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Experimental

Study on Wave Interactions

with a Fixed Rectangular

vorticity is straightforward.
This helps the understanding of vortex
generation and evolution in the problem. Dong et al. (1997) studied the
flow and wave structures near the bow of a ship model were studied
using PIV. Moreover, the origination of vorticity within the wave and
its relationship to the flow near the surface and shape of the wave were
addressed by Rood (1994, 1995) and Dabiri and Gharib (1997). On the
other hand, Chen et al. (2001) developed a Reynolds-Averaged
NavierStokes (RANS) numerical model to investigate the barge roll responses
under large amplitude waves.
Subsequently,
Chen et al. (2002)
simulated vortex structures and flow separation patterns when a
pontoon barge is partially submerged with the RANS method employed
in conjunction with a domain decomposition approach.

ABSTRACT
This paper presents an experimental study on wave interactions with a
rectangular barge in a beam sea condition. Regular waves with a wave
period the same as the natural frequency of the barge were used in the
experiments due to the fact that the barge is prone to capsizing under
such waves. The barge was fixed on the free surface and no wave
overtopping was assumed.
Particle Image Velocimetry (PIV) was
employed to measure the full-field two-dimensional velocity. Since the
flow is highly turbulent, the phase-averaging technique was used to the
The mean flow
extract the mean flow and turbulence properties.
pattern, including velocity, vorticity, and streamline, was analyzed to
quantify the mechanism of the interactions.
The generation and
evolution of vorticity and turbulence kinetic energy were demonstrated.
The turbulent kinetic energy is found to highly correlate with the
vorticity field
image
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Conference

The purpose of this study is a preliminary investigation of the flow
structure around a fixed rectangular barge interacting with regular
waves. This is the fist step in the study of interactions between the
waves and the rectangular barge motion for better understanding of the
capsizing mechanism.
The present study can be extended to the
analysis of the flow characteristics
in the vicinity of a floating
breakwater.

velocimetry;

EXPERIMENTAL

SET-UP AND CONDITION

INTRODUCTION
The experiments were performed in a glass walled wave tank that is 35
m long, 0.9 m wide, and 1.2 m deep (see Fig. 1). A 1:5.5 sloping beach
is installed at the end of the tank. A layer of horsehair is placed on the
beach to absorb the wave energy and reduce the reflection.

Particle
image Velocimetry
(PIV) is a non-intrusive
velocity
measurement technique that allows one to acquire images from a flow
The
and to extract the velocity information out of these images.
technique
generally
provides
full field
instantaneous
spatial
quantitative velocity information. The technique has been applied in a
variety of fluid mechanics problems, including kinematics in the crest
region in the water wave study.
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It is known that a rectangular barge model is prone to capsize in a beam
sea under regular waves with a wave period the same as the natural
period of the barge roll motion when the barge freely floats in a 2D
wave tank. The general trend to study ship motion forced by waves is
to measure the corresponding motion of ship against incident waves.
Measurements of detailed flow kinematics are rare. With the help of
PIV, the quantitative flow information and flow pattern as well as the
ship motion can all be captured. Therefore, PIV can play a role in the
prediction of ship motion and the design for better stability.
In
addition, through spatial velocity measurement,
computation
of
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Fig. 1 Sketch of wave tank
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repetition rate of 10 Hz for each head so that 20 pulses are generated
per second. The light sheet optics is a combination of two spherical
lenses and one cylindrical lens to generate a thin light sheet (about 1
mm) from the 3-mm diameter laser beam. The camera is a digital CCD
camera with a 105mm f/1.8 micro lens set at f/2.8. The camera has a
1280x1024 pixel resolution, 6.7 ~~6.7
p pixel size, 12-bit dynamic
range, and 8 Hz maximum framing rate.

