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Abstract

Experimental studies of air entrainment by breaking waves are essential for advancing the
understanding of these flows and creating valid models. The present study used three-
dimensional simulations of a bow wave to examine its air entrainment process. The sim-
ulated waves were created by a deflecting plate mounted at an angle in a super-critical
free surface flow. Since the air entrainment process is closely coupled with breaking wave
dvnamics, the present study included both air entrainment and free surface measurements.

Measurements of the free surface were obtained from the simulated bow waves at two
scales, and also from the bow wave created by a towed wedge model. Contact line and bow
wave profile measurements for the different experiments were compared, demonstrating the
similarity of the experimental simulations to the towed model experiments. The plunging
wave jet shape was measured in the larger scale stationary model and towed model experi-
ments and used to calculate jet thickness, velocity, and impingement angle. The bow wave
profile data from the towed model experiments were used to investigate the scaling of the
wave with the flow and geometric parameters. Surface disturbances were observed on the
plunging wave face, and their wavelength, frequency, and velocity were measured.

The primary mechanisms for air entrainment were the impact of the plunging wave
jet and individual droplets in the splash region on the free surface. The air entrainment
process was observed in the larger scale stationary model experiments, and the air bubbles
were entrained in spatially periodic bubble clouds. Due to the shallow depth in these
experiments, measurements of only the larger bubbles in the initial stages of air entrainment
were obtained. An impedance based void fraction meter, developed specifically for the
purpose, was used to measure void fractions and bubble size distributions beneath the
wave. The bubble cloud size and void fraction increased with downstream distance.

There were indications that the surface disturbances control the periodicity of the bubble
clouds. Namely, the surface disturbances divide the plunging liquid jet sheet into a series
of plunging wave jets, each entraining air into a separate bubble cloud beneath the free

surface.
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Chapter 1

Introduction

Air entrainment by breaking waves has been an active area of research for many vears
because of its important role in chemical, biological, and physical processes which occur
at the air-water interface. Since over 70% of the earth’s surface is covered by water, these
processes occur on a large scale. In the oceans, white caps are responsible for most of the
air entrainment, and on average the world ocean white cap coverage is about 1% [35]. The
air entrainment process dissipates surface wave energy. Lamarre and Melville [25] found
that 40% of the total pre-breaking wave energy can be lost in breaking, and up to 50%
of this energy loss is expended entraining air. In addition, the air entrainment process
enhances air-water gas exchange [46]. Furthermore, the air entrainment process and the
oscillations of both the individual bubbles and the clouds of bubbles it creates are a source
of underwater sound. These bubbles also affect the propagation of underwater sound, and
much of the early work in this area is summarized in Kerman [22]. Finally, the bursting
of these bubbles at the air-water interface provides a mechanism for ejecting matter into
the lower atmosphere such as salt nuclei [5] and bacteria [19, 4]. A description of recent
contributions to the knowledge of wave breaking and its role in air-sea interaction is found

in Melville [33].

1.1 Motivation

The motivation for studying air entrainment by bow waves comes from the field of naval

hvdrodynamics. When a displacement type ship moves through the water, it typically



[N

Destrover White-water Waterline hull | Midsection | Velocity. | Froude No..
ship wake length (i) length (ft) drafto d (fty | 17 (ft/s) U/ gd

[ 1 3250 | 369 113 33.8 1.58
2 2370 i 369 113 27.0 1.26

3 4450 369 1.3 4222 1.97

! 2240 369 14.3 38.0 L.77

5 1800 369 14.3 38.0 177

6 1540 369 14.3 38.0 L.77

T 2310 369 14.3 38.0 1.77

8 2280 369 14.3 38.0 177

9 3760 100 14.0 42.2 1.99

10 1730 369 14.3 38.8 1.77

I 1540 369 14.3 388 1.77

12 3480 369 14.3 33.8 177

Table 1.1 Wake lengths for destroyer ships traveling at typical speeds.
Reproduced from Peltzer (1984) with the author’s permission.

creates a white-water (foamy. aerated, turbulent water) wake. The three main sources of

air bubbles in these white-water wakes are:
1. Bow wave breaking.
2. Air entrainment into the ship’s turbulent hull boundary layver at the free surface.
3. Ventilation. racing. and cavitation cansed by the rotation of the propeller.

Other sources include: hull slap in a rough seaway, wave slap against the hull. Kelvin wave
breaking. and hull cavitation [10]. These bubbles can change parameters related to ship
efficiency and performance such as total resistance and propeller efficiency. One specific
example is that bubbles in the near wake of the ship are often entrained into the flow
around the propeller. These bubbles can be a source of cavitation nuclet aud increase the
probability of cavitation. a highly damaging phenomenon responsible [or erosion of blade
surfaces. noise, decreased performance, and induced vibrations.

In recent years. a specific interest in these flows arises from the need for signature
estimation from white-water wakes created by destrover ships. otherwise known as “ships

of opportunity.” in the [nited States Navyv. The photographs in Figure 1.1 show bhow



(a) USS Barry (DDG52), christened 4/23/94. The hull length
is 506 ft., and the navigational draft is 32 ft.

(b) USS Ramage (DDG61), christened
6/8/91. The hull length is 504 ft., and the
navigational draft is 31 ft.

Figure 1.1 Examples of bow waves created by guided missile destroyer
ships underway. Both photographs are courtesy of the U.S. Navy.




waves created by a DDG52 and a DDGG1 destrover ship which are propelled by gas turbine
engines to speeds over 30 knots (51 ft/s). The white-water wakes are also visible in these
photograpls, especially o Figure 1.1(h). These bubbles. particularly the smaller (O(gm))
diameter bubbles, and foam are remarkably stable and can persist in the wake for long
distances. Table .1 lists typical white-water wake lengths for destrover ships measured
from aerial photographs: in one case the white water extended 0.84 miles behind the ship!
In addition to being visible to the naked eve and in photographs. the white-water wakes
can be detected by other methods as well. i.e.. the foam. bubbles. and increased vorticity in
the wake change the water’s surface emissivity which can be detected by microwave radar.
svithetic aperture radar. and infrared radiometry {40].

Despite the complexity of these flows. numerical models have been developed and com-
putations performed. Carrica et al. [7] demonstrated that the bubbles introduced at the
bow of the ship have significant effects on the wake: however. this study and others lack an
accurate model for the bow wave air entrainment process and use arbitrary bubble sources
unrelated to the flow parameters. Increasing the accuracy of these calculations depends
on including accurate models for the bow wave air entrainment process (perhaps similar to
Baldy's [1] model for bubbles created by wind waves). and experimental work is the keyv to

developing them.

1.2 Related studies

There are no records in the literature of void fraction and bubble size distribution measure-
ments beneath breaking bow waves in the field. probably because this type ol experiment
would be exceedingly difficult and costly. There have been. however. numerous studies
which measure void fraction and bubble size distributions beneath other tyvpes of plunging
breaking waves including white caps. and two-dimensional and three-dimeunsional plunging
waves created in laboratory wave tanks. An early example of such a study is Blanchard
and Woodcock's [5] bubble size distributions under white caps. Many of the more recent
theoretical and experimental studies were motivated by the 1987 NATO Advanced Research

Workshop on Sea Surface Sound. Theoretical studies such as Prosperetti et al. [-H1] of the
I i



acoustic behavior of bubbles produced by breaking acean waves resulted in madels requir-
ing experimental validation. i.e.. the acoustic behavior (sound speed) is directly related
to the void Iraction which can be experimentally measured. Sets of void fraction mea-
surements were made by Lamarre and Melville for two-dimensional plunging waves [25].
three-dimensional plunging waves [27]. and white caps [26] using impedance-based void
fraction instrumentation. One of their observations was that immediatelv after breaking
a bubble cloud is created which can have a void fraction as high as 30-40%. This cloud,
primarily comprised of large (O(mm)) bubbles. then degasses rapidly leaving behind a dif-
fuse plume ol microbubbles. Bubble production rates and size distribution measurements
for the larger bubbles were made by Cipriano and Blanchard [15] and Loewen et al. [28].
among others. Bubble populations in fresh and salt water were compared in studies such
as Clartmill and Su [8] and Loewen et al. [28]. In general. bubble plumes in salt water con-
tained larger quantities of bubbles and the bubbles were smaller in size whereas the plumes
in fresh water contained fewer quantities of bubbles which were larger in size because their
surface physical-chemical properties allow them to coalesce. The exact differences in the
size distributions seem to depend on experimental techniques.

The air entrainment process for bow waves (continuously breaking plunging waves) is
similar to that for an inclined plunging jet in cross flow [13]. There are numerous studies of
air entrainment by plunging jets because of its wide spread applications: these studies have
documented different air entraininent processes for plunging jets which have been shown
to be dependent on various parameters including flow rate. jet surface turbulence. and
jet geometry. Van de Sande and Smith [48] reported that high velocity jets (10-25 m/s)
entrained air by “dragging™ their boundary layver into the receiving liquid pool. while low
velocity (25 m/s) jets entrained air because the receiving liquid cannot follow undulations
on the jet surface [49]. Sene [43] continued this work. adding experimental and theoretical
results for both planar and circular jets at low and high velocities. McKeogh [31] defined
a critical velocity for the inception of air entrainment. and later studied the effects of jet
turbulence levels [32]. Koga [23] and Detsch and Sharma [18] measured the critical angle
for the inception of air entrainment. Bonetto and Lahev [6] were among the first to map

local void fraction and velocity fields beneath an axisymmetric plunging jet. and additional
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measurements were made and theory developed [or a two-dimensional supported jet [16. 17].
A recent review by Bin [3] discusses these studies and others concerning gas entrainment by
plunging liquid jets. Chanson and Cummings [12] use the information from these works to
predict quantity of air entrained. bubble sizes, and bubble penetration depth for plunging
breakers achieving good comparison with experimental field data from other researchers.
Lamarre and Melville [25] showed that the air entrainment process is closely coupled
with the breaking wave dyvnamics. but virtually all of the investigations described above

focus on “two-dimensional”™ wave breaking and there is little information on the highly
three-dimensional processes which occur in a breaking bow wave. Therefore. direct appli-
cation of the results from these studies to the bow wave air entrainment problem would be

inappropriate.

1.3 Approach taken by this research

The research described herein used a three-dimensional simulated bow wave to examine the
air entrainment process. The simulated bow wave was produced using a stationary deflecting
plate in a supercritical free surface flow in a laboratory flume (recirculating free surface
water channel). This stationary. simulated bow wave allowed for detailed examination
of the breaking process. and towing tank tests using similar models and flow conditions
confirmed that this was a valid simulation.

These experimental simulations were conducted at two scales. The initial studies focused
on how the bow wave changed with the flow parameters and the geometric parameters.
information which is a necessary prerequisite for understanding the air entrainment process.
Flow visualization studies were performed and an electronic point gage was used to study
the three-dimensional shape of the bow waves and the manner in which thev impinge the
free surface.

Further studies examined the air entrainment process. Bubble size distributions and
void fraction were measured using high speed videos and an impedance based void fraction
meter (IVIM). Because of the limited depth in the flume. only the initial stages of air

entrainment were investigated.
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1.4 Description of thesis contents

The following chapters present a study of the bow wave breaking process and a study of
the air entrained. A description of the experimental equipment is presented in Chapter
2. Chapter 3 contains two different theoretical analyvses of the contact line of the bow
wave on the hull surface. Experimental measurements of the free surface are presented
and discussed in Chapter 4. 1y Chapter 50 the air entraimment process is detailed and
experimental measurements are presented. In addition. the wave breaking process and the

resulting bubble clouds are related. Chapter 6 is a summary of the work presented in this

thesis and a collection of ideas for future work.



Chapter 2

Experimental Equipment

This chapter presents a description of the facilities and the instrumentation used in the

simulated bow wave experiments.

2.1 Facilities

2.1.1 40 m long flume

The larger scale experiments were conducted in a 40 m long tilting flume at a slope of
one vertical to fifty horizontal. The flume is 109 cm wide and 61 cm deep with 1.3 cm thick
tempered glass sidewalls and a stainless steel bottom plane to within £ 2.5 mm. It was
filled with city tap water at about 23°C. A schematic is shown in Figure 2.1, and details
are given in Vanoni et al. [50]. Flow rate, @, is measured using a venturi meter and the

depth. d, is measured with a point gage. The maximum discharge is approximately 0.394

i 40 m :
| 24 m g :
: Spillway e, |
N — Tg:%[ segtion —_— |
T Jack Jack \\ ‘
| 1 — | —_@
Main pivot 30 Hp pump

Figure 2.1 Schematic of the 40 m flume, W.M. Keck Laboratory of
Hydraulics and Water Resources at Caltech.
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Figure 2.2 Upstream end of the 40 m flume.

m?/s. The mean velocity of this flow, U/, was calculated using U = Q/A where A =1.1-d
m*. To create a super-critical flow, a 20.3 cm high two-dimensional spillway section was
installed at the upstream end of the flume, downstream of a 8.1 m long reservoir. It was
made of epoxy painted wood and was secured to the flume bottom using two bolts. A seal
was created between the spillway section and the flume bottom with a rubber gasket, and
a seal was created between the spillway section and the glass sidewalls using polyethylene
caulking. Although the reservoir provided a settling region for the inflow which dissipated,
to some extent, the larger scale turbulence at the flume inlet, additional flow-smoothing
devices were installed. These included a wire screen (3 mm square holes) and a hanging
steel reinforced lucite plate whose downstream edge was submerged approximately 5 cm
beneath the free surface. Figure 2.2 shows the location of the flow smoothing devices and

the spillway section.

Window

U 1.1m

1 <, ?\.age

12cm -

Figure 2.3 Test section in the 40 m flume.
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Figure 2.4 Photograph of the test section in the 40 m flume viewed
from upstream; 6 = 13.4°, ¢ & 15°, U = 2.45m/s, d = 11.45 cm, and
F=23

The test section is located approximately 24 m (or over 200 depths for the flows inves-
tigated) downstream of the spillway and is shown in Figure 2.3. This location ensured a
fully developed flow and also gave the air bubbles entrained in the flow downstream of the
deflecting plate the maximum time to settle out. The test section has an 80.0 cm wide,
121 cm long, and 2.5 cm thick glass window fitted into the stainless steel bottom. Above
this window, a 75 cm long by 50 cm high lucite plate was mounted at an angle 6 to the
oncoming flow to simulate a wedge shaped hull with half angle 8. The dihedral angle, o, the
angle between the plate surface and the undisturbed free surface, could also be changed.
The plate’s leading edge was machined to a sharp edge and displaced 12 em from the glass
flume sidewall to reduce the effect of the boundary layer on the wall of the flume. A steady
breaking wave, similar to that observed at the bow of a ship, is created as the flow rides

up on the plate as shown in Figure 2.4. The flow could also be observed through the glass
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(a) Front view. (b) Side view.

Figure 2.5 Deflector plate used in the 2.6 m flume experiments.

sidewalls of the flume and from below through the glass window mounted in the bottom. A

mirror was supported at an angle of 45° beneath the flume to facilitate these observations.

2.1.2 2.6 m long flume

Smaller scale experiments were conducted in a recirculating glass bottom tilting flume 265
cm long, 45.9 em wide, and 12.7 cm deep. Tilting the flume achieved a more uniform flow
through the test section. It was filled with city tap water at about 23°C, and the flow was
adjusted using both a flow control valve downstream of the pump and a flap nozzle located
at the entrance to the channel. For these experiments, super-critical flows approximately 1
cm deep were created. A mercury/water manometer connected to a standard orifice meter
was used to determine the flow rate, ) (maximum about 0.01 m?/s). It was connected to
an orifice meter, was read to =1 ¢m mercury, and the reading converted to flow rate using
its calibration graph. Upstream of the test section, the depth, d, was measured at five or
more cross-stream locations using a point gage. Although the point gage could be read to
£0.1 mm, the free surface fluctuated by as much as #0.7 mm during the higher velocity
flows. This error was minimized by positioning the point gage tip so that it contacted the
water 50% of the time. The mean depth was used to calculate the velocity of this flow,
U=Q/A where 4 = 0.459 - d m?.

