512, At=0.0001, 0<x/A<1 and H/A=2; Case 4. N =256 x512, At =0.0002,
0<z/A<land H/A=4
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Fig. 3. Streamline pattern in the non-moving frame at Re = 2000 and ¢ = 0.25: a C=0; b C = 0.4;
cC=12;,dC=-04

Figure 3 shows the streamline patterns with different phase speeds in the non-moving frame.
When flow passes the crest if the wave is sufficiently steep for a stationary wall (i.e., C =0), a
separation bubble is formed near the trough (Fig. 3a). When the wavy wall is travelling in the
x-direction, the wall boundary is no longer a streamline and there are streamlines that emanate
from the surface and end on the surface. For C > 0, the right side of the crest rises and the left
side descends. The vertical flow induced by the wall waving motion increases with the increase
of C. The streamlines above the trough become convex for C = 0.4 and 1.2 in Figs. 3b and 3c,
while they are concave for C = 0 in Fig. 3a. The streamlines at C = —0.4 are shown in Fig. 3d,
and a flow reversal region with concave streamlines appears above the trough.

In the moving frame, the horizontal velocity component equals —C at the wall and 1 — C far
away. Therefore, when 0 < C < 1, the horizontal velocity must change its sign along the ver-
tical direction from the wall to the external region. The streamlines for C = 0.4 and 0.8 exhibit a
trapped vortex located over the trough in Fig. 4a and b. Note that the pattern for C =0 is
identical to Fig. 3a. If C exceeds the external flow velocity (i.e., C > 1), both —C and 1 — C are
negative. The streamline pattern at C = 1.2 is shown in Fig. 4c; all the streamlines point in the
negative x-direction and there is no trapped vortex. As shown in Fig. 4d for the streamlines at
C = —0.4, no trapped vortex exists for C < 0, because both the wall speed —C and the external
flow velocity 1 — C are moving in the positive x-direction.

Figure 5 shows the vorticity contours in the near wall region. The vorticity contours exhibit
the free shear layer behind the crest for C = 0 in Fig. 5a, and are rolling-up over the trough for
C = 0.8 in Fig. 5b, where a trapped vortex occurs. With the increase of C, as shown in Fig. Sc,
the separation is suppressed for C = 1.2. The shear layers are generated along the wall over the
crest with positive vorticity and over the trough with negative vorticity. For C < 0, the vorticity
contours at C = —0.4 are shown in Fig. 5d. It can be noted that the shear layers are formed
over the crest with negative vorticity and over the trough with positive vorticity.

4.2 Drag force and power consumption

The drag force acting on the wavy surface and the power needed for it to be propelled are
directly relevant to the study of fish locomotion. The total drag force on the wavy wall consists
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Fig. 4. Streamline pattern in the moving frame at Re = 2000 and ¢ =0.25: a C=04; b C =0.8;
cC=12;dC=-04
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Fig. 5. Vorticity contours at Re = 2000 and 6 = 0.256:aC=0;bC=0.8;¢C=1.2;dC = —-0.4. Solid
lines represent positive values and dashed lines negative values with an increment 1.0

of a friction drag and a form drag due to pressure distribution. In Fig. 1, for an element of the
wall surface ds =1+ (dyw/dx)z]l/z, its tangential direction is 7= (1, dy,/dx)/ds and
the wall-normal direction is 7% = (—dy./dx, 1)/ds. Then, the friction force and the pressure
force per unit length along the wall can be accurately expressed as [24], [37]

1 oudy, ,0u v
v _ T _ . - _ = y
Ir= Re [ o do (8y ax)} Y= Yu (5-1)
dyﬂ/‘
Jo =P~ Ny =y (5.2)

By performing integration of /i and f;; over the wavy surface, the friction force FY, the pressure
force F,, and the total drag force F\y = Fy + F), can be obtained.
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Based on the definition [24], the total power (Pr ) required for the propulsive motion of the
wall consists of two parts. One is the swimming power Py = [ p(dy,,/dt)dx required to produce
the vertical oscillation of travelling wave motion, and the other is the power, P; = UF 4, needed
to overcome the drag force. Thus, the total power Py = P + P, is calculated.

Figure 6 shows the variations of drag force and power versus C at Re = 2000 and ¢ = 0.25.
In Fig. 6a, as C increases, the friction force F increases, the pressure force F, decreases
monotonically, and the total drag force F; decreases. When C > 1.6 approximately, F;
becomes negative and acts as thrust force.

