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Abstract

Green water damage to floating structures results from high pressures and loads that occur
when wave crests inundate the structure far above the waterline in areas not designed to
withstand such pressures. A combined effort with both numerical and experimental approaches
was made to study the kinematics of plunging waves impinging on a structure and the associated
green water. A fixed and simplified 2D rectangular structure based on the dimensions of a
typical TLP (1:168 scaled down) was tested in a laboratory 2D wave tank using extreme waves
breaking and impinging on the structure with green water. A new non-intrusive image based
technique called bubble image velocimetry (BIV) was developed and validated to measure the
velocity field of the multiphase flow. BIV is capable of measuring the full-field velocity of a
gas-liquid flow by correlating the “texture” of the gas bubbles and the gas-liquid interfaces in the
images. Detailed velocity fields in the vicinity of the structure, including green water, were
measured over the entire impinging process using the particle image velocimetry (P1V) technique
and the BIV technique. A prediction equation for the greenwater velocity profile based on the
measured velocity fields was developed. Comparisons among the measured green water
velocity, the prediction equation, and the widely used linear dam break solution were made. In
addition, an interface-preserving level set numerical method was incorporated into the Reynolds-
Averaged Navier-Stokes (RANS) method for the simulation of green water effect numerically.
In the method, free surface flows are modeled as immiscible air-water two-phase flows and the
free surface itself is represented by the zero level set function. Calculations were performed for
several two-dimensional green water problems including dam break flows, free jets, and the
impingement of dam break flow on a fixed structure. The method has also been extended for the

simulation of nonlinear waves generated by a numerical wavemaker.



Chapter 1

Introduction

1.1 Review of Green Water Incidents and Studies

The interaction between extreme waves and floating structures is of primary concern in
the design of offshore structures. Green water loads on offshore platform occur when an
incoming wave significantly exceeds the free board and water runs on the deck. In the past
extreme waves have caused significant damages to offshore structures due to the tremendous
forces created by wave impingement (e.g., Buchner, 1995; Hamoudi and Varyani, 1998;
Schoenberg and Rainey, 2002). Frequently, green water washes out and damages equipment on
the deck and in some cases causes injury or death to persons working on the deck. Green water
also could affect the stability of offshore structures. Figure 1 shows the green water incident on
the Selkirk Settler in mid Atlantic in 1987.

In 2004-2005, hurricanes Ivan, Katrina, and Rita damaged a number of offshore structures
in the Gulf of Mexico. These hurricanes were unusually intense and generated waves that were
larger that the design criteria for many structures. Large waves resulted in greenwater occurring
in the decks of some structures causing damage that ranged from equipment on the deck being
moved or damaged to the loss of older platforms designed to lower criteria. Greenwater
damage can in principle be mitigated by a variety of means including increasing deck elevation,
reconfiguring deck layouts, strengthening decks and equipment supports, or installing shielding
to protect equipment. Appropriate choices would depend on the type of structure and deck
equipment and appurtenances. The focus of this study is to develop a model to predict
greenwater veloicities that can be used to provide design guidance to avoid or minimize

greenwater damage to offshore structures.
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Figure 1: Green water incident at the side of Selkirk Settler. (Photographed by Captain G. A.

laniev and courtesy of Prof. Douglas Faulkner).

The green water problem has been investigated experimentally and numerically. Among
the experimental studies, Buchner (1995a, b) presented experimental investigations based on
model tests with a floating, production, storage, and offloading (FPSO) unit. From various tests,
he suggested that the green water occurrence and loading are strongly dependent on the
conditions of the ocean such as wave period, wave height and current velocity. In the studies, he
showed the resemblance of green water to a dam break flow and commented that the application
would be limited due to the shallow water assumption in the dam break flow. Buchner (1996)
later also investigated the effect of green water with different bow shapes. In addition, Hamoudi
and Varyani (1998) investigated the probability of green water occurrence for various Froude
numbers and wave heights experimentally. The study examined the number of deck wetness
through laboratory tests to compute the probability of occurrence and compared it with the
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study (1997) indicated that the front velocity of a real dam break flow is not constant and reduces
as a function of time, which disagrees with Ritter’s solution in which the front velocity is
constant. Even though many green water studies used the dam break flow for velocity
estimation, validation on the similarity between the dam break flow and green water flow has not

yet been well studied or carefully proved.

