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Abstract

Experimental study was conducted on the vortex shedding process induced by the interaction between a solitary wave and a sub-
merged vertical plate. Particle image velocimetry (PIV) was used for quantitative velocity measurement while a particle tracing technique
was used for qualitative flow visualization. Vortices are generated at the tip of each side of the plate. The largest vortices at each side of
the plate eventually grow to the size of the water depth. Although the fluid motion under the solitary wave is only translatory, vortices
are shed in both the upstream and downstream directions due to the interaction of the generated vortices as well as the vortices with the
plate and the bottom. The process can be divided into four phases: the formation of a separated shear layer, the generation and shedding
of vortices, the formation of a vertical jet, and the impingement of the jet onto the free surface. Similarity velocity profiles were found
both in the separated shear layer and in the vertical jet.
� 2005 Published by Elsevier Inc.
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1. Introduction

A submerged structure in a coastal zone, such as a
breakwater or an artificial reef, has been employed in many
engineering practices to dissipate wave energy, reduce
beach erosion, and for sustainable development. As waves
propagate over the structure, part of the wave energy is
reflected back to the open ocean, part of the energy is
transmitted to the beach, and part of the energy is con-
verted to turbulence and dissipated in the vicinity of the
structures. Potential flow has been a good assumption in
formulating the problem before waves encounter the struc-
ture. After the encounter, the potential flow assumption
may still be reasonable for estimating the reflected and
transmitted wave height, but it is no longer applicable in
predicting the velocity field in the vicinity of the structure
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due to the vortical and turbulent nature of the flow. Flow
separation at the structure induces and sheds vortices both
offshore and onshore in a limited region around the struc-
ture. While the induced vortices help to dissipate the wave
energy, the generated strong vortices may hamper the
structure integrity and stability due to scour. On the other
hand, the vortices increase the exchange between the bot-
tom water and surface water, and sustain the health of
the coastal ecology and environment similar to the upwell-
ing effect in a lake.

A structure with a simplified geometry such as a rectan-
gle has been used in most theoretical, numerical, and experi-
mental studies for the understanding of the interaction
between structures and waves. Among many others, Mei
and Black (1969), Tang and Chang (1998), Ting and Kim
(1994), Zhuang and Lee (1996), Huang and Dong (1999,
2001), Chang et al. (2001, 2005), Lin (2004), Sue et al.
(2005), and Lin et al. (in press-a) have all used a rectangu-
lar dike in their study of the problem. Typically the length
of the structure is in the same order or greater than the
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height of the structure. For a limited cases and applica-
tions, the length of the structure is much smaller than its
height, and typically represented by a vertical plate (Ono
et al., 1997; Sue et al., 2005). Moreover, solitary waves
have been frequently used in the study due to their simple
and permanent wave form and, in some applications, rep-
resentation of a tsunami due to its shallow water nature.
While most existing investigations focused on the predic-
tion of wave energy transmission and reflection and wave
transformation (e.g., Mei and Black, 1969; Lin, 2004),
more and more recent studies have started to investigate
the turbulent and vortical structure of the flow to gain
more insight on the generation and evolution of the vorti-
ces induced at the corners of the submerged structure.

Numerical models based on Navier–Stokes equations
and their derivatives to account for the viscous and rota-
tional effects in the flow have been used to compute the
interaction between waves and structures in the recent dec-
ade. More realistic flow fields were obtained by examining
the calculated results, although most results were either
validated qualitatively or not validated at all due to the
lack of detailed experimental measurements (Tang and
Chang, 1998; Huang and Dong, 1999, 2001; Lin, 2004;
Sue et al., 2005). Only very few computations were vali-
dated quantitatively with detailed velocity comparisons at
several cross sections and time steps (Chang et al., 2001),
and some have been validated with velocity measurements
at a small number of points (Zhuang and Lee, 1996). The
reason may be partially contributed from the difficulty of
accurately modeling the vortex generation mechanism
due to flow separation, which requires an extremely fine
resolution or a precise formulation of the boundary layer
near the structure corners, and partially contributed from
the difficulty of obtaining quantitative experimental data,
including velocity and turbulence, covering the vicinity of
the structure.

