
J. -• 

11 AN ANALYSIS OF SHIP ROLL DAMPING BY 

RECTANGULAR FREE-SURFACE TANKS " 

' 

I 

The
 U

niv
ers

ity
 of

 C
ap

e T
ow

n



 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 

The
 U

niv
ers

ity
 of

 C
ap

e T
ow

n



1 



11 AN ANALYSIS OF SHIP ROLL DAMPING BY 

RECTANGUlAR FREE-SURFACE TANKS 11 

by 

E.A. Szechenyi 

• 

Submitted to the department of Mechanical 
Engineering, University of Cape Town, in 
September 1966, for consideration for the 
award of the M.Sc.(Eng) degree. 

. . 



J 

~ 

' if 

P R E F A C E 

The present investigation attempts to analyse 

the action of rectangular tree-surface tanks as 

passive ship roll dampers. 

In order to develop the necessary equations, the 

characteristics of ocean waves and the motion ot 

ships among them are discussed in detail. A simulator 

was designed to reproduce ship rolling conditions at 

sea. With the aid of this apparatus, the mode of 

liquid movement in a rectangular tank fitted on a 

ship was observed and actual angles of roll tor 

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 permit the use of these equations for com­

paring the damping performance of rectangular tanks 

ot different dimensions and varying liquid depths. 

Consequently the equations were used to compile 

an 11 0ptimum Stabilization Chart". By means of this 

Chart, the tank dimensions and liquid depth for best 

possible stabilization can be obtained for any ship 

whose particulars are known. 

As an example, the Chart was used to determine 

the tank dimensiqns and water depth of a stabilizer 

giving optimum damping to the new u.c.T. research 

vessel, the 11 T.B. Davie". Unfortunately the figures 

available for this vessel were only approxi·ma te but 

i. 



the simple calculations can easily be repeated if 

the true dimensions differ appreciably from those 

used. 
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TAB L E 0 F S Y M B 0 L S 

Following is a list of the symbols most widely 

used in this thesis. Other symbols are used only in 

one or two sections and are introduced in the text; 

their inclusion here would on+y cause confusion as they 

are sometimes repeated with different meanings in 

different chapters . 

.. denotes 'approximately equal to'. 

denotes 'proportional to•. 

B centre of buoyancy 

C I 1 II ) c ) damping constants (ft lb sec) 
1,2,3, 

D ratio of water depth to tank length (h0 /b) 

G centre of gravity of the ship (or model) 

GM metacentric height (ft) 

I moment of inertia of ship (or model) about 

its centre of gravity · ( lb ft sec2) 

K constants 1,2,3,4 

L ocean wave length 

M moment caused by moving bore (lb ft) 

M1 restoring moment on rolling ship (.lb ft) 

P ratio of weight of liquid in tank to dead 

R 

weight or ship (mlg /A ) 

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 

v. 
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\ 

b tank length (ft) 

g constant of conversion from lb mass to 

lb force · 

h ocean wave height (ft) 

h0 still water depth in tank (ft) 

k radius of gyration of ship (or model) (ft) 

m1 mass of water in tank (from Ch. 5 onwards) 

r radius of orbit of ocean wave surface 

particles (= t wave height) (ft) 

t time elapsed (sec) 

w tank width (ft) 

t. dead weight of ship. (or model) (lb) 

« slope of ocean wave 

a
0 

amplitude of ocean wave slope 

e phase angle between bore and rolling angle 

e8 phase angle between disturbing wave and 

rolling 

e angle of roll 

e
0 

amplitude of angle of roll 

4> some angle ( = wt ) 

w angular velocity (rad/sec) 

wn angular velocity at the natural frequency 

of the ship (or model) (rad/sec) 

wn' angular velocity at .the natural frequency 

of the still-water surface-disturbance 

in the tank (rad/sec) 

p density of liquid in tank (lb/ft3) 

(] scale factor for ship models 
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ERRATA 

The last equation before Section 2 - 5 shbuld read:-

o£ sin ut 
0 

= GM 1 + ex cos c:..;Jt 
0 

41 The last equation on this page should read:-

.·.:· 

· 52 Equation (3 - 14a) should read:-

56- 0·31m ± 1(56- 0·31m )
2 + 4(130m - 55·6)(m - 5·12

1

) t ;/ t t t 

2 (mt - 5·12) 

Equation (3 - 14b) should read:-

= 
11·25mt- 57·6 

d1 + 11·25 

·85 The 5th, 6th and 7th lines respectively should read:-

86 

90 

Now c1 is constant and only c2 needs altering. 

The equation for a near the bottom of the page should read:­
o 

2J'Y2. b2 2 a = - -{3 d(3 
0 rr - ~ rr2 

The 1st line of the paragraph starting in the middle of the 

'. page should read:-

1 "The constant / 2 pwa will not be II 

Equation (5 - 12) should read:-

.. [ ,owa:x ( 2 b2 )] . - - I. ) I. ) IS+ C + g S + 12 e +A GM 9 = ..6 GM «
0
sin,'->t + E's - M cos,(.)t - E' 
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I - I N T R 0 D U C T I 0 N 

Historical background - The action of rectangula·r 
free-surface tank ship stabilizers - The scope of 
this investigation. 

1 - 1. Historical background: 

During the second half of the nineteenth century 

the transition from sail to steam as a means of ship 

propulsion brought about its own particular problems. 