The probability of green water incidents increases in a harsher ocean condition, meaning
green water occurs and becomes a concern mainly due to extreme waves. Typically large
breaking waves are used to represent the extreme waves. Since breaking waves impinging on a
structure and the overtopping water on the structure generates significant loads on the structure, it
is of importance to understand the breaking waves and associated overtopping water. The
impinging patterns of breaking waves have been classified into four categories by researchers
(e.g. Oumeraci et al., 1993; Hattori et al., 1994; Hull and Mdiller, 2002). Their studies found that
the impact loads are strongly influenced by the shape of breaking wave as it impinges on a wall.
Although there are many studies investigating the relation between wave impacts on a vertical
wall and the breaking shape, the flow pattern after the impingement and overtopping green water
have not been well understood. On the other hand, there have been other approaches mainly
focusing on the forces of the waves on structures and simple flow field kinematics. Most of
these studies were based on the potential flow theory therefore the nature of the multiphase
highly turbulent flow in the problem is not realistically simulated. The results are therefore at
most for the “engineering accuracy” for the prediction of global wave forces rather than looking
into the physical insight of the phenomenon with a resolved accuracy in velocity, pressure, and
force distributions. Recently, more advanced approaches, either based on the Reynolds averaged
Navier-Stokes equations (RANS) or large eddy simulation (LES), that feature turbulent models
and provide much more physical insight have started to be used in the study (e.g., Lin and Liu,
1998a, 1998b; Watanabe and Saeki, 1999; Christenson and Deigaard, 2001). However, only
limited success has been achieved due to the lack of comprehensive treatments on the splashing
water over the free surface and the high void fraction bubbly flow, and lack of experimental data
to validate the calculations of models.
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experimental works of other researchers. They also found that there is no direct relation between

the velocity of waves and the velocity of green water on the deck.

Among the numerical studies, Maruo and Song (1994) studied the effect of the wave
steepness on the green water effect in the bow region using the boundary element method. They
simulated the case with a high speed vessel two-dimensionally. Nielsen and Mayer (2004) used
a Navier-Stokes solver with a volume-of-fluid scheme to model the green water loads on a vessel
with and without motions in both 2D and 3D. The model shows a good agreement in 2D
comparison between the calculated water level on the deck and experimental data in Buchner’s
(1995a) study. In their extended study to 3D, they found that the 3D effect is insignificant.

Due to the possible similarity between green water and a dam break flow, there have been
many studies that applied the dam break theory to green water studies. Fekken et al. (1999)
simulated green water incidents using a Navier-Stokes solver with a volume-of-fluid method for
free surface modeling. They modeled a dam break flow to mimic the green water flow on the
deck without considering the ship-wave interaction and ship motion. Shoenberg and Rainey
(2002) modeled the green water flow by simulating a moving shelf submerged in a pool using the
potential flow theory and the boundary integral equation method. =~ They compared their results
with an analytical solution of dam break flow and found a reduction in damage if using the
moving shelf model. Yilmaz et al. (2003) developed a semi-analytical solution for a dam break
flow to simulate green water on a deck. They obtained the solution using the Fourier Series

Analysis and Fourier Transformation technique to describe the nonlinear dam break problem.

In a typical design procedure for the green water load, the standard approach to estimate
the velocity of a green water incident is to use the dam break solutions (Shoenberg and Rainey,
2002). The dam break flow is a class problem that has been investigated by numerous
researchers. Many solutions were proposed for the dam break flow. Among the solutions, a
classic analytical solution that has been widely used for a dry frictionless flat bed and considered
as a simplest one is Ritter’s solution (Lauber and Hager, 1997; Vischer and Hager, 1998; Zoppou
and Roberts, 2003). That solution has been used frequently for green water predictions

