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Abstract

A review of various roll stabilizing systems—bilge kecls, active fins, passive hilge
fins, rudder stabilization systems, passive anti-roll tanks, active anti-roll tanks, and
paravanes—is given, along with a more detailed discussion on their suitability for
small fishing vessels. Particular attention was paid to the passive flume tanks
and paravanes, and an experimental study was carried out on these two kinds of
stabilizers.

A flume tank model and a pair of paravanes, as well as an oscillating beneh
simulating sinusoidal rolling, were designed and then constructed. The tank was
tested on the bench for configuring the internal dimensions which give the de-
sired natural frequencies, tuning, and damping. The analysis was carried out hy
inspecting the phase lags ¢, of the motion of tank water to the roll motion.

Free roll decay tests for a fishing vessel model with the tank and paravanes

were carried out for i of the damping 1 by the tank and par-

avanes. Non-dimensional equivalent linear damping ratios (; were calenlated and
discussed.

The stabilizers were tested in the wave tank at MUN, both in regular and ir-
regular beam waves, to determine their effectiveness. The study of roll responses,
roll energy spectra, response amplitude operators (RAQ), and resonant and signif-
icant roll amplitude reductions at various wave and stability conditions shows that

the tank can provide 50% to 70% roll reducti which are approxi ly 30%

more than the paravanes can do in the same circumstances. The effects of tun-



ing, liquid level, and internal damping on the efficiency of the tank are discussed.

Ce i in the iors of the stabilizers for different wave conditions are

also made.
Some design considerations are presented, and further work is recommended to
develop a systematic method to design passive stabilizing tanks for small fishing

vessels.
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Chapter 1
Introduction

Ship roll can cause various ill effects, such as cargo damage, reduction in crew
cfficiency, increasing resistance, or even a capsize. The problem of reduction of
ship roll has been studied intensively for almost 100 years. A wide variety of
stabilization systems have been tried for different types of ships. However, the
investigation of stabilizers for small fishing vessels is relatively inadequate. The
purpose of this study is to find an appropriate stabilization system for small fishing

vesscls by experimental methods.

1.1 The Stabilizer Requirements and Selection
Criteria for Small Fishing Vessels

rigorous i i small fishing

Due to their size and
vessels are apt to roll severely. However, there was virtually no significant work on
fishing vessel roli reduction until 1965, when Mr. J. J. Van Den Bosch presented a
paper entitled “A Free-Surface Tank as an Anti-Rolling Device for Fishing Vessels”

[1]. In this paper, he summarized four requirements for a fishing vessel’s stabilizer:



o Effective even at low or zero speeds.
o Efficient for many different stability conditions.
o Inexpensive to install and maintain.
o No attention needed in normal use.

For a small fishing vessel, costs should be the first factor to be considered. From

the economical point of view, costs of a stabilizer may include [2):
e total initial costs.
o reduction of cargo carrying capability.
o influence on speed, power and resistance.
o regular maintenance and operation costs.
while benefits may include:
o increased operating efficiency.
 increased crew’s comfort.
© savings in fuel costs due to the stabilizer [1].

The benefits should be more than the costs for a stabilizer to be used, although
some of the benefits might be difficult to be estimated numerically, and depend on
the standpoint of the ship owner.

The selection of the best type(s) of roll stabilization system(s) involves many
factors which are unique to the given ship(s), and there is no simplistic method for

all questions. Because most small fishing vessels are designed and built without

2



stabilizers, one should select those which are adaptable to the space and equipment

e vessels already have.

1.2 Survey and Evaluation of Available Roll Sta-
bilization Systems

Generally, stabilization systems can be classified as three types: fixed, passive and
active. Fixed stabilizers are those appurtenances such as bilge keels, bilge fins,
paravanes, and gyroscopic systems. The first three simply generate a damping

moment due to the roll motion of the ship, while a gyroscopic system counteracts

the roll motion by the ic inertia. Passive stabilizers are those dynamic
systems that have their own frequencies nearly equal to that of the ship, and
dissipate rolling energy by dynamic coupling. Passive tanks (free surface and U-
tube) and moving solid weight systems fall into this type. Active stabilizers include
active fins, rudder stabilization, and active anti-roll tanks. They are equipped
with feed-back control devices and usually work better than the passive ones but
cost more. A brief discussion will be given for each of them except moving solid
weight systems and gyroscopic systems, which have been proven unsuccessful due

to excessive weight, poor controls, and high costs [3, 4].

1.2.1 Bilge Keels

Bilge keels are probably the earliest form of roll stabilizers. They are flat plates
attached almost perpendicularly to the hull along the streamline at the turn of the
Dbilge. They increase the damping moment by increasing eddy making when the

ship is rolling. Bilge keels typically influence hull damping at zero speed by factors



of 1.5 to 2.0, depending on the area of the bilge keel and distance from the center
of roll [2]. They are also found to be effective in heavy sea conditions [3j. The only
drawback of bilge keels is that they also increase hull resistance at forward speed.
Experiments have shown that during resonant rolling,the increased resistance can
Dbe up to 40 percent of that of the hull without bilge keels [2].

Bilge keels are low in cost and weight, effective in all sea states and any speed
range, and generally as maintenance-free as the hull. They are probably the most
1

widely used stabilizers. However, there are some shortcomings for bilge k in-

stalled on small fishing vessels. First, fishing involves many over-side operations
which may be interfered with by the bilge keels. Second, in cold sea regions such
as Newfoundland, protrusive bilge keels are easily damaged by floating ice. Third,
many small fishing vessels are built of wood, therefore, reliable installation of bilge
keels is relatively difficult and some reinforcement is required, thus resulting in
higher costs and larger resistance. For these reasons, many small fishing vessels
are built without bilge keels, instead, with sharp chines, bossings and large skegs
to increase their hull damping.

Bilge keels give relatively small damping moments, especially for small roll
angles. This is because the damping moment generated by bilge keels is approx-
imately dependent on the square of the velocity, and when roll amplitude and
frequency decrease, the moment decreases sharply [5). In many cases, bilge keels

do not satisfy requirements, and some other kind of stabilizers have to be added.

1.2.2 Active Fins

The idea of using active fins for roll stabilization appeared long before World War

II. But only after World War II, were they fully investigated and adopted for many



passenger liners and warships.

The active fin stabilization system consists of at least one pair of airfoil-shaped,
wing-like fins—one on the port and the other on the starboard side. By adjusting
the attack angles while the fins are moving at a speed, a stabilizing moment can
be created by the lift forces produced by the fins. The lift force is proportional to
the square of the speed of the ship, to the angle of attack of the fin relative to the
flow, and to the lift coefficient of the foil section. A feed-back control system is
used to obtain the maximum stabilizing moment. To rotate the fins, a complicated
mechanical system is also required.

Active fins are by far the most effective roll stabilizers, as well as the most
cxpensive ones. Even though the effectiveness of active fins can be up to 90 percent
reduction of significant roll angles [2], they are obviously far too expensive for small
fishing vessels. Other impacts of active fins are: considerable space and weight are
required, they are not effective at low or zero speeds, and they are vulnerable. All

of these reasons exclude active fins from consideration for small fishing vessels.

1.2.3 Bilge Fins

Bilge fins work on the same principle as active fins. The only thing different from
the active ones is that they are fixed instead of moving. This certainly saves money
but loses much efficiency. Usually, active fins are much more preferable, and bilge
fins are applied only when costs are very critical. Because this is true for small
fishing vessels, several pairs of bilge fins have been tested on fishing vessels [6].
Some of them provided useful increases in model roll damping with only minor
resistance penalties, some didn’t. The tests indicated that passive bilge fins are

somewhat attractive for fishing vessels at steaming speeds.



On the other hand. as with bilge keels, bilge fins are not suitable for fishing
vessels. Furthermore, bilge fins mainly work by lift force, which means that their
efficiency will decrease considerably at low or zero speeds which are the operating
speeds of fishing vessels.

In summary, in my view, the use of bilge fins on a small fishing vessel is a
structural problem. If the bilge fins can be made in a retractable form and installed
reliably with minor cost and resistance penalties, they can be used as part of a

combined stabilization system.