One of these was ship rolling, which hitherto had 

beem damped by the sails. 

The first recorded investigation into a mechanical 
• 

means of damping the roll is a paper read by Philip 

Watts· to a meeting of the Royal Institute of Naval 

Architects in 1883. In this·and a subsequent paper 

read two years later, Watts described how the movement 

of a fluid in an open r~ctangular tank placed across 

a ship creates a moment which damps the ship's rolling. 

However, there was little practical interest in this 

idea and it was soon forgotten. 

Ship stabilization 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 oscillating 

liquid column counteracts the rolling motion. This 

type of stabilizer has been fitted to a number of 

ships with a fair measure of success but has never 

really become popular. 

A number of modifications of Frahm's tank have 

been fitted to ships but their effectiveness has 

. . 
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generally been very similar to that of the original 

U-tube device. 

The period between the World Wars saw the develop­

ment of a mechanical stabilizer which used the torque 

resulting from the forced precession of a gyroscope 

to oppose the disturbing moment. This invention 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 stabilization. 

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 speed of the ship, the fins 

having no effect at all when the vessel is stationary. 

In more recent years the trend has been back to 

stabilization by means of liquid transfer. In 1964 

·a patent was granted to J .McMullen Associates for 

their 'flume-type stabilizer' .. This stabilizer 

consists of two wingtanks connected by a flume (or 

channel) with a free fluid surface. The system acts 

par.tly like a Frahm tank in that pressure differences 

are created by viscous effects and partly like Watts' 

original tank because the wave action, although 

hampered, is still present. This stabilizer has 

been fitted to a number of ships with (according 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 stabilizer in which the transfer of 

liquid from side to side is effected by means of an 

axial flow pump .. A gyroscopic sensing device similar 

2. 



to that used for fin and gyroscopic stabilizers 

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 passive rectangular open 

tank for ship stabilization. However, since 1964 

the shipbuilding laboratories of the Technische 

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. 

1 - 2. The action of passive rectangular free-surface tank 

stabilizers: 

From now on only passive rectangular tanks are 

discussed and for convenience will be referred to 

::merely as 'free-surface tanks' or just •tanks'. 

Fig. 1 - 1 

'\ axis_ of_ 
. --:7-rouing 

Following is a brief outline of the principles 

underlying the use of 'sloshing' ]quid in a tank 

as a ship stabilizer: 

The_t~nk is mounted across the beam of the ship 

extending more or less from side to side (F1~.1- 1). 

The main stabilizing action is created by a bore 
. '•. 

3. 
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travelling to and fro along the length of the 

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

set up by the rolling oac~tion of the ship. The 

liquid in the tank must be shallow so that a bore is 

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. 

1 -· 3. The scope of the present investigation: 

At present no theoretical analysis of the moment 

caused by the moving bore or ita ship stabilizing 

effect is available. This investigation will attempt 

to present such an analysis. 

The first requirement 1n 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 ObJec~1vely 

·gauged. 

With the help of experimental observa~ions and 

results, at least an approximate theoretical analysis 

should be obtainable. The equations derived will be 

used to obtain.a criterion for designing tanks that 

will give optimum stabilization. 

4. 
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2 - T H E R 0 L L I N G M 0 T I 0 N 

0 F S H I P S 

Introduction - Ocean waves - Characteristics of surge type 
waves- Froude 1 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. · 

2 - 1. Introduction: 

Ship rolling is a low frequency oscillatory motion 

caused by progressive waves moving past a ship in a beam­

wise direction. The variation of the slope of the wave 

profile at the depth of the centre of buoyancy ot the ship 

shifts this point, causing the disturbing moment. 

Fig. 2 - 1 

ship 
actual wave profile 

centre of 
buoyancy 

The response of ships to this 'forcing function• has 

been studied by a number of people to a greater or lesser 

extent. The most widely a~cepted and simplest equation 

ot 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 Russian authority on the subject, has exposed 

inaccuracies incurred as a result of the assumptions made 

by the aforementioned researchers and otters a more 

accurate and complex expression based on hydrodynamic 

principles. However he is also forced to make broad as­

sumptions in order to keep his equation as easy to handle 

pro­
file 



as possible. 

Since 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. 

2 - 2. 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. 

Waves thus generated are damped out very slowly and 

frequently move into areas of no wind. In such cases 

6. 

the waves settle down to a regular two-dimensional pattern 

called surge or swell. This is the only type ot wave that 

can be expressed mathematically with accuracy and is also 

the pattern ot ocean movements most generally encountered. 

Breakers, the third category ot waves, occur when a 

surge type wave moves into water where depth does not ex­

ceed half the wave length. The crest of the wave then 

rises, the sides becoming steeper until the peak breaks. 

These are the waves encountered at the coast. 

In the study ot ship motions, only the disturbance due 

to surge type waves is analysed because ot the simple geo­

metry of these waves. 

2 - 3. Characteristics of surge type waves: 

(a) A swell moves two-dimensionally as plane progres­

sive waves. The profile of these waves is thoroughly 

analysed in a wide variety of literature and hence it is 
I! 
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known to be very nearly trochoidal. The small difference 

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 ct. 

Fig. 2- 2 and Ref. 1 (pg.l4). 