(Buchner, 1995a, b; Shoenberg and Rainey, 2002). However, Lauber and Hager’s experimental
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In experimental approach, very few non-intrusive quantitative velocity measurements of
breaking waves impinging on structures exist. We thus review the measurement of breaking
waves instead. Various measurement techniques, including laser Doppler velocimetry (LDV)
and particle image velocimetry (PIV), have been employed for the velocity measurements of the
wave breaking process in both of surf zone and deep water (e.g., Greated and Emarat, 2000; Ting
and Kirby, 1994, 1995; Perlin et al., 1996). Among the efforts, PIV is a new comer and only
about 10 years old. However, the technique is perhaps the most robust and state-of-the-art
technique among all the methods. This is due to not only its full field nature but also its recent
advances in the improvement of the spatial and temporal resolutions and time resolving
capability, and its still-evolving foreseeable future. Among the recent advances in breaking
wave measurement using PIV, Chang and Liu (1998) measured the maximum velocity and
associated acceleration and vorticity of the overturning jet of a breaking wave. Unfortunately, as
a wave breaks and entrains air bubbles, the technique is then restricted to the region outside the
aerated area, in general under the trough level or away from the breaking point. Despite some
success on the measurements of the breaking wave flow field and generated turbulence outside
the aerated region (Chang and Liu, 1999, 2000; Melville et al., 2002), the advances in the
understanding of the flow structure inside the highly aerated region have rarely been reported.
Few exceptions are perhaps the early work of Jansen (1986) and the very recent work of
Govender et al. (2002). Jansen measured particle trajectories in the aerated region of breaking
waves using fluorescent tracers and ultraviolet light, but the measurements suffered from poor
spatial resolution. More comprehensive measurements were obtained by Govender et al. (2002),
who used a technique similar to PIV based on the digital image acquisition and cross-correlation
algorithms with the use of a laser light sheet to illuminate the aerated region. Bubble structures
in the images were used for correlation between consecutive images for velocity determination.
Even though the measurements are promising, no detailed description on the technique itself was
provided.

In addition to the direct measurement of bubbly flow under breaking waves, the
measurement of gas-liquid flows has been investigated in various areas. Typically the bubble
void fraction and the bubble size are much lower and smaller than that in a breaking wave. For

such flows the scattering of laser light due to bubbles is much less and thus more controllable.
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The PIV technique have been successfully used to measure bubble velocity by correlating
bubbles or tracking each bubble in the recorded images that were taken by applying the
“shadowgraphy” method (Hassan et al., 1998; Nishino et al., 2000; Lindken and Merzkirch,
2001). The method uses a light source behind the bubbles therefore the bubbles appear in the
images as their shadows. Again, the density and size of bubbles have to be within a certain limit
so the shadows are separated and identifiable.  Typically the two methods above are used in low

void fraction flow with small bubbles, and inapplicable in breaking wave measurements.

1.2 Objective and Approach of the Present Study

Green water damage to floating structures results from high pressures and loads that occur
when wave crests inundate the structure far above the waterline in areas not designed to
withstand such pressures. Green water damage is often associated with the use of floating
structures in operations or locales for which they were not initially designed. Modification of
existing floating structures to prevent greenwater damage is often difficult to achieve, and
prevention is generally approached through localized reinforcements or barriers added to the
structure and/or modified operating procedures. The objective of this research is to focus on the
development of a prediction model of green water velocity on the deck. This prediction model
could be subsequently applied in new designs, and used to develop design guidance. The goal is
to allow designers to avoid or minimize green water on new floating structures through design.
The applications may be to the ship-shaped FPSQO’s and other structure geometries such as spars
or TLP’s.

The approach is to form a combined effort with both numerical expertise and
experimental expertise to investigate the kinematics of plunging waves impinging on a laboratory
model structure and the associated green water. Since instruments capable of measuring the
flow field of green water does not exist, development of a new measurement technique is the first
step in the experimental approach. A new measurement technique called bubble image
velocimetry (BIV) was developed to directly track the air bubbles and measure velocity in gas-

liquid flows. The validation for the accuracy of BIV was conducted. A fixed 2D rectangular
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structure based on the dimensions of a typical TLP (1:168 scaled down) was tested in the 2D
laboratory wave tank using extreme waves breaking and impinging on the structure with
greenwater. Velocity fields in the vicinity of the structure, including greenwater, were measured
over the entire impinging process using the particle image velocimetry (PI1V) technique and the
newly developed BIV technique. A prediction equation for greenwater velocity distribution
based on the measured velocity fields was developed and tested. Comparisons among the
measured greenwater velocity, the prediction equation, and the widely used linear dam break

solution were made.