1.2.4 Rudder Stabilization

As the position of a ship's rudder is usually below the roll center of the ship,
the lift force generated by the rudder causes both roll and yaw moments. If roll
‘moments affect the ship much sooner than yaw moments, rudder-induced roll mo-
ments can be used as stabilizing moments without affecting course-keeping. In
order to properly phase the rudder-induced roll moment to the wave-excited roll
moment, specially designed control systems and steering gear may be required.
As active fins, rudder stabilization systems work better at higher speeds duc to
higher lift forces. Additionally, they require that the ship responds more quickly
to roll moments than to yaw moments, which is not valid for some kind of small
boats designed to be easily-turned. At present, only a few naval vessels and high-
speed boats have installed rudder roll stabilization systems. This is hecause the

development of this system is immature and its application is rather limited. No

small fishing vessel has been found in the literature with a rudder stabilizer.



1.2.5 Passive Anti-roll Tanks

In 1874, W. Froude first considered using a tank partially filled with fluid to reduce
ship roll motion. But only after 1910, when Frahm developed his famsiw U-tube
tank, tank stabilizers were installed for actual service. Since World War II, passive
anti-roll tanks have become commonplace on all types of vessels.

Common configurations of passive tanks include (Figure 1.1):

o U-shaped tanks with an air connection between the tops of the vertical

legs(Frahm tank).

o Side tanks open to the sea at their bottoms,and each vent end at the top to

the atmosphere or joined by an air connection.

o Free-surface side tanks connected by a flume with damping introduced by

nozzles, plates, or similar-type obstructions (Free-flooding tank).

o Free-surface rectangular tanks with damping introduced by nozzles, plates,

or similar-type obstructions.

The basic theory behind passive tank stabilizers is that if the natural period of
fluid flow in the tank equals the natural roll period of the ship, then the ship-tank
system will be a double resonant system. This means that the moment due to
fluid motion in the tank will be 90 degrees out of phase with the roll of the ship at
resonance, while the roll of the ship lags wave exciting moment 90 degrees. Thus,
the tank moment will lag by 180 degrees the wave exciting moment and counteract
roll excitation.

The major advantage of passive tanks is that their operation is independent of

ship speed, providing efficient roll reduction for a given range of encounter frequen-
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Figure 1.1: Common configurations of passive tanks

cies throughout the entire speed range. Generally, if the tank is designed properly,
reduction of significant roll angle near the resonant period can be approximately
50 percent [2]. Since the structure of passive tanks are simple and they don't need
any control system, the cost of design and installation are relatively low. They are
also maintenance-free when operating although they are required to be properly
tuned for different operating conditions.

Although passive tanks require some space and weight(usually around 2 percent
of the ship displacement), their locations are versatile, and suitable locations that
do not occupy usable cargo volume can generally be found.

The major problem of all anti-roll tanks is saturation, which means the fluid
slams against the tank top when very large roll motions are achieved. The tank
stabilizing effectiveness will decrease in this case, therefore, a reasonable tank
height should be designed according to the design sea states. Other disadvantages

of passive tanks are that they decrease initial stability, and they may be noisy in



some cases [4].
For the same location, weight, and tank volume, all types of passive tanks

the same ilization moment. The major difference

will provide
between a U-tube tank and a free-surface tank is that the natural frequency of a
U-tube tank is mainly determined by the cross-sectional areas of the wing tanks
and water flow crossover duct, while, for the free surface tank, the liquid height in
the tank has a large influence on its natural frequency. Changing natural frequency
is relatively difficult for a U-tube tank once its configurations are determined, but
it can be easily done for a flume tank by adjusting the liquid level in it. This
makes it preferable for small fishing vessels whose GM and operating sea state
often vary considerably. Furthermore, for small fishing vessels, U-tube passive
tanks are complicated, subject to fatigue and would probably be too costly. The
first installation of a flume stabilization system on a fishing vessel took place in
1963 [1]. Since then, more and more such systems can be found on fishing vessels

due to successful experiences with them.

1.2.6 Active Anti-roll Tanks

To overcome the dependence of the U-tube tank on resonance, a natural improve-
ment is to install a pump(usually a variable-pitch pump) in the crossover duct,
thus making it an active system. It is self evident that active tanks can have
faster responses than passive tanks to waves in an irregular seaway, as well as a
greater damping effect. The greatest advantage of an active tank compared to a
passive one is that it takes into account every single wave, not just a train of waves.
‘This makes it much more effective in an irregular seaway. However, the feed-back

control system and the motor make it costly, and operating power, especially in-



stantaneous power inputs, must be provided. In general, from the cost-cfliciency
sense, active anti-roll tanks do not appear attractive compared with active fins.
Like active fins, active tanks are too expensive and complicated for small fishing

vessels.

1.2.7 Paravanes

Paravane stabilizers, popularly known as “flopper stoppers”, were invented by the
U.S. west coast salmon fishermen probably more than 25 years ago [7]. Due to
their relatively small size and fairly good roll reduction, they are now very popular
on small fishing vessels from coast to coast in North America, even though little
serious study has been found on their design.

Paravanes are small delta wings with added tail fins suspended by long chains
and towed from the ends of booms on each side of the vessel. A typical paravane
and towing arrangement is shown in Figure 1.2 and 1.3. The deployed depth of
the paravanes needs to be greater than the cffective depth of the waves in the
resonant range to avoid any loss of the damping forces. When its boom moves
downward, the paravane dives sharply keeping tension on the tow wire, and when
its boom rolls upward pulling it toward the water surface, it assumes an angle of

attack, thereby applying a downward force on the tow wire. In this way the towed

apply which resist the rolling of the vessel.
The effectiveness of a paravane is proportional to the wing area of the paravane,

the length of the boom, and the towing speed. Koelbel, Fuller, and Haukley (7

developed a design methodology to d the required wing area based on the

amount of damping required to achieve a specified percentage of roll reduction.

However, the paravane effectiveness coefficient must be determined from the full

10
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Figure 1.2: The shape of a paravane

Figure 1.3: Towing arrangement of paravanes
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scale tests. Goudey and Venugopal [6] found, from model tests, that paravanes are
effective at roll damping, but their resistance penalty at steaming speed is large
when compared with bilge fins. Because the angle of attack of a paravane increases
as the towing speed increases, it may be desirable to move the towing point on
the paravane forward at high speeds to avoid too large drag forces. Tests carried
out by Bass and Weng (8] indicate that ibute quite siguificantly to

the roll damping even at low and zero speeds, which is what a small fishing vessel

needs.

Besides increasing resistance, another shortcoming of a paravane stabilizer is
that if a paravane on one side is lost, the bias caused by the remaining paravane
could lead to a dangerous condition and even a capsize in a heavy seaway [9]. It
is believed that a quick break-away mechanism is necessary for both paravanes
to cope with this situation. Alternatively, it is suggested in reference [7] that
additional safety wires connected to the noses of the paravanes can be used (Figure
1.2). When one towing chain breaks, the operator can pull up the other paravane’s
nose thus dumping the load, then both paravanes can be saved. When the booms
are used to tow nets, paravanes have to be taken back. But in this case, nets
contribute some damping moments.

A paravane is a special type of roll stabilizer developed for fishing vessels which
have large outrigger booms used to tow nets from both sides. Its wide acceptance in

the fishery dq that it is an ical and effective mncans of controlling

roll,



1.3 The Scope of This Study

From the previous discussion, it is concluded that passive flume tanks and para-
vanes are the most applicable stabilizers for small fishing vessels. Between them,
passive Lanks are considered superior. Compared to passive tanks, paravanes may
interfere with hauling, increase hull resistance, are not very effective at low and
zero speeds, and need more maintenance. Particularly in the cold sea regions such
as Newfoudland, floating ice may interfere with deploying paravanes and damage
them. AL present, passive tanks are not very commonly used on small fishing
vessels while paravanes are already commonly used on small fishing vessels, there-
fore, the main impetus for this study is to find a more efficient but still affordable

method to stabilize small fishing vessels. Investigations of effectiveness of a passive

tank and a pair of paravanes on a fishing boat in various conditions will be carried
out in model scale, and comparisons will be made between them.

The major problem in evaluating tank performance is that tank behavior and
effectiveness are nonlinear with respect to wave slope because of nonlinear tank

moments and ion effects. Th ical predicti d are idered

very inadequate to recognize the nonlinear behavior of a tank, particularly when
saturation effects occur. The study will be carried out mostly experimentally.
For paravanes, although they are already proven effective on small fishing ves-
sels, existing studies are not considered exhaustive. There are a number of ques-
tions that remain to be answered. For example, are they equally effective at all
amplitudes of roll? Are they equally effective in irregular waves as well as in regular

waves? These questions should be answered.