Direction 
of wave movement 

trochoid 
------- water wave 

Fig.2 - 2 

In the motion ot plane progressive waves, the water 

particles do not move with the waves but perform circular 

orbits of decreasing radius with increasing depth below 

lhe surface (Fig. 2- 3). di ti ~ wave rec on 

wave 
~~--~~~~~~~~~~~=t~~-4~~~~=i~~~~surfac~ 

Fig. 2 - 3 

Each particle, as a point on a fictitious rolling 
~~ 

~~~~. describes a trochoid whose amplitude depends on 

the radius of the particle's orbit. Each successive tro­

choid is a line ot constant pressure. Hence the orbiting 

surface particles also form a 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 (~ig. 2- 4). 

rolling line 

L 

Fig~ 2 - 4 

h is the wave height 

R is the radius of the rolling circle 

r is the particle orbit radius, i.e. 

tor a surface particl~ r a t wave height 

L is the wave length (peak to peak) 

~ is the angular velocity of rolling 

t is time elapsed 

a is the slope of the curve 

For convenience, let angle ~t -= <; 

From Fig. 2 - 4, 

At any instant 

x = R<; • r sin<; 

y = R - r cos<; 

Also 2 'AR = L 

From (2- 1) and (2 - 2) we have:-

dx - R • r cos<; - -d<; 

and dy - - r sin<;" -
d<; 

The slope of the trochoid, « 
dy . -
dx 

•••• ·(2 - 1) j 

•••• '(2-2)/ 

a. 
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Now we assume « small, / 
\ 

• 
r sin ~ . .. tan « - « - . . . . . . . . . . . . (2 - 3) 

• 

. 

R .,. r cos q, 

r;R sin q, -1 + r;R cos q, 

In rolling, the maximum disturbing moment will be caused 

by the maximum wave slope. 

Let the amplitude ot. wave slope be «0 , 
I 

This occurs when 

dct 
- = 0 

i.e. when R cos q, + r = 0 

or cos q, = - r;R 

Substituting in (2- 3), 

r -
- /R2 • r2' 

1 

Lj • the ratio h- 30 
~ 

As will be seen later, for the average wave , /. 
·Lj~t~ __ ..,.., ---

j_{._ 
2-. R -E~~~- 30/' /r - A - -'X 

10 J 

• (R/r)2 • >> 1 

• 
• • = .......... (2 ~ 4) 

Substituting (2- 4) in (2- 3):-

or 

= 
a sin q, 

0 

1 + CXo . cos q, 

= a
0 

sin <.t)t 

........ 

1 • «
0 

cos <.t)t 

(2 - 6) 

9. 
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(c) 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:-

line 

Fig 2 - 5 

mg 

' ........... ____ .,. (a) (b) mg 

The forces acting on the particle are 

(i) the centrifugal force, m~2r 

(ii): the gravity force, mg 

Since the particle does not move relative to the· 

surface, the resultant force must.act normal to the slope 

of the wave. 

Hence the triangle of forces, Fig. 2 ~ 5· (b), yields 

mg sin ex = mrw2 sin ( ¢ - ex ) 

• sin .a 
• • (.1),2 - g/r 

sin (¢-ex) 

But ... sin ex and cos ex ... l ex - -
Then by substituting equation (2 - 5) :- . 

(.1)2 ; 

• 
. . . 

g sin q, = g/R 
R sin¢ 

But R = ·L/2~ 

. ............ (2 - 6) 

Rewriting this equation in terms ot the period, T:-

(d) The wave length to height relationship: 

In theory the limit to the ratio L/h must occur when 

- . - .. .--- - I I .. 
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The figures of Table I may give the impression that 

progressive waves are all identical to each other and 

that the period of the waves is constant. This is in 

fact not true. The figures in the Table are average; 

the actual figures vary at random 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 (Ret. 2). 

2 - 4. Froude 1 s equation of rolling: 

The assumptions made in this analysis are:-

(i) The waves are long compared to the beam of the 

ship. 

(ii) The form of the wave profile is a sine curve. 

(iii) The ship is broadside to the waves. 

(iv) The ship behaves as a particle of the water 

surface and therefore performs an orbital motion 

in space. 

12. 

(v) The 'effective• wave surface which passes through 

the centre of buoyancy is the actual wave surface .. 

(vi) The motio.n of the shiP. is completely free of 

damping. 

(vii) The buoyancy force on the ship always passes 

through the meta-centre. This is only strictly 

true at small angles of roll. 
I 

(metacen tre) . 

hor1zontal 

wave sur41' o 
-- sl.. • -"'-a ..... c..;:;.e-~ --"-l-l.tll 

-..-:_a "'..,.t 
--~ er 

----J..J:lle --
G 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:-

(i) the gravity force, ll g 

(ii) the centrifugal force, /lw2r 

(iii) the reaction normal to the wave surtace 

due to the above two forces. --
The reaction force tor a ship must be the buoyancy P, 

which is normal to the wave slope. 
• . .. p = 

. • . p = 

ll cos a + ll /g w2r cos (cp -a ) 

As before, a is small 
2 

A + A w r (cos cp + Cl sin cp ) 
g 

..•.. : .... (2-7) 

The equation of motion of the ship is of the form:-... 
I a + M' : 0 .••..••.•. (2- 8) 

where I is the moment of inertia ot the ship 

M' ·is the restoring moment 

From Fig. 2- 7, we see that 

M' - p 'GM (a -a ) -
where GM is the metacentric height. 

Substituting from equation _( 2 - . 7) :-

M' • GM (a-a(;l +w2r (coscp +a sin<P)] 
. . g 

From. assumption (i1) we have 

- a
0 

sin cp (2 - 9) a - . . . . . . . . . . . . 
Also from equations (2 - 4) and (2 - 6) we have 

r; and 2 1/R ao = (&) /g = R 

Then by substitution, 

M' = ll GM ( a- a
0 

sin cp >[ 1 + a0 cos ¢+ a
0
2 sin2</> J 

