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PREFACE

The present investigation attempts to analyse
the action of rectangular free-surface tanks as
passive ship roll dampers.

In order to develop the necessary equations, the
characteristics of ocean waves and the motion of
ships among them are discussed in detall. A simulator
was deslgned to reproduce ship rolling conditions at
sea. With the aid of this apparatus, the mode of
liquld movement in a rectangular tank fitted on a
ship was observed and actual angles of roll for
various tanks and liquid depths were recorded.

Using the above-mentioned observations, equations
describing the complete motion of ship and liquid in
the free-surface tank were derived. The results of
these equations were compared with the figures obtained
experimentally and the agreement was found to be good
enough to permlt the use of these equations for com-
paring the damping performance of rectangular tanks
of different dimensions and varying liquid depths.

Consequently the equations were used to compile
an "Optimum Stabilization Chart". By means of this
Chart, the tank dimensions and liquid depth for best
poesible stabilization can be obtalned for any ship
whose particulars are known.

As an example, the Chart was used to determine
the tank dlmenslons and water depth of a stabilizer
giving optimum damping to the new U.C.T. research
vessel, the "T.B. Davie". Unfortunately the figures

available for this vessel were only approximate but
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the simple calculations can easlly be repeated if
the true dimensions differ appreciably from those

used.
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TABLE OF 8YMBOLS

Following 1s a list of the symbols most widely
used in this theslis. Other symbols are used only in
one or two sections and are introduced in the text;
thelr inclusion here ﬁould only cause confusion as they
are sometimes repeated with different meanings in

different chapters.

1

denotes 'approximately equal to',

~ denotes 'proportional to'.

B centre of buoyancy

gt " 1 (ft 1b )
damping constants t secC

C1,2,3,) pIng

D ratio of water depth to tank length (h°/b)

G centre of gravity of the ship (or model)

GM metacentric height (ft)

I moment of inertia of ship (or model) about
1ts centre of gravity (1lb ft sec?)

Kl,2,3,4 constants

L ocean wave length

M moment caused by moving bore (1b ft)

M! restoring moment on rolling ship (1b ft)

P ratio of welght of liquid in tank to dead
weight of ship ("18/ )

R radius of rolling circle generating trochoidal
profile of ocean waves (ft)

R' radius of rollers on .the model (ft)

S height of tank from the centre of gravity
of ship (or model) (ft)

T harmonic period (sec)

V  Volts |

- —— w w - -
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tank length (ft)
constant ofvconversion from 1lb mass to
1lb force
ocean wave height (ft)
still water depth in tank (ft)
radius of gyration of shlp (or model) (ft)
mass of water in tank (from Ch.5 onwards)
radius of orbit of ocean wave surface
particles (= 3 wave height) (ft)
time elapsed (sec)

tank width (ft)

dead weight of ship (or model) (1b)

slope of ocean wave

amplitude of ocean wave slope

phase angle between bore and rolling angle

phase angle between disturbing wave and
rolling

angle of roll

amplitude of éngle of roll

some angle (= wt )

angular velocity (rad/sec)

angular velocity at the natural frequency
of the ship (or model) (rad/sec)

angular velocity at the natural frequency
of the still-water surface-disturbance
in the tank (rad/sec)

density of 1liquid in tank (1b/ft5)

scale factor for shlp models



ERRATA

14 . The last equation before Section 2 - 5 should read:-

o sinwot
- 0

k6 + GIe = o

1 +o<° cos wt

41 The last equation on this page should read:-

Cd_] = /100= 3-16

- 52 Equation (3 ~ 14a) should read:-

56 - 0-31m, é//?sé - O-31mt)2 + 4(130m, - 55-6)(m, - 5-12)

2 (mt - 5-12)

d1=

Equation (3 - 14b) should read:-

11-_25mt - »57-6

m, =
d1 + 1125
85 The 5%, 6™ and 7™ 1ines respectively should read:-
, , X 2
e _ C1 = /g/oawS
b4 2
C, = /g o awx
Now C‘l is constant and only 02 needs altering.,
86 The equation for a, Tmear the bottom of the page should read:-
ﬂ'./z 2
ao = T%j %/32 dp
| e
\y .
88 - The 1°% line of the paragraph starting in the middle of the

- page should read:-

"The constant 1/2 pwa will not be ......"

90 ' Bquation (5 - 12) should read:-
o pvax . w27 . _ _
IG+[C+ (s +-1-5]6+AGM9 =AGMc¢osin(wt+eS)-Mcos(ot—e)




I- INTRODUCTION

Historical background - The action of rectangular
free-surface tank ship stabilizers - The scope of
this investigation.

Historical background:

During the second half of the nlneteenth century
the tranaitlon from sall to steam as a means of shilp
propulslon brought about its own particulaf prbblems.
One of these was ship rolling, which hitherto had
beem damped by the salls.

The firatvrecorded 1qvestigation into a mechanical
means of damping the roll 1s a paper read by Philip
Watts to a meeting of the Royal Institute of Naval
Architects 1n 1883. In this and a subsequent paper
read two years later, Watts described how the movement
of a fluid in an open r%gbtanguiar tank placed across
a shlp creates a momenf which damps the ship's rolling.

However, there was little practical interest in this

‘1dea and 1t was soon forgotten.

Ship stabllization was again spoken about in 1912
when Frahm proposed a tank which consisted essentially
of two wing tanks connected by a pipe to form a
U-tube arrangement. The moment of the osclllating
liquid-column counteracts the rolling motion. This
type of stabilizer has been fitted to a number of |
ships with a falr measure of success but has never
really become popular.

A number of modifications of Frahm's tank have

been fitted to ships but their effectivenesas has



generally been very similar to that of the original
U-tube device. |

The perlod between the World Wars saw the develop-
ment of a mechanical stabilizer which used the torque
resulting from the forced precession of a gyroscopse
to oppose the disturbing moment. Thls inventlion has
been used successfully in only one ship, a luxury
" liner. Its lack of popularity is due to the fact that -
a very large gyroscopic flywheel is required for
effective stablilization. |

With the end of World War II came the fin stabili-
zers. These have proved extremely successful and are
very widely used today. However they have the disad-
vantage that the quality of stabilization is very
much dependent on the spéed of the ship, the fins
having no effect at all when the vessel 1is stationary.'

In more recent years the trend has been back to
stabiliz&tion by means of liquid transfer. 1In 1964
.'a patent was granted to J.McMullen Associates for
their 'flume-type stabilizer'. ,This‘stabilizer
' cénaists of two wingtanks connected by é flume (or
channel) with a free fluld éurface. The system acts
pﬁrtly like a Frahm tank in that pressure differences
are created by viscous effects and partly llke Watts'
original tank because the wave actlon, although
B hampered, 1s still present. This stabilizer has
been fitted to a number of ships with (éccording to
the manufacturers) a good deal of success.

All the above-mentioned tank stabilizers are of
the passive type. In 1965 Muirhead-Brown devised an
activated tank stabllizer in which the transfer of
liquid from side to‘side is effected by means of an

axial flow pump. . A gyroscopic sensing device similar



to that used for fin and gyroscoplic stabllizers
regulates the flow direction and volume.

Until recently researchers have rather neglected
Watts' original idea of using the moment caused by
the transfer of liquid in a passlve rectangular oﬁen
tank for ship stabilizgtion. However, since 1564
the shipbuilding laboratories of the Techniéche
Hogeschool in Delft have been working on this subject.
Their published work to date consists mainly of
experimental data which, it is hoped, can be used in

the design of such tanks.

The action of passive rectangular free-gurface tank

gtabilizers:

From now on only passive rectangular tanks are
discussed and for convenlence will be referred to

.merely as 'free-éurfacé tanks' or Just 'tanks'.

Fig. 1 - 1

axis of

Following 1is a brief outline of the prihciples
underlying the use of 'sloehihg' Yquid in a tank
as a ship stabilizer: |
| The tank 1s mounted across the beam of the ship
extending more or less from aidé!tbfsida (?1g.1 -1).

The main stabilizing action i1s created by a bore

e



travelllng to and fro along the length of the

“tank (across the beam of the ship). This bore is

set up by the rolling osc&@iﬁ%ion of the ship. The
liquid in the tank must be shallow so that a bore 1is
generated - if the liquid is too deep a wave motion
replaces the bore. |
The moving bore transfers varying masses of liquid

from side to side, applying an oscillatory couple on
the ship. This couple acts against the disturbing
moment due to the waves, hence reducing the moment

causing rolling.

The scope of the present investigation:

At present no theoretical analysis of the moment
caused by the moving bore or its ship stabilizing
offect is avallable. This investigation will attempt

to present such an analysis.

The first requirement in the execution of this
work must be an apparatus to simulate a rolling ship
carrying a rectangular tank, otherwise the value of

the theoretical analysis cannot be objectively

‘gauged.

With the help of experimental observations and

results, at least an approximate theoretical analysis

should be obtalnable. The equations derived will be
used to obtain a criterion for designing tanks that ”

will give optimum stabilization.




2« THE ROLLING MOTION
OF BS8HIUPS

Introduction -~ Ocean waves - Characteristics of surge type
vwaves = Froude's equation of rolling - Solution to Froude's
equation of rolling motion - Krilov's equation of rolling -
- The effect of Krilov's term - Natural roll damping - The
equation of damped Rolling - Summary.

Introduction:r

8hip rolling is a low frequency osclllatory motion
caused by progressive waves moving past a ship in a beam-
wigse direction. The variafion of the slope of the wave
profile at the depth of the centre of buoyanoy of the ship
shifte this point, causing the disturbing moment. '

Flg. 2 - 1

———-———

éhip

actual wave profile

‘ v effective wave pro-
centre of ' : file
buoyancy .o P ‘

The response of ships to this 'forcing function' has
been studied by a number of beople to a greater or lesser
extent. The most wildely accepted and simplest equatioﬁ
of rolling motion is that due to Froude or sometimes
attributed to Rankine - both of whom obtain the same ex-
pression working on different basic assumptions. Krilov,
the foremost Russlan authority on the subject, has exposed
inaccuraclies incurred as a result of the asaumptiohs made
by the aforementioned researchers and offers a more
accurate and complex expression based on hydrodjnamio

principles. However he 1s also forced to make broad as-

sumptiond in order to keep his equation as easy to handle



as possible. |
Bince waves are the cause of ship rolling, the first
few sections of this chapter are devoted to a brief sur- -

vey of ocean waves, their geometry and characteristics.

Ocean Waves:

Ocean waves can generally be classified under three

| headings, viz.: wind-waves, surge and breakers.

Wind-waves, as the name suggests, are those waves

that are actually whipped up by the force of winds.
These waves are usually much steeper on the leeward than
on the windward side and tend to form frothy peaks at
their crests.

Wavés thus generated are damped out very slowly and
frequently move into areas of no wind. 'In such cases
the waves settle down to a regular two-dimensional pattern
called surge or swell. This 1s the only type of wave that
can be expressed mathematically with accuracy and 1s also
the pattern of ocean movements most generally encountered.

Brgakera, the third category of ﬁavea, occur when a
surge type wave moves into water\where depth does not ex-
ceed half thé wave length. The crest of the wave then
rlaéa, the sldes becomlng atéeper untll the peak breaks.
These are the waves encountered at the coast.

In the study of ship motions, only the disturbance due
to surge type waves 1s analysed because of the simple geo-l

metry of these waves.

Characteristics of surge type waves:

(a) A swell moves two-dimensionally as plane progres-
slve waves. The profile of these waves 1ls thoroughly

analysed in a wide variety of literature and hence 1t 1s



known to be very nearly trochoidal. The small differenoe.
between a true trochoid and a wave profile is that the

wave tends to 'lean over' slightly away from the direction
of motion, while the trochoid is perfectly symmetrical cf.

Fig. 2 = 2 and Ref. 1 (pg.14).
trochoid

------- water wave

Direction
of wave movement ' Fig.2 - 2

-
-
-

'In the motion of plane progressive waves, the water
particles do not move with the waves but perform circular

orbits of decreasing radius with increasing depth below

%he aurfaée (Fig. 2 - 3)'wave direction
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Fig. 2 - 3

_(Each particle, as a point on a fictitious rolling
q;izié, describes a trochold whose amplitude depends on
the radius of the particle's orbit. Each successive tro-
choid 1s a line of constant pressure. Hence the orbiting
surface particlea also form & trochoid and are all at the

same hydrostatic pressure.

(b) The trochoid: Let us now analyse this surface

profile. | .
A trochoid is the curve traced by any point on a



disc whose circumference is rolling on a

straight line (Fig. 2 - 4).

rolling line .

Fig, 2 - 4

h is the wave helght

R is the radius of the rolling circle

r is the particle orbit radius, 1.e. ,
for a surface particle r = 3 wave height

L 1s the wave length (peak to peak)

@ 1g the angular veloclity of rolling

t ig time elapsed

« 1is the sloﬁe of the ocurve

For convenience, let angle wt =¢

From Fig. 2 - 4,
At any instant

x = R¢é e« r sind : ceece (2 = 1)‘/
y =R-rcOB¢ . . .oo.\(z-z)/
Also 2xR = L

“From (2 = 1) and (2 - 2) we have:-

ax
s = Re roos¢ ;
a¢
and dy
: - = rsiln¢
d¢

The slope of the trochoid, « r
. dy

dx



Now we assume a small, v/

. r sin ¢ v
tan A = Q = . se 0 s s 0000 s (2-3)
R+ rcos¢ ’

¥/R sin ¢
1+ 7T/pco08¢

In rolling, the maximum dlsturbing moment will be caused
by the maximum wave slope.
Let the amplitude or; wave“slope be a, ,
This occurs when
da
-_—= 0
a¢

i.e. when Rocos¢ «#r = 0

or cos$¢ = =T/p

Substituting in (2 - 3),

T
«a = -
° R2 « r?
1
= —
As will be sesn later, for the average wave | L/
. , Lo
L a - e L2
the ratio “/y = 30 L - 7
K B, = =L, . 30/ . a 1
/e = @ bmy = 3% 2 200
. . (R/p)2 >> 1
' ' . ' FRY wt o
. « = r/R (2 - 4)
Subgtituting (2 - 4) in (2 = 3):=
'. i a 8ln ¢
«a = 2., oo (2 - 5)
L+ a5 cos¢
or a = a sin ot

le a, cos wt
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(¢) The wave period to length relationship:

Consider any particle on the surface of a wave
(Fig. 2 - 5 (a)). The pressure at all points on the surface

is the same. Let m be the mass of the particle:-

| rolling line

mw2 r

'¢ & Fig 2 - 5

mng

(a) (5)

The.forcéa acting on the particle are
(1) the centrifugal force, mwer
(1) the gravity force, mg |
Since the particle doee not move relgtive to the
surface, the reaultant foroe mugt act normal to the alope
of the wave. o
Hence the triangle of forces, Fig. 2 - 5 (b), ylelds

mg slna = mrwd sin (¢ = a)

. ‘ sina - . | '
o o w,2 - g/ . :

Bin (¢-a) ' ’
But a 2 'sina and césa = 1
Then by substituting equation (2 = 5):="
€ sing
we = — = &/
R sing

=L
But R =1/,
2= B eeea. (2 - 8)

Rewrliting this equation in terms of the period, T:-
O!SM/(“ 5~M’~”‘
T = (TR gt e »
: (%N .J?l W?Q«J .

(d) The wave length to helght relationahipé

In theory the limit to the ratio L/; must occur when
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Thé figures of Table I may give the lmpression that
progressive waves are all identical tq each other and
that the period of the waves i1s constant. This is in
fact not true. The figures in the Table are average;
the actual figures vary at réndom but never too greatly
e.g. the observed waves of surge No. 5 were found to

vary in period from about 7 sec to 9 sec (Ref. 2).