In addition to the experimental approach, an interface-preserving level set numerical
method was incorporated into the Reynolds-Averaged Navier-Stokes (RANS) method for
simulation of greenwater effect numerically. In the level set method, free surface flows are
modeled as immiscible air-water two-phase flows and the free surface itself is represented by the
zero level set function. In order to maintain a uniform interface thickness between the gas and
liquid phases, a reinitialization (or redistancing) algorithm was implemented to ensure that mass
conservation is satisfied throughout the entire simulation. Calculations were performed for
several two-dimensional greenwater problems including dam-breaking, free jets, and the
impingement of dam-breaking flow on a fixed structure. The method has also been extended for
the simulation of nonlinear waves generated by a numerical wavemaker. The ultimate goal is to
develop a numerical model capable of simulating the green water flow, to validate the numerical
model using the measured data in this study, and to apply the validated numerical model to

simulate the real scale flow and complex geometry platforms with green water inundation.



Chapter 2

Experimental Condition and Setup

2.1 Experimental Condition

The experiments were performed in a glass-walled wave tank located at the Department
of Civil Engineering, Texas A&M University. The wave tank is 36 m long, 0.9 m wide and 1.5
m high. The water depth was kept constant at d = 0.80 m throughout the experiments. The
wavemaker is of dry-back flap type installed at one end of the wave tank and controlled by a
computer. A 1:5.5 sloping beach with a layer of horsehair is at the other end of the tank to
absorb the wave energy and reduce reflection. A rectangular model structure that has a length
of 0.15 m, a height of 0.31 m and a width the same as that of the tank was installed in the wave
tank. The draft of the model structure is 0.20 m. Figure 2.1 shows the side view and top view
of the wave flume and the model structure. The model was constructed based on a simplified
two-dimensional tension-leg platform (TLP) with a scale ratio of 1:168. The model structure
was mounted on aluminum frames that were rigidly fixed to the bottom of the tank and
suspended from the top of the tank. The aluminum frames were designed to minimize vibration

of the model induced by breaking wave impingement.

Velocity field was measured using two optics-based image techniques: particle image
velocimetry (P1V) and bubble image velocimetry (BIV). While PIV is a modern measurement
technique and has become popular in many fluid mechanics laboratories since late 90’s, BIV was
developed by the investigators for this project. The details of PIV can be found in Raffel et al.
(2001) while the description of BIV was given in Ryu et al. (2005).

The detailed sketch of the model structure is shown in Figure 2.2 with the coordinate

system and the fields of view (FOV) used for the PIV and BIV measurements. Note that the
origin (x, z) = (0, 0) is at the intersection of the structure front wall and the stationary water level.
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The structure was located at 21.7 m away from the wavemaker. All the control signals,
including the signals controlling the wavemaker and triggering the PIV and BIV systems, and

measured data were synchronized.

Flip type
wavemaker 1:5.5 slope
/ Horse hai/r
08m
¥
21.7 m
F Y
09m

(b)

Figure 2.1: Wave flume: (a) side view, (b) top view.

Velocity measurements were performed with three different FOVs. First, the PIV
technique was used to measure the flow field in front of the model structure in FOV 1. The
focus of FOV 1 was on the instant when the breaking wave impinges on the structure. FOV 2
was for the BIV measurements in the vicinity of the structure that covers the front and the top of
the structure. Since the waves have broken in the region, the flow is bubbly and the region is
aerated. In order to investigate the green water effect without the end-of-the-deck problem

(water falls off the short deck immediately after rushing up to the deck), a longer deck of 0.22 m
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in length was later added to the original model structure. This is for the easier analysis (so the
length of the deck is no longer a variable), and for later comparisons with the dam-breaking
model widely used for green water prediction. With the extended deck, the total length of the
deck of the structure becomes 0.37 m. Even though the deck length is more than doubled, it is
still much shorter than the wavelength of the breaking waves used in the study. To measure the
flow fields on the extended deck using BIV, the large FOV 3 was used. The setup condition is

shown in Table 2.1.