a and a are small. Neglecting all terms of the 

second order ot smallness (i.e. a0 2 and aao) as very small 

compared to unity:-

M ' = A GMa - ll GM a0 sin cp 

.. 

I 
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Substituting in equation (2- 8):-.. -I e + ~ GMe - AGMa
0 

sin wt · .•...•.•... (2- 10) 

(wt = <P) 

This is Froude 1 s equation ot rolling and may be rewritten 

by dividing through by ~ :-

= GMa sin w t . . . . . . .... ( 2 -
. 0 

where k is radius ot gyration ot ship. 

Or else, since 
•• 

a= a sin wt, 
0 

lOa) 

k2 e + GM a :. GM a • • ••.••••. ( 2 - lOb) 

In these equations, 

k2 a·+ G'Me = 0 .......... (2- 11) 

is the equation of tree rolling and 

GM a is the forcing function. 

&-~) "'~..,k 
Using,Jthe ~rochoidal solution tor a , the equation 

becomes:-

1 - aoeos wt 

2- 5. Solution to Froude's equation ot rolling motion: 

The general solution ot equation (2 - 10) is that 

ot forced vibration tor an undamped single degree o~ 

freedom system and may be written down as:-

6 : C1 Sin ~t + C2 COS Wnt + 60 Sinwt 

( Wn is the angular velocity at the natural frequency) 
(5\v~ AU' 

where the first two terms&are the tree oscillation and 

the third is the forced oscillation. 

The free oscillation is ot little significance here 

because in a damped system it dies out very quickly with 

time and in actual tacb a rolling ship is a damped 

oscillation, as will be seen in section 2 - a. 

' 
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· Hence we consider the particular solution 

6 = 60 sin wt .•.•••..•• ( 2 - 12) 

where 60 is the amplitude of oscillation. 

Substituting the above in (2- lOa):-

. . 

- k2w2a + GM60 = GMa0 0 

6 ': 
0 

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

• . . = 
1 -

(A)2 
n 

• ••••• (2 -

This solution shows that at w = ~ , 6 ->co 

i.e. resonance occurs. 

The generai solution mentioned above includes 

the terms f'or'{,f'ree oscillation which will set up a 

beat in the vicinity of the natural frequency until 

the damping causes this transient to die out. 

Although equation (2- 10) represents rolling in. 

a very simplified and linearized form, the true 

motion of' a ship, qualitatively at least, follows the 

same pattern as that given by Froude 1 s equation. 

Quantitatively the tru~ motion may v~ry considerably 

from the results of Froude. 

2- 6. 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 find it necessary to assume 

the ship as merely a particle of a wave surface. 

13) 
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As opposed to Froude 1 s purely dynamic analysis 

ot the motion, Krilov's approach is the consideration 

ot the hydrodynamic forces in detail. 

·Taking the basic equation of motion (2- 8):-
•• Ie + M '= 0 

M• is determined as the sum ot the moments 

caused by the hydrodynamic force on elements ot 

the area of the hull. 

The detailed derivation of this is very long 

and can be found in ret. 2 section 32. The final 

solution will be sutt~cient and is given as 

16. 

•• 
- Iv " ••••..•.. < 2 - 14) 

where I v is the moment of inertia ot the dis-

placed mass of water. 

• . . 

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

Ie + t.GMe = t.GMa + Iva 

In Krilov•s assumption, as in Froude's, 

•• 
Ie + 

a : _ "
0 

sin wt 

= t.GMa ain wt 0 Iv<ho sin wt •. (2 - 15) 

It is evident that this equation differs from 

that of Froude (2 - 1~) by. the term Ivw2a0 sin wt 

in the forcing function. Krilov explains that, 

this term is due to the nonuniformity of the ship's 

vertical acceleration. Froude obtained a corres- . 

ponding term in his analysis but neglected it since 

it was of the second order of smallness. 

T.he magnitude of Iv· is generally in the 

region of 40% to 50% of I and therefore is not 

negligible. 



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. 

2 - 7. The effect ot Krilov's .term: 

For equation (2 - 14) assume the particular 

· solution 

a = a sin w t 0 

and neglect the superimposed tree oscillation. 

• . . 

Then: 

= 
(A GM - Iv w2) «0 

A GM - Iw2 

Dividing top and bottom by A GM and putting 

~I= wn2 (see section 2- 5), we have:-

Equation (2 - 13) gave Froude 1s solution for a0 

as 
a 

= ------0~----~ 
l - ( w~n )2 

Comparing the above two solutions it is obvious 

that the angle ot roll according to Froude is 

larger than that tound through Krilov•s more accurate 

17. 

.. 



solution by the amount 

(X 
0 

Now Iv;1 is generally in the region of 0·4 to 0·5 

(see section 2- 6). 

' Therefore Froude's angle exceeds Krilov's by an 

w 
Hence we see that at a low frequency ( n;w >> 1) 

the error is small and negligible. However the 

error increases with w tending towards a maximum 

at w = wn • Resonance occurs at this frequency so 

that the angle of roll tends to infinity whether 

considering Froude or Krilov. 

Fig. 2 - 8 compares the angles of roll as obtained 

by the two solutions. I 
I 
I 
I 
I 
I 

\ 
\ 
\ 
\ 
\ 

' 

Krilov 

la. 

' ' ',, · Fig. 2 - a 
...... 

1 

To summar-ize, Froude's solution (equation 2 - 13) 

leads us to expect a much larger angle of roll than 

actually occurs. 