Froude's equation of rolling:

'The assumptions made in this analysis are:-
(1) The waves are long compared to the beam of the
ship.
(11) The form of the wave profile 1s a sine curve.
(111) The ship is broadside to the waves.
(iv) The ship behaves as a particle of the watér
| : surfaée'and therefore perfbrms an orbital motion
in space.
(v) The ‘effective' wave surface which passes through
the centre of buoyancy is the actual wave surface.
(vi) The motion of the ship is completely free of
- damping. | |
(vii) The buoyancy force on the ship always paéses

through the meta-centre. This is qnly strictly

true at small angles of roll.
;o

@ is the centre of gravity

Fig. 2 - 7
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From the previous section we have that the forces
acting on an orbiting particle of a wave surface are:-
(1) the gravity force, A8
(11) the centrifugal force, Awer
(111) the reaction normal to the wave surface

due to the above two forces.
The reaction force for a ship must be the buoyancy P,
which 18 normsl to the wave slope.

bLcosa +4/g wlr cos (¢ -a)

. s P =
As before, a is small
WP = A+A_c_g_2_;_ (coa¢§+ a gin¢) (2 -7)
g _ '
The equation of motion of the ship 1s of the form:-
Ie+M'= 0  ..... ceee. (2 = 8)

where I 18 the moment of inertia of the ship
M' ‘1s the restoring moment |
From Fig. 2 - 7, we see that
i M' = P GM (6 —a )

where GM 1se the metacentric height. .

Substituting from equation (2 - 7):-

M'= TGN (e-al[:‘;l +wlr (cos ¢ +a aingb)]
. . g

From assumption (1i) we have

a = a  8ing ............ (2 - 9)

Aleo from equations (2 - 4) and (2 = 6) we have

S 2 - 1
a, = r/R 'and w/g = */R

Then by substitution, ' ) " ,

M'= oG (6= aosinqb)[l +a, cos ¢+a°2 51n2¢]'

6 and « are small. Neglecting all terms of the
second order of smallness (i.e.a°2 and 6ay) as very small

compared to unity:-

M

= AGMo ~0 BM ay8in g
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Substituting in equation (2 - 8):-
16 + ATHo = AGMay 810 0t ..eeven...(2 = 10
(ut =¢)
This 1s Froude's equation of rolling and may be rewritten

by divliding through byas :-

14.

)

kz.e. + aﬁe = .G—Mdo Sln wt R -(2 - 10&)

where k 1s radius of gyration of ship.

Or else, since «=a_ sln wt,

¥X26 + GM 6= GHa teerieens.(2 = 10D)

In these equatlons,

k28 4+ THe = 0 e veo(2 = 11)

~1s the equation of free rolling and
GM « 1s the forcing function.

G5) g

Usingdtheﬁérochoidal golution fora , the equation

becomes :~
[+
e = . m o 8in wt
ks + TGMe = GH T acos at

Solution to Froude's equation of rolling motion:

The general solution of equation (2 - 10) is that
of forced vibration for an undamped single degree of

freedom system and may be written down as:-

& = €y sinupt + Cp cosot + 6, slnot
( w, 18 the angular velocity at the natural frequency)
ow A gl . >
where the first two termséare the free oscillation and
the third is the forced oscillation. .
The free oscillation 1s of 1little significance here
because in & damped system 1t dles out very quickly with
time and in actual fact a rolling ship is a damped

oscillation, as will be seen in section 2 - 8.
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" Hence we congider the partlcular solutlon
8 =6, sin ut cerecenees(2 = 12)
where 6, is the amplitude of oscillation.

Substituting the above in (2 - 10a):-
k%% + T, = g,
(OM/x2)a,

L] L] 6 ——
© (GM/kZ) - w2

From equations (2 = 11) and (2 - 12) we have that:-

<

G’M/ k2 - @ 2

n
.oa .
- 4 o
e . 6 = ......(2-13)
This solution shows that at @ = w, , 8 =>00 .

i.e. resonance occurs.
The general solution mentioned above includes

the terms for.free oscillation which will set up a

 beat in the vicinity of the natural frequency until

the damping causes this transient to dle out.

Although equation (2 - 10) represents rolling in.
a #ery simplified and linearized form, the true
motion of a ship, qualitatively at least, follows the
same pattern as that given by Froude's equation.

Quantitatively the trud motlon may vary considerably

’-from the results of Froude.

. Krilov's equation of rolling:.

Krilov's derivation is also for small ships. He
makes essentially the same assumptions as Froude
except that he does not f£ind 1t necessary to assume

the ship as merely a particle of a wave surface.
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As opposed to Froude's purely dynamic analysis
of the motion, Krilov's approach is the consideration

of the hydrodynamic forces in detail.

‘Taking the basic equation of motion (2 - 8):-
Is + M'= o

M+ 18 determined as the sum of the moments
caused by the hydrodynamic force on elements of
the area of the hull.

The detalled derivation of this 1s very long
and can be found in ref. 2 section 32. The final

solution will be sufficient and is given as

M'= OGN (6=a) = IgGececeee..(2 = 14)

where I, 1is the moment of inertia of the dis-

placed mass of water.

Substituting the above in equation (2 - 8):-

I6+ OGMe = AOGMa + Iv'af
In Krilov's agsumption, as in Froude's,

a = «, gin ot

. T6 + AGM6 = AGH«, sin ot = Iyw, sin wt..(2 = 15)

It 18 evident that this equation differs from
that of Froude (2 - 10) by.the term Iyw2a, sin «t
in the forcing function. Krilov explains that
this term is due to the nonuniformity of the shib's
vertical acceleration. Froude obtalned a corres- .
ponding term in his analysis‘but neglected 1t since
it was of the second order of smallness. |
The magnitude of I, 18 generally in the
region of 40% to 50% of I and therefore 1s not

negligidle.
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Although equation (2 - 15) is still subject to
a number of assumptions, it should be used in
preference to equation (2 - 10) in studying the
rolling of ships.
| According to Krilov, the addition of an
appropriate damping term to his equation brings
the solution very close indeed to actually observed

rolling.

The effect of Krilov's term:

For eguation (2 - 14) assume the particular

" golution

6 = 60 sinowt

and neglect the supsrimposed free oscillation.

Then:
(88 - IoP)o, =a, (LG - Iy?)
(A-Gﬁ - vaz)ao
‘. %] =

AGH - Iw2

Diiriding top and bottom by AGM and putting
/1 = w,2 (see section 2 = 5), we have:-

= ao . | - Iv ww 2]. -
% T T [2- /1 (Yag)?].(2 - 16)

Equation (2 - 13) gave Froude's solution for o,

as ' ‘ -
. ) a
Q

,0 . 1 - (w/"n )2

Comparing the above two solutions 1t 1is obvious
that the angle of roll according to Froude 1is
larger than that found through Krilov's more accurate
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solution by the amount

w 2 a
I‘V/I ( /wn) 1 - o(w/wn)z

Now Iv/I is generally in the region of 0.4 to 0-5
(see section 2 - 6).
Therefore Froude's angle exceeds Krilov's ﬁy an

error - %-5 %q
( n/w)2 - 1

Hence we see that at a low frequency (wﬁﬂn >> 1)
the error is small and negligible. However the
error 1néreases with  tending towards a maximum
at @ = ©, . Resonance occurs at this frequency so
that the angle of roll tends to infinity whéther
consldering Froude or Krilov.
'Fig. 2 ~ 8 compares the angles of roll as obtained

by the two solutions.

Froude

Krilov

.—N

To summargize, Froude's solution (equation 2 - 13)
leads us to expect a much larger angle of roll than

actually occurs.

2 - 8. Natural roll damping:

The natural damping of ship roll is due to:-
(1) the skin friction between water and hull.
(11) the loss of energy of the ship in the

generation of waves.



(111) the moments set up by vortices and other
flow characteristics determined by the
shape of the hull.

(iv) the forward velocity of thé ship.

(1) 8kin friction:

The damping momént due to the skin frioction,
M1, 1is necessarily a function of the angular
velocity of'roll, 8 , because 1t 1s caused solely
by the shearing force between the water particles at
the‘hull and the particles immedliately adJjacent.
1.e. M) = clé'

where Cl is some constant.

4(11) Wave generation:

| If the éhip were purely a rolling cylinder
this effect would be nonexistent because the waves
#ra generated by the "paddle" effect of the vertical
sides of the hull. It 1s well known that the force
exerted on paddles in flulds 18 a function of the
square of the speed. 'Hence the danping moment Gue
tovwave generation (Mg) may be expressed asg:-

Mg =. Cp 62 '

where 02 1s some qonstant.

(111) Hull shape:

Any fullness of form outside the clroular
shape, besides genersting waves, has the effect of
causing "streamline” water pressures opposling the
the rolling motion. These pressuree become parti-
cularly marked about hull protrusions such as bilge
keels (Fig. 2 = 9). | N

The magnitude of this damping moment has

been found experimentally to depend mainly on the

19.



bilge keel

angular velocity of roll, 6, although 1t ie algo

a function of 6% particularly at large angles of
roll. The exact relationship between the moment and
the angular veloclity 1s characteristic of individual
shipé and cannot be acurately predicted. The com~
plexity of this effect will be realized when
considering that experimenters cannot agree on fhe
powers of 6 affecting the moment; some maintain

that the moment 1s also a function of 69 or even o4,

(iv) Forward velocity of ship:

Although the speed of a ship contributes
considerably to the roll damping, we will not
consider this effect here and concentrate purely on
the rolling of stationary ships.:

The independent damping action of the first
three components mentioned above has been investi-
gated by Dr. G.S. Baker, among others (Ref. 1).

He gives the followiné average comparisons between
thelr magnitudes:-
Skin friction 13-5%
Wavemaking 16-0%
' Hull shape 70-5% ~

Obviously it is very difficult - wellnigh
~impossible - ;o derive an exact géneral expression.
for the natural damping moment on rolling ships.
Each ship has its own characteristics depending on
the nature and shape of the hull among other parameters.

Experimenters such as Froude, Bertin and Watt

20.



used data obtalned by observing the still water
rolling (free rolling) of numerous ships to lay

down the following general expression:-

21.

56 = ap + DO2 erereeeee(2 = 17)

~ where 66 18 the decrement of roll (over
| one cycle).
and 6 1s the mean angle of roll.
a ahd b are constants determined ex-

perimentally for any particular ship.

Although a and b are purely and solely

dependent on the characteristics of the ship

‘concerned, thelir relative magnitudes are usually

of a similar order in cases where no anti-rolling

devices such as bllge keels are used:-
b & 7% of a (no bilge keels)

The fitting of bilge keels increases b

considerably while the change in a 1is compara-

tively small. The magnitude of the increase in

b 1is impossible to define generally but it has

been observed to increase by as much as tenfold.

Our aim is to obtaln an expression for the

damping moment for inclusion in the equation of

rolling. This expression must somehow incorporate

tne effecvs dlscussed at the beginning of this

section and at the same time must satisfy Eqn{2 - 17)

We have seen that the overall damping
moment 1s primarily dependent on 6 and 62.
Therefore let us assume
Mg = C3é ., 04'62'

where Cz and C4 are some constants.
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If we now assume rolling motion with small
angles of roll only, 6 is small. Hence © will be
small over the range of wave frequencies (Period =
2 to 12 sec.). Then 62 will be of the second
order of smallness and negligible.

. . for small angles
Md - Ce ..........(2-18)‘

For tﬁe sake of linearity we shall hence-
forth assume this relationship even for angles
which are not exactly small. Incidentally, the
above relationship underestimates the damping.

The constant C 4in equation (2 - 18) must
be chosen so as to satisfy equation (2 - 17) as
closely as possible. To do this, the decrement ;
of roll due to the damping moment €6 must be
found via the solution of the equation of damped

rolling and compared to (2 - 17).

Equation of damped rolling:

‘18 the equation of damped rolling in still water.

(Ref. 4 pg.39), and ylelds

Consider equation (2 - 11):=-
k2§ + GHe = 0

If we now introduce damping according to .
equation (2 - 18), then

I + Co+ aGHe = O cerneees.s(2 = 19)

The solution of this equation is well known

-x C/Iq -3
= Q = @

6n+l

0
n

where q 1is the damped natural frequency
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and o, and 6n_+]_ are consecutive peaks of 'eo
It 1s well known that in the case of ships with no
anti-rolling devices, the damping can be considered

snall.

T is small

Ne]

i.e. 8 is small

e o (] :’ l - 6 = ) ,
also qQ = o
61’1 + 1 = 1 - =0
) T Te
n : n

.” . the decrement of roll over one cycle, &6 , is

6p = 0y 41 = 8 - 8 (1-%n)'
. oxe
Ton
1.e. & = Ko | ...........(2-20)'
=C

where K 18 a constant = 332

To compare this solution with equation (2 - 17),
conslder the curves of 80 ve 6, Fig. 2 - 10(a).
In order to determine K and hence C as
accurately as possible, equate (2 - 17) and

(2 - 20):-

Ko b6 e

]}
®
4]
+

K = a + be

Hence the best value of K will be that

obtained for a mean overall value of §.

Therefore for any known values of a and
b, and assuming a mean angle of roll 6% the

best value of the constant K 1is obtalned. Fig.
2 - 16(b).
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a8+b62 . _ a6+562 '

K'o '

(a) (b)

ZE

) ]
Fig.2 - 10 '

Hence the damping constant is determined:-

KI"Jn
C = w - .......'.--(2"21)

When referjing to ship damping, this constant

is frequently quoted in dimensionless form and

called 4 :-
¢
p:
21 wn
KX
1e0 “:————
2

K is known as the coefficient of decay of

the rolling motion.

Now having determined the damping moment, we

can introduce 1t into the equation of rolling:-
I® + C6 + oG = 0TMag sin @t ......... (2 - 22)

for Froude's simplified equation.
If Krilov's hydrodynamic term is considered,
" the equation becomes:-
I¢ + C6 + 4GMe = AGHM&, gin wt - Iywe, sin wt
. o s eeaa ...-.(2 hand 23)

Finally, if the true trocholidal shape of

the wave 1s considered, equation(2 - 23)becomes:-



z - lo'
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X . —— ’ (Am - Iv(ﬁ) ao Sin wt
Io + C6 +AGMe =

‘1l + ay cos wt

Equation (2 - 22) 1is the complete linearized
equationvof rolling motion used in this work.
The other equations will be found too cumbersome

(section 3 - 3).

Summary:

(1) The profile of ideal progressive ocean
waves is trocholdal.

(11) The change in the position of the centre
of buoyancy of ships caused by the changing slope.
of.passing waves induces the rolling in ships.

(111) The basic equation of undamped rélling of
ships on the assumption of a sinusgoidal wave
profile is of the form derived by Froude, 1l.e.
Equation (2 ~ 10).

(16) This equation was found to be incomplete
by Krilov, who adds a further hydrodynamic term
to the equation.

(v) Both the abovementioned equations are
formulated wlthout the lnclusion of a damping
term, which 1s very real in practice.

The damping moment 1s mathematically com-
pPlex and 1s conveniently simplified and linearized
to give a term of pure and simple first order
viscous damping. The bonstant which then governs
the damping depends entirely on the shape and size
of the ship concerned.

(vi):The conslﬁeratlon of the damping moment

leads to the equation:which completely describes



the rolling motion of ships (in a very simplified

form, of course).
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S - DESIGN OF S8SHIP ROLL
SIMULATOR & SUITABLE
FREE-SURFACE TANK

Introduction - The wave motion simulator - The dynamic
ship model -~ Mechanical design of the wave simulator -

= Mechanical design of the ship model - Relatlion between
ship welght and free surface tank width - Weight dis-
tribution in the model - Instrumentation - Damping =~

~ Summary.