The breaking wave tested here is a plunging breaker that was generated using a wave
focusing method similar to that in Skyner et al. (1990). The wave train consists of waves with
various frequencies ranging from 0.7 Hz to 1.3 Hz. The water depth was kept constant at d = 80
cm.  With the superposition of different wave frequencies and some trials and errors, a plunging
breaker breaks at a desired location right in front of the model structure was obtained. The
generated breaking wave is highly repeatable so the tests can be repeated multiple times for a
better accuracy and later calculation of mean and turbulence velocities. The free surface
elevation was measured using two wave gauges located at 5.1 m and 21.7 m from the wavemaker
(i.e., x =-16.6 m and x = 0.0 m in front of the structure) to measure the incoming waves and the
water elevation at the front edge of the structure, respectively. The measured wave profiles by
the gauges are shown in Figure 2.3. In Figure 2.3(a), the primary frequency, wavelength, wave
height, and phase speed of the target breaking wave in the deep water are 0.77 Hz, 2.54 m, 17.1
cm, and 1.95 m/s, respectively. On the other hand, in Figure 2.3(b) the height of the wave
became about 24 cm right at the frontal edge of the structure, and about 1 cm below the deck
(freeboard 11 cm). However, video images show the water level is much higher (approximately
5 cm higher) than the deck (to be showed later). This is due to the high void fraction when the

wave was broken at the leading edge of the deck.
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Figure 2.2: Model structure and fields of view (FOVs)

Table 2.1: FOVs and setup conditions

o . ) Spatial resolution

FOV Condition Method FOV size (mm®) )
(mm°)

FOV 1 Model PIV 150x120 1.8x1.8

FOV 2 Model BIV 378x378 5.5x5.5

Model with
FOV 3 BIV 410x275 7.0x7.0
extended deck
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Figure 2.3: Wave elevations measured at (a) 5.1 m (x =-16.6 m), and (b) 21.7 m (x = 0.0 m)

from the wavemaker.

2.2 Principle and Setup of PIV System

The PIV technique in the present study was first used to measure the velocity field near
the front wall of the model structure. The PIV technique is a non-intrusive, indirect, and whole
field method. The tested flow had no intrusive probes in it but was seeded with neutrally
buoyant tiny particles as tracers. The sketch of PIV is shown in Figure 2.4. The basic
principle of the PIV technique is that the tiny seeding particles in the fluid are illuminated by a
thin sheet of pulsing laser light twice within a short time interval with images captured using a

camera. As a result, there is one image for each particle on a single frame and two consecutive
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frames are used to trace the particle motion. Figure 2.5 shows the double-frame/single-pulsed
method for the image recording.

Thin shest of light

Water seeded with

small particles Camera field

of view

Digital camera

Fulsed laser head

with light shee Light sheet
optics

Figure 2.4: Sketch of PIV technique

®
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Figure 2.5: Image recording technique: Double-frame/single-pulsed method. The black dots

represent the exposed images of a particle by a pulsing laser light at time t; and t..



After the images containing particles are acquired, cross correlation is employed to obtain
the displacement of particles over the short time separation, At. Small areas (called
subwindow or interrogation area) in the images are used to find the particle displacement in the

areas. The cross correlation can be written as

R(s) = j f (x)g(x+5)dx (2.1)

subwindow

in which R, a 2D function, is the result from the correlation, f and g are the 2D mathematical
representation of the two images (call an image pair), and x and s are the position vector and the
displacement vector, respectively. With the finding the maximum value in the 2D function R
and curve fitting technique for subpixel accuracy, the mean particle displacement (Ax,Az) over
the small area occurs at the highest correction can be obtain. The velocity can be subsequently
calculated from the displacement as u=Ax/At, w=Az/At. In general, Fast Fourier
Transform (FFT) is used to speed up the processing for correlation computation. The details of
the PIV techniques can be found in Raffel et al. (2001).