The distributions of Pr, Ps; and P, versus C are shown in Fig. 6b. As C increases, P first
decreases, then reaches a minimum for C between 0 and 1, finally increases. For C < 0, the sign
of dy,, /dt is reversed but the pressure distribution difference persists, so that Py is still positive.
At C =0, P, =0 because dy,/dt =0. When C (for C > 0 ) increases, flow separation is
suppressed and the pressure gradient is mainly influenced by the wavy wall motion. The neg-
ative value of P; means that the wall motion can be actuated by the flow and no power input is
needed for 0.2 < C < 0.8, approximately. Py becomes positive for C > 1. As C increases fur-
ther, flow separation eventually occurs upstream of the crest and Ps increases rapidly. The
power to overcome the drag force, Py, decreases monotonically with the increase of C, because
of the similar decrease of Fz, as shown in Fig. 6a. When P, is negative, it means that the wavy
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surface is propelled by the thrust; however, the thrust is at the expense of the swimming power
P; required to produce the wavy wall motion. Both P; and P present the competing mecha-
nisms. As shown in Fig. 6b, the distribution of the total power Py versus C is concave upwards
with a minimum around C = 1.2, which is consistent with the value used for travelling wave-
like swimming motion of live fish in nature [38], [39].

To demonstrate the propulsive efficiency, the total power ratio of the optimal propulsion
with the minimal power (Pr|; ;) and the stationary wavy wall with the power Pr|._ is defined
as 1 = (Prl¢ opt)/ (Prlo=g)- As listed in Table 1, the power ratio n is 52% approximately for the
phase speed with the optimal propulsion corresponding to C = 1.2 at Re = 2000 and ¢ = 0.25,
so that there is a significant gain in net efficiency as a result of the travelling wave motion.

To explain the effects of C on the drag force and the power, Fig. 7 shows the distributions of
J;i and f7 along the wavy surface. The distributions exhibit substantial variation for f" and f.
The friction force appears with negative value for C < —0.6, approximately. Typically, at
C = —0.8, it is noted that the negative friction force is mainly distributed over the trough
region. At C =0, f/ increases somewhat over the region of 0 <z < 0.25 and decreases
thereafter. As C increases, e.g., C = 0.8 and 1.2, ff" is mainly distributed in the regions of the
trough and the upstream of the crest. The form drag due to the pressure distribution is shown in
Fig. 7b. At C = 0, the pressure force shows mainly a small positive value, and consequently the
net form drag is formed. The contributions on both the sides of the crests (and trough) are
obvious and almost cancel. The net form drag is positive at C = —0.8 and —0.4, and negative at
C =0.8 and 1.2.

4.3 Effect of the steepness on the flow structure, drag force and power consumption

Figure 8 shows the streamline patterns for ¢ = 0.125 and 0.5 with Re = 2000 in the non-
moving frame. The corresponding streamline pattern for ¢ = 0.25 is exhibited in Fig. 3. When
C>0,eg,C=04 and 1.2 in Fig. §, as ¢ increases, the vertical flow induced by the wall
waving motion increases and the convex shape of the streamlines becomes more obvious. When
C<0,eg, C=-04in Fig. 8, a flow reversal region appears above the trough, and the
streamlines over the reversal region are concave. The concave shape of the streamlines becomes
more obvious with the increase of ¢.

The streamline patterns for ¢ = 0.125 and 0.5 with Re = 2000 in the moving frame are
shown in Fig. 9. For stationary wall (i.e., C = 0), if the wave is sufficiently steep, a separation
bubble is formed near the trough. The separation bubble is formed at ¢ = 0.25 (Fig. 3a) and
0.5, however, no separation bubble occurs at ¢ = 0.125. When 0 < C < 1, the streamlines, e.g.,
at C =04 in Fig. 9, exhibit a trapped vortex located over the trough. By comparing with
Fig. 4a for o = 0.25, the scale of the trapped vortex increases as ¢ increases. When C > 1, both
—C and 1 — C are negative. All the streamlines point in the opposite x-direction for C = 1.2,

Table 1. Total power ratio between C = Cy, and C =0

Re I PratC=0 Prat C = Cyp 1= Prlog/Prlo=o
400 0.25 3.561x1073 2.433%x1073 68 %

2000 0.25 1.691x1073 8.774x10~* 52 %

5000 0.25 1.263x1073 6.045%x10~* 48 %

2000 0.125 1.351x1073 1.155x1073 85 %

2000 0.50 1.788x1073 3.521x1074 20 %
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and there is no trapped vortex. When C < 0, e.g., C = —0.4 in Fig. 9, no vortex does exist, too,
as both the wall speed —C and the external flow velocity 1 — C are moving in the x-direction.

Figure 10 shows the profiles of the friction force Fy, the pressure force F, and the total
drag force Fy =Fy+F,. As C increases for different o, Fy increases, but F), decreases
monotonically. In Fig. 10a, it is found that F; at C = —1.0 is positive for ¢ = 0.125 and
negative for ¢ = 0.25 and 0.5. Meanwhile, F; increases quickly with the increase of ¢. Thus,
Fy changes from negative to positive value around C = —0.4 for ¢ = 0.25 and around C =0
for ¢ = 0.5. The profiles of F intersect at C = 0.4 approximately. At C = 2.0, F increases
with the increase of .