Introduction:

A ship roll simulator must consist eseéntially of
tw§ main components:
(1) a sea wave simulator
(11) a dynamic ship model
The combined motion of these two must obey the equation

of rolling of a ship as closely as possible so that

- the amplitude of roll of the model resembles that of

a ship under similar condltions.

To obtain a versatile simulator, it is necessary

80 to deslgn the components that the wave and ship

characteristics may be altered and set to simulate:
a range of desired conditions.

The result to be obtained from expefiments on
the simulator i1s principally the angle of roll at

various wave configurations. Therefore the appParatus

‘must be instrumented so as to enable continuous,

quick and accurate angular measurements while the
model 1is actually ro;ling; Furthermore, 1t 1is |
important that the liquid motion in the tank should

be easy to observe.
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3 = 2.The wavé motion simulator:

The problem is to design a mechanism which will
simulate the changing slope of a wave while per-
~forming the orbital motion of surfacg particles.
These requirements are satisfied by a small flat
: platg performing vertical circular orbits, while
its slope is made to conform to a true wave alopé
at the corresponding instant of the orbit.
This type of mechanism (Fig. 3 - 1) was first
devised by the Italian Capt. Russo round about the

~beginning of this century.

Gonsidefing Fig. 3 - 1: the angle of the wave
surface plate must be at a« to the horizontal,
where o 1is given by equation (2 - 3).

The length of the crank arm, r, 1s half the

height of the simulated wave - to gome predetermined

agale. P
\
0\
e
; \C!?
e
- 1R _.
R \ ® S
Fig. 3 - 1
a | _
l 0 r w ) /"_//1E . _ | '
Teg 7= )

Briefly, the mechanism consistsof two arms
OC and Q8 turning about centres © and Q in
a vertical plane and always parallel to each other.
'Q 1is vertically above 0; |
| The 1link CC} 1is fixed perbendicular to the

wave surface plate and passges through a swivelling



slide at 8.
Thie arrangement ensures thaet C8 always
passes through the same point in gpace, P, whatever
the angle ¢ . To prove thia,.éonsider the linkage
ét two differentpositions ¢13 and ¢2 1in Fig.3 - 2:

P|
P ‘s
Q
Flg. 3 - 2
0
r - OP
- ———— for
r! OP - 0Q K
and - = ——  forg¢,
! OP' - 0Q

but r and r' are fixed,

. 0P - OP'
| OP - 0Q OP' - 0Q
i.e. 0Q . O
& "o
. OP = OP!

Then OP muat represent the radius of the .
rolling circle of a trochold generator. OC represents
the radius of the tracing circle. The rolling line

1s through P perpendicular to OP.

" The slope of the surface plate 1s q,

where tan a .= CT/pp < . 4, since a 1s small.
But TP = R 4+ r cos ¢
.CT = r sing

29.
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The length q must be fixed to some value

convenient for construction.

The required speed of the mechanism 1s obtained

from equation (2 - 6) where

- 2ng \ ,
w =/‘f——
. ) L .

. . for wave length Lj,
(2R g : 2ng o | :
the speed w = f— =)
Ly Lo S ¢ T ~) |
where 'wl is the angular velocity of the

silmulator arms.

.
=

® £
S~
i.e. The wave speed 1s scaled according to the

square root of the linear scale.

To summarize, the mechanism of Fig. 3 -« 1 will

simulate exactly the movement of a segment of a

wave surface.

3 ~ 3.The_dynamic ship model:

The "model ship' required must be such that 1t
will roll on the surface plate of the simulator, .
aubject to an equation of motion identical to the

equation of rolling of ships.

To begin with, let us assume a circular
rolling profile, rolling on the surface plate,
"Filg. 3 - 3. The surface plate is moving in a

circular orbit as discussed in the previous section.

Using the assumption of Froude that the
buoyancy force passes through the meta-centre, ,

the centre of the rolling profile must be at M, (which is-
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Fig. 3 - 3

the effective meta-centre.)
[¢V)

The radius of the profile is ﬁf.

'The centre of gravity of the model, G, lies
'vertically below M on the axis of symmetry so’
that the helght, GN, 1s the metacentric height
known as GM, to scale o.

6 1s the angleior roll from the vertical.
Al is the weight of the model.
| I 1s the moment of inertia of the model
about G. '

The motion is assumed as pure rolling (no
slipping takes place). Then the eqﬁation_of
rolling 1is: |
' Lo + M =0 BEEERETPE e s (3 - 3).

where M; 1s the total moments acting on the

model.

From Fig. 3 - 3 we see that the forces acting

on the model are:-

(1) The reaction force normal to the surface
and passing through M, Fy.
- (11) The gravity force 8y perpendically down.
(111) The frictipn force along the surface plate,
| ' Fye
(1v) The centrifugal.force at G due to the

I
i



, Alwlzr
orbital motion e at ¢ to the vertical.
g

Assuming pure rolling, the vector sum of

forces mugt balance.

Hence:~
. Alwlzr )
F1~Alcosa+...___. cos (p+a «180) = O
g

But a 18 small,

. “’21‘
. P =2 l[ 1 + (cos ¢ = « gin ¢)]
g : '
and A r .
F2 "‘Al sin a +__l_u.i.1.__' sin ® +2 = 180) = O
. wzr.( s ' _
. P, = sin¢ + Qcog ¢)
2 A a + :
* ]

From equation (3 - 2) we have

g ; L]_ .
But L, = 2R
2
g ‘R

Therefore we can write
F, = Al[ 1l + % (cos ¢ = a sin ¢) ]
F2= Al[a + “o(siqu + @ cos ¢):]

These two forces Fl and F‘2 cause‘éoupl‘es:-

33.
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(1) Fy GM 8in (6=~ a)..... anticlockwise in Fig. 3 - 3
(11) Fz[R' - GM cos (6 =a).j... clockwise in Fig. 3 - 3

The above two couples are the only disturbances

causing the motiori of the model.

Then, considering anticlockwise as the

positive direction,

M, -—Fz[R' - G¥ (cos © +asin_ 6)]
+Flm (Bine - acose) .........-(5-6)

Substituting (3 - 5) in (3 = 6) and simplifying:

M = -/HR4% - Alﬁﬁl [R" 2o s8ingd + R*é 2o cO8 ¢
- 4, 8in$ cos6 =~ 'aoaz cos$ 8ilno- -« gin 6 ..

- ao 81ln 0 cogp = o 2, 8in ¢ cos o ]

We have assumed © as small in the analysis of

ship motion,

. -
a

.. 8inoe 26  and cog & <= 1

Also, o 18 of the same order of magnitude as «
so that any product of ¢ and « 4is of the second

order of small quantlitles and negligible.

oM o= 81T (e sing +6) = R(a + %ein ¢)]

Rewriting this equation -
Ml -=—A1[R' aQ - Eﬁle + (R' - -d'-ﬁl) o 8in ¢]

Substituting in (3 - 3):-

I8 = 5(R' = W) woeind + 5THO - HR'a = 0O
| SR ¢ I 5

Comparing this equation to Froude's equation

of rolling (2 = 10) we see that the form of the
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equation i1s similar when R'" = BN, .
1.e. rewriting equation (3 -~ 7) with R'= Gfy:-

Lid —e = ———
I + @8 = .G «

and dividing through by 4y:-

k12'°+ Eﬁle = @M, % SRR 8)‘

where Xkj 1s the radius of gyration of the
model. .

This equation 1s identical to (2 - 10b).

~We have seen in section 3 = 2 that

ao 8in¢

a -
1l + agcos ¢

and ¢ 1s the angle turned through by the
simulator arm in a certaln iength of time.
Therefore we can write:
$ = w3ty
As before, «j 1s the speed of the simulator and
| .tb is the tinme elapsedf

ao sin wyt;

1l + aocos w3ty

Substituting in (3 - 8), the equation of motion

" of the model 1is:

ao 8ln wyty

kz.é'i'-G—.e = Eﬁ .'....(3-9>'
1 Ml 1 l + @5co0s8 wltl

and gives a motion sglightly more accurate than

Froude's equation in that the forcing function 1is
true and not simplified to sinusoidal. The
difference will always be very small sinee ¢o = 0-1

and rarely exceeds 0-2. Therefore the neglect of



a, cos #3t;ylelds a maximum error of 8% for

ay = 0-1.

Hence the use of Froude's equation for the
model 1s not unreasonable and in fact, for the
sake of simplicity in calculation, we shall assume
a.= &g sin wrtlfor the simulator.

i.e. The equation of motion of the model subsge-~
quently used 1is:
2‘. —
k1% 0 + GMf
although equation (3 - 9) describes the motion

exactly.

It has already been discussed 1in section 2 = &
that Froude's equation of rolling does not describe
the rolling of a ship entirely satisfactorily. A
fﬁrther term Iy& should appear in the equation.

No concelvable alteration to the simple model
assumed above will give a term‘which is a function
or.'E. The oclosest to obtainlng such & term would
be to acsume (a_ﬁ 6 (at frequencies below resonance
- only, because a phase of 180° appears at resongnce),
since they have been taken bf the same}order.

L4

Then & =9 and the equation could be written:-
2 8+ A -
(k° = Tv/p )0+ GH 6 = TH) aosin @1ty

However this becomes completely invalld when
the exlsting damping is introduced in the equation

| because then a phase angle exists between & and ©

and the terms & and 6 can no longer be added |

scalarly. The assumption a =6 1is also.completely'

invalid when frequencies approach resonance and

® increases considerably.

36.
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8ince the only assumption conceivably possible
has no validity at all, there is no obvious or
éimple way of 1ntroduéing the extra hydrodynamic
term by means of the model on the wave simulator.
The iny posasiblility might be to have a shlp model
in actual water waves.

Consequently we must be satisfied to eimulate'
Froude's equation of rolling which gives an
exaggerated angle of rolling as shown in section

2 -7

In a study of ship stabilization such as this,
the use of exaggerated angles of roll in practical
work 1s not necessarily detrimental, éince the
successful damping of this rolling will result in

even better stabllizatlon on an actual ship.

Therefore the model of Fig. 3 - 3 with R' = ON
is sultable enough to simulate the rolling of ships.
However for equatibn (3 - 10) to represent the
rolling of én actual ship, the coefficlents must
all be scaled to the scale of the model:-

2 — —
for ship k © +GM6 = GM ¢%ssin wt

for model k125 '+Eﬁle = ﬁﬁi aygin wltl

& is the same for both equations and
@t = 9ty
for any instant.
". The equation of the model can be obtalned by
nultiplying the equation of the ship by the scale o:-

o, - |
= 5 a8 mentioned before

]
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x, 28 SN
and — =g
v kze
% 1in each case being a function of we and cnlz,
respectively.
[ W1k112

But from (3 - 2), (wl/m)2 =1

Hence for exact simulation of rolling, the
dimenslons to be scaled are as follows:-
(1) the length and height of waves (X scale)
(11) the radius of gyration (X scale)
(111) the metacentric height (X scale)
(iv) the angular velocity (or speed) of the

waves (X ___E_—)-

Vscale
At this stage 1t might be mentioned that

although the eimplificatioh of the trochoidal
characteristic in equation (3 - 9) to give (3 - 10)
makes the somewhat elaborate mechanism of the

simulator seem unnecessary, this is not so, as
only the trochoidal wave profile will give (3 = 4)
~and hence (3 - 9). Also, the simulator contributes
_the 6rb1ta1 motion to give the reallistic movement
of a ghip in space which’will be necessary to

study the forces acting on the liquid in a free

surface stablilizer.

Note: For simplicity we will now omit the subscript "1" denoting
the model's dimenslons as opposed to those of a ship.



3 = 4. Mechanlcal design of the wave slmulator:

Firgtly 1t 1s necessary to determine the scale
to which the apparatus 1is to be bullt.

Conslder an average wave of helight 10 f¢t.
(section 2 = 3). This height 1s represented by
the diameter of the orbit described by the surface
plate of the simulator. A practical dimension
for this could be 1 ft. 1i.s. a'acale of l/lo-

Let us consider this as the scale:-

o= /10

Let the range of the mechanism be such as to
simulate waves with heights from 8 ft. to 30 f¢t.
and B/;, from 1/s5 to 1/20. | |

h/;, = 1/30 1s the general average value
(see section 2 - 3) at which experiments will be

carried out.

Then, applying equation (3 - 1 (a)) for by, = 1/30:

ho 4
p! = o~ e =
2 30
ho
Bugp — = »r
.2
. r- = p - 0:-10474

Now 2r varies from 0-8 f£t. to 3 ft. -

- P'min = 04 = 0-1047d
and 'mgx ™ 15 -~ 0-10474

The plate carrylng arm must have an arm to
carry a counterbalance weight on the other side

of the axls of rotation (Fig. 3 - 4 overleaf).
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Therefore d must be large

counter - enough to accomodate !

weight | max

and the counterbalance arm

simultaneously. If this arm

1s of the same length as the

A Y

0
Y NN N\
maximum wave helght, then:

d > 1:5 = 0°10474 + 1°5
. 3-0
s . d > —— = 2.72 f%.
11047 |

.". To give adequate clearance, say:
a = 32"

Then r' will vary from 1:3" to 14.5%.
The complete design of the simulator is shown

on the drawings, Fig. 3 = 5.

The drive 1s such that a variable speed is ob-
tained ranging from very slow to well above the
natural frequency of the ship to be tested. A
maximum épeed of 6 rad/sec for the l/loth scale
simulator willl bé adequate for any‘ realistic tsests.
‘It is important that the drive be capable of

operating at very low speeds.

The drive used in this apparatus is a 1/g HP
DC motor with & variac as a speed control. - To
make this posasible, the epeed is reduced through
- & 10:1 ratio worm gear box and then further -
stepped down through a 8:1 ratio belt drive.

This allows the motor to run at a reasonable speed

at all times preventing it from overloading.
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The height of the maln shaft of the simulator
above the ground 1s determined as follows:-

Consider the model on the surface plate which
is set for a maximum wave height. When the model
is 1n the wave trough, the pendular weight of the /
model at a maximum of 20" below the wave surface
(see section 3 - S) must clear the ground. (Fig.
3 - 4). | | |

Therefore the minimum height of the shaft above
‘grouhd is:

18 + 20 = 38"

For good clearance this height ig taken as 3' 6“.

The speed of the mechanism is measured by means
of a small dynamo driven directly off the motor
whose output is measured on a voltmeter. This equip-
ment is of standard Alr Force type so that the
‘calibrated units on fhe meter have no significance
in themselves. However by calibrating this meter
- agalnst a rev. counter measuring the mailn shaft
spéed, it wgs found that -

meter reading

Simulator speed = R.P.M.
8.46

For l/10th scale, the speed at which the simu-

lator must be driven is:-
w, = Yiom = 3-16 @

Finally, it might be mentioned that the overall
height of the simulator could be greatly reduced
mainly by decreasing the length of the counterbalance
arm and hence the height 4. Further, the extreme
. cage of a wave of helght 30 ft. 1s unnecessary and

the surface plate carrying arm could be shorter.



P v . arip Bu
§-¢ D4 1P Bupnioxe 2AIp BUIMOYS — Y-y UOKIAG 0 ueld

»vJJEOmm< 10 Yojaxg
AT =1 © ‘
HOLIVINWIS 3AVYM V3S @//,,,,,/E , . - _FI—U.IIIL

T O 11 [

A,,__uoc, .

wpls i

\
-
r

NUIT 3DUIJI43s [BINIdN  ZL

1adwe] Kaied o} 1axdesg ||

xog Jeag (|

oweuAkq bunnseaw paadg ¢

JOJ0W 8 o
e - ..wﬂ T
13)3 aads -Huiuun
WA P uliuang £ aap BuipnPx3a — MIIA WPIG R 1
aeld acrejng 9 ] —|
1ybiam sano) q : -
ka)ing Bumiig ¥ — V\\()L .
oo ¢ 5[]
urey) IPAdng j ¥
f
s.eag aphag 7 _
an

syoo|g JPwwnld |

r{l
f

o




43.