The test section was 35 ¢cm downstream of the flap nozzle exit and contained a lucite



12

Figure 2.6 Photograph of the deflector plate in the 2.6 m flume exper-
iments; 0 = 25°, ¢ ~ 10°, and F = 3.

deflector plate 12 cm high and 42 ¢m long. The deflector plate and its support shown in
Figure 2.5 were displaced a few centimeters from the flume wall similar to the 40 m flume.
Lead weights were placed on the support plate to keep it in place. A nylon screw through the
support plate allowed for adjustment of the deflecting plate dihedral angle, tilting the plate
toward the flow. The dihedral angle, ¢, was measured using a protractor and a flat surface.
The angle between the free stream and the plate, 6, was measured using an electronic point
gage to be described in section 2.2.1. A photograph of the wave created by the deflector
plate in this facility is shown in Figure 2.6. Kriegrocine dye injected upstream of the plate

was used to enhance the contrast in this photograph.
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2.1.3 Towing tank

Towed wedge experiments were conducted in a 126 m long, 7.5 m wide, and 3.7 m
deep tank at Hydronautics Research, Inc., in Fulton, MD. The towing carriage is shown in
Figure 2.7; its maximum velocity was approximately 5.2 m/s. The towing tank was filled
with fresh water at about 16°C during these experiments.

Two wedge models were towed in these experiments, and these are shown in Figure 2.8.
The smaller wedge had a bow half angle § = 13°, and the larger wedge had a bow half angle
8 — 26°. Each model consisted of two 1.3 cm thick lucite side panels, and 0.64 c¢cm thick
aluminum bottom and back panels attached to a frame constructed of 5.1 cm by 5.1 ¢m
aluminum angles. Silicone was used to seal the seams, making the wedges water tight. In
addition, a larger 0.64 cm thick aluminum bottom plate could be fastened to the bottom
of either wedge as can be seen in Figure 2.8. The corners of the plate, in plan view, were
rounded and the bottom of leading edge was cut away at an angle. For the larger wedge
model, this larger bottom plate extended approximately 20.3 cm in all directions from the
wedge perimeter.

A photograph of the towing carriage with the model is shown in Figure 2.9. The model
was suspended from two force cells which were bolted to a steel I-beam. Clamps secured
the I-beam to a support structure on the towing carriage which could be raised or lowered
to change the draft of the wedge models. The carriage towed the models along their line of

symmetry in the center of the tank.

2.1.4 Bubbly column

A bubbly-column-two-phase flow facility was used to calibrate the impedance based void
fraction meter (IVFM) to be described later in section 2.2.3. A schematic of this facility
may be found in Kytomaa [24]. It included a vertical lucite pipe 10.2 cm in diameter with
an air injector located at the bottom of the pipe. The injector produced air bubbles of
uniform size with a diameter of roughly 5 mm (at the injector), and the air flow rate was
adjustable. Two static pressure taps located H = 1.1 m apart, and approximately equally
spaced above and below the IVEFM probe, were connected to an inverted manometer. The

elevation change between the manometer columns is expressed as i, and the steady state
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(a) Front view of towing carriage at one end of the tank. The wedge model can be
seen suspended from the carriage hanging into the water at the center of the tank.

(b) Side view of towing carriage in the middle of the tank. A control room visible at
the rear of the carriage housed the electronics for the experiment.

Figure 2.7 Towing carriage (Hydronautics Research, Inc.).
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(b) Smaller wedge. § = 13°.

Figure 2.8 Wedge models shown with larger bottom plate for towed
model experiments.
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Figure 2.9 View of wedge model from the rear of the towing carriage
(Hydronautics Research, Inc.).

void fraction, a, was obtained using the relation o = h/H [2]. Figure 2.10 shows examples
of two different void fraction conditions in this facility.

A schematic of the test section is shown in Fignre 2.11. The TVFM probe tip was held
in place by a 0.64 cm diameter brass tube bent at a right angle in the shape of an L, 10.5
cm by 27.9 ecm. For the calibration, the probe tip pointed downward and the brass tube
was held in place by a lucite support. The lucite support consisted of two parts. First,
a 5.1 cm diameter lucite piece was press fit with epoxy into the vertical lucite pipe of the
test section. Then, a second lucite piece, 3.8 cm diameter and 12.7 cm long was threaded
into the first and an O-ring created a seal between the two parts. The brass tube was
located in the center of the lucite support, and a seal was created between the tube and the
support using vacuum grease and an O-ring. A nylon set screw prevented rotation of the
brass tube. Two wires extended from the IVFM probe tip through the brass tube to the

associated electronics for the IVFM.



(a) Void fraction, a = 1.13%.

(b) Void fraction, o = 8.94%.

Figure 2.10 Examples of void fraction conditions in the bubbly column
facility. A metric ruler is shown in the foreground, and the IVFM

in the center of the column is obscured by bubbles. The direction of
gravitational acceleration, g, is indicated.
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Figure 2.11 Schematic of bubbly column test section with IVFM sup
port.

2.2 Instrumentation

2.2.1 Free surface probes

The location of the free surface of the wave was measured using an electronic point gage.
The tip of the gage was a sharpened stainless steel rod 1.64 mm in diameter, and a reading
was taken when the tip of the rod was in contact with the water surface 50% of the time.
This was accomplished using an electronic system where the percentage of contact, time-
averaged over several seconds, could be varied and set to a desired value. A light emitting
diode was used to indicate when this desired immersion percentage was achieved. The
circuit diagram of the free surtace probe electronics is shown in Figure A.3. The vertical
position of the electronic point gage could be controlled manually, or a motor driven by
the circuit shown in Figure A.4 could be used to make the electronic point gage “hover™ at
the location of the free surface. For both the smaller and the larger scale experiments. the

electronic point gage was attached to a carriage which travels on precision rails (parallel to
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the bottom to within £0.1 mm) mounted to the top of the flume sidewalls. In the larger
scale experiments, the carriage was moved in the cross-stream and downstream directions
by two stepper motors. It is visible in Figure 2.4. In the smaller scale experiments, the
carriage was moved manually.

A specific measurement procedure was used to define the contact line or the free surface
height on the surface of the deflecting plate. In these experiments, an area of the plate
above the contact line would be covered in a thin film of water and this wet region could
produce false readings. This procedure was designed to avoid false readings produced when
a droplet was “captured” between the point gage tip and the deflecting plate. First, the
needle tip was positioned on the deflecting plate above the contact line. Second, the tip
was moved away from the plate and lowered to the contact line height. Finally, the tip was
moved toward the deflecting plate without changing the height and a reading was taken.
For many flow conditions, in both the larger and the smaller scale experiments, the contact
line was unsteady. In these experiments, an area of the plate above the contact line would
be covered in a thin film of water and this wet region could produce false readings. Care
was taken to position the probe so that it contacted the flowing water approximately 50%
of the time.

For the larger scale experiments, the electronic point gage was also used to measure the
free surface of the region containing the bow wave. The percentage of time that the point was
immersed was preset, and a servo motor system connected to the point gage maintained this
immersion percentage. The gage was connected to a linear voltage displacement transducer
(LVDT) which produced an electrical signal which was, through calibration, proportional
to the water surface elevation. A PC controlled the carriage stepper motors so that the
electronic point gage could automatically traverse a sampling grid in the bow wave region.

Figure 2.12 shows the various components of the data acquisition equipment.

2.2.2 Wave gages

In the larger scale experiments, three wave gages were used to measure the free surface
height on the deflecting plate. A wave gage, shown in Figure 2.14, consists of a pair of

electrodes spaced 0.64 cm apart. Each electrode was made using a pen which deposited
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Figure 2.12 Free surface probe control and data acquisition system for
the larger scale experiments in the 40 m flume. The solid lines indi-
cate electronic connections, and the dotted lines indicate mechanical
connections.

conductive silver traces on the deflecting plate surface. In order to produce electrodes
which were flush with the plate surface, the traces were deposited in shallow grooves, 45
em long and 1 mm wide. Figure 2.13 shows the deflecting plate with the location of the
gages marked. The electrodes were connected using screw terminals to cabling which led
to the electronics. The electronics measured the change in current flowing between the two
electrodes and had a bandwidth of 2 kHz. As the water height increased, the impedance
between the two electrodes decreased, thereby increasing the current flowing between the
two electrodes. The circuit diagram for the wave gage electronics is included in Appendix A.

Although there was some runup and splashing on the wave gages, the data were only used
to find the frequencies of oscillation of the free surface. Since absolute free surface heights
were not measured, calibration of the gages was not required. Free surface oscillations in
the upstream reservoir of the flume were measured using a wave gage consisting of a pair of
stainless steel wires 0.26 mm in diameter spaced 4 mm apart. Attempts to use this type of
wave gage in the test section upstream of the deflecting plate failed because the high flow

velocities caused considerable splashing on the wires and disturbance to the free surface.
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Figure 2.13 View of the deflecting plate with wave gages marked.

Figure 2.14 Photograph of the wave gage near the leading edge (WG1)
on the larger angle wedge model.
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Figure 2.15 Cross sectional view of the IVFM probe (not to scale).

2.2.3 Impedance void fraction meter (IVFM)

An impedance based void fraction meter (IVFM) was developed to measure the void
fraction, a. in this high speed, unsteady, multiphase flow. The IVFM probe consists of
two concentric stainless steel electrodes based on a design by Chanson [10] and is shown in
Figure 2.15. The outer annular electrode is a syringe needle with an outer diameter of 1.63
mm and a thickness of 0.3 mm. The inner electrode is a stainless steel rod with a diameter
of approximately 0.6 mm. The inner electrode was wound with electrical tape and inserted
into the syringe needle which was subsequently filled with epoxy. After the epoxy hardened,
the tip was sharpened. Also. the outer electrode is insulated from the water except for a
length of approximately 0.5 mm from the tip. The probe is mounted on a support system
downstream of the probe.

The probe’s small size allows it to respond to individual bubbles. Experiments with
larger probes of this style did not produce desirable signal to noise ratios. Parallel plate
stvle probes tested for use had grounding loop and vibration problems: they also entrained
air in the separation zones generated by the plates.

The probe is immersed in the air-water mixture, and the impedance across the two
electrodes increases with void fraction. This impedance, Z, can be modeled as a resistor,

R, and a capacitor, (', in parallel so that

R .
2= ROTT (2.1)
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where w is the excitation frequency of the probe. Generally, the inductive impedance is
negligible if the connecting cables are short. Following Bernier [2] we can rewrite the
impedance in terms of the electrical conductivity and permittivity of the water. Maxwell [30]
first modeled the effects of a dilute suspension of non-interacting spheres in a continuous
phase on the bulk conductivity. He expressed the effective conductivity of the mixture,
Oc sy, as a function of the volumetric concentration of the dispersed phase, a, the electrical
conductivity of the dispersed phase o;, and the electrical conductivity of the continuous
phase, o,

3a

20,40,
Tt

Teff = (1 - ). (2.2)

For the case of air bubbles in water, 0, < ¢, and the expression reduces to

3a

24+ a

Oepp = (1 - )0, (2.3)

As in Lamarre and Melville [26] the resistance, R, and capacitance, (', can be expressed as

K €c
R - "\_*C’ = ;fva
Teff K

(2.4)
where A is a constant with units [~ depending on the geometry and spacing of the elec-
trodes. Combining equations 2.1, 2.3, and 2.4 yields

_ 4 a/2 1
Zglwl—a o+ iwe’’

(2.5)

Equation 2.5 shows how the impedance would increase with an increase in void fraction.
Furthermore, it implies that for low excitation frequencies (w/27 < 1 MHz), the impedance
is maialy resistive but for high excitation frequencies (w/2u >»1 Mlz), the hupedance is
mainly capacitive [26]. Operation in the resistive regime is desirable because of the problems
with spurious signals and interference that can plague high frequency circuits [45]. Direct
current excitation is seldom used for these types of probes because of polarization effects in
the water.

The IVFM electronics were designed to detect a 1 mm diameter bubble moving at 2
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m/s (AT = 0.0005 s); therefore, the minimum frequency response required was 4 kHz. An
oscillator generated a sinusoidal voltage signal of + 2.5 V and 500 kHz which was applied
to the inner clectrode; the outer electrode is grounded. This frequency was chosen because
the electronics were able to achieve the required frequency response while still operating
in the resistive regime. When a bubble passes the probe tip, the current flowing between
the two electrodes reduces, and a current meter circuit measures this change. The output
is then low-pass filtered with a cutoff of 40 kHz and demodulated to provide a DC signal
proportional to the local void fraction. The resulting DC signal from the IVFM is sampled
using a data acquisition system with a data collection rate which was set according to the
bubble velocity. The circuit diagram of the IVE'M is included in Appendix A.

Single bubble tests were conducted to determine the sensitivity of the probe to bubble
position. The probe was mounted in a water filled tank 25.4 cm wide, 50.8 cm long, and
30.5 cm deep with the tip pointing downward. A small air pump was connected to a 1.66
mm diameter stainless steel tube installed several centimeters below the probe tip. The air
flow rate was adjusted so that single bubbles were intermittently released from the stainless
steel tube. The bubbles were of uniform 5 mm diameter just before release and deformed
as they traveled upward as shown in Figure 2.16. The high speed video camera and the
IVEF'M data acquisition system were triggered simultaneously at time ¢t = 0 ms. Figure 2.17
shows the voltage signal corresponding to the images shown in Figure 2.16. Correlation
of numerous images and voltage signals like these confirmed that a large negative voltage
spike is produced each time a bubble impacts the probe. The spike base width was defined
as the time difference between the two crossings of a particular voltage level by the spike.
The spike amplitude and spike base width were shown to be sensitive to the lateral location
of the bubble at impact. Figure 2.18 shows a typical result for the non-dimensional mean
spike amplitude and base width as a function of the displacement between the centerlines of
the IVFM prohe and the tuhe which released the bubbles. The mean spike amplitude was
non-dimensionalized by V... the maximum spike amplitude; the mean spike base width
was non-dimensionalized by AT,,,,. the maximum spike base width. A “direct™ collision
by a bubble produced a larger amplitude spike than a “glancing” collision since the entire

bubble would disturb the field lines between the two electrodes instead of only a fraction
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(a) t = 30 ms (b) t = 34 ms

(c) t =38 ms (d) t =42 ms

Figure 2.16 Frames from high speed video of single bubble tests. Once
the bubbles detach from the tubing, they travel upwards with a ve-
locity of 0.27 m/s, and impact the probe tip as oblate spheroids.
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Figure 2.17 Typical IVFM signal from the single bubble tests; the
frames from the corresponding high speed video are shown in Fig-
ure 2.16.

of a bubble. The spike base width corresponds to the residence time of the bubble on the
probe; this time was longer for “direct” collisions. If the bubble is aligned with the probe,
a greater volume of air disturbs the field lines, and since the bubbles move at a constant
velocity, the duration of the disturbance increases.

The bubbly column facility described in section 2.1.4 was used to calibrate the IVFM.
The IVFM signal was sampled at a rate of 2 kHz; a typical signal corresponding to a = 4.31%
is shown in Figure 2.19. The high speed videos again confirmed that each spike corresponded
to the impact of a bubble on the probe tip. The IVFM signals were post-processed using
software; a fourth order Butterworth filter with a cutoff frequency of 1 kHz (the Nyquist
frequency) was used to eliminate any parts of the signal that had a non-physical origin.
Forward and reverse filtering were used to prevent phase distortiou, and the mean noise
level was subtracted from each signal to compensate for any drift of the IVFM electronics.

The void fraction was calculated from the conditioned signals using a procedure based
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Figure 2.18 Non-dimensional mean spike amplitude and base width as
a function of the displacement between the centerlines of the 1VFM
probe and the tube which released the bubbles.
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Figure 2.19 Typical IVFM signal from the calibration experiments. A
voltage of -1.2 V occurs when no bubbles are touching the probe tip
and each large negative spike corresponds to an air bubble passing by
the probe tip.

on Eulerian time averaging methods for two phase flow mixtures snggested hy Ishii [20].
This method assumes the interfacial region thickness, d, to be very small. It further assumes
that the interfaces are not stationary and do not occupy any reference location in space,
@, for finite time intervals. In the following equations, the phase is designated by k& where

k€ {1.2}. The state density function, M., is defined as
Mp(z,t) =1

for a point, a, occupied by the k' phase at time ¢. The time averaged phase density

function, ay, is defined as

50

o (2. t) = lim ! / Mg, t)di (2.6)
Hiag
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where t, is a reference time and Af is a fixed time interval large enough to smooth out
local variations in flow properties. Physically, a; represents a probability of finding the A"
pliase: therefore, the time averaged pliase density [unction is equivalent to the local void
fraction of the &' phase [20].