2 - a. Natural roll damping: 

The natural damping of ship roll is due to:­

(1) the skin friction between water and hull. 

(i1) the loss of energy of the ship in the 

generation of waves. 



.-

(iii) the moments set up by·vortices and other 

flow characteristics determined by the 

shape of the hull. 

(iv) the forward velocity of the ship. 

(i) Skin friction: 

The damping moment due to the skin friotion, 

M1, is necessarily a function of the angular 
' . 

velocity of roll, a , because it is caused solely 

by the shearing force between the water particles at 

the hull and the particles immediately adjacent . 
• i.e. M1 = C1 a 

where c1 is some constant. 

(ii) Wave generation: 

It the ship were purely a rolling cylinder 

this effect would be nonexistent because the waves 

are generated by the "paddle" effect of the vertical 

sides of. the hull. It is well known that the force 

exerted on paddles in fluids is a function of the 

square of the speed. Hence the damping moment due 

to wave generation (M2) may be expressed as:-

M2 = c2 a2 

where c2 is some constant. 

(iii) Hull shape: 

Any fullness of form outside the circular 

shape, besides generating waves, has the eff~ct of 

causing "streamline" water pressures opposing the 

the rolling motion. These pressures become parti­

cularly marked about hull protrusions such as bilge 

keels (Fig. 2- 9). 

The magnitude of th1 s damping moment bas 

been found experimentally to depend mainly on the 

19. 
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T 
' 

force 
I 
I bilge keel Fig. 2 - 9 

• angular velocity of.roll, a, although it is also 

·a function of e 2 particularly at large angles of 

roll. The exact relationship between the moment and 

the angular velocity is characteristic of individual 

ships and cannot be acurately predicted. The com­

plexity of this effect will be realized when 

considering that experimenters cannot agree on the 
• 

powers of a affecting the moment; some maintain 
• • 

that the moment is also a function of a3 or even e4. 

(iv) Forward velocity of shiE: 

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 following average comparisons between 

their magnitudes:-

Skin ~riction 13·5% 

Wavemaking 16·0% 

Hull ·shape 70 · 5% 

Obviously it is very difficult - welln1gh 

impossible - to derive an exact general 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. 
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used data pbtained by observing the still water 

rolling (free rolling) of numerous ships to lay 

down the following general expression:-

21. 

oa = aa + b e2 .••••••..• (2-17) 

where oa is the decrement ot roll (over 

one cycle). 

and a is the mean angle of roll. 

a and b are constants determined ex­

perimentally for any particular ship. 

Although a and b are purely and solely 

dependent on the characteristics or the ship 

concerned, their relative magnitudes are usually 

of a similar order in cases where no anti-rolling 

devices such as bilge keels are used:-

b ~ ?% of a (~ bilge keels) 

The fitting of bilge keels increases b 

considerably while the change in a is compara­

tively small. The magnitude of the increase in 

b is impossible to define generally but it has 

been observed to increase by as much as tenfold. 

Our aim is to obtain an expression for the 

damping moment tor inclusion in the equation of 

rolling. This expression ~ust somehow incorporate 

~ne errec~s discussed at the beginning of this 

section and at the same time must satisfy Eqn(2 - 17} 

We have seen that the overall damping 

moment is primarily dependent on 6 and e2. 
Therefore let us assume 

Md = C3a + C4 62 
where c3 and c4 are some constants. 



It we now assume rolling motion with small 

angles or r·oll only, e is small. Hence e will be 

small over the range of wave frequencies (Period = 
2 to 12 sec. ) . Then a 2 will be of the second 

order of smallness and. negligible. 

. . for small angles 

22. 

•••••••••• ( 2 - 18) 

For the 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 in 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 ce must be 

found via the solution or the equation or damped 

rolling and compared to (2- 17). 

2 - 9. Equation of damped rolling: 

Consider equation (2- ll):-

k2 a·+ (}Me = 0 

If we now introduce damping according to 

equation (2 - 18), then 

I~ + c e + t.GMe = 0 ••.••••..• ( 2 - 19) 

is the equation of damped rolling in still water. 

The solution or this equation is well known 

(Ref. 4 pg.39), and yields 

en+ 1 

en = 
~ C/Iq -o 

e 11:1 e 

where q is the damped natural frequency 



and en and en+. 1 are consecutive peaks of e
0 

It is well known that in the case of ships with no 

anti-rolling devices, the damping can· be considered 

small. 

• 
• . 

• 

i.e. 

. . 
also 

1tC is small 
Iq 

o is small 

-o .. e - l- o 

... q - w· 
n 

e 
l - ?tC. n + l = ''IW en n 

the decrement of roll over one 

en- en + l = e - e n n 

e n?tC - r;; 

cycle, oe , is 

1tC 
(l - L.o ) . 

n 

i.e. oe = Ke •••••••• ~.(2- 20) 

where K is a constant = tZn 

To compare this solution with equation (2- 17), 

