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ABSTRACT

Two different flow structures in a laboratory channel were examined using a flow
visualization technique, known as Particle Image Velocimetry (PIV). The first channel
flow structure was that of a steady flow over a horizontal channel bottom. Photographs
of particle displacements were taken in the boundary layer in a plane parallel to the flow.
These photographs were analyzed to give simultaneous measurements of two components
of the velocity at hundreds of points in the plane. Averaging these photographs gave the
velocity profile a few millimeters from the bottom of the channel to the water surface.
The results gave good agreement with the known boundary layer theory. This technique is
extended to the study of the structure under a progressive wave in the channel. A
wavelength of the propagating wave is divided into sections by photographing it
continously for a number of frames. Each frame is analyzed and a velocity field under
this wave at various phase points were produced with their respective directions. The
results show that velocity vectors in a plane under the wave could be achieved
instantaneously and in good agreement with the small amplitude wave theory.
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1.0 INTRODUCTION

Malaysia, a country with a total land area of about 300,000 square kilometers is largely
surrounded by the sea. With about 4000 kilometers of coastline, Malaysia boasts of its
beautiful beaches of which is a major tourists attraction. It also harbours one of the most
important shipping routes in the worid. However the beaches and ports around the
country is at the mercy of mother nature. Erosion threats of our beaches is going at an
alarming rate and siltation problems at ports and harbours costs the country millions of
ringgit annually. Thus a serious study of sediment transport has to be emphasised.

Sediment transport is influenced by many complex factors including the hydrodynamics of
the surrounding area or the flow structure in the area. Recognizing this important factor,
an investigation into the flow structure in a laboratory channel is being conducted. The
basic and most fundamental investigation into the flow structure include finding the
velocity vectors at locations of interest. With a very acurate velocity data, other important
properties such as vorticity and shear stresses are derivable. Many techniques are available
in obtaining velocity in a water flow. They include pitot tubes, electromagnetic current
meters, laser doppler velocimeter, acoustic dcopler current profiler and particle image
velocimeter. Each of these has its own advantages and limitations. Since for our study,
particle image velocimeter is used, only this technique will be highlighted and discussed.

In this paper, particle image velocimeter which is a quantitative flow visualization
technique, is used to investigate the flow structures of two different conditions in a
laboratory channel. They are the structure of a shear steady flow and the structure of flow
under a propagating wave. The results from these experiments show the strength of PIV
in that very detail and accurate velocity vectors of an area can be obtained at an instant.

2.0 MATERIALS AND METHODS

The experimental facilities include a laboratory channel with its associated pipeworks and
wave generator, a set of PIV system, a miniature single component velocity meter and a
wave sensor with an LCD panel wave recorder. The set-up of each apparatus and their
usage is explained in detail below.

2.1 Laboratory channel

The laboratory channel is a rectangular straight channel with length 8 meters, width 0.17
meters and height 0.17 meters. It was contructed with the use of PIV in mind and is made
entirely of perspex so that easy viewing is achieved and more importantly for the PIV
image capture to be possible. A false bed is constructed using fibre glass to achieve a
smooth and even bottom. This physical model can represent a river in which a uniform
current can be generated by pumping water from a tank underneath the channel and is
later recirculated. It can also represent the ocean by generating waves at one end of the
channel. For the wave experiments, waves were created using a flap type paddle hinged at
the bottom of the channel at one end while at the other end, a beach is constructed with
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slope 1:10 to minimise reflection. Plastic fibres are glued to the beach to further absorb the
incoming waves.

2.2 Particle Image Velocimetry

PIV is an optical velocimetry technique which enables two velocity components in a plane
to be instantaneously measured over an extended area of flow. The flow must be seeded
with particles small enough to represent the flow. A very high powered thin light sheet
need to illuminate the area to be investigated and this sheet need to be double pulsed
during a camera exposure to produce double images of each seed particle.