To analyze the form drag due to the pressure distribution on the wall, as shown in Fig. 10b,
the profiles of F,, intersect and change from positive to negative value at C = 0.4, approxi-
mately. The negative value of F, means that the pressure force contributes a thrust force for the
travelling wavy wall. At C = 2.0, F), has lower negative value for higher o; it means that ), can
provider higher propulsive force for larger amplitude of the travelling wavy wall. The behavior
is qualitatively consistent with our visualization of fish swimming [40]. As shown in Fig. 10c for
the total drag force, F; is nearly a positive constant at ¢ = 0.125; however, when ¢ increases, Fy
becomes negative (or thrust force) for C > 1.6 approximately at ¢ = 0.25 and for C > 1 at
o = 0.5. Note that a certain amplitude of the undulating wave motion is needed to generate an
efficient locomotion.
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Figure 11 shows the distributions of Py and Ps. As C increases, Ps first decreases smoothly,
reaches a minimum for C between 0 and 1.0, and then increases quickly, in particular for
o = 0.5. When C < 0, the sign of dy,,/dt is reversed but the pressure distribution difference
persists, so that Ps is still positive. Ps is negative for 0.2 < C < 0.8 approximately and becomes
positive for C > 1. As C increases further, flow separation eventually occurs upstream of the
crest and P; increases rapidly, in particular for ¢ = 0.5. The profiles of the power to overcome
the drag force, i.e., Py, are shown in Fig. 10c for different o. P4 decreases monotonically with
the increase of C. Similar to the behavior of the total drag Fy, Py is nearly a positive constant at
g = 0.125, and P; becomes negative for C > 1.6 approximately at ¢ = 0.25 and for C > 1 at
o = 0.5. Even though P, is negative for large C, the thrust is at the expense of the swimming
power Ps required to produce the wavy wall motion, and needs more cost of P at higher o.

The distributions of the total power Py versus C are shown in Fig. 11b and are concave
upwards with a minimum around C = 1.2, which corresponds to the optimal phase speed
approximately. As listed in Table 1, the total power ratio # is 85% approximately for ¢ = 0.125,
and only 20% for ¢ = 0.5.

To examine the effect of the steepness o on the total power ratio #, as a typical case,
Fig. 12 shows the variation of 5 versus ¢ at C = 1.2 and Re = 2000. Note that a significant
efficiency, corresponding to lower 5, for the travelling wave motion exists in the range of
0.4 < ¢ < 0.7, approximately. Thus, it can reasonably be proposed that there is a possibly
optimal steepness (or amplitude) to generate a high propulsive efficiency for the travelling
wavy wall.
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and —0.4 from top to bottom

4.4 Effect of the Reynolds number on the flow structure, drag force and power consumption

The effect of the Reynolds number on the flow structure, the drag force and the power con-
sumption is analyzed for Re = 400, 2000 and 5000 with ¢ = 0.25. It is needed to indicate that
the present calculations are two-dimensional for Re = 5000 based on the observations [28], [29]
that the near wall structure was essentially two-dimensional due to the forced wavy wall
motion. Meanwhile, it is noted that the flow is still steady for Re = 5000 and ¢ = 0.25 at
different phase speeds by examining our calculated results.

Figure 13 shows the streamline pattern for Re = 400 and 5000 with ¢ = 0.25 in the non-
moving frame. The corresponding streamline pattern at Re = 2000 is exhibited in Fig. 3. For
C>0,eg,C=0.4and 1.2 in Fig. 13, because the vertical flow is induced by the wall waving
motion, the convex shape of the streamlines becomes more obvious when Re decreases. It can
be explained by the fact that viscous diffusive effect induces some differences in the streamline
patterns. For C < 0, e.g., C = —0.4 in Fig. 13, a flow reversal region with concave streamlines
above the trough occurs, and the concave shape of the streamlines becomes more pronounced
as Re decreases.
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Fig. 10. Variations of the drag force
versus C for different o at Re = 2000:
a drag force due to the friction force;
b drag force due to the pressure force;
¢ total drag force (or power to over-
come the drag force)

The streamline patterns for Re =400 and 5000 with ¢ = 0.25 in the moving frame are
shown in Fig. 14. For a stationary wall (i.e., C = 0), the separation bubble is formed at
Re = 2000 (Fig. 3a) and 5000, however, no separation bubble occurs at Re = 400. In the
moving frame, the streamlines exhibit a trapped vortex located over the trough for Re = 400
and 5000 at C = 0.4. By comparing with Fig. 4a for Re = 2000, the scale of the trapped
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Fig. 12. Total power ratio 5 versus ¢
at C = 1.2 and Re = 2000

vortex increases reasonably as Re decreases. Further, if C > 1, both —C and 1—C are
negative. All the streamlines (e.g., for C = 1.2 in Fig. 14) point in the opposite x-direction
and there is no trapped vortex. Also, when C <0, e.g., C=—-04 in Fig. 14, all the
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streamlines point in the x-direction, because both the wall speed —C and the external flow
velocity 1 — C are positive.