The light source of the PIV system in the present study is a dual-head frequency-doubled
Spectra-Physics Nd:YAG laser that has a 532 nm wavelength (green light), 400 mJ per pulse
maximum output energy, 6 ns pulse duration, and 10 Hz repetition rate for each head. A set of
optics consisting of cylindrical and spherical lenses was used to generate the light sheet with a
thickness of approximately 1 mm. The image recording system is a CCD camera from
LaVision Inc., a frame grabber housed in a computer, and the controlling computer. The camera
has an 8 frames per second (fps) maximum framing rate, a 1024x1280 pixels resolution, and a
12-bit dynamic range. A 105 mm Nikon micro lens was mounted on the camera with the
aperture set at f/5.6. The seeding particles, Vestosint 2157, have a mean diameter of 56 um and
a specific weight of 1.02. The FOV for the PIV measurements is from x = -14 cm and to x = 0.7
cm and from z =1 cm to z = 13 cm with x = 0 being the leading edge of the structure and z = 0
being the calm water level as shown Figure 2.2 (denoted as FOV1). The time interval between
two successive laser pulses is 0.6 ms. The frame rate of the camera was set at 7.27 Hz
throughout the experiments. The measurements were repeated 11 times with a small delay

between each set of measurements to form continuous velocity fields with a time separation of



0.025 second. The interrogation area for velocity determination was 32x32 pixels with a 50 %

overlap. Commercial software from LaVision Inc. was used for the velocity computation.

2.3 Principle and Setup of BIV system

The BIV technique was developed and used to obtain the velocity field in the highly
aerated region. The technique correlates the bubble images and “texture” in the images created
by the bubbles and the air-water interfaces. No small seeding particles used in the traditional
PIV technique are needed. The idea of the BIV method came from combining the
shadowgraphy technique that illuminates the fluid from behind to reveal the flow pattern, and the
PIV technique that correlates the consecutive images to determine the velocity. Since the
velocity is calculated through cross-correlating the images obtained by the shadowgraphy
technique with the bubble structure in the images as tracers, the BIV technique requires only two
light projectors to illuminate the air bubbles in the aerated region. Unlike the traditional PIV
technique, no laser and light sheet are needed. In the experiments, regular 600 W light bulbs
with reflecting mounts were used to illuminate the flow. The images were captured by two
Phantom high speed cameras mounted with a Nikon 105 mm micro focal lens. One of the
cameras used for the measurements of the model without the extended deck (FOV 2) has a
resolution of 512x512 pixels, an 8-bit dynamic range, and a maximum framing rate of 1000 fps.
The other one, borrowed from National Chung Hsing University in Taiwan, is a newer version of
the first camera. This newer one has a resolution of 1024x1024 pixels, the same dynamic
range, and a maximum framing rate of 1200 fps, and was used for the model test with the
extended deck (FOV 3). In this study, the resolution used for the newer camera was set at
1024768 pixels and the camera is capable of measuring up to 1680 fps with that resolution.

The aperture of the focal lens mounted on both cameras was set at /1.8.

The illumination of the flow in BIV is the modification of the traditional shadowgraphy
method with lights being placed at both sides of the wave tank. One light placed at the back
side of the tank was used to illuminate the flow from behind (the high speed camera was located
at the other side). A thin sheet of translucent white plastic glass was attached on the back-side
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glass wall of the tank. This way the light bulb illuminates the flow more uniformly without the
use of a costly large high intensity light emitting diode (LED) plate typically used in the
shadowgraphy technique. However, for the region with a high concentration of bubbles the
captured images are filled with shadows and appear to be all dark in that region. The images do
not provide the needed differences in intensity to reveal the bubble structure or bubble “texture”
for later correlation for velocity determination. To resolve this problem, a light was placed on
the other side of tank (at the same side with the high-speed camera but with an angle) in order to
produce the desired intensity differences in the images. The light illuminating behind the tank
was located with an angle of 0° (normal to the FOV) while the other at the other side had an
angle of about 60°. Subsequently, images captured using the modified shadowgraphy technique
were inverted so the high intensity (bright) represents the bubbles. The flow velocity was

calculated by cross-correlating the flow texture from the inverted consecutive images.

Since the BIV technique does not use a light sheet to illuminate a specific plane of
interest like the traditional PIV method, it is necessary to know where the measured bubbles are
in the cross-tank direction (i.e. the y direction). The problem is solved by limiting the depth of
field (DOF) in the experiment, achieved by carefully setting up the camera. The DOF is defined
as a distance within which objects captured by the camera are well focused and appear to be
sharp and clear. The camera focal point and the DOF can be considered as the light sheet plane
and 