. The mechanical design of the ship model:

To design a model we must first obviously
determine of what the model is to be a replica.
In this case the approximate dimensions of the
new U.C.T. research vessel, the T.B. Davie, will
be taken. |

It was shown in section 3 - 3 that the
necessary dimensiona'are'the radius of gyration
and the metacentric height.

These figures for the "D B.Davie" are:

Radius of gyration (k) = 9% ft.
 Metacentric height (GM) & 3 frt.

Hence according to section 3 - 3, the
respective dimensions for the 1/3,% size model
will be:~-

Gk 2 3.6 in.
x 2 11-5 in.

In work on stabilizing tanks, the beam of
'the ship 1é also 6f'1mportance since a‘tank pl#ced
across a ship will have a length approximately .
equal to the bean. ‘

The beam of the "T.B. Davie" 1s 20 - 21 ft.
Allowing for a 2 ft. clearance on either side of
the tank, a tank length of approximately 163 ft.
can be assumed. \ _ _

Then, to 1/10%h scale, the tank on the model

must be:
1645

-—— ft. & 20 inehes long.
10

Henceforth this tank length is denoted as b.



80 far we have that the radius of the rollers
must be 3.6% (= GH) and the m of the tank 20".
The weight-Of the model is not fixed but 1t must
be distributed so as to give a radius of gyration
fof the model of 11.4" about the centre of gravity.
Further, i1t would be of obvious experimental .
advantage 1f the weight of the model could be
altered without too much difficulty while still
retaining the same radius of gyrafion and same
centre of gravity. |

This can be done by the use of pendular weights
at the fop and bottom of the model (Fig. 3 - 6),

one of the weights being movable.

‘Congldering Fig. 3 = 6:-
m 1s the welght of the tank, rollers etc. whose
centre of gravity 1s dt distance d from the

centre of gravity\of the model.

I 1is the inertia of thls section about its

c. of g.

my is the pendular welght at the bottom of the

model, d; from the c¢. of g. of the model.

'mp 1is the top pendular weight at dz from the
¢. of g. of the model.

Now mldl = md -‘+ mzdz o--ooo-o.o(i)

to maintain the same centre of gravity.

and  m1d;% + mydy? 4 I = 11-422 .....(11)
where 4 1s the welght of the model to .

maintain a constant kX = 1l-4¢"

algo mp + my *+ m = 3 ceeenes Lee(141)

44.
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c. of g.

of central section
| c. of gf///

———

"of complete model

my

Fig. 3 - 6
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" 46.

By varying m,, mz and dl,A. can be variled,
while equations (i), (1i) and (111) remain true.

Also m, &, dy and I remaln fixed.

The welght Ao wlll be determined by the tank
width since the greater the welght, the greater
the tank width required for the same stabilization.

For design convenience we shall work with

tank widths ranging from 1" to 23". The model

welghts for these tank widths will be determined

in section 3 - 6 and can De adjusted on the modél
merely by adding or removing weights af the top
and bottom and resetting the position of the bottom
weight.

The length dl is a function of A which 18 as
Yet unknown. However rough calculations show ‘
that 4, max < 26" for %he purpose of this experi;v.
ment. |

Hence we have the overall desigh of the model
as shown in Fig. 3 = 7. The potentiometer indicated
in this drawing will beAdiscussed later.

A

Relatlonship between éhip‘weight and free-surface

tank wldth:

Consider the model on the horizontal surface
plate and.liquid in the tank to a level hy. If
the model is disturbed from its vertically upright
position, 1t should return to this position when
released. However the free surface effect of the
liquid collecting on one side may well have a
greater moment than the reétoring couple, 80 that

the model remains perﬁanently at some angle to the
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vertical. Obviously this condltion 1is not tolerable
in a ship and the limiting welght of the ship giving
an upright stability position must be determined.

The weight of water in the tank = pbh,w 1b.
where:
b 1is length of tank
W 1g width of tank
ho is debth of water'when‘ship is vertical

p le density of liquid

Let us first consider the particular case
illustrated in Fig. 3 - 8 where the angle of incli-
nation, ' , 1s such that the cross-section of the

liquid Jjust forms a triangle, i.e. tan 6'= Do

. Then the moment arm of the liquid 1is:

b b 2 : . —
— = — 4+ —hg 8in6' '+ 8 8in6' - GM gin &'
2 S S ‘

(for cos &' = 1)
where 8 1s the height of tank above c.of é. of the
model,

and the moment arm of the c.of g. of the model 1g:

~ GM sin ©'
. Equating moments:-
o@M sin6' = (P +2 h, sin6' + B sin®' = G sine' )bhyw
. 6 3 ‘

However ©6' 1s small,

.. slne' = o' = tano' = 2h
. Av 5

2
RS LD o 2
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bew p 8hy? __ 2n,
... A = —_— b + + (S "'>GM) _]
12 G b b

but hO/b is of the order of l/zoth as discussed in
Chapter &
. b2 > 8hy?
and b% > 2(8 - GM)h,, particularly if
'8 2 GM. | |
. Pbdw
. . A = — e, @ o v 00 o ;;oo(s-.ll)
12 GM

where the constant !'12' is nondimensional.

Applying equation (3 = 11) to the model
with water in the tank:-
_ s bw
s = 3x107° — 1b.
GM
where b, w and Eﬁ are in inches.
(p for water = 62.5 1b/ft9)
.". For the angle of inclination of the model at rest
to be less than 6',
bSw \
A > 3x100° —  L........ (3 - 12)
aM
By analysing any condition of stable angle of
inclination 6 < 6' 1t can be shown that the |
equation for 4 1e identical to equation (3 - 11).
1.e. Equation (3 - 11) gives the limiting value of
L &above which the stable position of a ship will

always be vertically erect.

At this point it 1s of interest to note that .
the limiting waiéht of the ship'as given by
equation (3 - 11) ie dependent on the width of
the tank only and NOT on the depth of liquid in’



" m

. G
(c.of g. of model)
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50.
the tank.

Returning to the example using water in the
model, in equation (3 - 12)

bs = 203 - 2
% 56 ~ 220
. 4 > 3 x 103 x 2220w 1b.
> 6-7w 1b.
where w 1s in inches.

Then for the slenderest tank of 1" width -

the welight I\ > 6-7 1b.

and for the widest tank of 24" width -

the welght A > 17 1b..

Due to the fact that a small term has been
neglected, limiting 4 will be slightly larger
than indicated above. To take a safe figure for
4, the calculated values are increased by a
'gafety factor' of eay 25%.

Then 4pax for the model is = 21 1b.
bpin for the model 1s = 8% 1b.

Introducing this 25% safety factor in the
general equation (3 - li), we obtaln a useful and
workable equation for limiting 4:-

bSw \
A - -—'—'—: ...-..-...(3—13)
9.5 GM

It may be mentioned here that if S 1s
negative, 1.e. the tank is below the centre of
gravity, the previously neglected term involving
(8 = GM) will become more significant and the
limiting A will become small§r. However this
change 1ls small, as ﬁay be seen by comparing

b to 2(8 - TH)hg-



3 = 7. Welght distribution on the quel:

When welghing the parts of the constructed
model, the following results were obtained:-
(the symbols refer to Fig.3 - 9, m being
the welght of a part and & the distance of its

c.of g. from the c.of g. of the model).

ﬁl and m, are the bottom and top pendular

welghts and are to be'determined.

‘mz = 1-08 1b.
mg = 0.94 1b.
‘Mg = 4:76 1lb.~
mg = 0:60 1b.

dy 1s to be determined
dg = 11-25"
4z = 3-00"
dg = 7.00"
dg = 6-75"
dg = 6-00"

Also, the moment of inertia of each part about

G (Fig.3 - 9) was found:

I, = m14d;% 1b.1n.2

I, = 126°5 m, 1b.in.2
Iz & 1 1b.1in.2

I, = 46 1b.in.2

I; = 235 1b.in.2
Ig = 21-5 1b.in.2

The conditions to be fulfilled were discussed

in section 3 -~ 5 and are repeated here for convenlence:

(1) Total weight, my = 4 as required.

51.
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'(ﬂJ The centfa of gravity must be\at G
(Fig. 3 - 9).
(111) The moment of inertia about @G .must
be 1142 my.

To satisfy (1):-

ml"' m2 = mt—7‘38 l.too'o.ov.(i)

To satisfy (11):-

md;+ 36+ 6.55 11-25mp + 324 + 322

Somd; -11-25mg = 25-3 e (11)
To satisfy (11i):-
md;2 + 126-6my + 3036 = (11.4)% mg ......(111)

Substituting (1) in (11):-

d, = 11-25(mny - mp - 7-38) = 25-3

k! ,
T.omy(dy + 11-25) = 11-26mg = 57°6 ..........(1V)

Substituting (1) in (iii):-
126+5(my - my - 7-38) + 4;%m; = 130my - 3036
o m (126-5 = &;2) = ~(3'6mg + 630) ......... (V)

Equating (iv) and (v):-

11-26m, - 57-6 630 + 3-5mg
25 2 _ 126-
dy + 11-25 4,2 - 1265
Hence: . T e
56 - 0-3lmy +( (56 = 0-31m,)% + 4(130m, - 556 )(m - 512
<1 = :
Lo | 2(ng - 5-12)
N (3 - 14a)
Using this result, from (iv):-
11-26m, - 57-6 |
ml P e 4 s s 6 s e e e (3 - 14b)
| 4, + 11-25 | .
Then from (1):-
| Wy F my ~my =~ 738 ......... (3 - 14c)

By solving equations (3 = 14) for values of
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(1) mp vs my
(11) my vs my
(111) 4; vs my |
14-00
13.50
(111)
length 4;
8 413.00
dlh
6 // 12-50
eights
ml ¢
and \\\\
.m2 \
(1b) 4 12-00
/ N
. ~ 11-50
12, 14 16 18 20 22
A Total weight of model (mt)
(1b) Fig. 3 - 10




my (=) between 8:5 and 21 1b., the necessary weight
distribution for the model 1s determined. This 1is
shown in the graph of Fig.3 - 10. Compliance with

' these values will always ensure that the conditions

- laid down above are always obeyed.

Ingtrumentation:

The essential insgtrumentation for this apparatus
is a method of determining the angle of roll of the
model.

Firstly, there must be some reference marker.

The l1ink No. 12 in Fig.3 = S 18 arranged to be always

vertical and hence 1s a vertical reference marker.

A slider 1s fitted in the portion of link No.12
below the surface plate. 'This slider carries a small
radial potentiometer (Fig.3 = 11).

‘A second identical potentiometer 18 fixed to the
lower part of the model (m6 in Fig.3 = 9 and shown
in Fig.3 = 7). |

The two potentiometer wipers are rigidly
connected by a small link (Fig 3 -~ 11).

As the model folls, the potentiometer settings
change, altering the potential difference between
the two wipers. This change in potentlal 1is recorded

and represents the amplitude of roll.

That the potential changes trul& represent the
angle of roll 1s shown as follows:-

The potentiometers used are linear; therefore
the potential difference between wiper and terminals

changes linearly with the angle turned through by

' 54.



,potentiomef::

\\\::““1
-
|

link U
: potentiometer
pendular rod
- of model
Fig. 3 - 11
|
|  L-roller
| .
\\\\\\;%I , surface plate

-

fixed vertical

pbtenﬁiomete :

Fig. 3 - 12
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the wiper ghafts:-

g~ &V and Y~ &V
where S and Y are the angles turned through
by the two potentlometers respectively from the
vertical position.and &V, and OV, are the

2
changes in potential due to these angles of rotation.

Now consider Fig.3 - 12. By geometry - o
ﬁ=Y,+S

. 6 = g ~ ¥ -

Hence by connecting the potentiometers so that
the difference between potentlial changes can be
read, 6Vl - 6V2 = &V ~ 06

This arrangement allows for any lateral movement
of the model without affecting the true reading of
the angle of roll. '

The complete wiring diagram of the potentiometers
and control panel is shown in Fig.3 - 13.

fhis dlagram immediately shows a source of error
in the 200 ohm zero-setting resistance. However,
this error is small since the maximum addition of
200 ohms to the terminal of the 15 XK ohm potentiometer
1nfroduces an error of less than 2%. Moreover the
usefulness of this resistance as a fine adjustment
of the zero (no angle of roll) position greatly
exceeds its nuisaﬁce value in inaccuracy.

The zero‘is initially set roughly by fixing the
potentiometers in such an angular position that at
the erect position there is little or no potential
difference between their wiper terminals.

It is important to note that the potentiometers

must be wired so that the difference and not the
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sum of the potential changes occurs between the
wiper terminals.

The output signal which is the potential
d;fference between the wiper terminals 1is recorded
while the model 1s in motion and the amplitude of

this signal represents the ahgle of roll.

Less important instrumentation includes an
event marker and a release mechanism. These two
are supplied by the same 24 volt batteries. The
wiring dlagram 1s shown 1n Fig.3 - 14.

The release mechanism conslists of an electro-
magnet fixed to the vertical marker link which
wlthdraws a locking pin from the model on receiving
a signal. This is particularly useful at higher
frequency tests when the system must be taken
through resonance first. |

 The signal for release 1s'on1y transmitted
at one specific instant in every cycle, the same
1nsfant at which the event marker 1is excited.
The bottom of the wave trough was selected as -
this instant of release.’

These two refinements are ﬂot essential.

Damping:

The simulation of rolling would not be complete
without the. introduction of some damping to the
rolling of the model.

In gsection 2 ~ 9 1t was shown that the damping -

‘required must be viscous or nearly so. This 1is

best supplied by a simple 01l damper.

However, experiments with the model aw constructed

58.
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show that the potentlometers and, to a lesser extent,
the rollers'provide a substantisal amdunt of damping
as shown in the curve of decay of the model Fig.3 = 151
The curve shows that the decay tends to be
exponential rather than linear, 1fe. it is more or
less viscous. |

Flg.3 -~ 15 is obtained for the model welghing
22 1b. PFrom the curve it can be determinedvthat the :
.effective damping constant for this case 1is
approximately 0-58 lb.in.sec. Is this dampihg

adequate?:

The amount of damping actually réquired is
given by the equation
(ajr b9 ) Iwn

x -

The damplng constant C, =

where a and' b are constants as indicated in

chapter 2, and o ,-the'natural frequency = /EH
h n ) _.2

‘ That the constants a and b are the same
for both the actual ship and the model can be shown

as follows -

Froude's eﬁp&tion of damped motion may be

rewrlitten as:

. f(a +Dbe)I GM : _
IG+———";{——' gkz- +4 GM 6 = AGM“O sin ¢

. .. (& +Dbo)k [GM, —
. .k26+—-—-—;—-—— -—-ée+ GMe = OM ao 8in ¢

For a sqale o)
@)y [ (& +bo)kv TUE]
(B), [ (a + o)k vBHe] 4

where subscripts m and s stand for model and

ship respectively.
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Now § 18 a function of w

_ [(a + be)kv/ﬁw]m
[(a + B0)xVET ]

- . o

From section 3 -~ 3 we know that:-

A PP NG
V), ', (0, %
. (5 +b6)m . Yo
. e ¢ = 7 ﬁ:o
(a + bﬁ)a
(a, be)m _
) (a+be)a

§ince the angle of roll 6 1s the same for ship
and model, the number (a + b6) remains the same

‘whatever the size of the model.

Then, introducing values, the damping constant
for the model becomes:-

ola +'b9) 11-4 V3.6

C =
o % V386

= 0:35p(a + bO)

The §alues of 'a and b for the "T.B.Davie
can only be guessed: A somewhat similar type of
ship with bilge keels gave: '

| a = 0:035, b = 0-050
As this is the most similar ship to be found in the

available literature, these values will be assumed.