Experimental measurements applying more advanced
optics and imaging techniques such as laser Doppler veloc-
imetry (LDV) and particle image velocimetry (PIV) have
been started and employed in the study to obtain both time
history velocity data at a point and flow maps at a give
plane since last decade. Quantitative velocity information
was obtained for the study of a solitary wave interaction
with a rectangular dike (Zhuang and Lee, 1996; Chang
et al., 2001; Lin et al., in press-a). In addition, researchers
also applied qualitative flow visualization techniques to
take advantage of their higher spatial resolution in compar-
ison to the quantitative velocity measurement, and better
identification of the vortex structure. However, detailed
measurements on the case of a solitary wave propagating
over a thin plate have rarely been studied using the
advanced measurement techniques, even though the study
is important in the understanding of the coastal
environment.

The objective of this study is to elucidate the temporal
and spatial dependence of vortex structure induced by a
solitary wave propagating over a submerged vertical plate
experimentally. The PIV and particle tracing techniques
were used for velocity measurements and flow visualiza-
tion. Flow similarities were examined by relating the mea-
sured velocity field to a shear layer and a turbulent jet.

2. Experimental setup

The experiments were conducted in a glass-walled and
glass-bottomed wave flume at the Department of Civil
Engineering, National Chung Hsing University. The flume
is 8.85 m long, 0.50 m wide, and 0.50 m deep and used for
both the wave and current studies. A piston-type wave-
maker driven by a variable-speed motor was installed at
one end of the flume. The wavemaker was originally
designed to generate monochromatic waves. An electro-
magnetic clutch was installed inside the wavemaker to
allow a rapid start and stop of the wave paddle for the gen-
eration of the desired solitary waves. The generated solitary
waves are followed by a dispersive tail wave train that has
an amplitude one order of magnitude smaller than that of
the solitary waves. Although the generation mechanism is
not ideal, the generated solitary waves were clean enough
for the present study with certain combinations of wave
height and water depth. The generated solitary waves were
also found to be highly repeatable. Two capacitance-type
wave gauges separated at a distance of 6.0 cm in the
streamwise direction were used to measure the free surface
elevations. The wave celerity was obtained through cross
correlating these two measured free surface profiles.

The target solitary wave used throughout the present
study has a wave height of H = 1.2 cm in a water depth
of h = 7.0 cm. The use of the specific wave parameters
was because the combination gives the best waveform with-
out losing its generality in the study. Before the installation
of the structure in the flume, validation on the generated
wave was performed by comparing the free surface dis-
placement and the wave celerity. Fig. 1(a) shows the com-
parison of the free surface profile between the generated
solitary wave and the theoretical wave form of

gðx; tÞ ¼ Hsech2
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where g denotes the free surface elevation above the still
water level, x and t the streamwise direction and time,
and c the wave celerity that can be calculated theoretically
as c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðhþ HÞ

p
. Very good agreement between the gen-

erated wave and the theory was obtained. Fig. 1(b) shows
the comparison of the wave celerity. The generated waves
agree very well with the data reported in Daily and Stephan
(1953), and both show a slightly lower celerity than the the-
oretical value. Comparisons on the fluid particle velocity
under the wave crest were also performed and reported in
Lin et al., in press-a). To illustrate the inflow condition,
Fig. 1(c) shows the velocity field under the solitary waves.
In this figure, the vertical coordinate Y represents the
height above the bottom of the wave flume. Note that
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Fig. 1. Validation of target solitary wave with H = 1.2 cm and h = 7.0 cm. (a) Comparison of free surface profile: (d) wave gauge measurement; (—)
theory. (b) Comparison of wave celerity. (c) Velocity field under the solitary wave obtained using PIV.
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the solitary wavelength is much greater than the water
depth and the field of view of particle image velocimetry
(PIV) so the velocity presented here is composed from
the PIV measurements at several different time steps. De-
tails on the PIV system will be described later.