This theory assumes that for a given phase, say & = 1, the function My(a,t) looks
like that shown in Figure 2.20 where the phase alternates stepwise between phase 1 and
phase 2. The IVFM signal is quite different from this, as can be seen in Figures 2.17
and 2.19, since all electronics have a finite frequency response. A single threshold method
was used to extract the function My (x. t) from the IVFM signals and is shown schematically
in Figure 2.21. Specifically, for k =air. M (2.t) was either 0 or 1 depending upon whether
the signal exceeded a certain threshold or not. Similar procedures have been used by other
researchers using conductivity probes to measure void fraction. For example, Tevssedou et
al. [45] reported good agreement between vaid profiles obtained hy their conductivity prohe
and an optical probe.

The calibration was repeated on four different days, and a typical calibration curve
is shown in Figure 2.22. The void fractions were estimated using three different voltage
thresholds, and a threshold of -0.75 V was shown to give the estimate closest to the measured
value, especially at the lower void fractions. This threshold was then used for determining
void fraction in the simulated bow wave experiments, even though in the simulated bow wave
experiments the orientation ol the probe was dillerent and the bubbles were much smaller
and more spherical in shape due to their more-or-less horizontal motion. The orientation
of the probe was changed from vertical in the calibration to horizontal in the experiments
to align the probe tip with the bubble velocity in the simulated bow wave experiments. In
the calibration the probe tip pointed downward, and in the experiments the probe pointed
upstream since the mean flow velocity (about 2 m/s) was much greater than typical bubble
rise velocities (about 20 cm/s). Likewise, the difference in the size and shape of the bubbles
did not diminish the relevance of the calibration since both flows contained many bubbles
and the sampling times were long. The void fraction represents the likelihood of finding an
air bubble on the tip of the probe at a given time and location, and this would be reflected

in the void fraction signal irrespective of bubble size or shape.
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Figure 2.21 Schematic diagram of the construction of the function
My (2,t) from the IVFM voltage time history for a given location,
£X.
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Figure 2.22 Calibration data for the IVFM from the bubbly column
facility. The different groups of points were produced by processing
the same data set using different thresholds; (o) for threshold = -0.50
V, (+) for threshold = -0.75 V, and (%) for threshold = -1.00 V. The
linear curve fit for the data corresponding to threshold = -0.75 V has
a slope of 1.00 and an intercept of 0.32.

2.2.4 Additional equipment associated with the IVFM

In the simulated bow wave experiments in the 40 m flume, the IVEM probe was mounted
to the carriage described in section 2.2.1. Simultaneous high speed video was obtained with
the IVFM signals using a camera which had a maximum framing rate of 500 fps, and
a high intensity strobe light synchronized to the camera’s framing rate illuminated the
flow. A trigger box provided the TTL pulse used to synchronize the camera and the data
acquisition card, and Figure 2.23 illustrates the components in the IVFM system. In some
experiments, two high speed video cameras were used, and that configuration is detailed in

Figure 2.24.
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Chapter 3

Theoretical Analyses of the Contact Line

One of the simplest ways to describe a bow wave is to specify its contact line on the hull
surface. In this chapter we seek an analytical solution for the contact line and the form of
other important functions (such as the velocity potential), and two different approaches are
discussed. The first approach is an extension of Ogilvie's slender body theory [39] in which
there is a finite depth equal to the draft. The second approach attempts to improve on
this work, using perturbations of planar potential flow around a finite hull body to yield a

three-dimensional solution. A section comparing the two approaches concludes this chapter.

3.1 Slender body analysis

3.1.1 Problem description

Figure 3.1 depicts the orientation of the slender body (ship) where the coordinate z is
measured vertically upward, = = 0, being the ocean bottom and = = h being the undisturbed
free surface. Its shape is symmetric about the centerplane at y = 0, and it is described
by the planforms, b(z,z). The free stream velocity, 7, is in the a-direction. The flow
is assumed to be steady. Further simplifications are made by using order of magnitude
arguments as in Ogilvie [39]. Let ¢ =beam/length and/or ¢ =draft/length so that as
e — 0, the ship approaches a line of length [. We denote the magnitude of the small
quantity 0b/éx ~ dy/dx ~ beam/length by ¢. Then, we choose to examine the region within

r = O(el/z) and r = /y? + 22 = O(¢) which will define the near field of the flow close to
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Bow
Yy

Figure 3.1 Planform view of a flow with velocity, I/, impinging on the
bow of a slender ship. The vertical coordinate, z, is perpendicular to

the plane of the paper.

the bow. Using this, it follows that §/dx = O(1/¢'/?), §/6y = O(1/€), and /6= = O(1/e).
We now make the standard potential flow assumptions (inviscid and incompressible) in

order to find a velocity potential that satisfies the Laplace equation. The homogeneous

three-dimensional Laplace equation,

Gpr + Pyy + @ =0,

can be approximated by

Pyy + ¢zz = 0

because ¢, = O(¢/€) and 0y, ¢.. = O(¢/€e?). The total velocity potential, ¢;otq7, Will take

the form

Orotal = U + o(x, y, ).

The four boundary conditions are:

1. The kinematic condition on the ocean bottom: ¢. = 0 on z = 0.



~ ; 2
i P = — T Dy
h 4 SZ
Leadin
edge g\ v
C)yy + ()”’“ - O
o, = Ub, oy =10
0

Y

Figure 3.2 Semi-infinite strip domain with boundary conditions.

2. The approximate, linearized condition at the free surface:

2

0. = '“%,;(brr on z = h.

3. The approximate, linearized kinematic condition at the hull surface:

oy = Ub, on y = b(x, 2).
4. The condition at infinity: ¢, = 0 as y — oc,

and the details of their derivation may be found in Ogilvie [39]. The dynamic boundary

condition at the free surface is
Cla,y) = ——0z].=n
g

and this is used after the solution has been obtained in order to find the free surface
elevation.

We cimplify the problem further by applving the hull banndary condition at y = 0
instead of at y = b(x, z) which limits the validity of the results to slender ships. Figure 3.2

shows the semi-infinite strip within which we seek a solution.
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3.1.2 Problem solution

We seek a separable solution of the form o(x,y, z) = X ()Y (y)Z(z). Substituting this into

Laplace’s equation vields

y'// Z//

=\
Y Z

where X is a real number and A* > 0. Note that A\? = 0 implied that ¢ = f(x) which is
impossible, and A? < 0 implied that ¢ = 0 which is also impossible. For the y-equation.

Y 4+ A%Y = 0, the boundary conditions become:

Y'(0) = 5 (if)”"}(:) (3.1)
and
Y/ (00) = 0. (3.2)
For the z-equation, Z” — A\*Z = 0, the boundary conditions become:
Z'0) =0 (3.3)
and
Z'(h) —l,"'QX“(J')‘ (3.4)

Z(h) — gX(2)

Using equations 3.2 and 3.3 with their separable boundary conditions gives Y (y, A) = Ae=

and Z{z,A) = Bcos Az, where A and B are unknown coefficients. Thus
o(x,y,2) = /‘X'(‘z;',)\)c"‘\y cos (Az)dA.

To find the dispersion relation, we apply the dynamic free surface boundary condition,
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equation 3.4, which vields,

_ gAtan(Ah)

AP
X7 x) 2

X(x)=0 (3.5)

where we will denote

5 gAtan (Ah)
Rl i

o)

Note that the velocity of propagation, ¢, of small amplitude waves with wavelength A on an

( gAtanh (2! ))
c= | ——m—
')’T

therefore, o is similar to a Froude number. Then the solution to equation 3.5 is

ocean of depth, h, is

B[

X (2, A) = fLIN™ | fo(N)emF

where fi and fy are unknown functions. Substituting this iuto the expression for ¢(«, y, =)

vields
olx.y, z) = /(f, (M€ + fo(N)e %)™ cos (Az)dA,
and the free surface profile may be expressed as

Qum:~/%QﬁMW"—huw“w”%%QMM.

To determine f; and f,, the hull boundary condition, equation 3.1, is used yielding

/ AX (2. A) cos (Az)dA = Ub,.
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To solve this equation, we express b, as a Fourier series in z as
Ub, =U /("(:1"./\)005(/\:)r1/\
where
9 ~h
Cla,A) = —/ by cos (Az)dz.
h Jo

Substituting this expression for Ub, into the boundary condition, we have

=ASLA) ™ 4 [o(A)e™) = UC (2, A).

Since
Cla ) = =2 ()™ + fo(A)e)
then
Uh, = f AL + H(A)e™ ) cos(A)dz,
and

b(e,z) = —/ (fLA)e™ 4+ fo(A)e™F) cos (Az)dA.
Furthermore, b(0. z) = 0; therefore, fi(A\) = —f2(A\) and
, A, o
b(e.z)=— / Erh (A) (™ — e™™) cos(Az)dA.

The free surface equation then becomes

Cla.y) = — / A )™ + =216 cos(AR)dA
g

{3.6)

(3.7)

and the contact line of the wave on the hull may be found by evaluating ((z,y) at y = 0.
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3.1.3 Scaling implicit in the solution

We can extract information on the scaling of the free surface geometry from the above solu-
tion. and this is useful in examining the experimental measurements. To non-dimensionalize

the preceding solution set
HT(AY) = ——=—/1(}) (3.8)
and
" = VA tan A, AT = A a” = i;——:" =
Thus, the non-dimensional form of b(z, z). b* = b/h. is
b (a7, 2%) = / FE) (™ = e Y cos (A% dA™. (3.9)
It follows that the non-dimensional contact line, {*(2*,0), is given by
C (27, 0) = / FE )™ 4 e Y sin (V) dA. (3.10)

It is clear from equations 3.9 and 3.10 that distances in the x-direction scale with the
product of the Froude number and the depth, Fh, or UV \/m Ogilvie [39] used the same
factor, Fh, to non-dimensionalize length scales. In addition, equations 3.9 and 3.10 show
that distances in the z-direction scale simply with h.

The method of solution is clearly to solve equation 3.9 for f] since the shape of the
ship hull, b=, is known. Specifically, for fixed values of z* it is possible to generate a family

{ curves, fr(xz*). However, since we are interested in the free surface shape, we only
need f;(2*) for z* = 1. This function can be substituted into equation 3.10 to find the
contact line, ¢*. The non-dimensional contact line is only a function of ™. Tt may be easily
expanded into dimensional form by using f; to solve for f; in equation 3.8 for a given draft,
h. Then, f; may be substituted into equation 3.7, and by setting y = 0 we arrive at the

dimensional form of the contact line, {(x,0).
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3.1.4 Numerical results

A computation based on this analysis predicted the shape of the free surface, ((x.y), for
a given set ol parameters, U, . b(x.z). Equation 3.9 can be rewritten using numerical,

discrete k = nd; spectrum intervals as

b™(a™,27) = i ff(’n,(s;,)(ea‘:"‘* — (a“"’;f*) cos (ndgz7), (3.11)
n=0
where
o = /ndpian(ndy)
and
JCL R p—_ L

h

Vghias,

The computer program takes the specified 6*(2*, 2*), a wedge shape for this case, and finds

fi(ndy) for fixed values of n and d;. Letting n = 2, we have

b (", 2"y = fr (18 (€71 — e T Y cos(18,27) +

Fr(206) (€727 — 72377 ) cos(20),27). (3.12)

The value of 6 as well as the ratio f1(20x)/ f; (k) are arbitrarily specified, and equation 3.12
is solved for fy. This f[ is then used to find (*(a™,0), the contact line. Equation 3.10 can

similarly be rewritten using numerical, discrete & = ndy, spectrum intervals as

(™, 0) = Z ff(72,5;\1)(e‘"ir’k + e Y sin(ndy). (3.13)

n=0

and equation 3.13 may be solved for (*(2*.0).
The computation predicts a typical bow wave shape, but the amplitude of this wave
is at least one order of magnitude smaller than the amplitudes observed in the stationary

model experiments. Figure 3.3 shows the shape of the ship hull and the resulting bow
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Figure 3.3 Typical numerical results.

wave predicted by this computer program for the following parameter set: n = 2, . =
0.3, fr(26e)/fi(0x) = 02, U = 246 m/s, d = 7.54 cm, and b/h = 0.231z/h. The
method is also excessively sensitive, i.e., small changes in the input parameter set cause
widely varying results. The approximation of the hull boundary condition. the slender ship
approximation, used in the analysis is probably responsible for most of the deficiencies of
the numerical results. The equation b/h = 0.2312/h describes a hull with a bow half angle
of 25°, certainly not a very slender ship! We must conclude that there may be some flaw in
the approximations used in the Ogilvie approach, in particular in the argument regarding

the orders of magnitude for the various terms in the equation. Noblesse [37] arrives at the

same conclusion in his study of bow flows.

3.2 Finite hull analysis

This section describes a second approach where an exact solution for planar potential flow
around an appropriate finite body is found. This velocity potential, ¢y, is then perturbed
by &y Lo give the [ull three-dimensional solution, @, where ¢ = ¢ + ¢2. Note that in this

section Z represents a complex number, and 3 represents the bow half angle instead of 6.

10
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3.2.1 Two-dimensional flow around a finite body

A body of an appropriate shape may be generated by a modified form of the Joukowski
mapping. Iigure 3.4 depicts the generation of a finite body which represents a two-
dimensional ship hull. In a Z” plane, the horizontal planform of the hull is described

by
A (3.14)

and the potential flow solution for the flow around this cylinder is given by

2
WZ") = UZ"+ ) (3.15)

assuming symmetry and no circulation. Then the body is mapped into a Z’ plane using the

translation
Z'=7"+c¢ (3.16)
or
7' =c(1+ €. (3.17)

Then, the potential flow solution is given by

2
. . c* oo
(fl(ll):l‘(zl—(‘—{-zf_('). (:’bl(\)
A second mapping into the Z plane is then used,
VA DA AL o
~=Q - )k + = (3.19)

to produce a finite body with a wedge-like leading edge as shown in Figure 3.4(c) where

k< 1and @ is a large, positive integer. Using the variables from the Z” plane, this can be
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(c) Z plane, Z = x + 1y

Figure 3.4 A circle in the Z” plane is mapped into the Z' plane by
translation and then mapped into the Z plane by distortion.
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rewritten as

Z ‘ . .
T =Q( +cosb +isin ) + 14 cos8 +ising”. (3.20)
-

The resulting body is similar to a symmetric, uncambered Joukowski airfoil with the trailing
edge pointing upstream.

In order to relate & and the half angle of the wedge, consider the “bow” where §” — r.
Let 8" = 7 — ¢, where ¢ is a small angle, and approximate cos (7 — ¢) =~ —1 + ¢*/2 and
sin (7 — ¢) =~ ¢. Substituting these approximations into the Z plane surface equation 3.20

vields

Z g €
Z =t - i?)!‘ +f_—+1,(. (3.21)
s 2 2

Manipulating this result and separating its real and imaginary parts gives

2
krw ke . km €

X N L . he s 9 O
- = Q¢ (cos§—+ 5 Sin )+ 5 (3.22)
and
' .k k7 kn o
% :Qek(—.—;—cosj}+sin—;)+<. (3.23)
Near the “bow,” ¢ is small and so the wedge half angle
. kw
5= T 3.24

In order to normalize Z by a variable with physical meaning, we let 8” = 0 in equa-

tion 3.19. Then

Z o ..
Z =242 (3.25)
-
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Figure 3.5 Examples of wedge-like finite bodies. The wedge with half
angle 7 1s shown by the dotted lines, and the set of points shows the
finite body generated by the computer program.

which yields

L .
Z =02 42 (3.26)

¢

and

Z QU4 414
L~ Q2~ +2
where L is the length of the body in the Z plane as shown in Figure 3.4(c).
A computer program was written to generate finite bodies corresponding to these equa-
tions for different values of 3 and Q. For Q > 100, the “bow” of these bodies appeared
wedge-like. Two examples are shown in Figure 3.5. Therefore, parameter () will have a
value such that ) > 1.
The potential flow solution may be expressed in parametric form by combining equa-
tions 3.14, 3.15, 3.24, and 3.27. Letting Z7* = Z/L, Z"" = Z" /¢, and —7x < 8" < =, we

have

Mz =0z +

i) (3.28)
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where

T_QU+TﬂH4+T”
B Q2% + 2 '

Furthermore, since fi(Z*) = o1 +iv1, the velocity potential function ¢y = Re{f(Z™)} and
the stream function vy = I'm{ f1(Z*)}. The velocity components u and v may be obtained
using u = doy/dx and v = oy /0y so that df,/dZ* = v —iv. First we express df; /dZ~

using the chain rule as

dg’l") N d(éf’]’*) ' (iz(i/”)) (3.29)
where
mg%szU“ggép) (3.30)
and
(7" 2 49

d(Z7) ~ Q1+ 27141

Representing d(Z"")/d(Z*) as the sum of an imaginary quantity, ¢, and a real quantity, ¢,

so that

d(z//*)
d(Z7)

= q, +iq;,

we have

U(l - (:_2?.9”)({{7‘ - 'i(/z')

u— = 5 S
4+ 47

(3.31)
from equation 3.29. Finally, the real and imaginary parts of equation 3.31 may be separated
to yield

W qe(l —cos(20")) + g sin(26")
U P+ q?
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and

v qi(1 = cos(20”)) — ¢, sin(20")
v @+ qf

3.2.2 Perturbation analysis

In this subsection, we consider the velocity potential function in the three-dimensional flow,
¢. The flow has depth h and z = 0 is the location of the undisturbed [ree surface and
z = —h is the location of the bottom. The velocity potential function may be found by
adding a three-dimensional perturbation, ¢,, to the two dimensional velocity potential so

; ; -9 . ..
that ¢ = ¢1 + ¢2. Of course, we must have V°¢; = 0, with boundary conditions for the

bottom and for the free surface. The boundary condition for the bottom, z = —h, is simply
0o N
( 8 3) = 0. (3.32)
\ a~ z==—h
If the free surface is at = = ((x,y), then the simplified kinematic and dynamic free surface

boundary conditions are

()(D) ()/2 0(51 ()/i d@l s
dJdz  Ox ( dx >::( + dy ( dy )3:( (3.33)

and

g¢ 1 1 do\’ do\’ do\* _

- R = - — — — 3.34
vz 2 207 ((GI ¢ + Ty - + 2 ) .. ( )
where the flow is assumed to be steady. Since ¢ = ¢; + ¢, equation 3.34 is

Jdx dax Oz dx

1 ((72 ~ (@l‘zﬂaq D¢, 0022) - (g_o_ﬁ 5001 002 +d_¢£> B gg_2>

e — . —— -
’ 2072 dy dy dy Oy 0z

where (* = (g/U?)(. the non-dimensional free surface height. We can use equation 3.35 to
solve for (¥, and by evaluating (* on 8 = /3, the bow half angle, we can arrive at the contact

line. Let ¢ = (] + ¢; where the higher order perturbation terms are assumed to be small
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and

a2 L2
¢t = 1’? ((;z _ 007 do ) (3.36)

and

T2\ Or or _(;/““(;/*

This assumption is valid for most of the bow wave profile.