As will be seen later, the exact value for
damping is unimportant in this work, since 1ts
effect is almost negliglible compared to the damping

due to free-surface tanks;



Assume the mean angle of roll, 9 = 100.

- Then Cl = 0:35 5 (0:035 + (0-174 x 0-05))
2 -

- 153 x 10 ~,
'In section 3 = 6, A was determined as varying

from 9 1lb. to 21 1b.

C, varies from 0-138 to 0:322 1b.in.sec.

Considering that the'damping moment is very
small compared to free-surface tank effect which
is belng stud1?§7and also that it is very small
compared to the inertia and restoring moments,

a fairly large error in C will virtually not
affect the results of the experiments to be
conducted. o |

Therefore, if we accept the damping in the
mechanism as being adequate, ve obtaln the gtill
water decay of Fig.3 - 15 and we are as closs to
thes true rolling of ; ghip as we are likely to
get. . T

This assumption greatly simplifies matters
'and makes a damper unnecessary; however, 1ln order
to give the appératﬁs as broad an application as
possible, a simple oil damper was constructed -
Fig.3 - 16. (see next page)-

Due to the broad tolerances of the design so
far, the 'gaps' on either side of the paddle in
the oll tank should be as large as possible.

To give damping constants of the order of
those encountered in ships, the gaps were calculated
to be 25 thou for an immersed paddle area ranging

from 2 1n.2 to 6 1n.2, the vigcous fluld being

620
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standard gearbox oil (2,500 centistokes at 60OF).
In subsequent experiments this damper was found

to act quite satisfactorily besides cauaing a

G
23" model A
_ i |
- | —bracket fixed
ga to surface
= plate
o1l
h."&-
-
T - - i o
Flg. 3 - 16
- 10" -

good deal of oil splllage. However for the free
surface tank tests dispusaéd here,'the damper
had a negligible effect and was dispensed with.

3 - 10.8ummary:

(1) A simple aea—wavéuaimulator and appropriﬁte
rolling ship model are desligned to obey Froude's
equation of damped rolling motion exactly.

?1g.5 - 17 shows curves of angle of roll against
period of wave (a) obtained by calculation from
Froude's equation and (b) obtained practically by

means of the simulator and model.

- (11) The simulation of Krilov's more complete
equatlon of roiling motion cannot readily be

performed mechanically.

(111)' The measurement of the angle of roll 1is
done electrically by means of rotation sensing
potentiometers giving an output signal which is
eithervrecorded by a pen recorder Sr else a

storage oscilloscope. » | \
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4- THE THEORETICAL MOVEMENT
OF SHALLOW LIQUID IN O0OSCIL-
LATING RECTANGULAR TANKS

Introduction ~ Shallow liquid in a horizontally
osclllating tank - Shallow liquid in a tank on a
rolling ship.

Introduction:

The principal}l purpose of this chapter 1is to em~

phasl,e the complexity of the movement of shallow

>11qu1ds in an osci;lating tank such as a free surface

tank on a ship.

~ The motion of liquid in a tank 1s to some extent
prédictable (section ¢ -.2); ‘however a tank with
angqlar oscillations gives rise to very lntricate
two dimensional flow problems. The combination of
these two effects as in the case of a liquid in a

tank mounted on a rolling ship requires a hydro-

dynamic analysis which is well beyond the scope of

this work and should be tackled preferably by a
mathematician. ' -

To bypass this difficulty an analysis Saaed ’
partly on assumptions obtained from physical obser-

vations 15 attempted in Chapter §.

Shallow l1liquid 1in a horizontally osclllating tank:

. The following discussion attempts to show the
mode of oscillation of a liquid in a horizontally

moving tank and how this motion is generated.

Assume purely horizontal tank oascillations.

- 65.
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Consider the case where the tank begins to move
cosinusoidally from rest, the 1iquid being initlally
completely still. The effeét of the tank motion of
| the still liquid is identical to that obtained by a
paddle advancing intc the liquid on one end of the
.tank and another paddle ﬁoving awvay at the othér end
(Fig.4 - 1). At any instant the liquid particles in
contact with a moving tank wall will be given the
velocity qf the wall at that instant. This causes
a disturbance in the liquid surface which becomes
a bore (moving hydraulic.jump) of small height.
The helght of the bore depends on the change of
velocity of the tank wall during some lapse of tims.

In Fig.4 - 1 consider planes. a and B. 'The
plane b will have been given a greater velocity
than the plane &, since the tank movemenf is cosinu-
goildal and the speed 1es increasing.

Therefore the surface velocity of the segment
between & and b must be greater than that ahead
of a. This can only be if the liquid depth between
a and b 1s greater than that ahead of a, since
the surface velocity C = VZEEi where h 1is the

-

depth and Cy > C

a
hb.>.ha

Congidering the_'qompression‘ end only (left hand-
end in Fig.4 - 1), the wall is accelerating or
increasing 1ts speed over the first & cycle; therefore
- during this time the conéecuti%e planes will have
surface disturbances of increasing velocity, 1.e.
X3 < X5 < Xz etc.

The sections 1 to 5 were all generated with the

- same width &x; however, since the following planes
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are of increasing speed, the sections become narrower

with time.

When x is reached at x = 0, the pattern

ax
changes slightii since the 1ncremenfs following are
now 8 1 o wer than imax"and hence a depression
occurs (Fig.4 - 2).

" The 'rarefaction' end of the tank (right hand
end, Fig.4 - 1) acts in the same way as the compres-
sion side with the exception that now the depression
occurs in the first # cycle and a build up or
'compression' in the second & cycle (Fig.4 - 3) —

exactly the reverse of the compression side.

After approximately a # cycle, the disturbances
from either end of the tank meet somewhere near the
centre of the tank and interaction begins taking
place.

The result of the interaction, as shown in

Fig.4 - 4, can be determined by superpositioh.

Up to this point the eqqation of the surface
profile can be found.l However after sufficlent time
.gome of the sections 1 to 5 in Fig.4 - 1 will catech
up the one ahead soc that the wave front will become
steeper and steeper, finally changing from a weak
shock front to a discontinuous shock wave or, in
hydraulic terms, a fully developed bore.

If the shock front reaches the end of the tank
before the bore is fully developed, & reflection
takes place which will follow the pattern of super-
position and thence continue till the 'steep shock!
appears. The reflection of a fully developed bore

will follow the same law as a shock wave reflectlon
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in a gas and can algo be solved by using the

 principle of superposition.

In the 3™ ang 40 & cycles the sinusoidal motion
will superimpose another wave onto the reflecting
waves 80 that the resulting,lnteraction wiil depend
largely on the difference between the frequency of
the tank and the natural speed of the wave. The
latter is directly a function of the liquid depth.

To show the mathematical complexity of this
basic movement, the equation describing the
fluid surface profile of the 'compression' wave

“during the first & cycle ls'derived below:i~

Fig.4 = 5 shows a tank with liquid to a still
surface depth ho' The tank is oscillating in a

linear horizontal direction.

N———7—
’ 7 ° J hl111 h3
L i N W
'ﬁafﬁﬁ—:—x Fig. 4 - 5
a T a c§s wt

o
where w 1ig the angular velocity

t 1is the time from rest
a8, 1s the amplitude of oscillation
The speed of a surface disturbance on a fluid

of depth h 1is given by

X = vgh ceesessssc(4 = 1)

For the first section, element 1, the surface

speed is



where ho 18 the still water depth.

The velocity w, of the particles of fluid

vertically below this surface 1s given as
ho
w, = (1=~ /hl) '\/—Eh—l
W, being equal to zero.

Writing this more generally, the particle
velocity of the nth element relative to that of the
element immediately ahead 1is:~ |

. h -1
=.[1_ n i

—
el

where hn 18 the depth of the element and
.hn -1 ig the depth of the element immediately
ahead.

‘Therefore the absolute velocity of the nth
element is the sum of the particle velocities of all

the elements ahead of it -

W, = wn- 1 +wn_2 ..... +W2+ Wl‘i‘ Wo
n h.
ne-19, —

L]
Mg
23
=]
|
o3
o}
i
(-
|

Now h, - hn -1 is a small change in depth = h

- Enj &h
R w, = Vg —
n n=0 mn
\ h, dh
= w’gI —_—
"ho h
= 2(~J§h—- - Vgh.) ceciranes (4 - 2)
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Now the surface velocity of the ntl element 1s
_equal to Vghn relatilve to the liquid into
which 1t 18 advancing. .

Therefore the absolute velocity of the surface 1s-

x, = Vgh tw

n n - 1 ne-»1

where w, _ ; 1s the particle velocity of the (n - 1)th
element and h, _ ; 1s the depth into which the

surface element 1s moving.

.Frbm equation (4 - 2),
Wpo1 T 2(+%h, _ 1 -Vghy)

. A - e
i.e. X, .1 = 3V%h, - 2gh, e (4 - 3)

Therefore the absolute distance travelled by
the bore between the n®® and the (n + 1)th element
in time t' 1is8:

A = (3Vgh, - 2/gh )t

The position af which this bore was generated
by the tank wall at time t was a = a, cos®wt.
At this position the velocity of the tank wall
was 8p @ sinwt and this 1s the speed imparted
to the liquid particles of the element in contact

with the wall i.e. the nth element.

. . a, @ 8ln @t = wy
8o w 8in wt = 2(vgh, - Vgh,)
1 2Vg
t = —arec sin| — (vh - Vho)]
W
8pw

i.e. t 18 the time until generation of the nth

element and +¢+' 1s the time from that instant.



Therefore the overall time elapse is:

I, = t+ ¢!

and the distance of the nth element from the centre

line of oscillation (a = o) after time t, 1is:

X = A-a  cos ut
= (Svghd- 2vgh )(t, - t) - a, cos wt
e e e Py .(4 - 4)
However, /g
ein ot = ___ (Vh, - ‘hg)
. apw
. | 2Vg '
.o cog pt = - —(Vhy - ¥n, )%

'+ Then substituting for- t and cos ot in-
equation (4 - 4).we obtain the,équatiqn of the
surface profile of the 'cpmpression' disturbancé
before any interaction has taken place.

The equation relates the coordinates (horizon—
tal and vertical) x and h. $Since the coordinate .
h referred to has the subscript n thfoughout,

thie subscript can be left out (h, is a constant):

arc sinrzvg

72.

x = (3+h - 2~/gho)[to - (Vh - wfho)] |
‘ w Jaow
Vg )
- 8y /1 = —(+h <'h,)2 Cereeeaans (4 - 5)
a,w ’

A simlilar equation may be found for the
other end of the tank and the sum of the h's in
the two équations give the depth after interaction
of the two disturbances has taken place. HoweQer
h cannot easily be faken out of the equations

and hence the solution during interaction cannot
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be simply written down.
After a certain time,reflection of the

distufbancea takes place and further complicates

‘the issue.

Shallow liquid in a tank on a rolling ship:

For a tank on a rolling ship, the oscillation
is far from purely horizontal; in facf the
angular motlon contributes more to the movement
of the liquid than the horizontal displacement
(assuming the tank not at the centre of rolling).
This was found experimentally for a tank mounted

well above the centre of rotation (centre of

gravity).

It seems at flrst sight that Ehis problem
should be solved by Bernoull1% bised on the
assunmption that the pressure on all surface
particles is the same. | However Bernouflli's
equation requires that there be no energy loss
in the systenm and this 1s incompatible with the
presenf problem, since the concept of free surface
stabilization 1s by means of a moving bore which
constitutes an energy loss. Other highly mathe-
matical methods for a solution exist but are
neither essential nor within the scope of this
work. The problem is to find some solution for
the damping effect of free surface tanks and this

can be done with good accuracy by using experimen-

tally determined results. '
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5- EQUATION OF ROLLINSG
WITH FREE-SURFACE TANK
‘ STABILIZATION ‘

Introduction - Observations and Assumptions -

- Moments acting on ship due to moving liquid -
~ The equation of motion of ship and tank -~ The
solution of the equation of motion of ship and -
tank -~ Some ommissions and corrections - A
possible value for M - Possible values of ¢ -
Sunmary. '

Introduction:

We have seen 1n the previoug chapter that a
thedfotical analysls of liquid behaviours 1n an
oaclillating tank will not be attempted becausevor
the mathematical qomplexity. ‘A practical and logical
solution can presumably be obtained by.observing the 
bshaviour of the liqulid and working on the results
as baslic assumptions. On introducing these into the
equation of rolling, an equation of motion ﬁhich is
not too difficult to solve And whoss terms have some
physical significahce should be obtainable.

To ascertaln the accuracy of these assumptions

ths solution of the equatioé will be compared in a
later chapter to experimentally determined results

of ship rolling.

Observations and assumptione:'

The apparatus described in Chapter 3 was run to
observe the bahaviour of shallow water in the free-

surface tank. The followlng results were obtained:-
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(1) The movement of shallow water quickly

~ develops into a bore with a steep wave front and

1t keeps moving as such (Fig.5 - 1). The exception
to this occurs at very low frequencies.
(11) On reaching the tank wall, the bore

reflects to repeat an idgpical half cycle in the

opposite direction.

(111) The speed of the bore is approximately
constant and such that it has the same beriod as

the tank.

(1v) The helght of the bore varies with -
a).the angle of roll
b) the frequency
¢) the depth of water in the tank.

(v) The phase angle between bore and tank
varies with -
a) the frequency
b) the angle of roll
c¢) the depth of water in the tank.

From these observations some Jjudiclious assumptions
must be mads. The relationships between the various
factors in observations (iv) and (v) will be dealt
with later. .

At first, simply assume the phase angle to be
¢ and the bore height to be a.

Now assume\the bore to be a perfectly vertical
Qave front moving at constant linear velocity x on
a water level which i1s always parallel to the tank
| base (Fig.5 - 2). These simple assumptions will be

used to find the characterlistics of the water as a
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damper of a rolling ship. The value of the actual
damping effect will depend on values of ¢ and =a
which are as yet undefined and will be determined

f

by further observations.

Moments acting on shlp due to moving liguid:

Consider the tank in Fig.5 - 2 as fitted on the
ship model described in Chapter 3. The tank has:-~
length D
width w
S8 1is the height of the mean liquid depth

above the centre of gravity, G, of the emp t ¥y

(water-less) ship and tank.

h, 1is the still liquid depth

]

hl and h2 are the iiquid depths on
elther side of the moving bore.
To obtain a general solution, the density

of the liquid is p.

The position of the bbre, x,-is measured hori-
zontally from the centre of gravity of the ship.
For simplicity the lever arm of the moving water
will be measured from this point and not from the
instantaneous pivot point. This simplification is
valld because the maximum distance of the instantaneous

pivot point from the centre of gravity is 6 GH

. where 8¢ 18 small ﬁy definition and therefore 6o GM

is small compared to the lever arm which largely

depends on the tank length bf

The liquid causes moments About the centre of
gravity due to:-
(1) the rate of change of angular momentum caused

by the transfer of liquid,

*



(11) the unbalanced weight of liquid acting at

. gome lever arm.

Consider the case of the bore moving from left

to right és shown in Fig.5 - 2:-

The mass of the liquid causing a moment about
G 18: (i.e. the shaded portion in Fig. 5 - 2).

pwa b X
m = . (_ +
g 2 cos b

| _

)

Now throughout this analysis we assume 6 small,

. . CO8 6 =1, s8ino = @

. pwa ' ‘
.,. m = _—(%b +X) 0000.-00~-(5-l)
Inertia Im of this mass about the centre of

gravity G is:

1 1 3b b -
Im=m§_(3)2 +_(.-2_-.__t_f)2.+32 +(%——2—-E)ZJ ceere(5 = 2)

-32 3 2

‘ As mentlioned above, part of the moment caused
by the moving liquid is due to the rate of change
of angular momentum. '

The angular momentum of the liquid 1is:

- pva 3b + x
I 6= —-g--(%b + x)[l/s(%a)z *1/5(3-—,—5—)2

1D -
+8% 4 (------—--.--._.2 x)z:] 8
2

pwar o 1
e Ip =‘g—{a/l2 (3b + x) +/10($b +x)°

+82(3b + x) + (&2 - x°)(3b - X)]é

78.