The wavemaker is of dry back flap type. The flap is driven by a
synchronous servo-motor controlled by a computer, and hydrostatically
balanced using an automatic near constant force and a pneumatic
control system. Two double-wired resistant-type wave gauges were
used to measure the free surface elevation at 100 Hz. The signal from
the wave gauges was converted to voltage and sent to a data acquisition
board housed in a computer. The wave gauges were located at 4 cm in
front and behind the barge to measure the wave elevation within the
PIV field of views at both the weather side and lee side.

The PIV system and the wavemaker were synchronized by computer A
that houses a data acquisition board and generates analog output DC
voltage (Fig. 2). The timing of laser pulses was synchronized with the
CCD camera by computer B that houses another data acquisition board
for analog output. The camera was operated at 4 Hz and 90 pairs of
images were taken at each phase for eight different phases.
The
double-frame/single-pulsed
method was used for PIV velocity
computation.
The time separation (At) between the lst and 2”d laser
pulses was 3.0 ms to limit the maximum displacement to be less than
one-third of the width of the interrogation window (32x32 pixels).
Two fields of view (FOV) were used to capture the vortex generation
by the flow separation at each corner of barge. Fig. 3 shows the FOV.
The interrogation window is of 32x32 pixels (3.6x3.6 mm’) with a 50%
overlap between the adjacent windows.

The barge model was made of wood and built in the Froude number
similarity of a scale factor of l/38.1, which is 0.9 m long (L), 0.2 m
wide (B), and 0.064 m high (TB) with a 0.032 m draft (0) of one-half of
its height. The barge model was fixed at the position 20 m from the
wavemaker.
The wavemaker generated regular waves of 1.0 second
wave period (r) and 0.04 m wave height (H) at the 0.8 m water depth,
giving a wave length (1) of 1.56m. The experiments were conducted
close to the deep-water condition of (h/1 > 0.5) and in the quasisteady state, which
about 15 minutes.

was achieved

after running

the wavemaker

for

The Reynolds number (Re) is believed to be the important parameter
for the generation and evolution of vortices in the wake around a
bottom mounted body in oscillatory flows (Chang, 1999). It is defined
as

where

U,,,

is the maximum

The size of the FOV is 14.2x1 1.3 cm2 at both the weather side and the
lee side.
The PIV seeding particle (Vestosint 2157) has a mean
diameter of 57 p and a specific weight of 1.02.

water particle velocity, B is the barge

width, and v is the kinematic viscosity. The present experiment has a
Reynolds number of 1 .92x104. It is known that the flow pattern for a
steady flow around a circular cylinder is not strongly dependent on
Reynolds number if Reynolds number is between 300 and 3~10~
(Sarpkaya and Isaacson, 1981; Sumer and Fredsoe, 1997). However,
Reynolds number has significant influence on the vortex strength in the
flow in the case of wave interactions with a rectangular obstacle fixed
on the bottom (Chang, 1999). It is expected that the similar effect
applies to the present study.
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Fig. 3 The field of view
The PIV velocity was computed using commercial software from
LaVision. In the process, the background noise was fist subtracted
before the evaluation.
Fast Fourier transform was used for crosscorrelation computation through two interrogation windows from a pair
of images. The computation started initially with a large window size
of 64x64 pixels and then reduced to a smaller size of 32x32 pixels
using the result from the larger window for a better resolution.
Once
the velocity vectors were calculated, a median filter was applied to
remove the spurious false vectors. The empty spaces were then filled
with interpolated vectors and smoothed using a 3x3 smoothing filter to
reduce unrealistic changes in velocity.

TECHNIQUE

Velocity measurements
is shown in Fig. 2.

.

using PIV and the PIV system

MEAN VELOCITY AND MEAN VORTICITY
The velocity fields for the weather and lee sides of the fixed barge
taken using PIV at the 8 different phases in the wave period. The
of view (FOV) was 14.2x1 1.3 cm’, which gave a resolution of
mm/pixel.
The interrogation area was 32x32 pixels with a
overlap so the spatial resolution in velocity is about 1.8 mm.