First we seek a solution for (5, a straight-forward process since the two-dimensional flow
is solved. The terms on the right-hand side of equation 3.36 are written in terms of f;, its
complex conjugate f;, and Z and Z as

*

) 1 df,0f
= fiofi

A297 07

1 2 g
5 (3.38)

where 7 is the complex conjugate of Z. Recall the two-dimensional flow solution from

equation 3.15, namely

i) =T (n 1y 7-_1—-—1) (3.39)

where n = 14 ¢?”. Further, f1(n) can be approximated by a series expansion so that
hHi~U(-2- 7’)2 4+ )

and

J .
i ~ =200+ (3.40)
on
since near the bow leading edge, 7 is small. Also recall equation 3.27, the finite body
solution. It may also be written in terms of 5 such that

Z

7= arn® + oan
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where o) = Q/(Q2F + 2) and a, = 1/(Q2% + 2). But since Q is large. ajn* > g, and
then

~

— 'l\ PP
7= +

and

4 .
E,,—-— ~ Ln]l;t?]}‘“] e (3.41)
a1

Using equations 3.40 and 3.41 and the chain rule, we have

dfi 207 2/k—1 4

T gk (3.42)
7 2k

4 Lkaj

Substitution of the expression for Jf,/0Z in equation 3.42 into equation 3.38 allows us to

solve for ¢} which is

1 2 2/ k=1 72k—
e e e 7 7 [k~1
‘i 2 Lgkgui'/kz

or

sl 2k
N L%QQT/}‘? (3.43)

where Z — ret?,
We now seek a solution for (5 which is more complicated since f, is unknown. As a first
step, we examine the kinematic free surface boundary condition and the bottom boundary

condition and guess that

02 "\ 0z ) .

so that the field equation for ¢y becomes

a2 a2 1 -
D0y 00 1 (fj@) (3.44)

0r? | dy2 h\ 0z

S
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where the right-hand side is a function only of » and y. We now continue to use the free

surface kinematic condition to cast the right-hand side of equation 3.44 in terms of known

quantities, and after significant algebraic manipulation we have

Por Do _p [ (08N 0]
da? 0y? gh \ 07 ) 972

Furthermore, since fy = fen(Z. Z), the field equation for f, can be written as

“0Z07  gh

9z ) 072

4 o1 (N 20
YA

and integrated with respect to 97 to give

afs 1 (9N Of | .
dz“m<ﬁ> -’"“i"{/(II(Z). (3._}"))

Using the expression for df; /0= in equation 3.42 and integrating equation 3.45 with respect

to Z. we have
2(7324/A‘~1Z‘2/k—1

T + fen(Z) + fen(Z).
ghk?(4 — k)a,""L?

fa=

Since f, is now known. we begin to evaluate the terms on the right-hand side of equation 3.37

to arrive at (3. Using ¢ = (fi + f1)/2 and ¢ = (fo + f2)/2, we rewrite equation 3.10 as

e L[ [0 (0fs O o ip
sgﬁ—ﬁ{ﬁ’c{w <OZ+ aZ)H. (3.46)

Finally, using Z = r¢'? and the expressions for df,/07 and df,/07Z from equations 3.42

and 3.45, we have

4 Jrz - s B By 5. o
4 - 4R€ {7,b/A-~4(,l(/(z/A-~z)rz/k (4 — J)e20k L (2 - k)(zzf;/k” . (3.47)
gh(4 — E)a "k

Recall that * = (7 + (5, and using the expressions for (7 and (J in equations 3.43 and 3.47



the total free surface height, (¥, is

o= Lo 2 e 1
‘ 2 ,112/;2(1"]1//\' gh(d — A‘)(l?’/k/\'“‘
1&~{ﬂ”k*4ﬁﬂu/k—zhﬂ/k (4——Aﬂt2”/k%-(2——k)6_2m/k}}. (3.18)

Evaluating the expression in equation 3.48 at § = £/ and using equation 3.24 yields the
non-dimensional free surface height along the ship hull (contact line), namely

1 2 ‘,4/}\"-2 _ 1FZ

(o=t = 5 — ——71 —
/% (4 — k)Pt

- : (6 — 2k)cos 2/, (3.49)
2 12k2a]

a power series in F? where F < 1 for the series to converge. Multiplying both sides of

equation 3.49 by ¢/U? and examining the order of the flow parameters in the terms gives
(Og=15 = O(F*h) + O(F*h).

Even though this solution involved numerous simplifications and is only valid near the bow
leading edge for low F. it suggests a complicated non-linear relationship between the free

surface height and the flow parameters F and h, and the geometric parameter /3.

3.3 Comparison of the theoretical analyses

The first analytical approach presented in this chapter was simply an extension of Ogilvie’s
work in which a finite depth equal to the draft was considered. The main approximation
in this analysis was inherent in the slender body theory. Specifically, the hull boundary
condition was applied at y = 0 instead of at y = b(x, =), in a sense linearizing in the y-
direction. The numerical results based on this analysis were poor; however, this was not too
surprising since Ogilvie’s analyﬁs also gave poor agreement with his experiments. Other
researchers, including Noblesse [37], use slender body theory and report similar difficulties
predicting bow wave shapes.

The main approximation of the second analytical approach was that the perturbation

was small, essentially linearizing in the z-direction. The form of the perturbation was also



52

assumed: however, many forms of 9?¢/d2* would satisfv the kinematic free surface boundary
condition and the bottom boundary condition. If a numerical calculation was performed
based on this analysis. an iterative process could be used to find the perturbation form
vielding the best agreement with the experimental data. Then, it would be worthwhile
to refine the predicted free surface height, ¢, by evaluating the higher order perturbation
terms such as 9o3/0%a and J63 /0%y in equation 3.35. However, the second approach clearly
leads to an expansion in the Froude number F and this requires F < 1 for the expansion to
converge. Since we are primarilv concerned here with flow in which ¥ > 1, this approach is
unlikely to succeed.

The failure of these two analytical approaches demonstrates that bow flows are highly
non-linear since linearizing in either direction yields unacceptable results. We are forced to
conclude that there appears, at present, to be no satisfactory analytical approach to the
bow wave flow.

Numerical solutions of this flow have been more successful. Studies such as those by
Ni [36] and Jensen [21] used the hull boundary condition and the non-linear free surface
conditions in their exact form in their computations, but the discrepancies between theory
and experiment remained. The experimental free surface data are almost a factor of two
greater than the calculations. In a later paper, Noblesse et al. [38] discussed whether
the physical assumptions or numerical methods were responsible for this discrepancy. His
analytical expressions and examination of experimentally measured wave profiles showed
that at the bow the flow speed is nearly equal to the ship speed, but directed vertically
upward. At other points along the wave profile, the velocity of the flow disturbance due
to the hull is small, and he concluded that non-linearities are very important only for
small regions near the bow and that fine discretization is required in these regions for all
numerical calculations. The “2D + t7, or two dimensions plus time, method can give
the high resolution required, and it has been implemented by other researchers with some
success. This method uses the exact boundary conditions and a change of variables, « — U,
so that the equations are in terms of y, z, and t. The equations then become similar to
those for a two-dimensional wavemaker, and numerous studies of these flows can be found

such as those by Chapman [14]. Calisal and Chan [9] used the “2D + t” and the boundary



“integral methods to solve bow flows for wedge models. When compared to experimental
data, their computations slightly overpredict the free surface heights, and the discrepancy
increases with increasing wedge angle. However, it is able to produce the over-turning of
the bow wave and trace the plunging wave jet. Tulin and Wn [47] used this technique for
flows around wedges and “Wigley-like™ hulls, and found it to be most effective for fine ships

moving at high speeds like destrovers.



Chaptler 4

Experimental Measurements of the Free Surface

Bow waves are highly three-dimensional with complex free surface shapes; therefore, it is
necessary to describe them in several ways. This chapter presents a qualitative description
of the waves followed by experimental measurements. First, the contact line of the bow
wave on the model or plate surface is discussed. Second, the bow wave profile, the profile
of the maximum free surface height of the wave, is presented. Third, cross sections and
frontal aspects of the wave are given to show the plunging wave jet. The presentation of
these measurements is then followed by a discussion on the scaling of the wave with the flow
parameters and geometric parameters. Finally, observations and measurements of surface

disturbances observed on the plunging wave jet are presented and discussed.

4.1 Bow wave observations

The larger scale stationary model experiments were the first set of experiments performed.
In these experiments, as the flow accelerated to the test velocity, the wave generated by
the deflecting plate transitioned through three distinct flow regimes. The first flow regime
was for sub-critical conditions (F < 1): the model created a disturbance extending 5 to 10
cm upstream of the leading edge. The second flow regime was for near critical conditions
(F ~ 1), and a wave similar to an oblique hydraulic jump was observed. The third flow
regime was for super-critical conditions (F > 1) and a wave similar to a bow wave resulted.
In each case, the free surface was unsteady and turbulent on and behind the wave front.

These flow regimes were also observed later in the smaller scale stationary model and the
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Figure 4.1 Schematic diagram of the main features of the wave.

towed model experiments, but they were particular to models with half angles of about
15° to 25°. Miyata [34] made observations of similar waves in towed model experiments
and reported that models with a half angle greater than 45° would not produce oblique
hvdraulic jumps or bow waves.

Flow visualization studies were performed in the larger scale stationary model experi-
ments to define the main features of the wave in the super-critical flow regime. Syringes
with cannulae were used to inject kriegrocine dye into the flow and a video camera, high
speed movie camera, and a Nikon N9OAF camera were all used to record the results. Fig-
ure 4.1 shows an exageerated schematic of the bow wave with the key features labeled. The
top view of the test section is shown in Figure 4.1(a); the planform profile of the wave jet,
the impact line, and the splash region are indicated. These features are clarified in the
cross-sectional views presented in Figure 4.1(b).

The impingement of the flow on the deflecting plate causes its momentum to change

direction. In fact, Noblesse [38] showed that at the bow of a wall-sided hull, the velocity will



(a) Leading edge against the flume wall.

(b) Leading edge displaced 2.5 cm away from the flume wall.

Figure 4.2 Photographs of the bow waves in the 2.6 m flume. The grid
on the deflecting plate i1s 2 cm by 2 em, and 6 = 25°, ¢ = 0°, U =
1.58 m/s, d = 1.21 em, and F = 4.59.
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have a component in the vertical direction only. Vertical velocity at the bow is necessary
for bow wave formation. Note the difference in the photographs presented in Figure 4.2(a)
and (b). In Figure 4.2(a) the deflecting plate is against the flume wall and “turns” the
flow creating a wave similar to an oblique hydraulic jump. In Figure 4.2(b) the deflecting
plate is displaced from the flume wall and the velocity changes as described above. The
vertical velocity at the bow creates a liquid sheet which rides up on the plate before it
separates. As the flow moves away from the plate, it continues in the upward direction
so that the maximum height of the bow wave is located a few centimeters away from the
deflecting plate. A thin secondary liquid sheet is observed on the wall in the experiments
as shown in Figure 4.1(b). The water in this secondary liquid sheet seemed to result from
the unsteadiness of the contact line on the plate.

Once the wave has reached its maximum height, gravity causes it to plunge back towards
the free surface as shown in cross section B-B in Figure 4.1(b). Inspection of the breaking
wave jet reveals almost equally spaced striations along the surface oriented perpendicular
to the wave crest. These will be discussed further in section 4.7. The edge of the breaking
wave is irregular and appears to be comprised of individual jets or strings of droplets as
can be seen in Figure 2.4. It impacts the free surface along a line called the impact line in
Figure 4.1(a).

After the wave jet impacts the free surface, a splash region is formed as seen in Figure 2.4
and shown schematically in Figure 4.1. Although the majority of the splash is formed by
the wave jet “bouncing” off the undisturbed free surface, the flow visualization tests showed
that some of the freestream flow is deflected and also enters the splash region. The splash
region has a limited upstream extent as sketched in Figure 4.1(a).

: The waves generated in the towed model experiments were similar to the waves generated
in the stationary model experiments even though the stationary model experiments had a
much smaller depth and the model extended to the bottom of the flume. The other difference
between the experiments was simply a Galilean transformation, and this was not expected
to affect the results. The similarity of the two experiments will be shown quantitatively in
section 4.4. One difference, however, was that the waves created in towed model experiments

had a glassier appearance and a steadier contact line since the water in the towing tank was



(a) Stationary model experiment in 40 m flume.

(b) Towed model experiment at Hydronautics Research.

Figure 4.3 Photographs of the bow waves for conditions with similar
velocity and draft.



Run | Experiment 1 4 (°) [ U (m/s) | d (cm) l F [

1s Smaller scale | 13.2 | 1.97 0.95 6.46
28 Smaller scale | 13.2 | 1.11 1.35 3.06
3s Smaller scale | 13.2 | 1.07 1.35 2.93
48 Smaller scale | 13.2 | 0.94 1.35 2.57
Hs Smaller scale | 26.3 | 1.11 1.35 3.06
Os Smaller scale | 26.3 | 1.07 1.35 2.93
11 Larger scale | 13.4 | 2.44 6.66 3.01
21 Larger scale | 13.4 | 2.43 7.55 2.81
31 Larger scale | 13.4 | 2.46 9.21 2.59
41 Larger scale | 26.6 | 2.61 6.45 3.29
51 Larger scale | 26.6 | 2.40 7.62 2.77
61 Larger scale | 26.6 | 2.46 9.32 2.57

Table 4.1 Stationary model contact line experimental conditions.

quiescent. In the stationary model experiments, the surface of the waves was visibly rough
despite efforts to “smooth™ the free surface upstream of the test section. Photographs of
the waves from both the larger scale stationary model experiments and the towed wedge

experiments demonstrate these points and have been included as Figure 4.3.

4.2 Contact line results

The contact line was measured in both the smaller and larger scale stationary model
experiments using the free surface probe described in section 2.2.1. Figure 4.4(a) presents
the contact line data from the smaller scale stationary model experiments, and Figure 4.4(b)
presents a summary of the contact line data from the larger scale stationary model experi-
ments. Table 4.1 lists the corresponding flow conditions. In both Figure 4.4(a) and 4.4(b)
the leading edge of the deflecting plate was at r = 0 and =z = 0 was the location of the

undisturbed free surface.
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d(m)

Figure 4.5 Parameter space with (o) for the towed model run condi-
tions. The lines show Froude number, F, as a function of draft, d,
for constant velocity, I7: (—) for /' = 6 m/s, (~--) for U = 4 m/s,
(=) for U = 2 m/s, and (---) for /'’ = 1 m/s. The shaded region
represents those run conditions produced in the larger scale stationary
model experiments.