consider the curves ·or 06 vs e ' Fig. 2-lO(a). 

In order to determine .K and hence c as 

accurately as possible, equate (2 - 17) and 

(2 - 20) :-

Ke = ae + be2 

i<: = a + be 

Hence the best value ot K will be that 

obtained for a mean overall value of e. 

Therefore for any known values ot a and 

b, and assuming a mean angle of roll e •, the 

best value of the constant K is obtained. Fig. 

2- ~O(b).· 

23. 
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Fig.2- 10 

Hence the damping constant is determined:-

Kiwn 
c ... • •••.•• · ••• (2- 21) 

tv 
When refering to ship damping, th1s.constant 

is frequently quoted in dimensionless form and 

called ~ :-

,.,. = 

i.e. ,.,. = 

c 

2I <A>n 

K 

2 

,.,.is known as the coefficient of decay of 

the rolling motion. 

~ow having determined the damping moment, we 

can introduce it into the equation of rolling:-

Ii • AGMe AGMa 0 .•••.•...• ( 2 -ca + - sin <A>t + -

for Froude 1 s simplified equation. 

If Krilov 1 s hydrodynamic term· is considered, 

the equation becomes:-

•• .. 
AGMe AGMa0 Iv~o sin <A>t Ie + ce + = sin <A>t 

.••••••••• ( 2 -

Finally, if the true trochoidal shape of 

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

22) 
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•• • 
Ie + ca +A GMe 

1 + a0 cos wt 

Equation (2 - 22) is the complete linearized 

equation of rolling motion used in this work. 

The other equations will be found too cumbersome 

(section 3 - 3). 

2 - lO.Summary: 

(i) The profile of ideal progressive ocean 

waves. is trochoidal. 

(ii) The change in the position ot the centre 

of buoyancy of ships caused by the changing slope 

of passing waves induces the rolling in ships. 

(iii) The basic equation of undamped rolling of 

ships on the assumption of a sinusoidal wave 

profile is of the form derived by Froude, i.e. 

Equation (2- 10). 

(iv) 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 without the inclusion of a damping 

term, which is very real in practice. 

The damping moment is mathematically com­

plex and is conveniently simplified and linearized 

to give a term ot pure and simple first order 

viscous damping. The constant which then governs 

the damping depends entirely on the shape and size 

of the ship concerned. 

(vi) The consideration of the damping moment 

leads to the equation:which completely desoribes 
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the rolling motion of ships (in a very simplified 

form,. ot course). 

26. 
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3- D E S I G N 0 F S H I P R 0 L .. L 

SIMULATOR & SUITABLE 

FREE-SURFACE TAN K 

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

2?. 

- Mechanical design of the ship model - Relation between 
ship weight and free surface tank width - Weight dis­
tribution in the model - Instrumentation - Damping -
- Summary. 

3 - 1. Introduction: 

A ship roll simulator must consist essentially ot 

two main components: 

{i) a sea wave simulator 

(ii) a dynamic ship model 

The combined motion ot 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 conditions. 

To obtain a versatile simulator, it is necessary 

so to design the components that the wave and ship 

characteristics-may be altered and set to simulate· 

a range ot desired conditions. 

The result to be obtained from experiments on 

the simulator is principally the angle of roll at 

various wave configurations. Therefore the apparatus 

must be instrumented so as to enable continuous, 
' quick and accurate angular measurements while the 

model is actually rolling. Furthermore, it is 

important that the liquid motion in the tank should 

be easy to observe. 



3- a.The wave motion simulator: 

.The problem is to design a mechanism which will 

simulate the changing slope of a wave while per-

. terming the orbital motion of surface particles. 

These requirements are satisfied by a small tlat 

plate performing vertical circular orbits, while 

its slope is made to conform to a true wave slope 

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. 

Considering Fig. 3 - 1: the angle ot the wave 

surface plate must be at a to the horizontal, 

where a is given by equation (2 - 3). 

The length of the crank arm, r, is half the 

height of the simulated wave - to some predetermined 

scale. p 

Fig. 3 - 1 

------ ____ --:----=J_a __ • --- __ · __ _ 
[::::-,.........--- . 

mechanism consistsof two arms 

OC and QS turning about centres 0 .and Q in 

a vertical plane and always parallel to each other. 

·Q is vertically above o. 
The link 

'1 

CC·•· is fixed perpendicular to the 

wave surface plate and passes through a swivelling 

28. 



slide at S. 

This arrangement ensures that CS always 

passes through the same point in space, P, whatever 

the angle ¢ • To prove this, consider the linkage 

at two differen{positions ¢1 and ·¢2 in Fig.3 -
pt 

\ 
p {\ - '· 

I . 

Q 
¢1 

¢2 Fig. 3 - 2 

0 

r · OP 
= .. 

r·' OP - OQ 
for 41, 

r OP~t 
and -r-• OP' - OQ 

for q, 2 
. '\ 

but r and r·' are fixed, 

• OP OP' . . -OP- OQ OP·• - OQ 

i.e. gj -- gj 0 .1 

OP ·- OP· 1 

Then OP must represent the radius of the 