Chapter 2

Design and Testing of Tank
Model

2.1 Design of Tank Model

For the initial design of a tank model it is necessary to choose the approximate
configurations of a tank whose natural frequency is close to the natural frequency
of the ship model on which it will be tested. It has been found that for hest.
performance, the natural frequency of a passive tank should be 6 to 10 percent
higher than the ship natural frequency [12]. The model tests should be carried
out under Froudian similarity law, which means the viscous forces are considered
negligible. To avoid scale errors the model should not be too small, usually, at
least 2 feet width is desirable [12]. However, the widths of many ship models are
relatively small, and there is a danger of scale effects for a tank model installed in
a model ship. In this case, it is common to use two tank models, a larger one for
roll table tests, and the smaller one for ship model tests. It may be necessary to

modify some structural details on the small tank based on the comparison hetween

14



the tests of the large and small models, so that the same damping characteristics
are obtained. Since the main purpose of this study is to provide some useful
information on passive tank performance for fishing vessels, and not to design a
prototype tank, scale effects were not considered, so, only one model was made.

The flume tank model was constructed in the shape shown in Figure 2.1, where

Figure 2.1: Tank Model

1, is the width of the wing tanks and can be changed by moving the plates in them.
by and 1, are the length and width of the flume respectively, and B is the overall
width of the tank. The damping plates are removeable.

Each of these dimensions, as well as damping, affects in some degree the natural

frequency of the tank. However, two factors can be determined at the beginning.

First, it is obvious that the moment d by the tank is ional to its
width. In practice, B is always chosen as large as possible, that is, equal to or
close to the beam at midship. Second, the moment is also proportional to the

amount of water in the tank Q,. How much water is suitable depends on the

15



desired roll reduction, the permissible G losses (if h is fixed to get the right
natural frequency, more water implies a greater free surface), and the available
loading and space on the ship. Typically, about 2 percent of the ship weight is
used.

Because the tank may be tested on several fishing vessel models at MUN, the
design of the tank is based on an assumed fishing model which has a a weight of
at most 80 kg, a beam at midship of approximate 500 mm, and a typical tested
natural roll frequency 3.75 rad/s. So, the tank model will be 500 mm wide on the
outside, and have 1-2 kg of water in it.

Three equations have been found to estimate a passive tank’s natural frequency.
For a simple rectangular tank without restriction, the natural frequency may be

taken as [16]:

we= %,/g_h (21)

where B and h are the width and the water level in the tank respectively.

Barr and Ankudinov [12] give another equation for flume tanks:

e wh
w = [Grtann( G (22)
where: B' = B + by(l; — 0.91,)/0.91,,, and B, by, l,, L, are defined in Figure 2.1.
Chadwick and Klotter [17] gave an equation for passive U-tube tanks:

w= ‘/ES; (2.3)



where: S = effective length of the U-tube
!
= %.ﬁ
Ay = area (constant) o. the free surface in each wing tank of the
U-tube or largest cross section of the U-tube
A = local cross-sectional area of the U-tube normal to the U-tube
centerline (variable cross section)
s = girth-like coordinate along the centerline of the tank water
! = total “girth length” of the tank water
This equation is also valid for a flume tank if the wave-making effects are considered

relatively small. In this case:

4 -b,)? -
s=/0 %d::h+%+%

For a given tank, equation 2.1 gives the largest value while equation 2.2 gives
the smallest. The medium one, equation 2.3, has been used during the design
procedure.

Fixing B, there are still four factors Iy, I, b,, and h that need to be determined.
Figures 2.2 to 2.5 show the various effects of changing dimensions on the natural
frequency when B = 500 mm. For a given tank, w, increases as h increases (Figure
2.5). When h and the other three dimensions are fixed, Figures 2.2 to 2.4 give
the trend of w; as only one dimension changes. Figures 2.2 and 2.3 show that
the closer I, and I, are, that is, the more similar it is to a rectangular tank, the
larger wy is. This is because, for the natural motion of water in the tank, the
rate of transfer of water is larger. As for the effects of b, on w; (shown in Figure
2.4), when b,/B < 0.5, the effects are small, however, when b,/B > 0.7, w, goes

up sharply as b, increases. This is because the percentage of water in the flume
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relative to the total amount of water is higher, therefore, the relative transfer of
water is greater.

To determine l;, L, b,, and h for certain B, w,, and Q;, two other basic shape
factors b, /B and l,/l;, which define the size of the flume relative to overall size
of the tank, need to be chosen. There are no definite rules to do this. However,
it is clear that one should avoid some extremes. If the flume is too large, h will
be too small because @, is fixed. On the other hand, too small flume results in a
large restriction of water motion, and in order to get the wanted natural frequency,
too high a water level is needed. After several trials and endeavouring to keep h
moderate, b, /B is set to 0.4 and I, /l; to 0.5 in this design. Then, after solving the

set of equations below, all dimensions can be obtained.

w=/BR =375

S=h Bshal | (Bebliby 1= 0.089 m.
Qu=hlBlL=bu(l~ 1) =2%x 008 _ | I =0.045m.
B =045 by, =018 m.
=05 h = 0.050 m.
2 =04

Due to the enormous number of possible configurations and many other factors
involved, this estimation is fairly rough and may not be optimal. During the
following experiments, several modifications were tried by changing I, and putting
some solid materials in the tank to increase b,. Figure 2.6 shows the dimensions
of the final tank model made.

The inside dimensions are a little smaller than designed due to the thickness
of material. The model is made of plastic glass so that the movement of the inside
water can be observed. Two pairs of damping plates had been prepared for tests.

One has one 9.5 mm wide slot in each plate, and the other has two 8.8 mm wide
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Figure 2.6: Configurations of the tank model

slots, which cause less damping, in each plate. The damping plates for the modified

tank with increased b, have one 15 mm wide slot in each.

2.2 Oscillating Bench Tests of Tank Model

Before testing a tank model on the ship model, it is common to test it on a rolling
bench first, because bench tests can be carried out much cheaper and faster. The
bench test results, including the moment generated by the tapk versus roll fre-
quency and the phase lag versus roll frequency, are obtained to determine tank
configuration, tuning and damping. The amount of damping considered to be sat-
isfactory is not fixed. The determining factors include response of the unstabilized
vessel, size of the tank, and the frequency range of operation. Bosch and Vugts [18]
developed a design procedure for free-surface tanks using the derived data from a
series of bench tests. The state-of-the-art for bench test technology is the roll/sway

table of the Anti-roll Tank Facility in David Taylor Naval Ship Research and De-
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velopment Center [11], which is a simulation facility consisting of a roll/sway table
capable of accommodating models up to 4 ft.(1.3 m) in width. An analog computer
is used to simulate the dynamic characteristics of the ship in lateral motion and
to provide roll and sway signals to the table. The tank-generated roll moment and
the sway force and yaw moment are fed back to the analog computer, providing
a closed-loop simulation of the ship/tank system. Unfortunately, few laboratories
can afford to duplicate such a facility.

Due to financial and time limits, a fairly simply rolling table was constructed,
together with a pair of small wave probes used to measure the water clevation in
the tank. A dynamometer to measure the moment generated by the tank was not
available. It has to be noted here that wave probes only measure the water level
at one point in the wing tank, and it might not reflect the instant of maximum
water transfer due to the oscillation of the water in the wing tank. This defect is
apparent in the later experiments. Therefore, if finances permit, a dynamometer
is recommended. In this study, it was assumed that the out-of-phase angle of the
tank moment &, has approximately the same value as the out-of-phase angle of
the water level in the tank. Figure 2.7 shows the principle experimental setup.
The motion of the bench driven by the method shown is not exactly sinusoidal,
however if the lever is made much longer than the rolling radius, it is very clo to a
sinusoidal motion. The ampiitude of rolling motion was set to be about 10 degrees.
For each I; and h, tests have been done on a range of rolling frequencies, which are
obtained by adjusting the supplied voltage to the motor, with different damping
conditions (see Table 2.1 and Figure 2.7 for details). The natural frequencies of
the tank were obtained from the free decay tests by giving it an impulsive start.