The rate of change of angular momentum is:

a(I e) . _ a8 - Ay
BRI T .
at 3t o
- a(Iy ) pwae al

, - (30 +x) + - (4b + x)
at g Liz ° 12

» 8240 + x) + 3302 - xB) (b - x)]

pwae

[- x +-(§b + x)2 4 x8

+ $(5xx2 = bxk ~ $b2x) ] ...onii (5 - B)

This 1s the moment due to the rate of change of
angular momentum. :

A furthér couple 1s caused b& the "unbalance"
weight of a portion of the liquid at aame lever-
arm:-

moment = mg x lever arm

The lever arm, X, is the horizontal distance from
the centre of gravity G to the centre of gravity
of the unbalance portion of liquid,

S (3 - x)

. Moment

%pwa(%b + x)(%b,- x)

spwa (4b2 - x2)

The direction, or sense, of this moment is not
evident from the expression. For the case shown

in Fig.5 -~ 2 the moment acts anticlockwlse; however

1f the bore is in the same position but moving in

the opposite direction (from right to left), the

moment is clockwise.
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Therefore, the

direction of the moment depends

~on the direction of motion.

Now assuming clockwise moments +ve and x

from left to right

may be written as:

|x

of the moment.

+ve, then the above expression

| x |
moment = = — *ma(4bR - x2) N Y

-and now the expression determines the direction

The total moment, M'", caused by the moving

liquid 1s the sum of the moments of expressions

(56 - 3) and (5 ~ 4).

Then, using the sign convention assumed above, - *

Total moment M'" =

+2(3b - %)% + 82]

wpa {8 s A X n e 02
. pa{-é +X{12+12 +X

x6. a2
+ '—[— + &(%—b + x)2 + 82
g 12 |

vB(3x ¢ 30)(x = 3)] - —— 3@ = xB)}eiinn (5 = 6)

|

tion of ship and tank:

The equation of mo

If we now congider a tank carrying a shallow

liguid mounted on a ship or, in this case, on the

model, then the equation of motion of the system

becomes:

5 +C8 +.aGHo6 =

b @y stnd+ ' .e.....(5 = 6)

from Froude's equation of rolling (2 - 10).

By substituting from equation (5 - 5) for M''

the comp;ete equation may be written down.

80.
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.However this equation can be simplified:-

(1) The coefficient of & 1is now

I+ E(‘%b + x)[ i + L(-‘lqb-!- x)2 + &-(%b - x)2 +523
g 12 12 |

which we will rewrite as:

By inspection Amax < b( /4 85
o ,
assuming & /12<< b

‘. The maximum coefficlent of & is

. .
< A_.[ k2 + .ﬁ b(4b2 + 52)]
g A :
wph,b

Now , the ratio of liquld weight to ship

A v
welght should not exceed about 8% in practice,

and a 1is of the same order of magnitude as h,,
the coefficient <« é.[ k< +0-05(4b2 +52)]
g .
Now S 1e usually small compared to b, aleo
3b 1s of the same order of magnitude as k,
k2 >> - 0:05 (b2 + 8%2)

This permits the omission of the later part of the
coefficlient which then takes back its original

value of 1I.

i.e. The term in M'' which is a coefficlent of &

can be neglected.

(11) The coefficient of 6 4is:



weax a2 b2 bx x2 3x bx b
C + (— 4 — 4+ — + — + 8% 4 e m )
g 12 16 4 4 4 4 16
y 2
wpax a ,
= C. (— +8%+ x2)
g 12

Now a 1s of the same order-of magnitude as

h, and h_ << x except when x = O which is only

° 0 =k

an instant in each cycle.

. : a2 .
. We can neglect 1z &and the coefficient of ¢©
becomes: . |
W ax
C+ (82 + x2)
g

Using the above two simplifications, the
equation of motion desoribing the system may be

written as: . v

. Wpax L —
16 +[c . (g2, x2)]e+a GH 6 =4 GMao sing
g g L i |

awx <
P (312 - x2) S ¢ I )

2 kil

As 1t stands, this equation does not appear
to be linear and some substitutes for x2 will

have to be found to solve 1it.

. 8olution of the equation of motion of éhip & tank:

Equation (5 -~ 7) describes the motion of a
ship with a rectangular free surface tank.
o The variable x determines the position of
the bore and is proportional to time elapsed since

the speed of the bore has been asgumed constant.

82.
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In chapter 2, » was made equal to wt.
However for convenience we shall take t as

the oscillating time of the ship;
Then ¢ = wt+ €g

where ¢g 1s the leading phase angle between the
forcing term (the waves) and the ship.

Also the equation for x may be written as:
x = (ot -'-e)bﬁ;

over each half cycle (see Fig.5 = 3a), where
¢ 1s the lagging phase angle of the bore motion
behind the ship motipn.j |

The form of equation (5 - 7) suggests a

solution for €& of:

g = 60 sin wt

This will certainly be true if x can be
successfully linearized. Therefore we assume
this éolution. |
Using the above, the equation can be linearized

term by term:

(1) The damping term -

Consider the damping term in equation (5 - 7):

[C + z.—‘:-51(32 + kz)]é'
g .

To linearize this term, the coefficient of 6

must be made constant.

The variables in the coefficlient are a and x2.
The variation of a 18 unknown and ﬁill, for
simplicity, be assumed as constant. The reasonableness

of this will be seen later when the insligniflicance
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Fig. 5 - 4




of this damping term 1is shown with respect to

. other relevant terms.

Assume the coefficlent of © to be:

where Cy X/ g paw 52

‘ x
and C2 /gpaw f

Now 32’ is congtant and on;y ng needs
2
altering.
An approximate value of Cz‘ may be found by
equating the work done by Co and the work done
by some constant CS. Then for the purposes of
our equation Cp = Cs.

Work done by Co 1in one cycle ia:

S W.D. = [ cgéae
Now 8 = 6p sin wt
e
ETZET. = 0o coOs8 mt
and o = Bowcos wi
. 2 2
. . W.D. = w j’eoC'z cos® wt d{wt)

Then introducing limits:-

2.
' paww 65X 2x _
VJ-DO = ——_——o—_J‘ x2 0082 (Dt d(wt)loo.-.o-(s - 8)
g o

The work done by some damping constant C‘.5

2 n
a°“f C3 cos? wt dlwt)
v o

/

2 ,
8o \u) 'RCS

We want the same work done by Cp, therefore



equate to equation (5 - 8):-

. pawﬁc n

x2 c082wt dlwt) ceiveeeen.(B = 9)
E® Yo ‘ ,
This equation can be solved by expandiﬂg x2
in a Fourlier series:-
The graphical representations of x and x%2

are shown in Figs. 5 - 3(a) and 5 - 3(b).
We have X = b/ﬂ (wt - ) for %4 cycle
for simplicity put ot - ¢ = §

b2 52
Then x2 =

2

Note. The.Fourier series of x2 will ultimately
be multiplied by cos2 wt before integration 1in
equation (5 - 8) between limits O to 2.

Therefore all terms involving éos and sain ,
fuhctions of the Fourier series will become zero
in the final integration and can therefore be
immediately ignored.

That means that only the first term of the
series (ao) will have a vglue after the integration

of (56 - 9).

Using the standard notation for Fourler Series:

2 %/ bl 2
- - L
. 7‘/

~72
bl
B 6

Substituting in (5 - 8):-

pawx 2% ° 1 cos 2wt Cat)
_— (= § ——)d
'[o 12 (2+ 2 ) ot

Cs g




) pawibz _
C; = —— 2 G, \
12¢g
. Woax bl
. the coefficlent C+ G, + C, = C+ (82+ —)

g 12
And the damping term may be written as:- |

c! 6

where C' 1s the above constant coefficient.

(11) The 'moment' term:~

Wpax
The term

($b° - x2), which we shall
2ix - :

call the 'moment' term N,/also contains x<.
However 1t cannot be treated in the same way as
the damping since only a term 90° out of phase
with the motlon does 'work'. |

To line;;ize, the term must be expressed either
in terms of & or in a sinusoidal form in terms of

wt - e¢. For the present assume & as constant.

We see in Fig. 5 - 3(b) that

- p2 g2 |
x2 = for =3x< B < %™
x2
where f = ot - ¢
p wab? 2
The moment term N == - . (-}-n)
2

for -3 ® < B< 4% in the right hand side of

equation (6 - 7).
| For the next half cycle,

bl
R )2 (see Fig.5 - 3(b))

and the sign Qf the moment term 1is feversed
(x 1s reversed),
e pwab2r 1 - (g -x)?

e O J

an.
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for ¥n < B < /2. ‘ |
.Ther'efore the graphical representation of the moment
term appears almost \sinusoidal, Fig.' S5 - 4.

A Fourler series of this curve will express it

in a sinusoidal or cosinusoidal form. The equation

is -
( pwab? g2 1 . | |
o (= - =) === -dn< B < %x
( 2 re 4 , . - '
N =E
f'PWzaLb2 1 (p-=)? 3 o,
- ——— R < < /g |
(—1; ~ ] B < /4]
Let a,, a, and bn be the usual Fourier series
notations.

The constant -}pwa}fg will not be repeated
throughout the Fourier analysis but will be

reintroduced into the final solutioni of the moment.

271 3
/2 g% 1 2 MHp1 o -
=_l' = .= —_—
% = i, pm ) B L aB
b3
gb_z ] bz'“ﬁ e &
R 57&2 = ? 473
- 0
—

2 Vo 2 L 3%
a, = — _f (ﬁz —~)cos nﬁdﬂ-— /2(%-—+-)cos ngdp

2% -7:/2 V3 4 2% 7:/2 .3 7t
b2 32 sin ng sin ng 23 cos ng 2 8in ng 2
2% 7:2n 4n ' 1c2n2 n2n3 ] - 7:/2

b '3 sin ng 32 ein ng 2gcos ng 2 sin ng
- — + + +
- 2x%~  4n xen  x%n® x2 nd

3’K/2

2 gsin ng 2 cos ng
. ) 2
nh xn - /5
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4b2
&, = = sin n’yb
“5 ns -
. 4b2 ‘
for n odd - ap = = (n =1,5,9...)
"0
4b2 |
an = ﬂns . (n = 3,7,11-.)
for n even - ap =0
—>
b2 %/, 3R/2 2 3
b, = (-E - —) 8in npd g +J' (_,:3_ - éz- - —)sin ngadp
Zn ~%/o n 5/2 % x 4

All cosine terms will become = O

25 sin nﬂ x/. 2 sin ng 28 8in ng 5@/
-——{[ 11 2}

.« The series for N 1is -

_ 412 cos 38 cos 58
N=-paw ——g(cosﬂ - + )
R 27 125

ceieveeee.(5 = 10)

We'are looking for a sinusoidal function and
can find 1t in equation (5 - 10) where the neglect

of all higher terms 1s an inaccuracy of negligible

.~ proportion.

‘. The moment term may be written as -

4Bawb2
N = = ——— cos(wt —=¢ )
/19
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4 p‘sz
However, is a constant and a 1s
_ ﬂ3 |
& variable (depending mainly on h, and 6., as
will be secen later) whose magnitude 1s unknown.

Therefore call 49wb2a gome variable M
3

w

Then N = = Mcos(wt =¢) vecveeeneo(d = 11)

Later on the magnitude of variable M will
be discussed as a whole and & will no longer T

be mentioned.

Equation (5 - 7) can briefly be written as:
Io + C'o+ pGM6 = aAGMa, gin (wt+ 6 ) + N

Now suhstituting equations (5 - 8) and (5 - 11)

into this:
. | Wpax 2 e _ .
Ie+[C+ (8 + —) 6 +4GH 6 =
g 12

AGHa 8in(wt +e5) = M cos(uwt =€ ).....e. (5 - 12)

If a 1in the damping term is 8111l assumed
constant (the value of this will be discussed later)
then equation (5-12) is linear with the solution
) ‘ & = @, sin wt

as previously assumed.

6 = @ cos wt and 6 = -uF sin ot

Substituting the above 1n equation (5 - 12):-

- eolwz 8in ot +C' 8w cos wt+ 0, AGM sin wt =
8GM&, (cose, sin wt + 8in ¢, cos wt) - M(cos wt cose

+8in ot sine )

Separating the cos and sin terms:-



Clo,w = 4GM &, gin ey = M COB € .......(11)
Hence: : _
= AGMagy
6. = , = ===
° V(6BY - Iao2+(.§iI gine )+ (C'ow + M cose )@
o 2060 ¢ 000 e

and by dividing equation (i) into equation (11):-

Cl'w + A cos ¢

() 3o>|g

B € T R - Tuf. ¥ atne
)

Equations (5 - 13) and (5 - 14) are the
solutions of the motion based on the assumptions
and simplifications alfeady mentioned. However
no numerical solution 1is obtainable until valﬁes
of M and € can be found.

Furthermore, some factors of seeming impor-
tance have not been considered and will bé

discussed in the following section.

Some omiagsions.and corrections:

(1) An apparently significant omission is a
term in the origihal angular momentum equation
which describes the horizontal component of the -
tank movement when 8 # O (i.e. when the tank

does not lie on the centre of gravity of the ship).

If this term were considered, the inertia

- equation (5 - 2) would become -

a? 1 ' : ‘
Im = m[ —-—('é'b +x)2+ 32+ (S tan @ + &b,- %x)z]

-+
712 12
the new term being 8 tan € in the 1ast bracket.

. The slignificant effect of this term is an

9l.

ereeeiieee (B - 14)
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~

| 5680 Wpab?
addition to the damping term of g x found

~in the same manner as‘the linearization of\the
damping term in gection 5 - 5.

The magnitude of this factor is generally small
cémpared.to the remainder of the damping term, but
it 18 not necessarily small'énough.to be negligible.
However for simplification the addition will be
neglected while 1t must be noted that its signifi-
cance is that increasing 6o and w increase the

damping.

(11) The force on the liquid due to the orbital

motion of the ship has not yet been considered:-
|

N i
~N_r ' |
\\ \/L/(wt * es)
T Y
\\l\ '
Fig. 56 - 5 | S
Centrifugal force on the liquid = myr "
pbwhg _
where my = , the mass of water in the tank.
g

Only the horizontal component of this forcé is of
interest here. This component is

= ml-ra»2 s8in (wt+ €54 )
and acts on the ship at a distance 8§ from the '
centre of gravity.
. . the couple on the ship due to the centrifugal
 force on the ligquid is: '
| smlrmz ein (wt+ eg )

which opposes the forcing function.
Hence the nett forcing function becomes -

(a@Ma, - Smyr o) sin (0t + 6g)



Thig correction is very small, but since 1t 1s easy

~enough to handle it 1s introduced in equation (5 - 13)

which becomes:

AGHa, - Smir e’

(Co+ Xeose)2 s (T~ T2+ X oine)?

o %, ... ...(5 = 15)

Equation (5 - 14) 18 not altered by this correction.

. A possible value for M:

The variable M represents a coﬁple whose
magnitude varles with one or more of the parameters
8,w, hy, b, w and p .

This couple can be determined mathematically
only at o« —» 0 when the liquid surface is horil-
zontal.‘ Although in au;h a case no bore actusally
exists, the phase angle ¢ can still be assumed to
have a value.

It is known that at very low frequencies,
€ = -90°, that is, the couple due to the liquid
leads the ship motion by 90°(th1§ is discussed in
gection 5 ~ 8). ' |

Then for w——> O and - e¢ = -90° equation (5 -15)

glves:
: A GH a,
&% =
2N - M
eO
Hence . o ‘
M = AGM(GO - ao) trreencead(d = 16)

Now consider Fig. 5 - 6 showing a ship or
model on the maximum slope of a wave (ao) and
congequently having the maximgm 1nclination-(e°)

from the vertical.