2: 

rolling circle of a trochoid generator. OC represents 

the radius of the tracing circle. The rolling line 

is through P perpendicular to OP. 

The slope of the surface plate is a, 

where tan a ·'· = . CTfTP :. · a, since a is small. 

But TP = R + r cos 4> 

CT = r sin <f 

29. 



The length d must be fixed to some value 

convenient for construction. 

The required speed of the mechanism is obtained 

from equation (2 - 6) where 

=f2!i 1.·7 
. . 

the speed 
•..••.•••• (3 - 2) 

where w1 is the angular velocity of the 

simulator arms . 

i.e. The wave speed is scaled according to the 

square root of the linear scale. 

To summarize, the mechanism of Fig. 3 - l will 

simulate exactly the. movement of a segment of a 

wave surface. 

3 - 3.The dynamic ship model: 

The 11model sh1p 11 required must be such that it 

will roll on the surface plate of the simulator, 

subject 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, 

Fig. 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, , 

31. 

the centre of the rolling profile must be at M,(which is· 



Fig .. 3 - 3 

~ 

~---~w . 
the effective meta-centre.) wl~ 

The radius ot the protile is R'. 

The centre of gravity of the model, G, lies 

vertically below M on the axis of symmetry so· 

that the height, ~. is the metacentric height 

known as GM, to scale cr· 

e is the angle of roll from the vertical. 

81 is the weight of the model. 

I1 is the moment of inertia of the model 

about. G. 

The motion is assumed as pure rolling (no 

slipping takes place). Then the equation of 

rolling is: 
•• 

32 .. 

= 0 . •.••.•••• (3 - 3) . 

where M1 is 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, r1 • 

(ii) The gravity force ~1 perpendically down. 

(111) The friction force along the surface plate, 

, F2. 

(1v) The centr1fugal.force at G due to the 

. . 



2 
Al wl r 

orbital motion at 4> to the vertical. 
g 

Assuming pure rolling, the vector sum ot 

forces must balance. 

Hence:-
2 

Alwl r 
F1 - A1 cos a + cos (cp +a - 180) = 0 

g 

But a is small, 

wl2r 
= A 1 [ 1 + (cos cf> - a sin cf>) J 

g 

and A ~2r 
F 2 - . A1 sin a + 1 

J. · 

• 

= 

g· 

w 2r 
1 

g 

sin (cf> + q. - 180) = 

(sin cf> + a cos cp ) J 

From equation (3 -· 2) we have 

= 
g: ~. 

But Ll - 2·JtR -

w 2r 1 r . --
g R 

r 
We have already seen that /R = ao 

0 

33. 
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• • ••••••••• ( 3 - 4) 
g 

Therefore we can write 

Fl ·= A1[ 1 + ao (cos cp a sin ¢) J 
} .......... (3- 5) 

F2 = ~[a + ao (sin cp + a cos ¢) J 
These two torces Fl and F2 cause coupl'es:-



34. 

(i) F1 GM sin ( e- a:) ••••. anticlockwise in Fig. 3 - 3 

(ii) F2 [ R• - GM cos ( e- a:)} ••• clockwise in Fig. 3- 3 

The above two couples are the only disturbances 

causing the motion of the model. 

Then, considering anti clockwise as the 

positive direction, 

Ml -- F2 [ R' -'GM (cos e + a: sin e) J 
+ · F1GM (sine a: cos e ) •••••••••• (3 .. 

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

M1 = -t:.1R'·" - ~lGMl [ R' "o sin</> + R'~ a:0 cos</> 

- "o sin</> cos e - a: 0 a: 2 cos </> sine .. - sin e · · :. 

- a:0 sin e ·cos</> - a:2 "o sin <P cos e J · 
We have assumed e as small in the analysis o! 

ship motion, 

• . . sin e :. e -
and cos e ... - 1 

Also, e is of the same order of magnitude as a: 

so that any product of e and a: is of the second 

order of small quantities ·and negligible. 

. . = 

Rewriting this equation -

M1 =-t:.l[R' a:- GM1e + (R' - GM1 ) a:0 sin <t>J 

Substituting in (3- 3):-

6) 

•••••••••• (3 - 7) 

Comparing this equation to Froude's equation 

ot rolling (2 - 10) we see that the form of the 



equation is similar when R'· = GM1 . 

i.e. rewriting equation (3 - 7) with I\ 1 = CR-!1 :-

= A GM (X 

1 1 

and dividing through by A1:-
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2·· - -k1 e + GM1 e = GM
1 

a •••••••••• (3 - 8) 

• where k1 is the radius of gyration .of the 

model. 

This equation is identical to (2- lOb). 

We have seen in section 3 - 2 that 

(X = ------------

and ~ is the angle turned through by the 

simulator arm in a certain length of time. 

Therefore we can write: 

~ = wltl: 

As before, wl is the speed of the simulator and 

t~ is the time elapsed. 

a0 sin wl t1 . . . = 

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

of the model is: 

a0 sin w1 t 1 
•••••• (3 - 9) 

1 + "o cos wl t 1 

and gives a motion slightly more accurate than 

Froude 1 s equation in that the forcing function is 

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 



Hence the use of Froude's equation for the 

model is not unreasonable and in fact, for the 

sake of simplicity in calculation, we shall assume 

a.,• a0 sin w1 t 1 for the simulator. 

i.e. The equation of motion of the model subse­

quently used is: 

36. 

= .......... (3- 10) 

although equation (3 - 9) describes the motion 

exactly. 

It has already been discussed in section 2 - 6 

that froude's equation of rolling does not describe 

the rolling of a ship entirely satisfactorily. A 

further term Iv& should appear in the equation. 

No conceivable alteration to the simple model 