Figure 2.8 shows the tank water elevations in a decay test. The curve is analyzed
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by a FORTRAN routine giving Fourier fit and frequency.
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Figure 2.8: A tank decay test for obtaining natural frequency

Table 2.1 shows that the natural frequencies of the tank are about ten percent
lower than expected. This is due to several factors, including the inaccuracy of the
equation because the formula is based on the assumptions of ‘no damping’ and ‘no

free surface’ in the tank. Scaling effect can also be considered a factor. Physically,

the ph in the tank is domi: d by gravity forces and viscous forces have
to be neglected when Froudian scaling has to be followed. For large tanks, this
could cause little problem due to the very large gravity forces compared to the
viscous forces. But in a fairly small tank, viscous forces could be relatively large
and cannot be neglected. In this case, viscous forces will cause a longer transfer
period than estimated. This is also confirmed by the fact that the higher damping

in the flume, which causes larger viscous forces, gives lower frequencies (Table 2.1).
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Table 2.1: Tank model natural frequencies

Tank Qu/80kg. | w, (rad/s) | w, (rad/s) | w, (rad/s)
Model (%) with low | with high from

I, (mm.) | h (mm.) damping | damping | eqn. 2.3
36 1.53 2.735 2.385 3.044
105 47 2.0 3.027 2.65 3.458
58 247 3.408 2.925 3.813
43 1.55 3.187 2.75 3.583
85 55 1.99 3.643 3.125 4.017
67 242 4.012 3.595 4.385
49 15 3.756 3.23 4.112
68 66 2.02 4.277 3.825 4.692
83 2.54 4.9 4.375 5.152
45 12 3.881 3.63 4.249
85 57 15 4.398 4.009 4.704
76 2.0 5.179 4.655 5.301
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Three channels of data from the tests (Figure 2.9) were first analyzed by a
program provided by D.W. Bass which gives the best Fourier fit of cach curve as
well as the frequencies and amplitudes. Then, those fits were calculated by another
program giving the phase lag ¢, of the tank-water motion to the roll motion. &
was taken from the average value of phase lags obtained from each wave probe
relative to the roll motion. Figure 2.10 and equation 2.4 illustrate the strategy.
From Figure 2.10 one can easily see that equation 2.4 gives the phase lag in degrees

of two sinusoidal motions with the same frequency.

B

§

!
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-20
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Figure 2.9: Showing tank-water elevations and roll motions

_ =180 x (At + Atg)w

— (2.4)

€t

Tests were first carried out on four wing-tank widths (1) and three waterle

(k) with the wave probe position at the edge of each wing tank (Figure 2.7, position
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Figure 2.10: Fits of tank-water elevations and roll motions

1). The results of & are plotted in Figures 2.11 to 2.14, versus roll frequency w.
In the plots, high damping means that there is one slot in the damping plates,
and low damping means two slots. High, mid, and low water refer to tank water
amount are 1.5%, 2.0%, and 2.5% of 80 kg respectively (Table 2.1).

By rights, €, should increase as w, increases, and be close to —90° as w ap-
proaches w,. However, the results shown in Figures 2.11 to 2.14 are 20 to 30
degrees lower than expected. This is because, as mentioned previously, the instant
of water level at the probe position reaching a peak is a little bit ahead of the
instant that the water stops transfering and begins to flow to the other side. For
this reason, another set of probe positions located at the middle of the wing tanks
(Figures 2.7, position 2) was tested for the medium water levels. Compared results

are plotted against nondimensionalized frequency w/w; in Figures 2.15 and 2.16.
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Figure 2.12: ¢, bench tests for [, = 85 mm.
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Figure 2.16: Comparison of different probe positions with low damping
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1t is shown that, with the probes at the middle of the wing tanks, &s are close
to —90° when w/w, equals 1. This probe position appears to give more reasonable
measurement and is applied in the later tests. It is also noticeable in Figure
2.15 and 2.16 that the change rates of &, are vroadly the same for two positions.
Therefore, the results in Figure 2.11 to 2.14 are still valid providing that only the
change rates of &, versus w, are considered.

As shown in Figures 2.11 to 2.14, for high damping conditions, ¢, hardly changes
in the range of w, while for low damping conditions, €, is a little more sensitive to
w. It can be said that the slope of & — w curve is an indicator of damping level.
High damping makes ¢, vary little with w. In other words, the tank does not need
to be re-tuned in a large range of roll frequencies. However, high damping restricts
the amount of transfered water, thus reducing the stabilizing moment generated
by the tank. Choosing proper damping is critical for optimizing tank performance
and is one of the main purposes of a bench test. It is believed that the tank is over
damped in the previous tests. Scale effects could be one factor causing this.

Tests were then carried out for the modified tank with increased b, (Figure 2.6

and Table 2.2). The purpose of trying this is to concentrate more water in the

- Table Natural frequencies of the modified tank
Tank Qu/80kg. | w (rad/s) wy (rad/s) | w (rad/s)
water level (%) with without from
h (mm.) damping plates | damping plates | eqn. 2.3
49 1.78 3.166 3.32 3.757
60 219 3.40 3.70 4.121
70 2.55 3.698 3.97 4.41

wing tanks and thereby get larger stabilizing moment. The first set of tests are for
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the tank with damping plates that have one 15 mm wide slot in each. In Figure
2.17, when & = —90°, from low water level to high level, « is covered from 3.1
rad/s to 3.9 rad/s, which means the expected roll frequency range is included in
the frequency realm of the tank. In the tested frequency range, £, is approximately

linearly dependent on w.

T
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(degy80 b

—60 - high water ©—

mid water <—

low water S

—40} 4
i

= /TP R SR 1
3 32 34 36 38 4 42 44 46 48 5
w (rad/s)

Figure 2.17: & of the modified tank with damping

It should be noticed that when ¢, is plotted versus the nondimensional frequency
(Figure 2.18), the effect of waterdepth in the tank becomes insignificant for the
relative frequencies. Ideally, if we assume both w, and &, are linearly dependent on
h and w respectively, the & ~ ui, line should be unique for one tank with certain
internal damping level which is reflected by the slope of the line.

Since the internal damping of this tank seems still a littie large compared to

the tests in references [15] and (19], according to the slope of the & — w curves, it
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Figure 2.18: &, vs. nondimensional frequency, modified tank with damping

was decided to test this modified tank without any damping plates. Much sloshing
was experienced and it was necessary to seal the tops of the wing tanks to avoid
water splashing out.

As expected, the & — w curves without damping (Figure 2.19) are steep com-
pared to those with damping (Figure 2.17). By observing the water motion in
the tank, it is concluded that near the resonant frequency, the moments generated
by the tank (both static moment and dynamic moment) increase as the internal
damping decrease, because more water moves back and forth with a faster speed.
However, because the phase lag changes fast versus roll frequencies when the in-
ternal damping is small, the tank could soon be wrongly tuned at non-resonant
frequencies and could possibly increase roll angles instead of decreasing them.

Without tank moment data., it is hard to say what damping level is the best until
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Figure 2.19: €, of the modified tank without damping

on-ship tests are carried out.
The modified tank gives better phase angle responses and is chosen to be tested

on a ship model.
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Chapter 3
Experiments in Calm Water

It was decided to use one of the available fishing boat models which has the least
hull damping so that the expected damping from tank or paravanes is more obvious.
Model 366 is the one chosen and its body plan and particulars are given in Figure
3.1

As concluded in the previous chapter, the modified tank model with increased
flume length (Figure 2.6) was used in the test.

A pair of small paravanes was also made for the tests. The shape and scaled
dimensions of the paravanes are similar to those commonly used in Newfoundland

fishing vessels. Figure 3.2 shows the detailed dimensions of the model.

3.1 Experimental Setup

Three tank water levels and two internal damping levels were chosen to be tested
in the following tests. According to the results of the rolling bench tests, the tank
will be tested with the damping plates, which have one 15 mm wide slot in each of

them, and without any damping plates. Taking into consideration that the liquid

35



y0.05 [

L !

T T

Scale = 1: 6.8
A = 703 kg.

LWL = 156.81 cu. 7|
Beam = 50.49 em. |

Draft

1 .
-02  -01 0 01
X (m.)