93.
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— = tan o

b! °
and $b'h' = bh,

b'2 tane, = 2bh,

bl

. Neglectiné the effect of 8 (the heilght of the
tank above the centre of gravity), the momeﬁt arm
~of the liquid is:
b bl

arm = (- - —) cos g
2 3 °

. the welght of the liquid = pWbh
. Taking moments about thelinatantanebus centre
of rolling (or centre of buoyancy) B:-
b b!?

pwbhy, (- - —) cosp

= AGM sin (6 -~ :
2 3 ° . sin { o ao)

Substituting for b':

b [2bh, —
(= = | e=————) pwbhy cos 6 = AGM sin (6_ =4 )-
2 Vo tan o PrTe ° ° e

The assumption of 6, and a, both belng small

is again applied here.



Then Tan ¢ < gin g 2
(o] o] (o]

sin (6 = a) 2 g =«

o o o o

cos 9 =~ 1
(o]

Substltuflng.in the above equatlon:

b 2bh,,

(

2 g6

Jpwbhy = oTH (6, = &)

But we have from equation (5 - 15) that:

M = Aaﬁ (6, = )

M = (- - 2) pwbh,

95.

cesecvcsas(b = 17)

This gives a value of M 1n terms of the

liquid welght, the liquid depth, the tank length

and the angle of roll. The value is certainly

correct for w --=—0 Dbut whether 1%t is equally

applicable'at higher frequency or whether the

characterlstic changes,wlll be determined by

comparing the effect of M practically

'Vcalculated values.

with

From equation (5 - 17) a possible value for

a can be obtained - this is required for the

damping term.

In equation (5 - 11) we wrote

4pwb2a
S
M'n3
a -
4pwb2

This may not be the exactly correct value

for a; however the damping effect of

the

damping term is so small compared to that of



the moment' term that any error becomes negligible.

. Pogsible values for ¢:

- No simple mathematical expression for ¢ can
readily be derived from known conditions. So far
we know that ¢ = -90° at low frequency. From
observations actually carried out it is clear that

¢ increases,and <= O at a frequency where x 1is

i

in the vicinity of x WEE;, the surface disturbance

- gpeed. The phase angle increases still further

and most probably reaches ¢ = 90°..

Observations also show that the angle of roll

. plays a definite role in the magnitude of the

phase angle. Furthermore it ie noticeable that
¢ does not increase immediately from -90° as
w - begins to increase above .O. ‘

A possible v;riation of ¢ wlth the frequency
ig shown in Fig. 5 - 7 for a constant angle of
roll. The assumption of & straight line is purely
for the sake of using the simplest relationship
known. |

If the above assumption is correct then a
family of lines can be drawn to represent various
values of 6, (angle of roll), Fig. 5 - 8, for

any particular tank and liquid depth.

J.J. Van den Bosch and J H. Vugts (Ref.3) have
done some experimental work on phase angles in
osclllating tanks. A set of thelr results 1s shown
in graphical form in Fig. 5 - 9 for & tank with |
constant liquid depth. | |

The resemblance between Figs. & — 8 and 5 - 9
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hb constant

Fig. 5 - 9
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can easily be seen. The curves obtained by the
experimenters do not have any definite mathemétical
shape but"are not unduly distorted by the assumption
of straight lines, particularly in the lower
, 'ffequency ranges. However 1t must be emphaslixed
\ that a fairly small error in ¢ cah aléer the

term M cos ¢ or M sine very greatly and hence

{ change the solution 6, considerably.

Fig. 5 - 9 can give a very good indication of
the poesible relationships between 6,0 € and o
and also the frequency at which ¢ begins to

increase above -90°.

From the 1deallsed form of Fig.ys - 9 (Fig.5 - 8)

an empirical formula for ¢ waa obtalned as
follows:

' The basic paptern of frequencies must be a
fuhction of some particular frequency appertaining
to the prevalent conditions such as liquid depth
and ta\nk length. Obviously the frequency which
is gove?\eqmpy the changes in depth and lehgth is
the Ly&iiral frequency' of the liquid surface,

. s .
//-/*dﬁt is, when x = Ven,-

5 But x 1is constant
e 5 2b
[} [ ] T =
. e,

where T 1s the period.'

where w ' 1s the natural frequency

of the liquid surface.
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]

Although Fig. 5 - 9lwas originally published
. as e V8 w ‘for a certain tank length and depth,’
i1t 1s reproduced here in the nondimensional form
of ¢ V8 w(%; which must have more significance
1f different conditions are considered.

It 1s assumed that the curves of ¢ va “an'
at certaln angles of roll are absolﬁte and will
not change with b or hj. '

From Flg. 5 - 9 we can draw straight lines
to approximate the curves (Fig. 5 - 8) and hence
pidt a curve of graph elopq, Y, against 69
Fig. 5 - 10. This cunve 1is approximately hyper-

bolic so that we can say:'

Kl _
4 N B em— Kz ) goo-o.-.-o(5"20)
\ N
\‘ where Kl and K2 are

conl\fants and eo is in radians.

Tg% asgumed straight lines cut the ¢ = -90°

A\
line at '\ y'. The relationships between the

§t" o' and e  are plotted in Fig.5 - I1.

i.e. wZ%; = Kt. |
This curve can easily be approximated by a
straight line whose equation will be: |

) -
w/wn' K + K 0, = K3K4

where ‘KS ~and K4. are constants and 6 is the
angle of roll in radius.

3 K, (Kz = 8) | '
Xy, = 473 0 e (5 - 21)
. w ' K;_v, ‘

n
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Fig 5 - 10

Fig. 5 - 11
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We now know the slope (y) of the lines relating
¢ and wé} as well as the coordinants of qné
point throé;h which each of thege lines pass, 1.e.
( “7 ,, =90°) 1n equatigna (5 - 21) and (5 - 20):-

n
Hence we have the equation:

n
\ . | K K4
‘ . '(e+90)'[—-+K2][ -—(Ks-e)w']
3
1 K | )
, i.e —= + K] [ - ——(K - 6,7~ 90
. [e 2] [, ]
e o0 s ...(5"‘22)
* . The values of constants K,, K5, Kz and K,
" can be estimated from Van den Bosch and Vugtes'

\hfsults. waever, due to the artificial lineari-
zation of the experimental curves, the constants
govewning the position and slope of the straight
vline:\cannot be fixed accurately merely from the

experimintal curves.

The g;iuction of reasonably good values for

these donstants will be discussed in Chapter 6.

~

e
://,, .
5~ 9. Summary:

(1) Three equations (5 - 15), (5 - 17) and
(5 - 22) have been derived to give the amplitude
of rolling of a ship fitted with a free surface
tank stabilizer. |

The three equations involve three unknowns -

6 ,¢ and ¥ of which only the solution of 0,

is of real interest. However eo is involved
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in each equation to such an extent that it is
;m?dséible t0 rearrange them algebraically so as . .
to glve a simple equation in 0, “only. |

Therefore the only-ggggﬁgfz method of solution
is by 'trial and error' or reiteration, which 15.
quick and effective using the computer.

For the sake of clarity, the three equations
mentioned above are repeated here:-

Aaﬁ ao - Smlrw2

6 = " , - .
° /(C'q,+'é'cos e)4+(AGM-Iw2+g-lsln¢)2
O (o]

b [2bhg
M = [-2- - g—e——] Ptho
(o)

®
|

-[—+x2][°°/w.v-l-(-<x3 o) ] - 90

:héré all the symbols have already been defined
- :
either in the table of symbols or else in the

A
b

gsection in which each equation was derived.

N

'
\. .

(iib‘Aqwequation hae been derived which will
give ths phase angle between the disturbing wave
and.the rolling ship (equation (5 -14)).

at
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6 - EXPERIMENT AND THEORY:
A COMPARIGSON

Introduction - Experimental results of stablilized .
ship rolling - Theoretical results of stabilized ship
rolling - Accuracy and discussion of the equations -
~ Further comparison between theory and practice -
Summary.

Introduction:

Equations for the rolling of ships with free-
surface tanks have now been developed. Theif accuracy
can be ascertained only by comparing theoretical
results obtained by nmeans of the equations and |
experimentél resulta..

Through thls comparison, the'unknown congtants

(K., K, KS’ K4) can be given fairly realistic values.

1" 2

Experimental results of atabilized ship rolling:

-Experiments of thé angle of roll at varlous
frequencles and liquid depths were carried out-by_'
means of the apparatus described in Chapter 5; :
The 1liquid used was water ( p= 62-5 1b/inZ).

A specific case waw first chosen by means of
which the unknown cbnstants were to be determined.

width of tank, w = 2}
welght of model,'A = 21 1b.
half wave height, r = &3 |

meximum wave slope, 59

tank position above c.of g., S 41

103.
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Ag described in Chapter 3, the parameters
b (tank length) and GM (metacentric height) are

fixed for this apparatus.

b

20"
GM

U]

3-6" '

The procedure of the experimental work was to
deterﬁine the angle of roll at frequencies ranging
from ¢ = 0 to a speed well above the natural
rolling frequency of the model for different water
depths in the tank.

The water depths selected had to be such as to
give a wide range of values while not exceeding the
amount of water which would be the 1limit, practically
speaking, in actual ships. Naval architects wduid
generally like to 1imit the welght of fluid used in
stabilization to 5% of the dead welght of the ship
and would never allow it to exceed 10%. Consequently
| in selecting the depth of water, the amount was.
‘1limited to give a maximum ratio gml/h of 10%
approximately. (m; 1s the mass of liduid in the
tank) . ’

,The above procedure»was repeated three times
in order to obtain a mean value which would overcome
many of the inherent inaccuracles.

These inaccuracles arise as follows:

(1) Due to the low power of the driving motor,
the speed of the mechanism fluctuates if the arms
are not perfectly balanced. |

{11) The speed reading fluctuates continuously
and cannot be maintalned absolutely steady.

(111) The potentiometers yleld inaccuracies due to
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the thickness of the wire in the windings.
(iv) The water depth can vary fractionally owing

to splashing, leakage and fnaccuracy in reading.

The results obtained from the above expériment
are shown in Table II.and are presented graphically
in Figs.6 - 1 (a),(b),(c) and (4).

Tests with different model weights and tank
wildths were also conducted and will be discussed

in section 6 - 5.,

.Theoretical results of stablilized ship rolling:

Before solving equatione (6 - 15), (5 - 17) and

(56 - 22) 1t 1is necessary to determine some approximate

values for the contacts K,, K2, K3 and X,.

From Van den Bosch and Vugts' results and from
Figs.5 -12and 5 - 11 the following starting values

for the constants were assumed:-—

K, = 0-17
K, = 0-8
K. = 0-6
K, = 05

The three equations (5 - 15), (5 - 17) and (5 - 22)
were programmed for the computer to give a solution

for o, by a relterative process. The above

constants were introduced in such a way as to make

them easily changeable.

The parameters in the equations were fixed to
the same values aslfor the model in the experimental
work (section 6 -~ 2) and « was made to vary from
O to 4-:6 rad/sec (well above the natural frequency

of the model).
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The water depth, h , was given the same values
~ag the experimental depths i.e. 0-25", 0-5", 0-75"
and 1.00".

With the constants as indicated above, the
theoretical results fhus obtained varied rather
" unpleasantly from the experimental values although
- the shapes of the curves had the same characterlstics.

The similarity in shape suggested that the basic
principles of the equations were correct and that
the divergence was due principally to errors in
the constanta.

Therefore a number of systematic changes in the
constants were made to ascertaln whether or not
values could be obtained which would make the
equations acceptable as they stand. Results of
this attempt seemed encouraging and consequently
the program was rearranged so as to determine the
best values for the constants as easily as possible.

The followlng values for the constants were

obtalned:
Kl = 0-20 g
K2 = 0.86 ) '
_ ) c-ooo-o‘o ------ 0(6-1)
K3 = 0.-76 g :
K, = 0-42 ) |

Giving the solutions for eo which are listéd
in Table III and plotted alongside the experimental
results in Figs.6 - 1 (a) to @) in order to
facilitate comparison. 4 '

It 1e interesting to note that only very
slight changes in some of the constante radically
affect the values of the angle of rollf
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This shows how senslitive the final result is to
changes i1n the phase angle ¢. Consequently, the
linearization of the ¢ Vs “an‘ curves must

introduce some fairly serious errors.

Henceforth equations (6 - 1) will be assumed
to give the true constants, and therefore the full

description of the motion 1s known.

Accuracy and dilscussion of the results:

[

The curves in Figs.6 - 1 compare the experi-
mental with the theoretical solution of the angle
of roll. It cannot be pretended that the curves -
are identical, particularly at higher frequencles.
Howevef it 1s obvious that the éharacteristice of
the cur#ea are the same and that the maximum and
minimum angles of roll are very similar (particu-
larly at the lower frequencies).

The discrepancy between experimental and v
theoretical becomes increasingly marked as the
frequency rises. This is éasily explained by the

increasing 1naccurady of ¢ at these frequencies

(as mentioned in section 6 ~ 3).

However we can congsider that a sea wave with a
period less than 5 to 6 secs ﬁill in practice have
little effect on rolling because 1t is too small
in comparison to the dimensions of an average ship.

This speed 1s equal to about 3-3 rad/sec at a

| 1/10"® scale. Now, from the graphs we can see that

up to this speed the-theoretical curve 1s fairly
true.
' Therefore we can safely conclude that the

theoretical results are accurate enough to be



‘heavy rolling.

1l4.
useful for wave conditions that normally cause

At thie stage it mist ge repeated that both
the experimental and theoretical work is baéed on
Froude's equation of rolling; the merits of which
were dlscussed in Chapter 2.

Asvmentioned before, the inaccuracies incurred
by using this equation tend to make e; appear
larger than 1t should be. Furthermore, 1t must
be noted that when the equatlons glve a value for

8, which 1s large, the solution 1ls unacceptable

- 8ince the derivations are for small angles of roll

only. Actual ships are unable to roll to very
large angles because of the shape of the hull which

causes a large damping force at large angles of

‘roll. Most ships have a rolling limit of 4e° < 30°

approximately.

Therefore these equatlions can be valid only

-when their solution gives a fairly small 0y »

certainly not greater than 30°.

Further comparisons between theory and practice:

In order to give the validity of the theoreti-
cally derived solutions more weight, further |
experimental results were obtalned for different
model weights and tank widths. It 1s of interest

to present one such set of results for -

w o= 1
A = 14 1b.
a = 50

fo) .
(as shown, 8 7- 1,the half wave helght, r, 1is

immaterial).
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The same conditions were applied to the
theoretical equations.

Both the experimental and theoretical r@gﬁlté
are plotted in Flg. 6 - 2 for a water depth ééosen

at random and the agreement can be easily aséértained.

Summary:

Experimental results of ship rolling with a
free-surface tank were obtained with the apparatus
of Chapter 3. These results were compared to |
theoretically derived values using equations (5 - 15)
(56 = 17) and (5 - 22) and arbitrary values for
the unknown congtants.' ‘

The coneténts were slightly altered until the
theoretical and experimental results agreed fairly
well. With these constants, the rolling with
free-eurface tanks is completely known and the
equations and constants are used to show the
validity of the theory at some other tank width
énd.ship welight. |

Although the theoretical and experimental
solutions are not always identical, the_charaéteris—
tics are so similar that the basis of the derivations
1s most probably correct. - The errors appear;ng in |
the theoretical resulfs can be attributed to. the

inaccuracy of one or more of the many assumptlions

and simplifications made in obtaining the eqﬁations.
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7- GENERAL DISCUSSION
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Discussion of the apparatus - Discussion of the derived

equations - The quality of roll stabilization -

- - Possibilities for further investigation.