Our PIV system can be divided into the image capture system components and image
analysis system components. To capture a PIV image, optical access must be possible
from two perpendicular directions. One is for the laser beam to illuminate the flow while
the other is for the camera to capture the motion of particles illuminated by this laser light.
The layout for the channel and PIV image system components are as in figure 1.
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Fig. 1: channel and PIV image capture set -up

A laser light beam is reflected vertically downwards using a mirror mounted above the
channel. This beam goes through a cylindrical lens so that light sheet is created. A
spherical lens was also mounted to reduce divergence of the light sheet. The continous
beam coming out from the Argon-ion laser is double-pulsed using a modulator. This
modulator has a built-in 40Mhz Bragg cell which diffracts the laser beam into various shift
orders when a signal is sent from the synchronizer. The alignment is such that the the
modulator aperture only allows the first order diffracted beam to pass through. The time
interval between these pulses and the duration of each pulse is user selectable . Thus the
images captured by the camera are of particles moving at a known interval. The SLR
camera used in the experiment is Nikon F4 with Kodak Tmax 400, a very high resolution
film which is able to capture the particle images illuminated by the double pulses. The
modulator and camera is connected to the synchronizer which synchronizes all the event
sequence.
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The particle images captured on the negatives is analyzed using the image analysis system.
Figure 2 shows the image analysis system components. The displacements of these pairs of
particles is determined by the PIV software by correlating the particle pairs. The velocity
then can be calculated. The image analysis system must have a uniform light to backlit the
negatives of the particle images. In in our case we use a low power He-Ne laser, a video
camera which can magnify the particle images on the negatives, a frame grabber capable of
digitizing the video output to 8 bits and converts the bits into a color spectrum, an image
monitor where this image can be displayed using pseudocolor, a computer with array
processor that does the Fast Fourier Transform analysis and locates the displacements
peaks.
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Fig 2: PIV image analysis system components

As was mentioned above, the velocity of each particle pairs can be determined after the
displacements are determined. When analyzing a negative, a small area is viewed by the
video camera and the velocity vector is found by averaging velocities from all particle
pairs in that area. Traversing the negative and repeating the digitizing and analyzing
processes for the entire negative, produces the velocity field for the whole photograph.
The PIV software also controls the traversing in the x and y direction and output the result
into a graphic software where a velocity map is presented. The vorticity field and shear
stresses can also be calculated and plotted using this software.

2.3 Miniature velocity meter

A miniature velocity meter is mounted from the top of the flume to monitor the bulk flow
velocity. This velocity meter is capable of giving the speed of the flow to a minimum of 5
cm/sec. In this set-up, it is used to estimate the average velocity of the flow across the
depth of the channel.

2.4 Wave sensor system

A wave sensor system is also used to facilitate the experiments. The sensor is mounted on
the flume and is connected to a recorder where the whole system is capable of monitoring
the waves in the channel. Real time wave observation is possible on the LCD screen of the
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wave recorder model Hioki 8833. The wave data can be stored in the recorder memory
and the wave profile and statistics can be printed out.

2.5 Experimental method

In the first set, the objective was to investigate the structure of a shear layer for a steady
flow over a horizontal bottom. A flow with bulk velocity of 10 cm/s was achieved by
pumping water from the underneath flume and is recirculated back into the tank. A
boundary layer exists with the calculated Reynolds number of 5500. A laser light sheet
was created using a cylindrical lens of 6 mm focal length. A spherical lens of 200 mm focal
length trims the diverged beam and creates a sheet of 47 mm in width in the flow. The
sheet thickness is estimated to be more than 1 mm due to the fact that these lenses are
located at about 3 meters from the laser beam modulator. The illumination is located at a
distance of 2 meters from the flume entrance. The sheet illuminates a plane of width 9 cm
and covers the whole depth of the water in the centerline parallel to the flow. A camera
was mounted perpendicular to the light sheet. No image shifting component was required
since there was no reverse flow. Double pulses with 5ms intervals were found suitable for
the image capture and 100 urn polycrystalline particles were used to seed the flow.
Eighteen frames were captured and analyzed so that ensemble averaging could be done to
determine the velocity profile from each velocity map obtained from the PIV pictures.

As for the second set, the experiments is extended to the flow structure under propagating
waves. An image shifting system components is added to the image capture set-up since
reverse flow is present under propagating waves. An image shifting system has to be
included when a flow is in random directions. The image shifting system components
comprise of a rotating polygon mirror which views the particles in the illuminated flow
and an image shifting electronics that is connected to the synchronizer. With this flow and
the image shifting system incorporated, the seeding particles used were 30 \xm
polycrystalline particles and pulse intervals of 3 ms. The camera is now located parallel to
the light sheet and focussing into the mirror. The camera captures the particle images in
the mirror at two positions of the mirror. This produces the second particles of each pair
to be at one side of the plane, thus as if no reverse flow occured. During the analysis of
the PIV pictures the true magnitude of the velocity is found by subtracting the calculated
velocity from the shifted velocity. And so we get the velocity vectors with their proper
directions for the whole plane.