0.2 03 0

Figure 3.1: Body plan and particulars of Model 366

'
R — ‘
\ |
,L;
a5 —s
Note: all dimensions are an milhmetres

Figure 3.2: Dimensions of the paravane model
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level should not be too high to avoid spilling over the sides, three water levels in
the tank model are tested throughout the experiments. They are 30 mm, 47 mm,
and 60 mm, which mateh 1.3, 2.0, and 2.55 percent of the displacement of Model
36€ respectively. The natural frequencies of these three levels with two levels of

internal damping are given in Table 3.1. As the tank natural frequencies were

Table 3.1: Natural frequencies of the tank model tested on M366
h | Q/0kg | w (rad/s) ( wi (rad/s) w (rad/s)

(mm.) (%) with damping | without damping | from eqn. 2.3

30 1.3 2.30 2.55 2.98
47 2.0 2.77 3.19 3.69
60 2.55 3.40 3.70 4.12

lower than expected, M366 is tested at its natural frequency ballasted to about 3.0
rad/s, as well as at 3.75 rad/s. Each natural roll frequency was kept unchanged
throughout each set of tests which includes various tank water levels and damping
conditions. Due to free surface effects, GM will decrease when the tank is filled
with some water. The GM loss due to a flume tank can be calculated as [3]:

i

6GM = = = [I(B* — b3) +1.63]/12V (3.1)

v

where i is the moment of inertia of the free surface area and V is the volume of
displacement of the ship. Equation 3.1 gives the result §GM = 8.9 mm for the
tested model. However, the natural roll frequency of the boat may not consequently
decrease because of the dynamic effects of the tank. In fact, it was found that wy
has asmall increase when the tank is filled with some water. Table 3.2 lists out the
GM obtained from inclining tests for different tank levels. Note that the center

of gravity of the model has been modified for each tank water ievel so that wy is
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Table 3.2: GM values of M366 with various tank water levels
h GM (mm.) GAM (mm.)

(mm.) | ws = 3.00rad/s | wy = 3.75 rad /s

0 37 52
30 27 d1
47 29 41
60 29 43

kept constant. In this case, the true GM’s obtained from the inclining tests can
be expressed as:

GM; = GM, - 6GM £ 6G

where GM, and GM; are the GM’s before and after the tank is filled with water,
and §G is the distance between the modified center of gravity and the original
one. Here 6G can be regarded as the compensation of the combined influence of
dynamic effects of the tank and G M on natural roll frequency. It can be seen that
at the same wy, GM of the model with water in the tank is about 20-30% lower
than that of the model without water in the tank. Because G is the handle by
which the waves rock the vessel, the stabilizing function of a tank also partially
comes from decreasing GM.

Experiments were carried out in the wave tank at Memorial University, which is
57 m. long, 4m. wide,and 2 m. deep. The tank model was fixed at midships where
two light metal booms suspending paravanes were also mounted athwartships. The
paravanes are at a distance of 80 cm from the center line of the model. Figure 3.3
shows the experimental setup. The vertically moveable weight was to be used for

the adjustment of wy.
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3.2 TFree Roll Decay Tests

To identify the damping moments generated by tank and paravanes, free roll decay
tests were first performed on M366 with and without tank and paravanes. Experi-
ments were carried out for a series of initial angles for each tank water level and roll
frequency. The roll decay curves were analyzed in terms of the non-dimensional
cquivalent linear damnping coefficient (g. The tests with both tank and paravanes
were not performed because the roll decays too fast. The values of (z are plotted
against mean amplitudle of roll angles ¢,, in Figures 3.4 to 3.8, where the points
are experimental data and the lines are linear regressions.
Tests of Tank with Damping Plates

For the values of (s in Figures 3.4 and 3.5, when h = 0, the variation of (g

with ¢, is clearly linear and can be expressed in the form:
(e=m¢n+C (32)
But after the tank is filled with some water, the data points become more scattered,
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especially in Figure 3.5 where the points are very scattered and it is difficult to
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Figure 3.4: (g of M366, tank with damping, wy = 3.75

conclude any general relationship between (g and ¢,,. This is hecause of the
different mechanism between the free roll decay of a ship without tank and that
of a ship-tank system. In the case of a ship-only decay, the motion equation of a
vessel rolling in calm water, in the case of a linearized analysis of roll damping, is
given by:

Iob++ Be(¢m) + D(9) =0 (3.3)
where Bg is the amplitude dependent equivalent linear damping coefficient, Iy is
the virtual moment of inertia in roll, and D(¢) is the non-linear restoring moment.

When a tank is installed, the equation becomes:
Iob + B($n)d + D(9) — Mi(d)sin(ugt + ) =0 (34)

Unlike bilge keels or paravanes, whose stabilizing moment can be simplified as ngj‘;

where Bs is regarded as an increment of Bz, the moment generated by a stabilizing
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Figure 3.5: (g of M366, tank with damping, w, = 3.00

tank is dependent on ¢, and the result of equation 3.4 also depends on the phase
lag &,.

Nevertheless, assuming the tank moment can be treated as an increment of hull
damping moment, the regression lines in Figures 3.4 and 3.5 manifest the average
‘damping’ increase due to the tank. At both roll natural frequencies, the higher
tank water level gives higher ‘damping’.

In equation 3.2, the magnitude of the constant C is indicative of the wave
damping component of the roll and the magnitude of m indicates the significance
of the viscous component of the damping [21]. The wave damping is considered
linearly dependent on roll velocity while the viscous damping is usually nonlinearly
dependent [22). From Figures 3.4 and 3.3, one can see that the tank basically

introduces ‘iinearity” into the roll damping, in the sense that the damping moment

appears to be ind lent of litude. This is because the action

of a passive tank is actually a kind of energy dissipation by wave-making. Unlike
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bilge keels, a stabilizing tank provides fairly large damping at small roll angles.
For this vessel, when h = 47 mm and ¢, = 7°, the damping is more than tripled
at wy = 3.75 rad/s and increases by over 400% at wy = 3.00 rad/s. However, the
increment of the damping due to the tank decreases as ¢, increases.

Overall, the damping provided by the tank at w, = 3.00 rad/s is about 20%
to 30% higher than at w, = 3.75 rad/s. This can be explained by the fact that
compared to the tank moment, the restoring moment(D(¢) in eqn. 3.4) is relatively
small due to the GM reduction at lower frequency, this causes the ship roll to decay
faster. Another reason for this could be tuning, that is, the tank natural frequency
is better tuned Tor the roll frequency 3.00 rad/s, which is proved in later tests in
beam waves.

Tests of Tank without Damping Plates

The most noticeable phenomena in Figures 3.6 and 3.7 are that the damping
that comes from the tank at low roll amplitudes (,) is higher than the damping
at high roll amplitudes. The main reason for this may be the decreasing of free
surface effects with roll amplitude. Saturation could be the other reason. Without
damping the amount of transfer water is largely increased, and causes saturation
at large roll amplitude.

Compared to the tank with damping, (g is about doubled at w, = 3.75 rad/s
a - increased by 40% at wy = 3.00 rad/s for low roll amplitudes. However (g
keeps about the same for both damping conditions at high roll amplitudes. This
could be the result of the different tuning (different tank frequencies (w;) in Table
3.1), the higher stabilizing moments, and some dynamic effects. The reasoning of
these combined effects is complicated and is beyond the scope of this study.

At the high natural roll frequency(Figure 3.6), the high water level(h = 60
mm) no longer works better than the medium level(h = 47 nm), and at the low
frequency(Figure 3.7), the medium level even does better than the high level. This

indicates that when the tank is less damped, in other words, the ship-tank system
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is ‘softer’, the tuning and dynamic effects become more important than the amount
of water in it.

Tests of Paravanes

0.2 — T T T T T T .

018
016
014 with paravanes
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% \uo, =3.00
* \winmut paravanes |

o1 15 17 19 2 B %
P (deg)

Figure 3.8: (g of M366 with paravanes

Surprisingly, the paravanes contribute quite significantly to the roll damping
at zero speed. As shown in Figure 3.8, at ¢ = 8°, the damping is morc than
doubled. The comparatively small forces generated by paravanes are offset by
the long booms. At ws = 3.75 rad/s, a small increase of the non-linear damping
component is introduced. But at wy = 3.00 rad/s, the slope of the damping curve
using paravanes is quite similar to that not using paravanes. This indicates that
the damping comes from ‘lift’ forces rather than ‘drag’. The lift forces on the
paravane are generated as it moves in a circular path induced by the upward pull
of the line at the point of attachment [8].

Compared to the tank, the damping of the paravanes is small at small roll

angles but increases faster as roll amplitude increases. In the region of g, < 10°,
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for the medium waterlevel, the damped tank provides 30% to 70% more damping
, and the less damped tank provides 100% to 200% more damping than the para-
vanes (comparing Figures 3.4 - 3.7 to Figure 3.8). The paravanes contribute more
damping than the tank with medium and high water levels only after the mean
roll amplitude exceeds fairly high values which are usually not often attained when
a stabilizer is installed. The high damping from a tank at small roll angles could
prevent the initial small roll motion of a ship in waves from developing to a large

one.