Fig. 2 Schematic sketch of the experimental set-up
Computer A: to control the wavemaker and trigger the PIV system
Computer B: to take data from wave gages
Computer C: to control the laser and CCD camera

were
field
0.11
50%

The mean velocity and turbulence intensity were obtained by phaseaveraging 90 measurements at each of the eight different phases, i.e.

The PIV illumination
source is a frequency doubled dual-head
Nd:YAG laser. The laser has a maximum energy output of 400
mJ/pulse in the 532 nm wavelength, a pulse duration of 10 ns, and a
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where the symbol < > represents

the ensemble

average,

$)

to be 0.49. Similarly, the reflection coefficient between the barge and
horsehair covered beach at the end of the tank was 0.066.
The
transmitted energy (KT2) is 0.56 and reflected energy (KR2) is 0.24.
Therefore, the fixed barge in this experiment dissipated about 20% of
the wave energy during the interaction.
Note that, unlike the
transmission coefficient measured before the refection from the beach,
the reflection
coefficient
was measured under the quasi-steady
condition.

is the k-

component
velocity obtained from the Ith instantaneous
velocity
measurement, and N is the total number of instantaneous velocity at
that phase.
The vorticity estimated at point (i, j) based on the
circulation calculated using the eight neighboring points is as following

-

+&l,J+l

+ 2%I,,

+ WI-1,1-l 1

Eq. 3 is equivalent to applying the central-differences
scheme to a
smoothed ( 3 x 3 kernel) velocity field. The uncertainty in the vorticity
estimate,
assuming
uncorrelated
velocity
data,
reduces
to
E~ =0.61&, lb
comparing to E~ =E~ lb
using central differences,
or to Ed =1.34&, lbx

using Richardson

extrapolation

(Raffel et al.,

1998).
TURBULENT

KINETIC

Fig. 4 Wave elevation measurements taken at a distance of 4 cm
from each side of the barge. The alphabets (a) to (h) represent the
phases in Figs. 5-6

ENERGY

The instantaneous velocity was decomposed into the mean velocity and
turbulent fluctuations using the Reynolds decomposition
u, =(u,)+u;

In the quasi-steady condition, the transmitted wave height on the lee
side is only one half of the wave height measured on the weather side,
as shown in Fig. 4. This gives notably different vortex patterns and
associated vorticity strength on the weather side and the lee side. The
mean velocity and vorticity fields and streamline for each phase at both
the weather and lee sides of the barge are shown in Figs. 5-6,
respectively.
The distances (AX, AZ) between the adjacent velocity
vectors in the x and z directions are the same and equal to 1.8 mm (16
pixels). The alphabets a to h in Fig. 4 correspond to the phases in Figs.
5-6. Solid lines indicate counterclockwise
(positive) vorticity while
dotted lines indicate clockwise (negative) vorticity. The contour lines
starts from 40
s-l for clockwise
vorticity
and 40 s-l for
counterclockwise
vorticity with an increment of -8 s-l and 8 s-l,
respectively, between the contour lines in the figures. The clockwise
and counterclockwise
vorticities are mainly created around the barge
comers due to flow separation.
On the weather side, the flow
separation starts at the sidewall of the barge comer when the flow starts
to reverse its direction (the free surface is roughly lever-up from the
trough) (Fig. 5(b)), and at the bottom of the barge comer when the
velocity starts to change to the downstream direction (free surface
roughly level-down from the crest) (Fig. 5(f)).
As expected, the
movement of vorticity is strongly related to the wave elevation and
velocity around the fixed barge.
From the streamline pattern and
vorticity field one clearly sees the development and evolution of the
vorticity, including the variation of the reattachment point on the barge
surface.