4.3 Bow wave profile results

The wave profile was measured in the towed model and the larger scale stationary
model experiments. In the towed model experiments, the § = 26° wedge model was used. A
summary of the test conditions for this model is shown in a parameter space including Froude
number, F, and model draft, d, in Figure 4.5. Of particular interest were those conditions
which overlapped those in the stationary model experimental conditions, indicated by the
shaded region. The other experimental conditions expanded this range to the maximum
carriage speed, U, and model draft. The model draft was limited by a maximum allowable

drag force, D, of 150 lbs imposed by towing carriage constraints.
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Figure 4.6 Bow wave profiles from the towed model experiments, d =
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[l'=250m/s, and (+) for I/ = 2.50 m/s.

The bow wave profile in the towed wedge experiments was measured from digitized
images of the bow wave. The camera was secured to the carriage and oriented perpendicular
to the wedge model side wall; its field of view encompassed this entire wall. Figure 4.6 shows
the bow wave prolile for five repeated runs having approximately the same velocity, and
demonstrates the repeatability of this measurement technique. The leading edge is at r = 0
and z = 0 is the location of the undisturbed free surface. Figure 4.7 presents a summary
of the data from these experiments. Note that for some of the higher velocity runs, the
maximum height of the bow wave profile was not in the field of view of the camera. In
these runs, the model generated a spray sheet which was quite different from the bow wave
shown in Figure 4.3(b). This sheet would often break up into droplets before the maximum

height above the undisturbed free surface was achieved.
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Figure 4.8 Comparison of the non-dimensional maximum wave profile

height, Z/, ... as a function of Froude number, F, between the sta-

tionary and towed model experiments. For the stationary model ex-
periments # = 13.4° for the smaller scale (&), and ¢ = 26.8° for the
larger scale (). For the towed model experiments (@), # = 26°. For
Ogilvie’s towed model experiments, ¢ = 15° and (o) for d = 10.2 cin,

(&) for d = 204 cm, (O) for d = 30.5 cm, and (+) for d = 40.6 cm.

4.4 Comparison of stationary and towed model results

Both the smaller and larger scale experiments in the laboratory flumes were conducted
using flow which impinged on a stationary model where the draft was equal to the depth.
We first address the issue of whether these experiments generated waves similar to those
created at the bow of a model towed at a finite draft in much deeper water (note the depth
of water in the towing tank was approximately 3.7 m). The maximum height of the wave
profiles, Z,,4,, was measured for different Froude numbers for each set of experiments.

For the smaller scale stationary model experiments, the maximum height was measured
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using an electronic point gage, but for the towed model and larger scale stationary model
experiments the free surface height was measured from digitized images of the wave with
the focal plane of the camera parallel to the model side wall.

The results are shown in Figure 4.8 together with the results from towed wedge exper-
iments performed by Ogilvie [39] who also made measurements from photographs of the

wave. All free surface heights were non-dimensionalized as in Ogilvie:

Z7/77(1 ' - S)OZ’I'(IJ. M (‘1.1)
T F-d-#

The location of the undisturbed free surface was the datum level for Z,,,,. The maximum
free surface height for the larger scale experiments is slightly greater than for the other
experiments, but probably this is due to the experimental error associated with measuring
an unsteady free surface. More importantly, Figure 4.8 suggests that the two types of
experiments (towed model and stationary model) can yield similar results and that the
water depth and model draft to depth ratio does not have a significant effect on the bow
wave profiles.

To further validate the experimental simulation of the bow wave using a stationary
model, the full wave profiles from the larger scale stationary model experiments and the
towed model experiments are compared in Figure 4.9. The data from both types of experi-
ments shows good agreement near the leading edge, demonstrating that the two experiments
can yield similar results in that region. Around the maximum profile height, the agreement
is certainly not good. This discrepancy could be due, in part, to the alignment of the video
camera. If the camera was not oriented exactly perpendicular to the model and parallel
with the undisturbed free surface then the view of the wave in the two experiments would
be different.

A summary of all the data from the towed model experiments is presented in Figure 4.10.
Table 4.2 lists the flow conditions corresponding to each syml)b]. As in Pigure 4.8, the free

surface heights were non-dimensionalized according to equation 4.1. The distance along the
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Figurc 1.9 Towed modecl and larger scale stationary modecl bow wave
profiles for § = 26°. For the towed model profiles: d = 7.54 ¢cm and
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— 2.50 m/s, (+) for U = 2.50 /s, aud (+) for U = 2.50 w/s. For the
stationary model, (@), d = 7.54 cm and U = 2.46 m/s.

model surface was also non-dimensionalized as in Ogilvie:

o (4.2)

Figure 4.10 demonstrates that Fd is an incorrect scaling for these waves away from the
leading edge for both the r and z-directions. Correct scaling would collapse all of the data

onto a single curve. Other scaling possibilities will be presented in section 4.6.
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Sywbol 1 Experiment l U (m/s) l d (cm) l F ]

L Stationary | 2.46 7.54 2.86
m Stationary 2.39 G.68 2.95
A Stationary | 2.22 4.86 3.22
+ Towed 1.00 4.95 1.43
o Towed 1.99 4.95 2.86
X Towed 4.01 4.95 5.76
. Towed 5.41 4.95 797
£x Towed 2.50 T.54 2.91
* Towed 1.98 9.91 2.01
[ Towed 4.00 9.91 1.06
<& Towed 5.41 9.91 5.49
AV Towed 2.01 11.86 1.66
A Towed 4.00 14.86 3.31
N Towed 5.33 14.86 4.41
> Towed 2.00 25.14 1.27
* Towed 2.94 25.14 1.87

Table 4.2 Bow wave profile experimental conditions, § = 26°.
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4.5 Plunging jet shape

In the stationary model experiments, the free surface height was measured for different
flow cross sections to study the shape of the plunging wave jet. Describing this feature of the
bow wave is important not only for understanding the three-dimensional structure of the
waves, but for understanding the air entrainment process as well. As described in Chapter 1,
many researchers have identified the jet size (thickness or diameter) and jet velocity as key
parameters for modeling air entrainment by plunging jets. In these experiments, the jet size
was measured directly, and the jet velocity was calculated as described later in this section.

In the larger scale experiments, cross sections were measured using the free surface probe
(described in section 2.2.1) at three different streamwise locations for each flow condition.
Figures 4.11, 4.12, and 4.13 present some typical results which show both the exterior and
interior surfaces of the jet. The undisturbed free surface is = = 0 cm and the leading edge of
the plate is at (x,y) = (0,0). The data describing the interior surface is limited by the large
amount of splash in this region of the flow which caused incorrect gage readings. However,
there were adequate data to define the jet thickness, and the jet thickness was about 4 cm
for the jets shown in Figure 4.12.

In the towed model experiments, flow frontal aspects were measured from digitized
images of the bow wave. The camera was secured to the carriage and oriented parallel to
one side of the wedge so that its field of view encompassed the entire wave cross section. A
typical example of an image is shown in Figure 4.14. This measurement technique was more
appropriate for towed model experiments than using the free surface probes, and it vielded
similar information. Figure 4.15 shows the bow wave frontal aspects for five different run
conditions having nearly the same velocity. Note that the y*-coordinate is perpendicular to
the side of the wedge, and the leading edge of the wedge is approximately located at y* = 0.
The undisturbed free surface at the leading edge of the wedge is located at z* — 0. These
results demonstrate the repeatability of this measurement technique, and also show a jet
which is about 2-3 em thick. Also, there were enough data describing the interior surface
of the jet to measure its angle of impingement, J, measured relative to the undisturbed free
surface as H8°.

1.

Since the plunging wave jet is in free-fall just before impact, it is possible to calculate
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Figure 4.11 Cross sections of the plunging wave jet in the larger scale
stationary wedge experiments (6 = 25.4°) for different distances down-
stream of the deflecting plate leading edge; U/ = 2.39 m/s, d = 9.47
cm, and F = 2.48.
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Figure 4.12 Cross sections of the plunging wave jet in the larger scale
stationary wedge experiments (6 = 25.4°) for different distances down-
stream of the deflecting plate leading edge; U7 = 2.41 m/s, d = 6.72
cm, and F = 2.97.
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Figure 4.13 Cross sections of the plunging wave jet in the larger scale
stationary wedge experiments (f = 25.4°) for different distances down-
stream of the deflecting plate leading edge; U7 = 2.70 m/s, d = 6.11
cm, and F = 3.48.
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Figure 4.14 Video of the plunging jet in the towed model experiments
for 6 = 26°, I/ = 2.50 m/s, and d = 7.54 cm. The camera is looking
at the bow of the model parallel to the starboard side.

the horizontal water particle velocity at the crest of the plunging breaker, U;. using the
angle of impingement, /3, and the free-fall height, /. determined from Figure 4.15 and the

equation

J2gh
tan(3) = ——g—l (4.3)

Uy

The jet velocity at impact, U/;, also can be calculated from

(4.4)

For 3 = 58% and h; = 20 cm, equations 4.3 and 4.4 give U, = 1.2 m/s and U; = 2.3 m/s,
reasonable values since the towing speed was 2.5 m/s.

The plunging jet thickness was similar for the towed and stationary model experiments.
Figures 4.12 and 4.15 have approximately the same flow conditions, and the plunging jet
was 4 cm thick in Figure 4.12 and 2-3 em thick in Figure 4.15. Additional comparisons

were not made because of the limited number of interior jet surface data for the stationary
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Figure 4.15 Frontal aspects of the plunging wave jet in the towed model
experiments for d = 7.51 em and § = 26°. The symbols indicate the
velocity (x) for 7 = 2.48 m/s, (o) for I/ = 2.50 m/s, () for U = 2.50
m/s, (-) for [/ = 2.50 m/s, and (A) for U = 2.50 m/s. The dotted
line separates the exterior jet surface data from the interior jet surface
data.

model experiments and because the measurement cross sections were different for the two

experiments.

4.6 Scaling discussion

Understanding the manner in which these waves scale is necessary in order to extend labo-
ratory experiments to flows for ship hulls of various shapes operating at different speeds and
drafts. The scaling of distances in both the » and z-directions are considered separately.

The free surface height, Z, is a function of the following parameters:

7z = fU,d.0,0,9,p, 1)
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where p is the water density and y is the dynamic viscosity. Likewise, the location of the

maximum height in the r-direction. [,,,,. can be expressed as:

[ma;r - /((1 d, 0, @4, ps /1)

N . . . X7 4 T2 / s .
Surface tension, o, is neglected since the Weber number, We = pl7*d/c. is much greater
than one for these flows. By the Buckingham Pi theorem, these [unctional relationships

must be of the equivalent forms

-27 = f(F.Re.0.0) (4.5)
a
and
[772,(1;1’ ;
g = ¥ Beb.o) (4.6)

where Re = (Udp)/u, the upstream Reynolds number. In this section, the scaling with the
velocity, U, and draft, d, is discussed. The scaling with the geometric parameters, namely
the bow half angle, 6, and the dihedral angle, ¢, is also discussed. This information is then

used to obtain the form of the functions in equations 4.5 and 4.6.

4.6.1 Flow parameters

The bow wave profile data discussed in this section are from the towed model exper-
iments since the towed model experiments encompassed a wider range of flow conditions
(velocities, U7, and drafts, d) than the stationary model experiments. To investigate the
scaling in the z-direction, the maximum height of the bow wave profile, 7. is plotted
against velocity in Figure 4.16(a). Note that these are the same data as presented in Fig-
ure 4.8. Figure 4.16(a) demonstrates quite convincingly that Z,, .. U719 the linear curve
fit was Zpap = 5.64014 using the method of least squares. ‘Thus, Z,,,, was scaled by {7'"
and Z,,.. /U was plotted against draft in Figure 4.16(b). This plot then suggests that

- . . . 115 a9 e 0189 : of
Zae /U o< d%2%; the linear curve fit was Z,,q,./U 15 = 3.67d" 189, These results together
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Figure 4.16 Scaling of the maximum wave heights for the towed model
experiments with velocity and draft shown on logarithmic scales.



indicate that

Z77Z,CI«J’ ~x lwlt‘)([_u‘;"a
d
and equation 4.5 becomes
Z‘m 1 = \ )
[{ — Fl-:? ',;(0<QD). (4.")
7

Thus, it appears that the normalized maximum is independent of the upstream Reynolds
number.

1o investigate the scaling in the r-direction, a similar procedure was followed. First
the location of the maximum height, /..., was plotted against velocity as shown in Fig-
ure 4.17(a). Figure 4.17(a) demonstrates that /,,,, x U?; the linear curve fit was l,,,, =
3.46U1%% using the method of least squares. The location of the maximum height was
then scaled by U# and l,,,,,,/U* was plotted against draft as shown in Figure 4.17(b). Fig-
ure 4.17(b) suggests L,../U? o d=97; the linear curve fit was lae/U? = 7.03d7°311, These

results together indicate that

[maf ~ (;2 d- 1.5

and to assure this behavior with U7 and d. equation 4.6 becomes

l‘na.r T/ — . . :
= FPRe=MY%. (6, 6). (4.8)

(

The results from this scaling investigation were somewhat disappointing since they did
not agree with the scaling suggested by Ogilvie, nor with the scaling suggested by the
equations presented in section 3.1.3. Recall that in the z-direction, Ogilvie suggested a
non-dimensionalization of Z' = Z/Fd and the equations in section 3.1.3 suggested a non-
dimensionalization of Z' = z/d for a given 6. The equations in section 3.2 did not give
any additional insight regarding the scaling since the solution is for flows where F < 1.
Intuitively, it seems that distances in the z-direction should scale with some combination of

the velocity head, [7?/2g, and the draft, though it is unclear which length would be more
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Figure 4.17 Scaling of the location of maximum wave heights for the

towed experiments with velocity and draft shown on logarithmic
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important. The scaling extrapolated from the experimental data reflects this idea, and
perhaps both Ogilvie's analysis and the analysis presented in section 3.1 include assumptions
which mask the true scaling seen in the experiments.

In the r-direction, recall that Ogilvie suggested a non-dimensionalization of v’ = r/Fd,
and while the equations presented in section 3.1.3 did not suggest a specific scaling in
the r-direction, they did suggest 2’ = 2 /Fd. and perhaps this can be applied to other
horizontal distances. The scaling relation extrapolated from the experiments includes a
Reynolds number and is different from both of these ideas. The Reynolds number provides
the apparent and appropriate scaling with velocity and draft, but it is not clear that it has
physical meaning. We speculate, however, that viscous effects could influence the location
of the maximum height. For example if v increased, the Reynolds number would decrease,
and according to the scaling relation [,,,... would move downstream from the leading edge.
This seems correct because an increase in ¥ would also cause an increase in the shear stress
along the plate. Then, the flow would lose energy in overcoming this shear stress and take
longer to achieve its maximum.

The scaling described in the preceding paragraphs was then applied to all of the data
from the bow wave profile experiments, and the scaled data from the # = 26° models are
presented in Figure 4.18. Theoretically, all of the data should collapse onto a single profile.
Figure 4.18 demonstrates remarkable agreement of the wave profiles near the leading edge;
however, the profiles deviate soon thereafter, particularly those for d = 4.95 cm and for d
= 7.54 cm. For the d = 4.95 cm profiles, the deviation is in the r-direction, but for the d =
7.54 ¢m profiles, the deviation is in the z-direction. Deviations such as these were expected
because the scaling was empirically determined using curve fitting techniques. In summary,
this scaling is certainly an improvement from that used in Figure 4.10 though it does not
completely collapse the data.

The contact line data from the stationary model experiments was also scaled. Figure 4.19
presents the non-dimensional contact lines using the z-direction scaling described in the
preceding paragraphs, and Table 4.1 lists the corresponding flow conditions. The scaling
appears to work quite well for the smaller scale experiments where the run conditions are

almost the same. The slight rise in most of the profiles occurring at 1 /(F7/?Re=1/3d) ~ 65 is
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Figure 4.19 Non-dimensional contact lines from the stationary model
experiments.
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“caused by end effects associated with the deflecting plate. For the larger scale experiments,
the scaling does not appear to be as effective. The difference in the profiles may be due to
nonlinear effects.

In summary, the experimental data suggest a scaling with flow parameters which is not

explained by the existing theoretical analyses but makes some intuitive physical sense.