Figure 15 shows the profiles of the friction force FY, the pressure force F,, and the total drag
force F'y = Fy + F),. As C increases, F; increases and changes from negative to positive value
during —0.8 < C < 0, but F, decreases and varies from positive to negative value during
0.2 < C < 0.8. As shown in Fig. 15c for the total drag force, F|; decreases monotonically with
the increase of C, and becomes negative (or thrust force) for C > 1.6, approximately.

The distributions of Py and Ps are shown in Fig. 16. As C increases, Ps first decreases
smoothly, reaches a minimum for C between 0 and 0.8, and then increases in Fig. 16a. The
distributions of Ps coincide closely for those Reynolds numbers during 0 < C < 0.6. Then Px
becomes positive for C > 1. The profiles of the power to overcome the drag force (i.e., Py )
are shown in Fig. 15c. The distributions of the total power Py versus C for different Re are
concave upwards with a minimum around C = 1.2 in Fig. 16b. As listed in Table 1, it is
reasonable to predict that the total power ratio n is 68% approximately for Re = 400 and
48% for Re = 5000.

4.5 Comparison between the travelling wavy wall and fish swimming

To clarify the wavy motions characterizing steady undulatory swimming in fish, Videler [11]
proposed some simple models to analyze the fish-like swimming motions. As an extension of
the kinematics analysis, by using computational fluid dynamics to solve the incompressible
Navier-Stokes equations, the undulating wave motion, similar to the backbone undulation of
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swimming fish, is modeled simply as a travelling sinusoidal wave. Based on the results above, it
is found that the travelling wavy wall can be optimized to achieve separation suppression, to
create thrust, and to minimize net power input.

It is necessary to compare the results of the travelling wavy wall obtained in this study with
some typical live fish swimming. Based on measurement of steadily swimming saithe and eel,
the movements of saithe and eel were observed as digitized outlines from film frames [38]. The
kinematic and morphometric quantities for saithe and eel are listed in Table 2.

The overall flow pattern and dynamics depend strongly on the phase speed C. For upstream
travelling wave motion (i.e., C < 0), the flow feature is qualitatively similar to that for C = 0.
The attached shear flow near the travelling wavy wall persists and strengthens with decreasing
C, resulting in an increasingly greater drag force and net energy needed for propulsion. For
downstream travelling wave motion (i.e., C > 0), the flow is significantly altered. As C
increases, the separation bubble moves away from the wall, and the separation eddy is weak-
ened and eventually leads to its disappearance at C about 1.0. Based on the understanding of
fish-like locomotion, the mean force and power are of primary concern and are analyzed above.
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bers at ¢ = 0.25: a drag force due to
the friction force; b drag force due to
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force (or power to overcome the drag
force)

Of ultimate interest is the net power required for the locomotion, which is the sum of the
swimming power and the power required to overcome the total drag. This total power yields a
minimum for the net power required at C = 1.2, approximately. As listed in Table 2, the ratio
of the travelling wave speed and the swimming speed Cs/Us is 1.21 and 1.26 approximately
for steadily swimming saithe and eel. Thus, it is noteworthy that C around 1.2 predicted
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Table 2. Kinematic and morphometric quantities for saithe and eel

Length (L) Maximum tail os = 2nA/L Cs/Us
amplitude (A/L)
Saithe 0.37m 0.083 0.522 1.21
Eel 0.14m 0.102 0.641 1.26

Here, Cs/Us represents the ratio of the travelling wave speed and the swimming speed.

numerically is the value adopted for travelling wave-like swimming motion of live fish in nature
[38], [39].

To explore effective propulsion for the travelling wavy wall, the other important
parameter is the amplitude of the travelling wave. Although the wave amplitude used in this
study is constant, the results are still reasonable to understand the mechanism of the
propulsion for the travelling wavy wall. To clarify the variation of n with o, as shown in
Fig. 12, it is noted that the power ratio n for 0.4 < ¢ < 0.7 is less than 30%, corresponding
to the high propulsive efficiency for a travelling wavy wall. Compared to the data in
Table 2 for steadily swimming saithe and eel, the maximum tail amplitudes
os = 2mtA/L ~ 0.522 and 0.641 are consistent with the present numerical prediction for
04 <0<0.7.
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