Chapter 4

Experiments in Regular Beam

Waves

Model 366 installed with the tank and paravanes was tested in regular beam waves
of two wave heights: 5 cm and 10 cm. The intention of the experiments was to
investigate the effectiveness of the tank and paravanes when the hoat is frec to
roll at zero speed in light and moderate waves. As mentioned in chapter one, the
efficiency of a tank is independent of the speed of the ship. But for the paravanes it
is a different situation. The efficiency of the paravane decreases as the towing specd
decreases due to the decrease of lifting forces. The tests for the same paravanes on
another ship model [8] show that the non-dimensional cquivalent linear damping
ratio (g at Froude number 0.2 is about twice as large as (5 at zero speed. Because
it is not feasible to carry out tests in waves at forward speed in a small towing tank,
the tests were only done for zero speed. However one should remember here that
the effectiveness of the paravanes is least when it is compared to the effectiveness
of the tank. To restrict excessive yaw and drift, the model was lightly tethered at
the bow and stern. The tests were carried out for a range of wave frequencies near

the two natural roll frequencies, that is, 3.00 rad/s and 3.75 rad/s. When both
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tank and paravanes arc applied, the niedium tank water level (47 mm) is used.

4.1 Measures of Effectiveness of a Stabilizer

The obvious measure of the efficiency of a stabilizer is the roll reduction that can
he obtained. The roll reduction factor r; is defined as:

rp=l- Z—u (4.1)
where o is the value of roll angle amplitude and subscripts s and u indicate,
respectively, stabilized and unstabilized values. In regular beam seas, o usually
refers to the resonant roll angle at wave heights that are within the capacity of
the stabilizer [2]. In a seaway, r; is commonly used as a statistical measure of

, and ¢ is the root: q (rms) value of roll angle amplitude

and can be replaced by other 1 of roll angle litude such as

mean or significant values [11].

The objection to the use of the roll reduction factor r; is that it does not
discriminate between small an large roll angle amplitudes. A much more pertinent
roll reduction factor 74 can be defined which focuses on the reduction in the
occurrence of roll angle amplitudes greater than a specified limiting value ¢;. ¢}
is sclected on the basis of ship mission and, when the stabilizer system is designed
according to a criterion, is the limiting roll angle amplitude value used in the
criterion. The discriminating roll reduction factor is defined as [11]:

g = eal=5(600 05 - ) “2)

Because this is a general study and there is no certain design criterion for the
stabilizers, the simple roll reduction factor r; is used for the evaluation. However,
since the roll reduction varies with the ship’s stability and speed as well as wave
regularity, direction, height and period, one should be careful when using r; to

compare stabilizers 2].
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4.2 Tests of Tank with Damping Plates

Figures 4.1 to 4.4 show that the tank and paravanes provide 11% to 71% roll angle
reductions at or close to resonant frequencies (also see Table 4.1), while they have

little effect on roll at non-resonant frequencies. The fact that the stabilized roll

responses have apparently high peaks at resonant frequencics indicates that the
tank has too much internal damping. It is also shown in Table 4.1 that, for both
natural roll frequencies, the stabilizers work better in light waves. The reason for
this could be that the components in the tank moment caused by dynamic effects
is not linearly dependent on roll amplitudes. The ‘frec surface’ effect is relatively
large at small angles of roll. The total tank moment therefore increases at a slower
rate as the roll amplitude increases. This is also true for the paravanes because, as

found in the previous decay tests, the forces generated by paravanes arc mainly lift

forces that are ly ind dent of roll 1i For large

‘stall’ type effects may occur and that result in reduced lift forces but increas~d
drag forces, and the total damping forces could be relatively smaller.

For the high natural roll frequency wy = 3.75 rad/s, the cffectiveness of the
tank cannot be said to be satisfactory. The best reduction achicved by high tank
water level is 25% in moderate waves and 46% in light waves. The peaks of the
roll responses do not shift for different tank water levels. Tuning factors seem
to have little effect on the roll motion. In Figures 4.5 and 4.6, the phase lag ¢,
of tank water motion to roll motion drops down at the resonant frequency for

low and medium water levels in moderate waves and for low level in light was

This could be an explanation for the above phenomenon hecause phase lags &, are
closer for different tank levels. The reasons for phase lags ¢, dropping down must
be excessive roll angles and heave and sway motions because this did not happen
in the bench tests (Figures 2.17). It can be concluded that, when the frequency of

the tank is low compared to the natural roll frequency, the motion of tank water is
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more susceptible to other motions (sway is considered more important than heave).

For the low natural roll frequency, the tank works a little better. Overall,
the peak roll angle reductions are about 20% higher than at the high natural roll
frequency (Table 4.1). The first reason for this is the smaller wave exciting moment
due to the lower GM value, therefore the tank moment is relatively larger. The
second reason could be tuning. Figure 3.1 shows that the natural frequencies of
the tank are lower than 3.0 rad/s for the low and medium water levels and a little
higher than 3.0 rad/s for the high level. As mentioned, the best tuning is achieved
when the natural frequency of the tank is a little higher than that of the ship.
This is proved in Figures 4.7 and 4.8 showing that phase lags ¢, for the high level

is close to —00 degrees when the roll frequency is 3.0 rad/s.

2 — T
hunsulbﬂizad <o
L h = 47 mm. -
0 h = 60 mm, % ]
paravanes A—
tank & para. ——
15f B
b4
(deg)
10t B
HS ]
p Ly

2 25 3 35 4 45
w (rad/s)

Figure 4.1: Roll response of M366 with damped tank, wy = 3.75, hy, = 10

The experiments also show that the paravanes provide 17% to 37% roll reduc-

tions. The i of the is not signi different for different

natural roll frequencies, however they are more effective in light waves.
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Figure 4.2: Roll response of M366 with damped tank, wy = 3.75, h,, = 5
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Figure 4.3: Roll response of M366 with damped tank, wy = 3.00, h,, = 10
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Figure 4.4: Roll response of M366 with damped tank, wy = 3.00, h,,

Peak roll reductions for damped tank and paravanes

5 4 4.5
w (rad/s)

Stabilizer | ws = 3.75 | wp = 3.75 | ws = 3.00 | we = 3.00
conditions | hy=10 | hy=5 | hy=10 | h,=5
h =30 mm. 11% 22% 26% 53%
h =47 mm. 19% 38% 39% 62%
h =60 mm. 25% 46% 49% 1%
Paravanes 17% 34% 22% 37%
Tank & Para 36% - 56% -
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Figure 4.5: Phase lags of damped tank, wy = 3.75, h,, = 10

—140 - -
-120 | B
B

(@00 1
—-80 | h=30mm. ©- 4

h 7 mm., +—

h =60 mm. 8-
—60} 4
2 25 3 4 4.5 5 5.5 6

w (rad/s)

Figure 4.6: Phase lags of damped tank, wy = 3.75, h, = 5
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Figure 4.8: Phase lags of damped tank, wy = 3.00, h, = 5
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When both tank and paravanes are used, the total roll reduction at high natural

roll frequency is just the sum of of each stabilizer, while at low frequency
it is a little smaller than the sum. The latter could be the result of the small

decrease of tank moments due to smaller roll angle.

4.3 Tests of Tank without Damping Plates

The previous bench tests and wave tests imply that the tank may have too much
internal damping. The natural frequencies of the tank in Table 3.1 also indicate
that the tank without damping may have better tuning at the tested frequencies.
Therefore, the wave tests were then carried out for the tank with no damping
plates.

T} following Figures show that the boat gets much better roll reductions after
the tank damping is reduced. The peak roll angle reductions for the medium and
high tank water levels range from 45% to 70% (Table 4.2), which can be said
to be satisfactory according to previous experience [13, 11, 4, 14]. For the high
natural roll frequency, the stabilized peak roll angles shift to nigher frequencies,
peaks (Figures 4.9 and 4.10), which means that the natural frequency of the tank is
lower than the resonant frequency, therefore the tank provides more roll reduction
at low frequencies. For the low natural roll frequency, which is closer to the tank
natural frequency, the fact that the roll responses show two peaks (Figures 4.11
and 4.12) indicates that the tank moments are large enough to counteract the wave
exciting moments.