4.6.2 Geometric parameters

The contact line data discussed in this section are from the stationary model experiments
since the bow half angle, €, and dihedral angle, ¢, of the deflecting plate could be easily
changed.

We first examine the effects of the model bow half angle, 8, on the contact lines of the
waves from the stationary model experiments. Recall that Ogilvie suggested the free surface
height scaled linearly with bow half angle as in equation 4.1. Using this idea along with the
flow parameter scaling from section 4.6.1, the free surface height was non-dimensionalized

according to

. 90z
T Fl5.4.4

and the distance in the r-direction was non-dimensionalized by [,,,,,.. The results are pre-
sented in Figure 4.20, and Table 4.1 lists the corresponding flow conditions. For the smaller
scale experiments, the scaling appears to work quite well. For the larger scale experiments,
the scaling seemed to over-compensate for the larger bow half angle. This might be due
simply to experimental error in measuring the contact line which was very unsteady in those
experiments. (Recall that the scaling used on this same data in Figure 4.19(b) also did not
seem to work as well as in the other experiments.) However, it is also possible that the bow
wave profile height does not scale linearly with angle 8 as suggested by Ogilvie and that a
more complicated non-linear relationship exists.

We now examine the effect of the model dihedral angle, ¢, on the waves using results
from the smaller scale stationary model experiments. The dihedral angle, the angle between

the deflecting plate and the free surface in the vertical plane, varied between 0° and 15°.
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The contact line was measured by moving the electronic point gage manually and averaging
out the unsteadiness in the vertical direction for a set immersion percentage. The results of
these tests are presented in Figure 4.21; for Figure 4.21(a) F = 3, for Figure 4.21(b) F ~ 4,
and for Figure 4.21(c) F &= 5. It was impossible to achieve the same F for each dihedral
angle tested since fine adjustment of the flow conditions was difficult; therefore, both the
dihedral angle and F is noted for each contact line measured.

The data in Figure 4.21 show that the contact line is only weakly dependent on the
dihedral angle; however, the elevation of the contact line does appear to increase as the
dihedral angle increases. One hypothesis could be that Z « 1/cos(¢). These experiments
were insufficient for proving or disproving this or other hypotheses for two reasons. First,
only a small range of ¢ was explored, and second, the variation in F made it impossible to
isolate the effects of ¢. Additional tests including greater values of ¢ in a facility with more
carefully controlled flow conditions are suggested. Also, the effects of ¢ on the contact line
might be exaggerated in tests on a larger scale.

In summary, the experimental data indicate that the free surface heights may scale

linearly with the bow half angle, 6, and are only weakly dependent on the dihedral angle, ¢.

4.7 Surface disturbances

Surface disturbances were observed on the plunging face of the simulated bow wave in both
the stationary and towed model experiments, and were recorded using various photographic
techniques. In addition, these disturbances were manifest in signals from three wave gages
flush-mounted on the deflecting plate (described in section 2.2.2) in the larger scale station-
ary model experiments. This section qualitatively and quantitatively describes the surface

disturbances.

4.7.1 Observations of surface disturbances

The surface disturbances, first observed in the larger scale stationary model experi-
ments, were sometimes difficult to isolate with the naked eye unless a strobe light was used.

They subsequently were observed in the smaller scale stationary model experiments and



Disturbance
crests

S First appearance
of splash

Figure 4.22 Schematic diagram of the top view of the bow wave with
the crests of the surface disturbances.

in the towed model experiments. In all of the experiments, the disturbances appeared as
“finger-like™ structures on the plunging face of the wave. The “fingers,” or the crests of the
disturbances, were aligned perpendicular to the wave jet profile and the spacing between
successive “fingers” seemed regular as shown schematically in Figure 4.22. The disturbances
were barely visible near the leading edge of the plate and grew in amplitude as they con-
vected downstream. They also grew in length, stretching as the liquid sheet fell away from
the plate to form the plunging face of the wave.

The upstream flow conditions significantly affected the appearance of the surface distur-
bances. In the larger scale stationary model experiments, the surface of the wave was visibly
rough due to the upstream flow conditions and this obscured the surface disturbances. The
photograph in Figure 4.3(a) demonstrates this point. The upstream conditions could be
more carefully controlled in the smaller scale stationary model experiments and the distur-
bances on the wave can be seen in Figure 2.6. The waves in the towed model experiments
had the smoothest surface; therefore, it was easier to distinguish the surface disturbances.

Frames of a video from these experiments are included in Figure 4.23.

4.7.2 High speed video results

High speed videos were used to quantify these observations. Figure 4.24 shows a sequence

of frames from one of the high speed videos of the larger scale stationary model experiments.



(a) Leading edge.

{c) Trailing edge.

Figure 4.23 Video of the surface disturbances observed in the towed
wedge tests. The wedge 1s moving to the left and 0 — 26°, ¢ — 0°, U

249 m/s, d = 7.54 cm, and F = 2.90.
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rcsts of disturbanccs

(b) t = 1344 ms

(c) t = 1360 ms (d) t = 1376 ms

(e} t = 1392 ms (f) t = 1408 ms

Figure 4.24 A sequence of frames from a high speed video of the surface
disturbances at the trailing edge of the deflecting plate. The flow is
from the right to the lett, and the time is noted beneath each frame.
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The trailing edge of the deflecting plate is visible in this view. The focal plane of the camera
was the deflecting plate and the 5 cm square grid lines on the plate provided a length scale
for the images. These videos were used to manually produce tracings of the movement
of the surface disturbance crests along the wave profile baseline illustrated in Figure 4.24.
Figure 4.25 is a typical tracing used to measure the characteristic length and velocity of
the surface disturbances. The characteristic length was defined as the length of the surface
disturbance at the wave profile baseline and is shown graphically in Figure 4.25. For flow
conditions of F = 3.18, U/ = 2.64 m /s, and d = 7.1 em, the characteristic length ranged from
7 em to 16 em with a mean of 11 em. The velocity was measured by dividing the distance
traveled by a disturbance along the wave profile baseline by the time difference between
two high speed video images. The average velocity of these disturbances was 2.42 m/s,
approximately the velocity in the direction of the deflecting plate, namely 2.64cos(25°).
Dividing the average velocity by the average characteristic length yields a characteristic
frequency for these disturbances of 22 Hz.

The same high speed videos also were used to produce water surface time histories at
two locations along the wave crest, and an example is shown in Figure 4.26. Although the
resolution of these time histories is poor, both a lower frequency component and a higher
frequency component can be observed. The lower frequency is approximately 1 Hz, though
a longer sampling time is clearly needed to more accurately define this. It is possible that
this lower frequency originates from the flow conditions in the 40 m flume. For example,
the oscillation of the water in the upstream reservoir, the free over-fall into the downstream
reservoir, and slug flow through the pump are all possible sources of this frequency. It is not
caused by a “manometer” oscillation of the water in the flume because the “manometer”

frequency, f, would be much lower. In fact, using

L /2g
I=5VT

where [ is the total length of the water column (about 40 m), f is 0.11 Hz. The higher
frequency component, estimated by counting local maxima within fixed time intervals, was

between 15 Hz and 20 Hz. This higher frequency appears to arise from the surface distur-
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Figure 4.25 Tracing of a surface disturbance crest. The numbers corre-
spond to the time (in ms) visible on each frame from the high speed

video camera. The characteristic length for the disturbance at ¢ =

1968 ms 1s indicated.
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Figure 4.26 Water surface time histories for two locations along the

surface of the deflecting plate; (--) for » = 53.2 cm and (—) for r =
75.0 cm. The flow conditions were I/ = 2.64 m/s, d = 7.03 ecm, F =

3.18, and 4 = 25°.
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bances since it is similar to the frequency measured from the tracings such as in Figure 4.25.

4.7.3 Wave gage results

Three wave gages flush mounted on the surface of the deflecting plate were used to
produce time histories of the free surface height at the plate surface: one wire pair wave gage
was located in the upstream reservoir as well. The wave gage voltage signals were sampled
at a rate of 100 Hz for 164 seconds, and post-processed using a fourth order Butterworth
filter with a cutoff frequency of 50 Hz. Examples of the filtered voltage signals are shown in
Figure 4.27. For this series of tests, the average flow velocity, U7, was 2.69 m/s, and 2.44 m/s
in the direction of the deflecting plate. However, since the liquid sheet is approximately 6 to
16 em above the undisturbed free surface height, slightly lower velocities would be expected

along the contact line and the wave crest. The steady Bernoulli’s equation,

7 2 97 .
L‘Com‘a‘ct(mf = \/( - Zghcontacflmev

predicts velocities which are lower by 10-25% (2.0 to 2.5 m/s) at the elevation of the contact
line and the wave crest.
Autocorrelations of the signals show that they are periodic. The signals used for the

autocorrelations were sampled at 2 kHz for eight seconds. For a length N vector, the

auto-correlation ¢,, was computed using MATLAB as follows:

N—|m|—-1 % )
Zn::() Tpti¥ppmeyr M >0

—111) m < 0.

Cpp(m) =

o

Then ¢(m) = c,.(m — N) where m = 1,...,2N — 1 was plotted against the lag time in
seconds. The time difference between the peaks in the autocorrelation function corresponds
to the period of the major frequency contained in the signal. Figure 4.28 shows a typical
autocorrelation result. The reservoir signal appears strongly periodic with a frequency of
1 Hz; a similar frequency is seen in the other signals. This supports the hypothesis that a
flume induced frequency existed and contributed to the unsteadiness of the contact line.

C'ross-correlations of signals from wave gage pairs were also computed. For a length N
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Figure 4.27 Typical wave gage signals from three wave gages flush
mounted on the deflecting plate. Wave gage 1 (wgl) is 2.5 cm down-
stream of the leading edge, wave gage 2 (wg2) is 20 cm downstream of
the leading edge, and wave gage 3 (wg3) is 40 cm downstream of the
leading edge. The reservoir wave gage (res) is located in the npstream
reservoir of the 40 m flume. For these tests: 6 ~ 26°, ¢ = 0°, U/ =
2.69m/s, d = 7.18 cm, and F = 3.21.
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Figure 4.28 'Typical autocorrelations from three wave gages flush
mounted on the deflecting plate (wgl, wg2, wg3) and the reservoir
wave gage (res). For these tests: § &~ 26°, ¢ = 0°, U = 255 m/s, d =
7.37 cm, and F = 3.00.
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Figure 4.29 Cross-correlations for the signals from three wave gages
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vector, the cross-correlation c¢,, was computed using MATLAB as follows:

N—|m|-1 * N
Zn:() TntlYppmer M >0

. (—=m) m < 0.

rr

Cmy =

Figure 4.29 shows c¢(m) = ¢, (m — N) wlmré m =1,...,2N — 1 plotted against the lag time
in seconds for the signals shown in Figure 4.27. The cross-correlations between gages 1 and
3 were the strongest. Most correlations showed two peaks: the first peak was occurred at an
average of 0.186 sec and the second peak at about 0.4 sec. Using the distance between gages
I and 3, namely 37.5 cm, this time lag corresponds to a velocity of 2.0 m/s. This velocity
falls within the range expected in the earlier discussion, implying that the disturbances
move along the face of the plunging wave at the flow velocity. Gages 2 and 3 also showed
strong correlation with peaks at 0.10 sec. The distance between gages 2 and 3 is 20 cm which
also yields a velocity of 2.0 m/s. The correlation between gages 1 and 3 is not as strong as
would be expected since greater wave dispersion would occur over the larger distance.
The fast Fourier transforms (FFTs) of the signals were also calculated in MATLAB

using:

N-1

X(k+1)= Z w(n + 1)e 2/ N)kn

n=0

where X' (k + 1) is a vector of complex numbers. Both the real and imaginary parts were

scaled by the root mean squared value of the signal, V},, ;. where

The real and imaginary parts were averaged separately over a number of data runs and
then the number of frequencies represented on the FIF'l' was reduced by a factor of eight
to obtain a smoother curve. Figure 4.30 presents the averaged. smoothed FFTs for five
samples taken with the same flow conditions.

Figure 4.30(b) shows a peak common to the three wave gage signals and the reservoir

signal around 1 Hz. As previously discussed, it is believed that this frequency is caused by
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Figure 4.30 Averaged fast Fourier transform over five data runs for the
flow conditions listed in Figure 4.27. Each line represents data from
a different gage: (- -) for wgl, (=) for wg2, (---) for wg3, and (- -) for

res.
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Measurement | From high speed | Measurement | Frequency | Velocity | Characteristic
technique video camera? | location (Hz) (m/s) length (cm)
Tracings of Yes Bow wave 22 2.42 16
disturbances

Water surface Yes Bow wave 1, 1520 N/A N/A

time histories

Electronic No Deflecting 1, 10-25 2.0 8-20

wave gages plate

Table 4.3 Summary of results from the different measurement tech-
niques used to study the surface disturbances observed on the bow
wave.

the flow conditions and is present throughout the 40 m flume. Additionally, Figure 4.30(a)
clearly shows a difference in the frequency content of the signals from the reservoir and
the three wave gages on the plate. The spectra from the wave gages show greater energy
and a more uniform distribution of energy between 10 and 25 Hz than the spectrum from
the reservoir gage. It is believed that this frequency range corresponds to the surface
disturbances. Using this frequency range and the velocity calculated from the wave gage
correlations, a range of characteristic lengths for the disturbances was found to be 8 cm to

20 cm.

4.7.4 Comparison of high speed video and wave gage results

Table 4.3 summarizes the measurements of frequency, velocity, and characteristic length
for the surface disturbances using the two techniques on the bow wave and using the wave
gages on the plate. All techniques yielded similar results, a 1 Hz frequency induced by flow
conditions and higher frequencies from the surface disturbances. The agreement between
the results from the tracings of the surface disturbances and the results from the wave
gages is strong, suggesting the periodicity in the contact line elevation recorded by the
wave gages reflects the periodicity of the surface disturbances. Furthermore, since the 20
Hz surface disturbance frequency was an order of magnitude greater than the 1 Hz flow
induced frequency, the flow induced frequency probably did not interfere with or distort

these periodic flow structures.
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Figure 4.31 Schematic diagram of a plunging wave jet cross section
disintegrating 1nto “cylindrical drops”. Reproduced from Longuet-
Higgins (1995).

4.7.5 Discussion of surface disturbances

Similar surface disturbances were also observed in the towed model experiments: therefore,
they must originate from an instability in the flow as it passes over the deflecting plate rather
than from the upstream flow in the stationary model experiments, and we would expect
to see them on “real” bow waves. Observations of instabilities developing in flows moving
across a solid surface are not unique. For example, Shroff and Liepmann [44] reported
two-dimensional instabilities on a water sheet which developed as the sheet moved over a
curved solid surface and persisted even after the sheet left the surface.

We postulate that the crests of the surface disturbances are simply crests of gravity waves
which propagate across the bow wave oriented as shown in Figure 4.22. Longuet-Higgens [29]
analytically describes a similar situation in his discussion of the disintegration of the jet in a
plunging breaker. He begins by assuming a perturbation in the form of short surface waves,
or gravity waves, which propagate across the jet surface perpendicular to the plunging
jet direction. As the wave breake and the jet stretches, the pressure gradient in the jet
direction decreases and the fluid is in a state of free-fall. This causes the perturbation waves
to transition from gravity to capillary waves, and this transition increases their amplitude
by a factor of 1.23-3.40. In the case of perturbations symmetric on both sides of the jet,

Longuet-Higgins found that they will grow again (relative to the jet thickness) as the jet is
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{a) Formation of a single drop. (b) Formation of several strings of droplets.

Figure 4.32 Video of the breakup of the plunging wave jet into drops
in the towed model experiments. The wedge is moving to the left and
0 =206° ¢=0°0 =299m/s, d = 2514 cm, and F = 1.91. Note

the extreme surface disturbances.

stretched even further according to

—x h™

h

where @ is the perturbation amplitude and h is the jet thickness. Finally, he assumes that
these perturbations will grow large enough to pinch the sheet into “cylindrical drops™ and
notes that the sheet would not pinch off in the same way for anti-symmetric perturbations.
This disintegration is shown in Figure 4.31, though in actuality the jet represented by a
dashed line in the figure would have some finite thickness.