A schematic diagram of the wave flume with the sub-
merged vertical plate mounted on the bottom is shown in
Fig. 2. The plate was made of acrylic and located near
the middle the flume. The plate has a spanwise width the
same as that of the flume, a vertical height of
D = 3.0 cm, and a thickness of L = 0.43 cm. To eliminate
Fig. 2. Sketch of the wave flume and the vertical plate.
the after-body effect, the top of the plate was sharpened
at an angle of 45�. The still water depth, h, was kept con-
stant as 7.0 cm throughout the experiments while the target
solitary wave height was kept as H = 1.2 cm. This gives H/
h = 0.17, D/h = 0.43, and L/D = 0.14 in the present study.
The coordinate system is also shown in Fig. 2 and defined
as follow: The origin (x,y) = (0,0) is at the upstream side of
the plate and the tip of the plate, respectively. In addition,
t = 0 is defined at the moment when the crest of the solitary
wave is at x = 0. The Reynolds number is about 19,000 in
the present study. The Reynolds number is defined follow-
ing Chang et al. (2005), i.e., Re = Uh/m in which the char-
acteristic velocity U is defined as U = umh/(h � D) with
umð¼ H

h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðhþ HÞ

p
Þ being the maximum particle velocity

of the solitary wave to account for the existence of the sub-
merged structure.

Aluminum powder or titanium dioxide powder were
uniformly introduced into the water as the tracing particles
for qualitative flow visualization in the particle tracing
technique. The particles form pathlines if illuminated by
a laser light sheet and captured using a camera with the
exposure time appropriately adjusted. A 5 W argon-ion
laser (Coherent 90 series) was diverged through a cylindri-
cal lens to form the light sheet of about 1.5 mm in thick-
ness. The light sheet entered the wave flume vertically
through the glass bottom along the flume centerline at
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the location of the plate to illuminate the tracing particles
on a two-dimensional vertical plane. High resolution cam-
eras, including a Nikon F5 film cameras and a Nikon D100
digital camera, were employed to take images, and a digital
video camera (Sony DCR-TRV70) was used to record the
temporal variation of vortex shedding processes in the
vicinity of the plate.

A PIV system was used to measure the two-dimensional
velocity field on the same vertical light sheet plane as that
in the particle tracing technique. The light source is a
dual-head frequency-doubled Nd:YAG laser (Continuum
Surelite). The maximum energy output is 200 mJ per pulse
in 532 nm wavelength. The pulse duration is 10 ns and the
repetition rate is 15 Hz for each laser head. The image
recording system is an 8-bit digital CCD camera (TSI Piv-
cam 10–30) which has a 1016 · 1000 pixels resolution and a
maximum framing rate of 30 frames/s. Cross-correlation
analysis using commercial software (TSI Insight) was per-
formed to obtain the two-dimensional velocity fields. Inter-
rogation windows of 32 · 32 pixels with a 50% overlap
were used in the velocity determination.

3. Results and discussion

Images taken using the particle tracing technique are
demonstrated in Fig. 3. Although qualitative, the fine reso-
lution images do provide a clear picture on the generation
and evolution of the vortices through the pathlines as well
as the profile of the free surface. Note that t = 0 is defined
as the instant when the crest of the solitary wave is at the
top of the plate. Fig. 3(a)–(c) show the generation of a
clockwise vortex at the tip of the plate due to the approach-
ing wave that causes the flow to separate at the tip. The
main vortex generated in Fig. 3(a)–(c) eventually sheds
out and continues to grow in size, as shown in Fig. 3(d)–
(f). Note that there is a second clockwise vortex generated
at the tip of the plate in Fig. 3(c). The size of this tiny vor-
tex is approximately the thickness of the plate. It may be
caused by the thin yet finite width of the plate, similar to
that observed in waves interacting with a dike (Lin et al.,
in press-a). After the size of the main vortex growing to
almost the depth of the water in Fig. 3(f), the translatory
motion of fluid particles has almost completely ceased as
the wave past. This large vortex is confined by the bottom
of the tank and the rear edge of the plate. It forces the
water to move upward at the rear edge of the plate. This
creates a counterclockwise vortex above the tip of the plate
and causes the previously generated tiny near-tip vortex to
disappear because of the interaction of vortices of different
signs. The counterclockwise vortex continues to move
upward and upstream and grow larger. Subsequently, the
main clockwise and counterclockwise vortices reach the
free surface and cause the free surface to bulge, as shown
in Fig. 3(g) and (h). A second counterclockwise vortex is
generated near the junction between the bottom and the
plate at the trailing side. A third counterclockwise vortex
also appears near the surface at x/h � 1 (or x � 7.0 cm)
induced by the interaction between the main clockwise vor-
tex and the free surface.