(4)

where prime denotes the turbulent fluctuations.
Because only two
velocity components were measured, the turbulence intensity is defined
as
I = (u’u’+w’ w’) x

(5)

where u’ and w’ are the velocity fluctuations in x and z directions,
respectively. The turbulent kinetic energy, k, is defined as

(6)
The coefficient 1.33 is obtained from the assumption that the flow
around the barge is similar to a plane wake (Svendsen, 1987).
EXPERIMENTAL

RESULTS

AND DISCUSSION

The energy transmission and reflection were estimated from the wave
elevation taken by wave gages under the assumption of an identical
partition of the potential energy and kinetic energy.
In the present
study, two wave gauges were used with one located at 10 m in front of
the barge (10 m in front of the wavemaker) and another 2 m behind the
barge. The transmission coefficient, KT, is defined as the ratio of the
transmitted wave height (HT) to the incident wave height (HI). For a
breakwater,
this coefficient
represents
the performance
of the
breakwater.
In this experiment (B//1 = 0.125), the transmission
coefficient was found to be 0.75 which is close to the value of 0.7 in
Fugazza and Natale (1988).

On the lee side, the vorticity pattern and strength (the maximum
absolute vorticity) are quite different with that of the weather side.
Unlike the lee side vortices, the location of the reattachment point on
the weather side moves farther upward on the barge sidewall (Figs.
5(b-d)), and moves farther on the barge bottom in the direction of wave
propagation (Figs. 5(f-h) and 5(a)). For the forward motion, the
vorticity keeps on developing while the reattachment length continuous
to increase to about the length of the wave particle trajectory, S (= 4
cm), after the flow starts to separate at the comer. Note that the

To estimate the reflection coefficient, the wave elevation was measured
by moving the wave gauges along the tank at every 5 cm for a distance
of about one wavelength to find the values of maximum (H,,)
and
minimum (H-J heights of the standing wave envelop (Hughes, 1993).
The reflection coefficient, KR, is then obtained using
K, = 9

= %ax - %m

17max+ %m
The refleition coefficient between the wavemaker

(7)
and barge was found
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indicates that a potential flow based model should be applicable in such
type of study as long as its computational domain is a couple times of S
away from the comers.

reattachment length for the backward motion on the lee side is only
about 0.5s which is one-half of that on the weather side. Interestingly,
this is similar to the free surface comparison between the lee side and
the weather side. The similar characteristics also apply to the vorticity
strength: the maximum absolute vorticity on the lee side is about one
half of that on the weather side.

CONCLUSIONS
Using Particle Image Velocimetry (PIV) allows the characterization of
the spatial-temporal
variation of vortices for the analysis of wave
interactions with a fixed barge mounted on the free surface. The free
surface elevation, phase-averaged
mean velocity and vorticity, and
turbulent kinetic energy were obtained and employed in the analysis. It
was found that the flow patterns and vorticity generation are notably
different between the weather side and the lee side. The vorticity
strength on the lee side is much lower than that on the weather side.
The free surface fluctuation amplitude and the length of reattachment
in the vicinity of the barge on the weather side are both about twice the
values of those on the lee side. In addition, the vorticity and turbulent
kinetic energy are found highly correlated. The rotational and turbulent
region is confined within the length of a couple times of the wave
particle trajectory from the comer of the barge.
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Fig. 7 The row and column summation of the absolute vorticity (I
solid line) and turbulent kinetic energy (k, dashed line) on (a) weather
side, (b) lee side.
Rn = accumulated
n on axis / maximum
accumulated a. R, = accumulated k on axis / maximum accumulated k
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Fig. 8 The rotational region (shadow area) around the barge
Both on the weather side and the lee side of the barge there exist a long
and narrow vertical region beneath the barge bottom surface and a pair
of clockwise and counterclockwise
vortices near the comers due to
flow separation. To distinguish the rotational flow region around the
fixed barge from the mostly irrotational flow region away from the
barge, the normalized vorticity and kinetic energy, Rn and Rk, are
plotted in Fig. 7. Note that in Fig. 7 the values are the row and column
summation of the absolute vorticity (a) and turbulent kinetic energy
(k). Fig. 7 clearly shows that the vorticity and turbulent kinetic energy
are strongly correlated to each other. The results indicate that the
rotational (and turbulent) region is confined within the wave particle
trajectory S from the barge comer (assuming a threshold of R$-0.05).
The shadow area plotted in Fig. 8 is the rotational region. The figure
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