This hypothesis and discussion are a plausible explanation for the breakup of the plung-
ing wave Jet by the surface disturbances, though further investigation clearly is required.
In the present experiments, strings of droplets similiar to Longuet-Higgins® “cylindrical
drops”™ were seen to form on the edge of the plunging wave jet as in the photographs in
Figure 4.3(a) and Figure 4.32. It seems that the size and spacing of the strings of droplets

could be controlled by the size of the surface disturbances.
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Chapter 5

Air Entrainment

The primary mechanisms for air entrainment in the present bow wave experiments were
the plunging wave jet and the entry of individual droplets from the splash region after
the initial impact of the plunging wave jet. Since the plunging wave jet entrained much
greater quantities of air than the splash droplets, only the plunging wave jet was studied.
A discussion of air entrainment by the impact of drops on liquid surfaces may be found
in Prosperetti and Oguz |42]. This chapter presents a qualitative description of this air
entrainment process followed by experimental void fraction and bubble size measurements.
Because of the shallow depth in these experiments, the data describes the initial stages of

air entrainment only.

5.1 Expecrimcntal obscrvations

The air entrainment process for the simulated bow wave could be observed best in a
darkened room using a stroboscope which provided a high intensity and short duration (0.5
ws) light pulse. The lamp had a parabolic reflector which directed a 7.6 em diameter beam of
light through the window in the bottom of the test section shown in Figure 2.3. Observations
ol the bubbles were made through the glass sidewall of the flume. The most obvious feature
was that the plunging wave jet entrained air in “bursts” forming approximately spherical
clouds of bubbles visible beneath the free surface. This observation seems similar to an
observation by Chanson and Cummings [13] regarding air entrained by a planar supported

jet. For high jet impact velocities (4-8 m/s) they reported a thin layer of air entering the flow
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{a) IVFM probe tip with bubble clouds.

(b) Several bubble clouds. The splash above the free surface is also visible.

Figure 5.1 Photographs of bubble clouds passing by the IVFM probe.
The flow is from right to left and the probe is located beneath the
impacting wave jet; # = 25°, ¢ = 0°, U = 2.47T m/s, d = 7.39 cm, and
F = 2.90.
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“at the impact point, adding that the “air pockets arc entrained by discontinuous gusts at the
lower end of the air layer.” In the present experiments, the bubble clouds had a diameter of
about 5 to 10 cm and were comprised of bubbles which were more tightly packed at the center
of the cloud than at the edges. Moreover, the formation of these clouds was periodic in a
spatial sense. i.e., a chain of bubble clouds could be observed beneath the free surface at any

particular moment in time. Typical photographs of bubble clouds are shown in Figure 5.1.

Photographs of individual bubbles within the bubble clouds were obtained using a telephoto

like pockets of air also were observed. Finally, in the experimental configuration used in
this research, the clouds seemed to grow in size as they were convected downstream. This
growth proceeded at a steady rate until the clouds encountered the bottom and /or opposite
wall of the flume. If the flume depth were unlimited, the depth of bubble entrainment might
well approach the wave height observed by Cipriano and Blanchard [15] in their plunging

wave experiments.

5.2 Experimental measurements

The observations described in the preceding section were quantified using the impedance
based void fraction meter (IVFM) described in section 2.2.3. For measurements in the
simulated bow wave, the IVEM probe was mounted on the carriage as shown in Figure 2.4.
Samples were taken at different cross sections in the impact line region of the flow; one
section where measurements were made is illustrated in Figure 5.2. A typical example is
given in Figure 5.3.

A preliminary series of experiments was performed to verify the IVEM signal. The IVEM
signal was sampled at 2 kHz, and simultaneous images using a high speed video (500 fps)
of the bubble clouds were obtained. The stroboscope described in section 5.1 was triggered
by the video camera, and illuminated the field of view of the camera. The resulting IVFM
signals were compared carefully with the high speed video, and typical correlations for two
different void fractions are shown in Figures 5.4(a) and (b). In each of the two graphs, the

lower signal is from the IVFM. The upper signal was created from the high speed video
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I'irst appearance

of splash

Figure 5.2 Schematic diagram of the planform of the flow with a typical
flow cross section (---) indicated where measurements were made.

voltage (V)

time (s)

Figure 5.3 A portion of a typical signal from the IVEM located several
centimeters beneath the bow wave jet; § = 26°, I = 2.39 m/s, d =
6.47 cm, and F = 3.00. Using the calibration curve, the time averaged
void fraction, a = 6.5%.
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(a) Signals for = = -3.5 cm.

1 1.5 2
time (s)

{b) Signals for z = -4.5 cm.

Figure 5.4 Correlation of IVFM signal with high speed video of bubble
clouds tfor two difterent locations beneath the free surface at the same
position. The lower signal is from the IVFM, and the upper signal
was created from high speed video observations.
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observatious by assigning a value of two when no bubbles were seen on the probe tip and a
value of one when bubbles were observed to be touching the probe tip.

The correlation between the two signals was as follows. Every spike in the IVI'M signal
corresponded to a bubble impacting the probe tip: however, the signal generated from the
high speed video shows additional spikes that are not present in the IVEM signal. This
discrepancy is attributed to a combination of several effects. First, since a beam of light
illuminated the probe, some bubbles in the video appeared to be contacting the probe but
were not, in fact, in the plane of the probe. This resulted in excess spikes in the high speed
video signal. Second, the sampling rate of 2 kHz was low enough to miss spikes created by
bubbles striking the probe. A direct collision with a 1 mm diameter bubble moving at 2.39
m/s would produce a spike of 0.0024 sec in duration. Sampling at 2 kHz, every 0.0005 sec,
would give a maximum of four samples per spike. This rate would not be high enough for
indirect collisions and collisions with smaller bubbles. Third, since the void fraction of the
clouds was low, there was a possibility that a cloud could pass by the probe without a single
bubble impacting the tip. For example, consider a 3.5 cm diameter bubble cloud with a void
fraction of 5% comprised of uniformly distributed 1 mm diameter bubbles. If the center of
this cloud passed by the probe, only ten bubbles would be expected to impact the probe
tip. If the edge of the cloud passed the probe or if the cloud void fraction was lower, even
fewer impacts would be expected to occur. In summary, the discrepancy between the IVEM
and the high speed video signals was somewhat expected; however, there is confidence that

the IVF'M responds to impacts with individual bubbles in the flow.

5.2.1 Bubble cloud void fraction measurements

For void fraction measurements in the simulated bow wave, the IVFM signals were sam-
pled at 20 kHz for 3.2 sec. Note that this higher sampling rate was used to avoid the
problems described in the previous section. The signals were then processed as described
in section 2.2.3. The calibration shown in Figure 2.22 with a threshold of -0.75 V was
applied to obtain the local, time-averaged void fraction. A set of nine IVFM signals from
the same location beneath the bow wave had a mean void fraction of 3.2% and a standard

deviation of 0.8%. This indicated that the results were repeatable; therefore, for the rest of
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Figure 5.5 Local time averaged void fraction cross section for x = 91.2
cm as viewed from downstream beneath the breaking wave; § = 26°,
o =0° U =248 m/s, d = 7.89 cm, and F = 2.82. The IVFM mea-
suremment locations are marked (e) and labeled with the void fraction
%. Nine equally spaced contour levels between o = 1% and o = 9%
are shown, with a = 1% on the outer edge of the bubble cloud.

the experiments the measurement was repeated three times for each location and the mean
reported.

An example of time averaged, ensemble averaged, void fraction data for a flow cross
section in the impact region of the plunging wave jet is shown in Figure 5.5. The leading
edge of the deflecting plate is located at (2,y) = (0,0) and the upstream free surface is
located at z = 0. Void fraction contours calculated from the data highlight the trends in
void fraction. Because the free surface was unsteady, it was not possible to estimate void
fractions at locations above =z = -1 cm without the free surface dipping below the probe or
the probe entraining air when near the free surface. In addition to these problems. there is
typically a surface effect on the impedance for this type of void fraction instrumentation.
Lamarre and Melville [26] reported that when the free surface was too close (about 2 cm)
to the measuring volume, the void fraction measured by their instrument was electrically
biased by the free surface. In the present experiments, however, the surface effect problem

was less significant than the physical problems of air entrainment.
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Figure 5.6 Local time averaged void fraction for three different flow
cross sections as viewed from downstream beneath the breaking wave
for the flow conditions specified in Figure 5.5. Ten equally spaced
contour levels between a = 1% and o = 10% are shown, with a = 1%
on the outer edge of the bubble cloud.



108

-1 AV
"t/ e
S
,//
§s T
N
a<1%
% 60 70
y (cm)
(a) ¥ = 70.8 cm: plunging wave

jet impacts at y ~ 56 cm.

z {cm)
&

a<1%

o0 v
y (cm)

(b) @ = 75.9 cm; plunging wave

jet impacts at y &~ 60 cm.

-1
Es
N
a<i1%
"o
{c) » = 84.2 cm; plunging wave

jet impacts at y = 64 cm,

Figure 5.7 Local Ume averaged void fraction for three different [low
cross sections as viewed from downstreain beneath the breaking wave,
for 8 = 26°, ¢ = 0°, U

= 239 m/s, d = 6.47 em, and F = 3.00.

Teu equally spaced coutour levels between a = 19 and o = 10% are
shown, with a

1% on the outer edge of the bubble cloud.



109

3 T T /A T T
/
/
/
25 /7 4 1
//
/,./
il / ]
/
/

air
a
b

" (cma/cm)

e
OAS I / 1
,///
T
o
0 o1 L L 1
70 7% BU 8db 90 95
x {cm)

Figure 5.8 Total volume of air entrained per unit length as a function of
streamwise location; (@) for the flow cross sections shown in Figure 5.6
and (M) for the flow cross sections shown in Figure 5.7.

Figures 5.6 and 5.7 show the void fraction contours for sets of flow cross sections. On
average, the sampling grids for the cross sections shown in these figures contained 20 loca-
tions and the individual void fraction measurements are included in Appendix C. Figures 5.6
and 5.7 confirm observations from the high speed video. First, the bubble clouds are shown
to be roughly circular in cross section and grow as they convect downstream. Second, the
greater void fractions at the center of the cloud support the observation that the bubbles
are more tightly packed at the cloud center than at the edges.

The void fraction mappings also were used to calculate the total volume of air entrained
at particular streamwise locations. The areas between pairs of consecutive void fraction
contours, 4,1 — A;, were calculated and multiplied by the void fraction in those regions.

The summation of these terms gave the total volume of air per unit length, V,;., where

T

. 1
"‘a,ir - Z 5((1; + ﬂi+1)(‘45+1 - 41)
1=1

and n was the number of void fraction contours. Note that this calculation yields a con-
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servative estimate of the amount of air entrained, since the void fraction was greater than
10% for some regions of the cloud and could not be measured. The results for the mappings
shown in Figures 5.6 and 5.7 are included in Figure 5.8.

The data clearly shows that the quantity of air contained in the bubble clouds increases
with the distance downstream for both flow conditions; however, since the location of the
impact line changes with flow conditions, V,;, was very different for a given streamwise
position, x. In Figure 5.8, the data points marked by circles were taken in a higher velocity
flow and the location of the impact line was further downstream. Therefore, the volume
of air entrained in this flow was much less even though the measurements were made at
similar streamwise locations. It would be possible to shift these curves by plotting V,;, as
a function of the distance from the impact line origin, but the location of the impact line
origin unfortunately was not recorded in these experiments. If void fraction mappings were
produced for the entire length of the impact line, the void fraction could be expressed as
a function of distance along the impact line and the total volume of air entrained by the

wave could be calculated by integration of this function.

5.2.2 Bubble cloud bubble size distributions

The same IVFM signals were used to produce bubble size distributions for the bubbles
which comprised the bubble clouds. The typical dimension of the individual bubbles was
represented by a quantity called the bubble chord, I[. Bubble chords were calculated by
multiplying the individual spike base widths, AT, from the IVFM signals by the mean
flow velocity, or | = UAT. Note that for very small bubbles this chord should be close to
the bubble diameter since they will remain spherical. This calculation is similar to bubble
chord calculations for a dual tip conductivity probe described by Chanson [11]. Tigure 5.9
shows three separate measurements of the bubble chord distributions at the same location
beneath the bow wave. The bin size was 2 mm, for example, the count rate for bubble
chords between 10 and 12 mm is represented by the group of bars centered about 10 on the
abscissa. These results demonstrate the repeatability of this measurement technique.

Figures 5.10, 5.11, and 5.12 include averaged size distributions for bubble clouds that

passed through the cross section shown in Figure 5.7(b) for the same flow conditions. The
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Sample 1
Sample 2
Sample 3

Count rate (1/s)

Figure 5.9 Bubble chord distributions from bubble clouds observed be-
neath the breaking wave at ¥ = 75.9 cm, y = 66.6 cm, and z = -1.0
cm. The bin size is 2 mm, and the flow conditions are the same as
those listed 1n Figure 5.7.

bin size is 2 mm, and the plunging wave jet impacts at y = 60 cm. As mentioned earlier,
these distribution data were limited by the depth of water in the flume; distributions at
depths greater than = = -4 cm were affected by the bottom. For this reason, the distribution
data are confined Lo locations nearer to the [ree surface. These figures show that most bubble
chords were 1 to 7 mm (consistent with high speed video observations of the size of the
individual bubbles), and the number of bubbles in this size range increased from the edge
to the center of the cloud and from the bottom to the top of the cloud. In addition, larger
pockets of air existed in the center of the cloud near the free surface, giving rise to the larger
bubble chords registered at those locations. The larger pockets of air did not persist in the
clouds; they were either broken up into smaller bubbles by the turbulent flow or rose to the
free surface. The center of the cloud, the region with greatest void fraction, was located

directly beneath the impacting plunging wave jet.
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Figure 5.10 Ruhble chord distributions from hubhle clonds observed
beneath the breaking wave at 2 = 75.9 cm and y = 66.6 cm for
different depths.
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Figure 5.11 Bubble chord distributions from bubble clouds observed
beneath the breaking wave at @ = 75.9 cm and y = 63.5 cm for
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Figure 5.12 Bubble chord distributions from bubble clouds observed
beneath the breaking wave at r = 75.9 ecm and y = 60.5 cm for
different depths.
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5.2.3 Frequency of bubble cloud encounters

As described in section 5.1, the formation of the bubble clouds was observed to be spatially
periodic. Since the clouds convect downstream with the mean flow velocity, they would pass
a particular location at some rate or frequency. Initially, high speed video of the bubble
clouds was used to estimate the frequency of cloud encounters with the IVEM probe which
was located a few centimeters beneath the plunging wave jet. Each {rame of the video was
examined, and it was noted whether or not a bubble cloud was present at the probe tip.
This method was somewhat subjective, 1.e., are a few bubbles near the probe tip considered
a bubble cloud? Frequencies of cloud encounters for videos of flow conditions similar to
those in IFigure 5.3 were between 7 and 14 Hz.

A signal processing technique was implemented to extract the same information from
the IVF'M signals, namely the frequency of bubble cloud encounters with the void fraction
probe. The technique was implemented as follows. First, it was assumed that two bubbles
located 1 em or less apart belong to the same bubble cloud since the cloud cross sections
were about 10 cm in diameter. If the two bubbles are separated by 1 cm in the streamwise
direction and they move at the mean flow velocity, U, then there would be a time delay
of 0.01/U seconds between the two bubbles as they impacted the IVFM probe tip. The
IVEFM signal was processed using an algorithm which searched for successive spikes caused
by individual bubble impacts occurring within this time delay. Figure 5.13 shows the result
of this cloud detection algorithm for a typical IVFM signal. The lower graph shows the
reciprocal of the time delay, or frequency of individual bubble impacts with the IVFM
probe, as a function of time. To count the clouds, a particular individual bubble impact
frequency was chosen as a threshold. Since the mean flow velocity was 2.39 m/s, a threshold
of 200 s~ implied that two bubbles belonging to the same cloud could have had a maximum
separation distance of 1.2 em. This threshold is also shown in the lower graph, and a Cloud'
was counted for each local maximum greater than 200. Note that this technique does not
count bubble clouds for which only a single bubble impacted the probe tip: therefore, it
gives a conservative estimate for the frequency of bubble cloud encounters.

Figure 5.14 plots the frequency of bubble cloud encounters as a function of depth using

three samples for each location. The signal processing technique is responsible for the
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tion & = 75.9 cm and y = 60.5 cm for the flow conditions in Figure 5.3.
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apparent decrease in the frequency of bubble cloud encounters with depth. Since the bottom
edge of the bubble clouds was lower in void fraction. there was a greater chance at larger
depths that only a single bubble would impact the IVFM probe and the algorithm would
not count the cloud (especially because the threshold remained constant for all locations).
Figure 5.14 shows that the scatter in the data increases in regions of the flow with higher
void fractiouns, but otherwise gives fairly repeatable results. These frequencies of bubble
cloud encounters are similar to those mentioned earlier from the high speed video. When
compared with the frequency of impact by individual bubbles on the IVFM probe, the
number of individual bubble impacts per cloud was calculated to be between three and five
for each depth. In summary, this signal processing technique works quite well as a method
of bubble cloud detection particularly for regions nearer the free surface where the number

of bubble impacts with the IVFM is the greatest.