The flow pattern shown in Fig. 3 is further supported by
the PIV measurements in Fig. 4. Fig. 4(a)–(d) show the for-
mation of the main clockwise vortex starting before the
arrival of the wave crest to the passage of the crest. The
tiny vortex at the tip of the plate shown in Fig. 3(c) is
not captured in the velocity map due to the much coarser
resolution in the PIV measurements. This marks the need
of the extra flow visualization in addition to the PIV mea-
surements. By carefully examining the flow field, the flow
pattern shows certain similarity with that of a shear layer
at x/h > 0 before the passage of the wave crest, especially
during �12:0 6 t

ffiffiffiffiffiffiffiffi
g=h

p
6 �6:0, and can be seen in

Fig. 4(a). The vortex starts to form and sheds out after this
stage, as shown in Fig. 4(a)–(e). Subsequently, a strong
vertical velocity similar to a jet at the edge of the plate at
x/h � 0 is observed during the period of 10:0 6

t
ffiffiffiffiffiffiffiffi
g=h

p
6 24:0, which is shown in Fig. 4(f) and (g). A sim-

ilar jet-like pattern near the submerged structure was also
observed in Zhuang and Lee (1996) and Lin et al. (in
press-a), although in their studies a dike with a dimension
of L/D = O(1–10) was used. After this stage the vertical jet
impinges the free surface while the counter rotating vortex
pair continues to move upward, encounters the free sur-
face, bounces downward, and distances from each other,
as shown in Fig. 4(f)–(h). The flow pattern is somewhat
similar to an impinging jet even though the vortices at each
side of the jet axis are asymmetric. The vortex pair eventu-
ally diffuses and grows to the size of the water depth (not
shown here).

Based on the observation made from Figs. 3 and 4, we
categorize the interaction process into four phases: forma-
tion of a separated shear layer, generation and shedding of
vortices, formation of a vertical jet, and impingement of
the jet onto the free surface. We further examine the PIV
measurements to check whether any similarities exist.

3.1. Formation of a separated shear layer

Detailed velocity information is extracted from the PIV
velocity maps. Note that the propagation of the solitary
wave over the vertical plate is unsteady so the velocity dis-
tribution along a given cross section is a function of time.
Fig. 5 shows the variation of the horizontal velocity distri-
butions at six different vertical cross sections between x/
h = 0.0 and x/h = 0.121 (downstream from the front edge
of the vertical plate) during the period of �12:0 6

t
ffiffiffiffiffiffiffiffi
g=h

p
6 �6:0. The period corresponds to the formation

of a separated shear layer downstream of the vertical plate.
It is found that the velocity at each cross section becomes
relatively uniform at y > 1.5 cm and y < �1.0 cm. The fig-
ure shows the unsteady nature of the problem. Interest-
ingly, velocity overshooting due to flow separation is
observed in each velocity profile between y = �1.0 cm
and y = 1.5 cm. It should be pointed out that velocity
overshooting was also observed in other separated flows.
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ffiffiffiffiffiffiffiffi
g=h

p
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Examples are the flows at the lee side of a two-dimensional
solid fence (e.g., Gupta and Ranga-Raju, 1987), and in the
near-wake flow of a two-dimensional circular cylinder (e.g.,
Kravchenko and Moin, 2000; Lin et al., 2004), although
these studies are under the steady free-stream velocity con-
dition. After trying several length scales and velocity scales,
Fig. 6 shows the schematic profile of the separated shear
layer with the final length and velocity scales. In the figure,
umax denotes the maximum horizontal velocity (i.e., the
maximum overshooting velocity), ymax the value of y where
umax occurs, umin the uniform velocity at y < �1.0 cm, b1
the length scale representing the value of y at u = umax/2



Fig. 4. PIV velocity maps measured at t
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(i.e., the half-width of the shear layer). Note that all these
velocity and length scales are not constant but time depen-
dent due to the unsteady inflow condition of the solitary
wave.