. Discussion of the apparatus:

The apparatus used (design in Chapter 3) proved
very satisfactory in conducting the necessary
experimental work.- However, some criticism of a

few aspects of the apparatus will not be out of place.

(1) The wave simulator was built to simulate
waves of differeht heights. Thisg was found to be
unnecessary since, in this work, the effect of the

wave height on the angle of roll is negligible.

(11) The simulator was designed so that different
maximum wave élopes could be simulated. Again this
was found to be superfluous as an almost linear
relationship exists between this angle and the ampli-

tude of the angle of roll.

(111) Although both a release mechanism and an
event marker were wired into the apparatus, it was
subsequently found that neither was essential for

the particular work being carried out.

(iv) An oil damper was congtructed but not used
because the inherent friction supplied all the

natural damping required.

The above four points show that the apparatus
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is too elaborate for the purpose of this investigation.

~ However, as 1t allows for the alteration of many

variables, 1t can be considered very useful equipment

for other experimental work in the rolling of ships.

Discussion of the derived equations:

The derived equations (5 - 15), (5 - 17), (5 - 22) .
and (6 - 1) are open to a good deal of criticism
as well as improvement. Following is a brief

appraisal of thelr qualities and fallings:-

(1) Equation (5 - 15) is correct if Froude's
equation of rolling is recognized, since no conse-
quential assumptions are made besides the neglect

of a few terms due to thelr smallness.

i ~

(11) Equation (5 - 17) can not be passed quite
as.satisfactorily. The value of M 1is derived for
a particular known condition and its behaviour is
assumed to be conslistent for other condlitions. The
possible correctness of this assumption is shown by
the closeness between the theoretically derived and
eiperimentally observed angles of roll.

A majJor shortcoming of this equation as 1t stands
may be that M 1s entirely independent of 8 (the
height of the tank above the centre of gravity of
the ship). Throughout the derivation, the increase
6r decrease of the moment arm due to S has been
neglected. The expected effect of thlis is that M

arpears smaller than it should be for 8 positive

.(tank above the centre of gravity) and vice versa for

8 negative (tank below the centre of gravity). No

error should exist for S = O.



The magnitude of this neglected effect could be

. Qetermined either by introducing the neglected terms

in the derivation or else by'altering the construc-
tion of the apparatus so that the relationship

between S and eo can be tested.

(111) Equation (5 - 17) is almost entirely based

on experimental observations and somewhat wide

~assumptions and approximations. Agaln, 1ts accuracy

can be Jjudged only by comparing theoretical and
experimental results. Relatively small changes in

the phase angle can cause large changes in the
gsolution to the angle of roll. Therefore little store
can be set by this equation and most deviations
between theory and experiment are probably due to

its 1naccuracy.

(iv).Equation (6 = 1) is entirely dependent on
all the foregoing relationships and may not even
exist in fact but for the assumptions made particularly
in equation (5 - 22). The values giﬁen by equation .
(6 - 1) could probably by revised even subject to
the already assumed equations because these 1s no

guarantee that the best figures were obtained.

The quality of roll stabilization:

It is quite evident that roll stabilization by

119.

means of rectangular free-surface tanks is considerable.

To obtain a clear picture of the extent of stabiliza-‘
tisn, Filg. 7 - 1 shows the response of the undamped
model plotted on the same axes as that of the model
at more or less its optimum dampingr(by means of a

free-surface tank), The low frequency angle of roll
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1s increased but there is no danger at all that

thé roll will build up when the wave frequency
‘approaches the natural frequency of the vessel.

Hence there 1s no possibility of dangerous unpredicted
rollihg angles wheﬁ waves of an unusual frequency
occur.

The actual angles of roll and ﬁhe percentage‘
reduction in roll angle cén not be determined
accurately by the analysis or experiment in this
work. The failings in the analysis have been dis-
cussed in the previous sectlon. The inaccuracles
entering the experimental work are primarily the
simulation of Froude's idealised equation of rolling
and the assumption of the damping as a first order
term at all times. | |

A further large inaccuracy in determining the
actuél angle of roll of & ship is the assumption
that the periods of a train of disturbing waves are
uniform. In practice this is ﬁot true at all. An "
analysis, to determine the response o some realistic
spectrum of wave periods,must be carried out in order

to make good this inaccuracy.

- Consequently, the results of this investigation
'are useful only for comparing varioué tank dimensions
and liquid depths and hence determining values at
which stabilization is optimum. What the actual
quantitative response is at this condition can be
estimated only approximately.

_ Téts on actual ships or scale models would give
a clearer indication of the difference between the
response found by the analysis and that of an actual
vessel.

However it is fairly safe to assume that the
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actual angles of roll will always be smaller than

the results obtained analytically (c¢f. section 2 - 7).

4. Possibilities for further investigation:

To date little research has been doﬁe in the
fleld of free-surface tank stabilizers and the -
possibilities for further research are almost \
limitless. Following 1s a short list of possible ‘
investigationg. Some of these are a logical sequence

to this work.

(1) The use of two or more rectangular tanks ‘

in parallel, each having a different liquid depth.

(11) Modifying the tank shape and introducing .
flow constrictions. Of course, this has an infinite
humber of possibilities and some intuition is needed

in order to obtain worthwhile results.

(111) The accurate determination of the phase angle
between the moment due to the moving liquid and the wewew deb

/e 08clllation of the ship.

(1v) A novel, yet interesting, research would be
.to investigate the possibilities of making profitable
use of some of the ehergy of-the moving water in a
free~surface tank. This could be a source of

[#
auxillary power at sea.




8- A GUIDE TO THE DESIGN OF

STABILIZING TANKS

Introduction - Condltions for best stabllization -

- Deslgn parameters - Determination of optimum stabi-

lization - Discuesion of the 'Optimum Stabilization
Chart'! - Use of the Chart and tank design - The

posltion of the tank - A tank for the "T.B. Davie'.

Introduction:

Having obtained a theoretical equation to
describe the action of a free-surface stablllizing
tank on the rolling of shlps, some use must be made
of 1t. In this chapter an attempt is made at co-
6rd1nat1ng all the varying’parameters involved in

this problem and.determining an optimum condition

that could be used as a‘basié for design.

. Conditions for best stabilization:

Figs. 6 - 1 sghow quite clearly that best
stabilization does not necessarily occur with the

greatest 11quid level. The stabilization at

"hy = 0-5" (Fig. 6 - 1(b)) 1is obviously better than

at hy = 1-00" (Fig. 6 - 1(d)). Although it is not
possible to lay down a hard and fast rule of what
the best possible.stabilization means, it 1s

reasonable to take this conditlon as occurring when

" the mean angle of roll over a slgnificant range of

frequencies is at a minimum 1i.e. best stabilization

occurs when

| Wy is & minimum.
: 6 dw
. w, o
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The range of wave frequencies, ) to w, must be

representative of the waves generally encountered

at sea. It has been said befors that'waves with a
period.less than 5 sec. are small and ndt particu-
larly harmful, while waves with a period largef than
12 sec. are unusual and can be considered as freak.

Therefore the range over which the mean angle of
roll is determined should be -

period; 5 sec. - 12 sec.
or 1-25 rad/sec - 052 rad/sec

Then stabilization is optimum when

fl 25 6 o is a minimum for any particular conditions.
0:52 © '

Design parameters:

The angle of roll, 6, ig given by equations
(5 -15),(5 - 17), (5 - 22) and (6 - 1).

Substituting (5 - 17) in (5 - 15) we have -

A Eﬁa - Smlwzr

J[C'w+(——/ )pw:ho cosaz [AGM—I(» +
N [o]
b _ [Zbhg,ewbhg 2
(2 / = eo)f, ; sin e]

Now C'w 1is émall compared to the other term

in the same bracket (except when cos ¢ = O, but then

the magnitude of the term 1is insignificant) and can

be neglected.

v 2
Also, 5 GM a >> Smlw r

Therefore the latter term can be neglected.
Hence the equation can be rewritten as:

(see overleaf)
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a

et
2h b2h 2 2
\/[( ngg ) fgme 2 cos ] +[1- (wén)

(3 - gb )gg‘ﬁ—hﬂsme] .......... (8 - 1)

In Chapter 3 it 1is explained'that there 1s a

limiting ratio of %% for which a ship will retain
its erect position when undisturbed. This ratio
is given by equation (3 - 11):-

p b3W
A =

2|

12

Since this equation gives the limit it 1is
suggested in Chapter 3 that a safety factor of
256% should be included so that

10 GM

W
/<
5 0 po

Rewriting this more generally -

W F GM
/A = e e s e e s e (8 - 2)
pb° |

where F 1is some constant between O and 10.

Substituting (8 - 2) in.(8 - 1) and putting

D= %Q, where D 1s a dimenslonless number:-

Equation (8 - 3) gives o, 1in terms of the

parameters:- & s D, F, 240 and ¢.
n



r
When obtaining Jeodw over a certalin range of

. frequenclies, & 1is known and o is assumed (its

value 18 not important since it is directly propor-
'tional to eo). Then eo is only dependent on

w » F, D and ¢.

n

However, substituting (6 - 1) in (5 - 22) gives'

= (92 ro 0-42 | -

and from equation (5 - 19),
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= (& r o
e = (= + 0-86) -jﬁfgrﬁ- 0:-55(0-76 - 6 )
eo L"t /b ....... .O.]. . (8 - 4)
Therefore = ¢ ="f(eo,D,b)
but 6,= £(F,D,e, w,)
6,= £f(F,D,b,w,) and is given by

equations (8 - 3) and (8 - 4).
Hence we can conclude that the quality of

stabilization depends dn the parameters W,

F,

D and b.

Determination of optimum stabilizastion:

It a stabilizing vank is to be designed for a
particular ship, the variables that become fixed
are o (fixed for any-snlp) and b (epproximateliy
equal 1o the beam of the smip). Then optimum

stabilization depends oniy on ¥ ana D.

By integrating ©_, graphlcally optimum F and

D can be found for any particular vaiues of W,

“and Db.

However these results will be completely
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independent of the liquid welght to ship welght
. ratio consideration. This may.cause the optimum
stabilization tTo occur ro} a weight ratio well
above that permissible for‘any particular vessel.
Therefore the optimum stabllization au

llmited welgnhil ratio should also be found:-
p bwnd

A
Using equation (8 - 2),

welght ratio, P =

FGMD
P = ————ee
b
" Pb :
or FD = — = Q citeeeees (8B =)
G

Now Q 18 fixed for any ship with a limited
P. By taking a number of actual ships as
examples it can easily be shown that Q generally .
varieé from 0:-2 to 1.
| i.e. 022 Q% 1
It has been shown in section 8 - 3 that

0 FZ 10

The range of values for D can not be proved
a8 convincingly, buil experimenis have énown that -
D = 0-15 18 more or less the maximum value to
obtaln the liquid behaviours dlscussed 1n Tals
WOrK. Fﬁrtnermore, 1T 18 1nterestiing TO note
that experimenters Vugfs and van den Bosch do not
consider any vaiues of D above O-1ll.

. 02 D<Z0-°15

GrapnlcaL'integratlon { by means oY computer)
of 6y from equation (8 - 3) and (& - 4) av
various values of w énd. b and for varying

F, D and 4, yielded mean angles of roll wnose
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minimums were plotted to give the 'Optimum

Stabilization Chart', Fig. 8 - 1.

Discugsion of the 'Optimum Stabilization Chart!':

Over the whole range of natural rolling perilods
considered, the optimum stabilization actually
occurs at a value of F greater than 10. Therefore
the values of D at F = 10 must be taken (this is
the maximum tank width). (Note that the optimum |
stabilization lies on two separate curves).

Since @ = FD and, F = 10, optimum stabilization
for limited liquid weight will be at a constant
D (= %5) for any particular value of Q.

The surprizing exception to the above 1is Ah
additional optimum curve for F = 4 at very low
natural frequencles. quever this curve gives values
of D above 0:15 and therefore cannot be entirely
trusted. This curve 1s tentatlively glven in Fig.sl— 1
up to D = 0-2. | -

Fig. 8 - 1 shows that optimum D does not vary
a great deal with changes in b .so that interpoiation

for values inbetween those given should be easy.

" S8ince the curve for F = 4 1ig purely tentative, no

attempt has been made to plot it for different values

of b,

Use of the Chart and tank design:

In order to desigp é tank for a ship:-
(1) b must be known (approximately equal to the
bean) |
(11) The natural period.of roll must be known. This

can be found by:
T = 2= g%g where
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k 1is the radius of gyration and GM is
the metacentric height.
(111) The dead weilght of the ship must be known.

(a) If there is no limit to the liquid weight
to dead welght ratio:-

The optimum value of D 1s found from the -
optimdm stabilization curve (F = 10) for the known
values of b and T.

Then the required tank dimensions will be -

the tank width, w = ;%rgglL (from eqn.8 - 2).

the liquid depth, hy= Db

and the tank length = b,

(b) If the maximum permissible liquid weight
to ship weilght ratio is B P:-

Q 1is found from equation (8 - 5) -

_Bb
© =T

The optimum value of D 1s found from the optimum
stabilization curve (F = 10) for the known values
of b and T.

Now the maximum permissible value of D 1is %3
1f Dypy >.%5, then take D = 3
But 1f £ > Doy take D = Doy

Hence the required dimemsions are -

tank length = b
tank width, w = lfégglt
1iquid depth, h, = Db

(NoteT The curve of F = 4 may aleo be-usable at very

low natural frequenciés)-
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8 - 7. The position of the tank:

8 - 8.

From the discussion of Chapter 7, we see that
the tank pérformance improves as the tank position
1g raised.

Therefore the tank should be fitted as high as
possible in the ship.

Alohg the fore and aft axis the tank ghould be
placed so that its moment is in the same plane as
the disturbing moment, otherwlse the couple formed
will tend to swing the ship. This plane 1s perpen-
dicular tolthe longiltudinal axis and lies approxi-
mately at the centre of gravity of the ship.

Therefore the tank should be mounted as near
the centre of gravity as possible and as high above

it as possible.

A Tank for‘the "T,B. Davie':

To conclude, an example of interest might be to
determine the optimﬁm tank‘dimehsions for the
UT.B. Davie'. It is assumed that there is no limit
to the welght ratio. ' |
Although the final figures for the dimenslons
of the vessel are not available, the following

values will be used -

G = 3 ft.
k = 9% ft.
beam = b = 20 ft.
o = 200 tons.

The stabilizing liquid is water, p = 62-4 lb/ftS.
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1
(o2}
(8]
e:]
(o]
Q

From the optimum stabilization curve, for

! T =65 sec and b = 20ft -
| D = 0-0325
' 10 x 3 x 200 x 2000
= f .
The tank width, w | 654 7 203 t
= 24 ft.
The tank length = 20 ft.

20 x 0-0325 f¢.

The water depth
= 0-65 £t (73")

To check whether this gives a reasonable welght

ratio -

24 x 20 x 0:65 x 62-4
200 x 2000

= 0-049
| 2 o
Thls seems a very reasonable percentage and 1is

probably acceptable for this research vessel.

. . The suggested dimensions-of a free-surface
stabilizing tank for the "T.B. Davie", based on the

avallable data (given above), are:

20 ft.

length

width = 24 ft

water depth 0.65 f¢.

The best poslition for the tank is as high as
possible and longitudinally as near the centre of

gravity as possible.
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This design will give a minimum mean angle of
Aroli over the range of frequencies of waves commonly
encountered.

However, the angle of roll at very low frequencies
will be larger than without stabllizing tanks;
therefore when rolling 1s caused by very long waves
(low frequency), the water in the tank should be let
out or reduced.

The average wave has a period of 8 sec. and for
this and higher frequenéies the stablilizing tank

should reduce the rolling.
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