Small amplitude gravity water waves can be generated by a paddle at one end of the
channel. A plane progressive wave with length 57.50 cm and height 1.62 cm propagating
over a still water depth of 6.0 cm was created. The pulsed separation for the laser was 3
u.s with pulse duration of 0.15 us. The seeding particles used was of smaller diameter that
is 30 um. The image shifting was set at 0.45 mm horizontally. PIV pictures were captured
at the rate of 1.2 frame/sec and 11 frames were taken, resulting in dividing one wavelength
of waves into small segments. This enables us to examine the velocity vectors under the
wave at various phase points. Waves with other parameters were also captured and
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analyzed but discussions here is limited to the flow structure of one wave characteristics
only.

3.0 RESULTS AND DISCUSSION

3.1 Shear flow

Figure 3 shows one of the positive PIV photograph, where pairs of particles can be
clearly identified. The negatives of the PIV pictures are analyzed and the generated
velocity vectors in a plane is shown in figure 4.

Fig. 3: A photograph of double pulses Fig. 4:Velocity field of a shear flow

The velocity data from all the frames are averaged for each horizontal location across the
water depth and a velocity profiles is obtained along the flume. This is shown in figure 5.
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Fig. 5: Velocity profile for the shear flow

The thickness of the boundary layer is calculated and in good agreement with the theory.
For relatively low Reynolds number, the seventh power law gives a good estimate of the
velocity profile for turbulent flows over a flat plate. For y/5 > 0.4, the experimental data is
in good agreement with the theory but for y/5 < 0.4, the error is approximately 2.5 % and
increases sharply as it approaches the bottom. This is due to a large velocity gradient
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found very near the wall. Thus to be able to get a reliable result at the wall, the PIV image
capture parameters must be changed to accomodate this velocity gradient. A set of new
PIV pictures must be taken zooming into this layer if the structure of this layer is of
interest. The photographic and analysis PIV parameters are as mentioned in section 2.

3.2 Progressive wave

With the wave period of 0.8 second, 11 segments of the wave taken at the rate of 1.2
frames /sec reproduce the whole length of the wave. Figure 6a, b, c & d shows the
velocities under the crest, zero amplitude and trough obtained from the experiment.

\

a) phase 0 b) phase nil c) phase n d) phase 3TI/4

Fig. 6. Water particle velocities under various phases
wave propagation

\

Fig. 7: Water particle velocities under the whole wavelength ( 1.25 Hz, 0.575m, 8.1 mm)

Figure 7 reproduces the water particle velocities for under one wavelength of a
progressive wave as observed from the PIV results. Each of the PIV picture was capable
of producing a velocity map from 3 mm above the bed to 72 mm vertically and 100 mm
horizontally. It can be seen that water particle velocities are as predicted by the small
amplitude wave theory. The horizontal and verticle velocity components are 90° out of
phase. The maximum magnitude of the horizontal velocity is at under the wave crest.

Figure 8 shows the measured horizontal velocities in comparison with the small amplitude
wave theory under the plotted against the height above the channel bed . These plots show
an agreement with the theory but is not a good fit. The reason is probably due to the result
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of the velocity at phase zero was analyzed from only one frame. It is expected that when
the wave induced velocity is phase-averaged for a number of frames, a good fit with the
theory curve can be obtained.
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Fig. 8: Comparison of measured velocity with small amplitude wave theory.

4.0 SUMMARY

The experiments discussed showed that PIV provides the instantaneous velocity data of an
area as opposed to other techniques such as Laser Doppler Velocimetry (LDV) which
actually gives data as a time series at a particular point. And to cover a plane of flow,
measurements are repeated at thousounds of neighbouring points. Thus a plane
measurement by LDV is time consuming and does not have the instantaneous information
in an unsteady flow In summary, if the flow structure is of interest, PIV is the technique is
to be used to investigate the flow in two dimensions instantaneously. It can be applied to
more complex flows as long as two optical accesses perpendicular to each other exist. It
performs well when the flow is well seeded and the light sheet intensity is not reduced by
any contamination in the flow.
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