In order to estimate more accurately the values of umax,
umin, ymax, and b1 during�12:0 6 t

ffiffiffiffiffiffiffiffi
g=h

p
6 �6:0, nonlinear
curve fittings to the experimental data were performed (to
the data points in Fig. 5). Fig. 7(a) and (b) illustrate the
trends of the two velocity scales, umax and umin, against time,
t, for 0 < x/h 6 0.121. One can see that both umax and umin

increase linearly with the increase of t except that umin is
equal to zero between x/h = 0 and x/h = 0.039. In addition,
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Fig. 6. Schematic sketch of the separated shear layer.

900 C. Lin et al. / Int. J. Heat and Fluid Flow 26 (2005) 894–904
the variations of the two length scales, ymax and b1, with
respect to t are presented in Fig. 7(c) and (d). It is found that
both ymax and b1 increase as t increases, though the relation-
ship is no longer linear. Based on the observation above, we
expect that (umax � umin) and b1 could be the characteristic
scales, while umin and ymax could be considered as the refer-
ences (or the shifting factors). Accordingly, the dimension-
less horizontal velocity deficit (u � umin)/(umax � umin)
against the dimensionless shifted height (y � ymax)/b1 is
plotted in Fig. 8 with the fitting curve

u� umin

umax � umin

¼ ½tanhðC1 � nþ C2Þ þ 1� � fC3 � C4

� cos½C5 � ðnþ C6Þ� � e�ng ð2Þ
in which n = (y � ymax)/b1, C1 = 1.613, C2 = 1.503, C3 =
0.280, C4 = 14.716, C5 = 0.011, and C6 = 145.948. The R2

value of the fitting curve in the figure is 0.979. The results
show surprisingly well behaved similarity corresponding to
the formation of the shear layer before the passage of the
solitary wave crest during �12:0 6 t

ffiffiffiffiffiffiffiffi
g=h

p
6 �6:0 for

0 < x/h 6 0.121. Note that the data points with u < umin

near the tip of the vertical plate are not included in the simi-
larity plot in Fig. 8 due to the local effect of the tiny eddy,
shown in Fig. 3(c), caused by the inevitably finite thickness
of the vertical plate. The scattering at n > 1.0 in Fig. 8 re-
flects the influence of the external velocity field induced
by the approaching solitary wave. It should be pointed
out that Eq. (2) at n 6 0 is similar to the velocity distribu-
tion of the traditional thin shear layer flows with the
momentum thickness used as the characteristic length scale
(Michalke, 1965; Kuo and Chang, 1998).

3.2. Formation of a vertical jet

As stated above, the shear layer is followed by the gen-
eration and shedding of vortices and then a flow similar to
a jet discharging upward along the rear edge of the vertical
plate. Fig. 9 shows the vertical velocity distribution of the
jet measured at several horizontal cross sections at 0.0 6
y/h 6 0.509 during the period of 10:0 6 t

ffiffiffiffiffiffiffiffi
g=h

p
6 24:0,

corresponding to the period after the complete passage of
the solitary wave. Each profile exhibits similar asymmetric
characteristics due to the interaction between the wave and
the plate. Not only is such kind of jet velocity profile differ-
ent from the axisymmetric and symmetric jets (Lin et al.,
1998), it is also different from the traditional wall jet
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(Rajaratnam, 1976) and the deflected wall jet of a free over-
fall (Lin et al., in press-b).

In order to investigate the typical profile with such an
asymmetric characteristic, the concept with two different
half-jet widths was developed to illustrate the variation of
the vertical jet. Fig. 10 depicts the schematic velocity profile
of the vertical jet. In the figure, vmax is the maximum verti-
cal velocity and xmax is the value of x where v = vmax

occurs. b2 and b3 are the half-widths, defined as jx1/2 �
xmaxj with x1/2 defined at v = 0.5vmax at each side of the
jet axis. We expect that vmax, xmax, b2 and b3 may be the
right velocity and length scales, and their values may vary
with time and height due to the unsteady solitary wave
motion. Nonlinear curve fittings to the experimental data
(similar to that in Fig. 9) were also carried out to obtain
more accurate estimates of these values. The variations of
vmax, xmax, b2 and b3 with respect to time for the range of
y/h = 0.071 to y/h = 0.509 are shown in Fig. 11. In
Fig. 11(a), vmax gradually and linearly increases with
respect to t for the time period of 1.0 s < t 6 2.1 s (i.e.,
10:0 < t