5.3 Cross-correlation of IVFM and wave gage signals

Observations of the air entrained by the bow wave created in the larger scale stationary
model experiments and the roughness of the free surface of the wave led to the hypothe-
sis that the periodicity of the bubble clouds was related to the periodicity of the surface
disturbances on the plunging face of the wave. ldeally, to test this hypothesis, a signal
from the disturbances immediately before impact would be correlated with a signal which
represented the formation of a bubble cloud; however, the wave gage voltage signals on
the deflecting plate were correlated with the IVFM voltage signals instead. Recall from
Table 4.3 that the signals obtained using flush-mounted wave gages on the deflecting plate
appear to reflect the surface disturbance characteristics measured using high speed video.

Figure 5.15 shows a typical set of raw signals from the larger scale stationary model
experiments sampled at 2 kHz. The location of wave gage 2 (wg2) was: * = 18.1 cm and
y = 8.45 cm or » = 20.0 cm, the location of wave gage 3 (wg3) was: @ = 36.3 cm and y =
16.9 cm or r = 40.0 cm, and the IVFM probe was located at: @ = 107 cm, y = 52 cm, and
z = -2.5 em. The time-averaged void fraction in this region was 7.92%. The fast Fourier

transforms (FFTs) of the signals are shown in Figure 5.16. Figure 5.17 plots the normalized
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Figure 5.15 Raw voltage signals from the wave gages and the IVFM.
The flow conditions were: § = 25°, ¢ = 0°, I/ = 2.56 m/s, d = 7.65
cm, and F = 2.96.



o o o
E-N [¢)] [o+]
T i T

wg2, amplitude

o
N

o b o
» [} [s4)

wg3, amplitude

o
)

- O

10

0.15 : , e ,

0.1

ivim, amplitude

| ‘ " L

10’ 10’
Frequency (Hz)

Figure 5.16 Normalized fast Fourier transforms of the filtered and de-
trended signals shown in Figure 5.15.



119

1 £x 2 T T T T T
a
D O
o
a
08| o .
AN e}
: AN
A
A

0.6 B
()
°
2
£
E
Y

041 e

02r- B

0 ! 1 I ] . L
0 2 4 6 8 10 12

Frequency (Hz)

Figure 5.17 Dominant frequencies in signals shown in Figure 5.15; (o)
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amplitude for five dominant frequencies for each signal.

Figure 5.18 shows the cross-correlations for these same signals, and Figure 5.18 shows the
same cross-correlations with a reduced abscissal range. The first positive cross-correlation
peak occurred at 0.166 sec for wave gage 2 and the IVFM, and the first positive cross-
correlation peak occurred at 0.055 sec for wave gage 3 and the IVFM. To understand
the reason for these cross-correlation peaks, a velocity was calculated using the straight
line distance between a wave gage and the IVFM and dividing by the time of the cross-
correlation peak. For example, wave gage 2 and the IVFM were 96 cm apart and had a
cross-correlation peak at 0.166 sec giving a velocity of 5.78 m/s. At first this velocity may
seem alarmingly high: however, recall that the surface disturbances exist along the entire
plunging face of the wave. These disturbances do not travel from the deflecting plate to the

impact location, and calculating a velocity in this direction is incorrect.
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Instead, we examine the structure apparent in the correlations presented in Figure 5.18.
Local maxima occur at regular intervals; for example, in the cross-correlation for wave gage
3 and the IVEM there are 22 local maxima in the range 0-2 seconds. This indicates that
the two signals have a common frequency component of 11 Hz which could be the frequency
of the disturbances and bubble clouds. In conclusion, the cross-correlations show some
positive indications of a relationship between the disturbances measured on the deflecting

plate and the bubble clouds.

5.4 Discussion of bubble cloud formation

Surface disturbances exist on the plunging face of the breaking wave because of a flow
instability, and each surface disturbance observed on the plungiug face of the bow wave
appears similar to an individual plunging jet. It is possible for the surface disturbance
amplitude to grow to the point where it breaks the jet into strings of droplets before impact.
As discussed in section 4.7, this series of individual plunging wave jets convects downstream
with the mean flow velocity and each plunging wave jet entrains air at the point where it
impacts the free surface. Observations of the bubble clouds beneath the free surface show
small bubble clouds formed at the first location where the plunging wave jet impacts the
free surface. These clouds grow in size (observed in high speed video and measured by
IVFM) and increase in void fraction (measured by IVFM) as they convect downstream in
a direction which follows the impact line of the wave.

On the basis of these observations, a mechanism for air entrainment is proposed and
shown schematically in Figure 5.20. Each of the individual plunging wave jets entrains
air into its own bubble cloud. These jet-cloud pairs convect downstream with the mean
flow velocity; therefore, the distance between successive surface disturbances determines
the distance between bubble clouds. It follows that dividing the mean flow velocity by the
spacing between the disturbances (or bubble clouds) would give the same frequency, about
20 Hz for the present experiments. In addition, the void fraction increases with downstream
distance since over a longer distance a jet would have more time to entrain air. Furthermore,

the increase in cloud size with downstream distance could be explained either by diffusion
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Figure 5.20 Schematic diagram of the proposed air entrainment mech-
anism. A time series of plunging jets and bubble clouds is depicted;

() fort =0, (- -) for t = At, and (—) for t = 2At.

or turbulent mixing of the bubbles in the flow, and/or by the growth in wavelength and
amplitude of the surface disturbances with downstream distance.

It is very difficult to quantitatively correlate the surface disturbances with the bubble
clouds, as demonstrated in the preceding section. Above the free surface, it is difficult
to trace a surface disturbance to its exact impact location because the impact location is
usually obscured by splash, and sometimes the jet breaks up into a string of droplets before
it impacts. Below the free surface, the single IVFM probe could not track the movement
of the bubble cloud. Multiple IVFM probes also would not be able to do this, because the
downstream probe would not be able determine if it had seen the same cloud which had

convected downstream a different cloud which had just formed in that location.

5.5 Two-phase flow models

As discussed in Chapter 1, more accurate models of the air entrainment process are needed
to improve two-phase flow computations around surface ships. The air entrainment process
enters into these problems in the form of a free surface boundary condition. For example,
C'arrica et al. [7] assumed that for an arbitrary area near the bow, a mixture of water and

air with a void fraction of 10% entered the flow with a constant velocity directed vertically
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downward. They further assumed the a bubble size distribution measured by Cartmill and
Su [8] for bubbles created by a plunging jet in salt water.

It would be possible to use a more precise air entrainment boundary condition in mod-
eling the two-phase flow for the present experiments. The location of the air entrainment
would be along the impact line only, and the impact line could be measured using the free
surface probes. Then, void fraction as a function of the distance along the impact line would
be obtained from the IVFM data. A constant bubble size distribution from an average of
experimental measurements would be used. Even though the size distributions were seen
to vary with location in the experimental measurements, most of the bubble chords were
between 1 and 7 mm. The velocity of these bubbles entering the flow at the free surface
would be the same as that calculated for the plunging wave jet as described in section 4.5.
As the model evolved, the periodicity observed in the bubble clouds also could be included.

Further study of scaling eflfects would be required before using these results in full scale
two-phase flow computations. In addition, not all of the experimental results could be used

since the full scale flows occur in salt water.
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Chapter 6

Conclusions

This study of air entrainment by bow waves was motivated by the need for ship signature
estimation in the field of naval hydrodvnamics. Although there are many studies related to
air entrainment in the literature, they concern different types of waves or simple plunging
jets and there are no records of void fraction measurements beneath breaking bow waves.
Since the air entrainment process is closely coupled with breaking wave dynamics [26], this
study included both air entrainment and free surface measurements which described the
features of the wave. The main conclusions of this work and ideas for future research are

presented in this chapter.

6.1 Summary of thesis work

6.1.1 Free surface

Experimental measurements of the free surface were obtained from three-dimensional simu-
lated bow waves in stationary model experiments at two scales and also from the bow wave
created by a towed wedge model. The following major conclusions can be drawn regarding

the free surface of the bow waves:

o The contact line of the bow wave is highly non-linear.
Two different theoretical analyses of the contact line were performed and discussed in
Chapter 3. The first approach was an extension of Ogilvie’s [39] slender body theory

in which there is a finite depth equal to the draft. This approach essentially linearized
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in the y-direction, and it underestimated wave height by an order of magnitude. A
second approach considering perturbations of planar potential flow around a finite hull
body was pursued instead, and it essentially linearized in the z-direction. It resulted
in an expression for the contact line which was a power series in F?; therefore, the
series required Froude number, F < 1 to converge. Since bow waves occur under
supercritical flow conditions. this solution is inappropriate. Also note that any linear
theory would fail to predict the plunging wave jet. Other researchers [9, 47] have used
a “2D+t", or two dimensions plus time, numerical approach for similar flows which

may be suitable for the present problem.

Stationary model experiments with a depth equal to the draft produce bow waves similar
to towed model experiments with finitte draft and infinite depth for a given F.

The contact line was measured using free surface probes in the smaller and larger scale
stationary model experiments, and the bow wave profile was measured in the towed
model and larger scale stationary model experiments. These experimental results
and experimental results from towed wedge tests by Ogilvie [39] were compared and

showed that the two types of experiments can produce similar waves.

The experimental data describing the bow wave shape scales with U 22 in the z-
direction and with U*d='> in the r-direction.

Furthermore, dimensional analysis expressed these relationships by F!°d in the z-
direction, and F7/3Re~1/3d in the r-direction. As discussed in Chapter 4, this scaling
does not agree with any theoretical scaling reported in the literature and it is not clear
that the upstream Reynolds number in the second expression is physically meaningful.
Scaling with geometric parameters such as bow half angle and dihedral angle were
investigated using contact line data, and it was found that the wave is only weakly
dependent on dihedral angle and depends on the bow half angle according to a non-

linear relationship.

Surface disturbances with crests oriented in the cross-stream direction exit on the
plunging face of the bow wave.

The disturbances were observed in the smaller and larger scale stationary model ex-
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periments and the towed model experiments. and we would expect to observe them
in full scale flows as well. Theyv were recorded using high speed video and appear to
be related to measurements from wave gages flush-mounted on the deflecting plate
in the larger scale stationary model experiments. These techniques showed that the
disturbances had wavelengths which ranged from 7 to 16 cm, convected downstream
with the flow velocity in the direction of the deflecting plate, and had a frequency
of about 22 Hz. The disturbances are likely gravity waves on the surface of the bow
wave. These symmetric perturbations grow as the plunging jet stretches toward the
free surface (impact line) and seem ultimately responsible for the breakup of the jet

into strings of droplets before impact.

6.1.2 Air entrainment

The primary mechanisms for air entrainment in the present bow wave experiments were the
plunging wave jet and the entry of individual droplets from the splash region. Observations
of the air entrainment process were made in the larger scale stationary model experiments
using a high speed video camera with a synchronized strobe lamp. Due to the shallow
depth in the experiments, measurements of the larger bubbles in only the initial stages of
air entrainment were studied, though it is well known that smaller bubbles persist in ship
wakes for large distances. An impedance based void fraction meter (IVFM) was developed
specifically to measure void fraction and bubble size distributions beneath this wave. The

following major conclusions can be drawn regarding air entrainment by the bow waves:

o The air is entrained in spatially periodic bubble clouds.
In the larger scale experiments, the bubble clouds were 5 to 10 ¢m in diameter. The
IVFM signals were processed using a cloud detection algorithm to find the rate of
bubble cloud encounters. For depths between 1 and 3 cm beneath the free surface,
the bubble cloud rates varied from 5 to 20 Hz. To our knowledge. these were the first

observations and measurements of this periodic flow structure.

e [n the larger scale stationary model experiments, the bubble cloud void fraction could

exceed 10% in the center of the cloud, and the bubble chords for the bubbles comprising



the clouds were between | and 7 mm.

To our knowledge, these are the first experimental measurements which quantify the
amount of air entrained by a bow wave  Void fraction mappings for different flow
cross sections beneath the wave were produced, and the bubble chord distributions

also were calculated for these locations.

o For a given flow condition. the void fraction increases with the distance traveled along
the impact line in the downstream direction.
The void fraction mappings were used to estimate the quantity of air entrained at
different streamwise locations. If a larger number flow cross sections were measured,

the total amount of air entrained by the wave could be calculated.

e The frequency of the surface disturbances controls the frequency of the bubble clouds.
Further investigation of this hypothesis is necessary: however, a frequency of 11 Hz
in the cross-correlations of the IVFM and wave gage signals indicated that it could
be true. It appears that the surface disturbances divide the plunging liquid jet sheet
into a series of individual plunging wave jets, and each jet entrains air into its own

bubble cloud beneath the free surface.

6.2 Future work

This study is the first attempt to measure directly the quantity of air entrained by breaking
bow waves and the main results are summarized in the preceding paragraphs. Many areas
for improvement remain as well as other areas which could be interesting to explore. A few

ideas are listed below:

o Exploration of “2D+t” numerical approach for bow flows around a wedge.
e More detailed investigation of scaling with geometric parameters.

e Development of an improved method of correlating the surface disturbances with the

rate of bubble cloud formation.

e Development of dual-tipped conductivity probe or feature tracking software for bubble

velocity measurements.



o Towed model or larger depth stationary model air entrainment experiments to inves-

tigate smaller bubble distributions and the bubble population dynamics.

In summary, bow flows are of continuing importance in the field of naval hydrodynamics
and are quite complex. The need for experimental results in developing models for air
entrainment by these waves and the associated bubble population dynamics is critical for

advancing the understanding of these flows.



130

Appendix A

Electrical schematics
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Figure A.1 Electrical schematic diagram of the impedance based void
fraction meter (IVFM).
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| Appendix B

Force measurements

For the towed model tests, the forces acting on the # = 26° wedge were measured using
two force cells which coupled it to the towing carriage. Data from the force cells was sampled
at 200 Hz, and later low-pass filtered using a fourth order Butterworth filter with a 100
Hz cutoff frequency. Typical traces are shown in Figure B.l. Both the drag and the side
force oscillate around some mean value. The average force was negative for the side force,
indicating that the wedge was towed a few degrees toward port from its centerline. The
data was detrended and FFT algorithms were used to examine the frequency content. The
results corresponding to the signals in Figure B.1 are shown in Figure B.2. Both of the
spectra have three sets of peaks. The largest peaks occur at 7 Hz for drag force and 10 Hz
for side force, and are likely due to the mounting configuration of the wedge. The second
largest peak in both spectra occurs at 3 Hz, the natural frequency of the carriage. A third
peak occurs at 30 Hz, clearly aliased 60 Hz electrical line noise.

The mean value of the drag and side force was calculated for each run. Using

i D
Cp=~——"— B.1
b 1pU2A, (B-1)

where A, is the projected area, the drag coefficients for the # = 26° wedge were calculated.

Figure B.3 shows how these drag coefficients decreased with Froude number, F.
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Figure B.1 Typical force cell data from the towed model experiments.
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Appendix C

Void fraction measurements

The following figures contain time averaged, ensemble averaged, void fraction data for flow
cross sections in the impact region of the plunging wave jet. Pleasce refer to Chapter 5 for

a more detailed description of the data.
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Figure C.1 Local time averaged void fraction cross section for x = 73.4
cm as viewed from downstream beneath the breaking wave; § = 26°,
¢o=0° U =248 m/s, d = 7.89 cm, and F = 2.82.
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Figure C.2 Local time averaged void fraction cross section for x = 81.0
cm as viewed from downstream beneath the breaking wave; § = 26°,
o=0°U =248 m/s, d = 7.89 cm, and F = 2.82.
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Figure C.3 Local time averaged void fraction cross section for @ = 91.2
cm as viewed from downstream beneath the breaking wave; 6 = 26°,
¢p=0°0U =248 m/s, d = 7.89 cm, and F = 2.82.
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Figure C.4 Local time averaged void fraction cross section for x = 70.8
cm as viewed from downstream beneath the breaking wave; 6 = 26°,
¢=0°U =239m/s, d = 647 cm, and F = 3.00.
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Figure C.5 Local time averaged void fraction cross section for = 75.9

cm as viewed from downstream beneath the breaking wave; § = 26°

¢ =0°U=239m/s, d =647 cm, and F = 3.00.
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Figure C.6 Local time averaged void fraction cross section for a = 84.2
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