Giving another view of tank’s action on the roll motion, Figures 4.13 and 4.14
show the amplification factors ¢4/ap for the rolls at the low natural frequency. wg

is the wave slope, and for a sinusoidal wave is given by:

Sa (4.3)




where (, is the wave amplitude and w is the wave frequency. It can be conjectured
from both figures that the tank eventually moves the maximum values of amplifica-
tion factor to lower frequencies, althouglh the tested frequencies are not low enough
to show them. The benefits of a passive tank can be regarded as compensation
of reducing safety in long waves. The amplification factors are small compared
to those of unstabilized vessel at the resonant frequency, and wavesiopes are also
small except in exceptional large waves. Figures 4.13 and 4.14 also show clearly
that the tank is more effective in light waves. Using roll response operators ob-
tained from model experiments in regular waves and the results of full-scale trials,
Morenshildt [11] indicated that the regular waves used in the model experiments
lad wave slopes in the range of 4 to 5 degrees, dne to nonlinear behavior with wave
slope, tank effectiveness will be overestimated for small wave slopes ( a common
practice) and underestimated for too large a wave slope value. The wave slopes
in most of these experiments are fairly small, hence the results probably belongs
to the case she referred to. Therefore the effectiveness obtained here may not be

directly extrapolated to full scale.

Table 4.2: Peak roll reductions for undamped tank
Stabilizer | ws we =375 | wg =3.00
conditions hy =10 hy, =10

h =30 mm. 27% 42%
h = 47 mm. 45% 58%
h = 60 mm. 4% 59%
Tank & Para | 51% - 62% -

Compared to the previous tests for the damped tank, the roll responses are more
sensitive to water levels. Tuning becomes more important when the tank moment is
large. It is noticeable that the medium tank level has the same effectiveness as the

high tank level does (Table 4.2). Although the tank moment may be larger because
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Figure 4.9: Roll response of M366 with undamped tank, wy = 3.75, h,. = 10
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Figure 4.10: Roll response of M366 with undamped tank, wy = 3.73, h, =5
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Figure 4.11: Roll response of M366 with undamped tank, ws = 3.00, h,, = 10
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of the larger amount of water, it could be offset by the wrong tuning. As observed in
the oscillating bench tests, the phase lag of the tank water motion to the roll motion
changes more quickly with the roll frequency after the internal damping decreased
(comparing Figures 4.15 to 4.18 and Figures 4.5 to 4.7). The fast changing of
£, causes the tank to increase rather than reduce roll at nonresonant frequencies.
However for the tested tank, the increases of roll angles at nonresonant frequencies
are small (the maximum is about 2.5 degrees in Figure 4.11), therefore the internal
damping of the tank should be close to correct. It may be improved by adding a
small amount of damping to the tank to make the roll responses flatter.

roll i from the

The tests also show that the
hecome much smaller after the tank operates properly. There are only 6% increase
of roll redution at wy = 3.75 rad/s and 3% at wy = 3.00 rad/s. If this is true
for real fishing vessels, it could be a good reason to eliminate paravanes after a

stabilizing tank is installed, or not use them unless at steaming speed.
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Chapter 5

Experiments in Irregular Beam

Waves

The experiments in regular waves are considered inadequate for evaluating a sta-
bilizer because in practical cases ships encounter irregular waves. Since a train of
irregular waves contains many waves whose natural frequency may differ from the
tank frequency, one may suspect the efficiency of a passive tank, whose working

principle is based on harmonic oscillations, in an actual sea state.

5.1 The Method of Analysis

Two methods can be used to investigate irregular waves. In the time domain,
an actual sea state can be classified as a stationary stochastic process and all its
statistical characteristics can be obtained from a time series. From observation of
many wave records, the histograms for wave height (double amplitude) takes the

shape of a Rayleigh distribution, which is expressed by the following equation [3]:

p(H;) = 2; R (5.1)
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where p(H;) is the probability density that any particular wave height H; will be
ohserved, and H? is the average of all the wave heights squared defined by:
o = ZUHL)? % ()
SIF(H)
where f(H;) is the number of occurrences of H;. The significant wave height

(average height of the one-third highest waves (h,,)1/3 is given by:
(hu)rjs = L4L(H?)/? (5.2)

1t should be noted that equation 5.2 is valid only if the wave height probability
distribution function is described by a Rayleigh distribution. Otherwise (k)i

has to be directly calculated from raw data.

The other method, which is more ly used due to the appli of com-

puters, is to analyze the stochastic process in the frequency domain. An irregular
wave pattern can be regarded as the combination of a large number of harmonics
that have different frequencies and amplitudes with random phases. The total

energy per square unit of sea surface is given by:

Br=goalch+ Gtk 3 3

where Caiy Gazy +-+y Can are the of the n i wave

The spectral density of wave energy is given as:
1
Se(w) = 5= DN ] (54)
where 6w is the bandwidth. To find out {,’s from a digital signal sequence, a dis-
crete Fourier analysis needs to be performed. There are many available computer
packages to perform the task. The function spectrum in MATLAB® first dividesa
sequence of length n into sections of m points each (possibly overlapping), where
m must be a power of two, then multiplies the successive sections by a Hanning

window, transforms them with an m-point FFT, and finally takes the average of

them to get the spectrum.
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From a known wave spectrum one can obtain the mean value of the wave

elevations squared mg, which is the arca under the S¢(w) — w curve:
o= /n Selw)dw (35)

From the statistical view, m is tlie variance of the distribution. If the waves follow

the Rayleigh distribution, then the significant lieight can be obtained by
(hu)yys = 4.0 x rms = 4.0/ (50)

For the roll response of a ship in an irregular seaway the same technique can
be applieu. However, to predict the roll spectrum from a wave spectrum, it has to

be based on two fundamental assumptions [3]:

1. The response of a vessel to any individual regular wave component is a lincar

function of the amplitude of this component.

2. The response of a vessel to any individual wave component is independent

of its response to any other wave component.

‘With the above assumptions, the spectral density function of ship response for
rolling in beam waves and the density function »f wave spectrum have the following
relationship:

Sy(w) = 5¢(w) + |HWw)I (5.7)
where Sy(w) is the roll spectrum and |H(w)|? is the response amplitude operator

(RAO). Kuowing wave and roll spectra from experiments, the RAQ for roll can

be obtained by simply taking the quotient of them. Also based on the above
sumptions, if the wave heights follow the Rayleigh distribution, the roll amplitudes
will also follow the Rayleigh distribution. Therefore the significant roll amplitude

is twice the rms value of amplitudes of the roll motion.
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Because in general ship responses in waves are nonlinear, the previous assump-
tion is not valid when large waves are encountered. This may cause some inaccu-

racies in the estimation of signil roll litudes. To check the results from

spectra, a FORTRAN program is written to calculate significant roll amplitudes
directly from raw data, that is, to pick out the one-third highest roll amplitudes

and take the average value of them.

5.2 The Waves

Four spectra of irregular waves comparable to the four tested regular waves were
chosen. They have characteristic frequencies at 3.75 and 3.00 rad/s and significant
lieights of 10 and 5 cm. The wave generator is controlled by a computer program

that generates random signals according to a theoretical wave spectrum pattern.

Jonswap which is a bl ion of a North Atlantic wave
encrgy distribution [20], was chosen to be the spectral pattern. The Jonswap

spectrum has the following form [20]:
A g, .
Si(w) = e Fy (5.8)

(w — wo)
where: a= exP(vT’*‘ws) . 0 =007 forw < wo

o =0.09 forw > wo

e B
16711
B=5uw'4

forl<y<4

and wp is the peak frequency and Hj is the significant wave height. The param-

eter 7 determines the breadth of the spectrum. The larger it is, the more wave

energy on the cl isti y. It was chosen to be 3.3 in the
experiments. Considering the wave periods, the total sampling time is cliosen to

be 400 seconds so that enough wave cycles can be acquired. The sampling rate is
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20 Hz, therefore the Nyquist frequency is 10 Hz which is high enough to cover all
significant wave frequencies. The obtained wave spectra as well as the theoretical

Jonswap spectra are plotted in Figures 5.1 to 5.4.

8 T T = T

experimental spectrum —
7+ theoretical Jonswap spectrum —
experimental (hy)i/3 = 9.5 en.