ffiffiffiffiffiffiffiffi
g=h

p
6 24:0) except that it is nearly constant at

y/h = 0.071 (i.e., at the location slightly higher than the
tip of the vertical plate), due to its location being close to
Fig. 10. Schematic sketch of the vertical jet.
the ‘‘nozzle’’ formed by the large vortex (see Fig. 4(f) and
(g)). In Fig. 11(b), xmax decreases slightly with the increase
of t for y/h = 0.071, 0.181 and 0.290, is nearly constant for
y/h = 0.399, and increases with the increase of t for y/
h = 0.454 and 0.509. Its value is approximately 10 mm ±
2 mm, varying within a narrow range of 2 mm. Fig. 11(c)
and (d) show the temporal variations of b2 and b3. Similar
to xmax, the values of b2 and b3 are approximately
12 mm ± 2 mm and 7 mm ± 2 mm, respectively, and both
vary within a fairly narrow range. In summary, Fig. 11
shows the trends for the spatial and temporal variations
of the velocity and length scales after the complete passage
of the solitary wave.

In the analysis of a jet flow, it is common that the max-
imum velocity and the half-width of the jet are used as the
characteristic velocity and length when the jet has a steady
jet speed (Rajaratnam, 1976). Following the same concept
and with the use of xmax as a reference point, the non-
dimensional form of the vertical velocity v against the
shifted width (x � xmax) may be obtained when normalized
by the characteristic velocity scale vmax and the characteris-
tic length scales b2 and b3 for (x � xmax) > 0 and
(x � xmax) < 0, respectively. Fig. 12 shows the similarity
results of (v/vmax) against (x � xmax)/b at 0.0 6 y/h 6

0.509 during the period of 10:0 6 t
ffiffiffiffiffiffiffiffi
g=h

p
6 24:0. Despite

each of the profiles Fig. 9 exhibits asymmetric character-
istics, the similarity trend is surprisingly symmetrical at
v/vmax > 0. Regression analysis gives the unique similarity
profile as follows:

v
vmax

¼ c1 � ½expð�0:5c2 � e2Þ � 1� þ 1 ð3Þ

in which e = (x � xmax)/b, c1 = 1.878, c2 = 0.623, and b =
b2 for (x � xmax) > 0 and b = b3 for (x � xmax) < 0. The
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eq. (3)
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R2 value is 0.970 in the fit. Note that Eq. (3) is very similar
to the velocity distribution of the traditional plane turbu-
lent free jet (Zijnen, 1958; Rajaratnam, 1976).

It is important to point out that the evolution process of
the unsteady flow field of a solitary wave passing a sub-
merged vertical plate includes the formation of a separated
shear layer, the generation and shedding of vortices, the
formation of a vertical jet, and the impingement of the
jet onto the free surface. Nevertheless, for the case of an
approaching flow with a steady sheared stream (i.e., with
upstream boundary) over a submerged vertical plate, only
a steady separation bubble (or standing eddy) is formed
downstream of the vertical plate, as evidenced by Good
and Joubert (1968) and Gupta and Ranga-Raju (1987).

4. Concluding remarks

The detailed flow pattern and characteristics of vortex
shedding induced by a solitary wave propagating over a
submerged vertical plate were studied experimentally. The
particle tracing technique was used for qualitative flow
visualization while the particle image velocimetry (PIV)
technique was used for quantitative velocity measurements.
The vortex shedding process can be classified into four
phases in the chronological order: (1) the formation of a
separated shear layer on the rear side of the vertical plate,
(2) the generation and shedding of a large vortex confined
by the bottom and the vertical plate, (3) the formation of a
vertical jet, and (4) the impingement of the jet onto the free
surface.

Several important velocity and length scales during the
time periods corresponding to the formations of the shear
layer and the vertical jet were discussed. A unique similar-
ity profile between the dimensionless horizontal velocity
deficit and the dimensionless shifted height was obtained
for the shear layer before the passage of the solitary wave
crest. Moreover, a second unique similarity profile between
the dimensionless vertical velocity and the dimensionless
shifted width was also demonstrated for the vertical jet
after the complete passage of the solitary wave.
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