0 ) L {
4 6
 (rad/s)

Figure 5.1: Wave spectra for wp = 3.75 and (hy)i/3 = 10

‘The controlling program needs a driver that is generated from previous tests.
The more tests done, the better the driver, and the closer the actual spectrum to
the theoretical one. Due to time limits, only 5-9 tests were run for each spectrum
to prepare the driver. This is why the experimental spectra do not fit very well
to the theoretical spectra. The peak frequencies occur at the right places but the
significant heights are about 3% to 7% lower than those intended (Figures 5.1 to
5.4). These inaccuracies were tolerated hecause the spectral pattern was not the

main concern in this study.
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5.3 Roll Responses for Daimped Tank

For each test, the boat was ballasted with the natural roll frequency at the center
frequency of the waves. The tank conditions are the same as ia regular wave tests.
A pair of roll samples for the unstabilized and stabilized boat are shown in Figure
5.5. Obtained roll spectra and RAOs are shown in Figures 5.6 to 5.13.

The energy distributions of the roll motions are rather narrow, mostly con

trated in a range of 1 rad/s around natural frequencies. Generally speaking, as in
regular wave tests, the higher tank water level dissipates more energy of the roll
motion. The paravanes are about as effective as the low tank level at the high

frequency, but inferior to any tank level at the low frequency. The effectiveness of

a tank is more fi than that of

The RAO:s for large roll amplitudes obtained from spectrum analysis are much

larger than those derived from regular wave tests, but they do not differ so much
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Figure 5.5: Roll samples for irregular wave tests

Table 5.1: (¢4)y/3 (deg, from spectra) and reductions for damped tank

Stabilizer wg =3.75 we =3.75 wg = 3.00 wg = 3.00
conditions | (hw)ijz =9.5 | (hu)iz =44 | (hu)iz =9.8 | (hu)ija = 4.7
Unstabilized 18.8 11.5 149 10.0
h=30mm. | 146 22% 75| 35% 9.8 | 34% 4.0| 60%
h=47mm. | 13.1| 30% 4.8| 58% 8.3 | 44% 38| 62%
h=60mm. | 11.1| 41% | 55| 52% | 7.9 | 47% 3.1| 69%

Paravanes 13.9| 26% 74| 36% 12.0| 19% 7.5| 25%
Tank & Para [ 9.2 | 51% = 6.0 | 60% =
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at small roll amplitudes. For example, in regular waves of 10 em height when
ws = 3.75 rad/s (Figure 4.1), the peak RAO for the unstabilized roll motion is
approximate 18.5 deg? /cm? and for the most stabilized roll motion. 6.8 deg®fem?,
while in the corresponding irregular wave tests (Figure 5.7) the values are 43
deg?/cm? and 8 deg?/cm? respectively. The reason for this might be that the
roll motions do not satisfy the linear assumptions in page 64 and therefore RAOs
derived from equation 5.7 are inaccurate.

Table 5.1 shows the reductions in signi roll litudes. Compared to the

tests in regular waves (Figure 4.1), the tank seems to work a little better at the
high natural frequency, while at the low natural frequency the reductions have no
significant difference. As indicated in the previous chapter, the tank is wrongly
tuned at the high frequency. This defect might be less important in irregular
waves than in regular waves because irregular waves contain numerous waves with
different frequencies.

Some results given by spectral analysis are doubtful, such as that at wy, =

.75
rad/s and (hy)y/3 = 4.4 cm, the reduction (Table 5.1) given by the medium tank
level is higher than that given by the high tank level (Note that this does not
happen in Table 5.2 where (h,)1/3's are derived from raw data), and the RAQs are
unreasonably high. As mentioned above, the spectral analysis is based on linear
assumptions and the roll responses must follow a Rayleigh distribution. If these
conditions are not satisfied, equations 5.6 and 5.7 are not valid for the caleulation
of (hy)1/3 and of RAO. Significant roll amplitude, as it is defined, can he obtain
directly from the original samples by taking the average of one-third highest roll
angles (Table 5.2). This gives less information but probably is more reliable.
Generally speaking, there is no significant difference between the values in Table
5.2 and in Table 5.1, except for the value for medium tank level at high frequency

and in light waves. C ing the signi roll litudes obtained from raw

data, spectral estimates seem to be a little high at large amplitudes (or in moderate
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Table 5.2: (¢4)1/3 (deg, from raw data) and reductions for damped tank
Stabilizer wy = 3.75 we = 3.7 ws = 3.00 wo = 3.00
conditions | (hy)i/a =9.5 | (hu)ija =44 | (hy)ija =98 | (huhyja = 1.7

Unstabilized 17.1 11.8 15.0 9.9

h=30mm. | 13.7( 20% 7.8| 34% 9.6 | 36% 4.8 52%

h=47mm. | 124| 27% 6.4| 46% 8.1 | 46% 3.7| 63%

h=60mm. | 11.7| 32% 5.9 50% 7.7 | 49% 3.5| 65%
Paravanes | 12.7| 26% | 8.2 31% 114| 24% 71| 28%

Tank & Para | 9.5 | 44% - 6.5 | 57% -
waves) and low values at small amplitudes (or in light waves).
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Chapter 6

Conclusions and

Recommendations

N dland. are the most ly used roll motion sta-

So far in
bilizers for small fishing vessels. The experiments carried out in this study have
shown that a passive tank system could be a more efficient alternative. Without
the shortcomings of paravanes and within the financial limitations for small fishing
vesscls, they can provide approximately 30% more roll reduction than paravanes
can.

1t is concluded from the tank decay tests that the natural frequency of the tank
increases with the rise of tank liquid level. For a flume tank, the internal damping
also has a significant effect on the frequency, that means, the damping not only
restrains the amount of but also slows down the flow.

The oscillating bench tests were proven to be a useful method to configure
the tank conditions so that the expected ship roll frequencies is included in the
frequency realm of the tank. The tests are also useful to check the tank damping
levels. The effect of tank damping is to change the sensitivity of the phase lag &,

to the rolling frequency. Because the bench used here cannot provide data of tank



moments, the tests may not be a good indicator of the performance of the tank on
a vessel. A more sophisticated rolling table built with dynamometer (the best can
also simulate sway and heave motions) is needed for this purpose.

For the unrestrained decay tests of M366 with the tank, the variation of equiv-
alent linear damping ratio (g with respect to mean roll amplitude ¢,, cannot be
well represented by a linear regression. However the features of the regression lines
indicate that the damping provided by the tank is mainly linear. The decay tests
for the paravanes show that the damping forces come from lift forces rather than

drag forces at zero speed. The decay tests can provide some comparative infor-

mation indicating the ili on the vessel. The equivalent lincar
damping ratio may be applied in a simple mathematical model to predict roll re-
sponses in waves, but the accuracy could be fairly limited because the tank-ship
system is not a single but a coupled resonant system.

The results of the tests in beam regular waves show that by taking the tank
size as 2% of the displacement, the roll reduction can be expected to be as high
as 60% to 70%, when the tnk is properly tuned and damped. Besides affecting
phase lags, tank damping also has significant influence on the tank moments and
natural frequencies for a flume tank, and therefore is important for tank efficiency.
For both tank and the reductions are i 10% to 20% higher

in light waves than in moderate waves.
In irregular waves, the efficiency of the tank remains approximately the same

as in regular waves, and even a little better if the tank is wrongly tuned. The

of the has no signi liffe from that in regular

‘waves.
In general, the results of this study may not be directly used to develop a full
scale tank. For the many possible configurations of a tank, those tested here are
rather limited. The degree of internal damping may be extrapolated to full scale if

viscous effects are ignored. To design a tank for a ready-made vessel, the procedure
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probably should begin with the investigation of the ship. The main concerns are
such as how much GM loss is permitted, and where and in what shape the tank
could possibly be installed and constructed.

The effects of vertical positions on tank efficiency was not investigated in this
study. It can be said however, in general the higher the tank is located within
the vessel, the more efficient tle operation of the stabilizer. This is because the
dynamic moment, if located above the center of rotation, can be used to supplement
the static couple [1]. On the other hand, too high a location causes too much loss
of transverse stability. In practice the tank should be located as high as structural
strength and stability permit.

The longitudinal location of the tank could be versatile, provided that the beam
in the intended area of installation is nearly equal to the full beam of the vessel.
Trim must also be taken into account when determining the location.

After determination of the tank size (usually 1%-2% of displacement), the other
two main considerations are tuning and damping. Usually either rolling bench tests
or wave-tank tests or both are required to ensure that the ship rolling frequencies
are within the stabilizing frequencies (tuning) and the stabilized roll response of
the vessel is relatively flat over the entire frequency range (damping). Various

internal tank configurations may be tried during the tests.
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