assumed above will give a term which is a function 
• ot a • The closest to obtaining such a term would 

be to assume a .: e (at frequencies below resonance 

·only, because a phase of 180° appears at resonance), 

since they have been taken of the same order. 

Then a .= ·e and the equation could be written:-

= 

However this becomes completely invalid when 

the existing damping is introduced in the equation 

because then a p~ase angle exists between a and e 
•• •• and the terms a and e can no longe.r be added 

scalarly. The assumption a .: e is also completely 

invalid when frequencies approach resonance and 

e increases considerably. 



Since the only assumption conceivably possible 

has no validity at all, there is no obvious or 

simple way ot introducing the extra hydrodynamic 

term by means of the model on the wave simulator. 

The only possibility might be to have a ship model 

in actual water waves. 

Consequently we must be satisfied to simulate 

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 
I 

work is not necessarily detrimental, since the 

successtul damping of this rolling will result in . 

even better stabilization on an actual ship. 

The_retore the model of Fig. 3 - 3 with R • = OR 

is suitable enough to simulate the rolling of ships. 

However tor equation (3 - 10) to represent the 

rolling of an actual ship, the coefficients must 

all be scaled to the scale ot the model:-
! 

tor ship k 2e + GM a - GM aosin wt 

for model k12e + 'GM1 e = GM1 ao sin w 
1 t 1 

a is the same for both equations and 

w t = w1 t 1 

for any instant . 

• ·• The equation of the model can be obtained by 

multiplying the equation ot the ship by the scale a:-

GM1. 
• a as mentioned before 
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and 
2•• k1 e 

k2e 

\ = (j 

"6 in each case being a function ot w2 and w 12, 

respectively. 

. . 

i.e. 

k 2 
1 

k2 - 2 
(J 

= (J 

Hence tor exact simulation of' rolling, the 

dimensions to be scaled are as follows:-

(1) the length and height of' waves .<x scale) 

(ii) the radius of gyration (X scale) 

(iii) the metacentric height (X scale) 

(iv) the angular velocity (or speed) ot the 
1 

waves (X ) . 
..J scale 

At this stage it might be mentioned that 

although the simplification ot 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 orbital motion to give the realistic movement 

of a ship in space which will be necessary to 

study the forces acting on the liquid i~ a tree 

surface stabilizer. 

38. 
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the model's dimensions as opposed to those of a ship. 
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3, - 4. Mechanical design of the wave simulator: 

Firstly it is necessary to determine the scale 

to which the apparatus is to be built. 

Consider an average wave of height 10 tt. 

(section 2- 3). This height is represented by 

the diameter of' the orbit described by the surface 

plate of the simulator. A practical dimension 

tor this could be 1 tt. i.e. a scale of 1/10· 

Let us consider this as the sc~le:-

cr = 1/lo 

Let the range of' the mechanism be such as to 

simulate waves with heights from 8 tt. to 30 tt • 

and h/L from l/30 to 1/20· 

h/L. = 1;30 is the general average value 

(see section 2 - 3) at which experiments will be 

carried out. 

Then, applying equation (3- 1 (a)) tor hjL 

hcr 7td 
r' = 

2 30 

lb 
Bu1; = r 

2 

. . r• = r- 0·1047d 
\ 

Now 2r varies from 0·8 tt. to 3 f't. 

· • . r 'min = 0·4 0·1047d 

and r'max • 1·5 - 0·1047d 

The plate carrying arm must have an arm to 

carry a counterbalance weight on the oth~r side 

of' the axis of' rotation (Fig. 3- 4 overleaf'). 

= 1; . 30" 
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Fig. 3 - 4 

countel" 
weight I 

3'6"! 

Therefore d must be large 

eriough to accomodate r'max 

and the counterbalance arm 

~ " " < J )_;:::1" " 
simultaneously. If this arm 

is of the same length as the 

then: maximUm wave height, 

. . . . 

. . 
d > 1·5 

d > 
3·0 

1·1047 

O·l047d + 1•5 

... 2·72 ft. 

To give adequate clearance, say: 

d = 32" 

Then · r' will vary from 1•3 11 to 14-5 11 • 

The complete design ot the simulator is shown 

on the drawings, Fig. 3 - 5. 

The drive is such that a variable speed 1s ob­

tained ranging from very slow to well above the 

natural frequency of the ship to be tested. A 

maxim~m speed of 6 rad/sec for the lfloth scale 

simulator will be adequate tor any:·realistic tests. 

It is important that the drive be capable of 

operating at very low speeds. 

The drive used in this apparatus is a 1;6 HP 

DC motor wi~h a variac as a speed control. To 

make this possible, the speed is reduced through 

a 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 main shaft of the simulator 

above the ground is determined as follows:­

Consider the model on the surface plate which 

is set for a maximum wave height. When the model 

is in the wave trough, the pendular weight of the 
-

model at a maximum of 20" below the wave surface 

(see section 3 - 5) must clear the ground. (Fig. 

3 - 4). 

Therefore the minimum height of the shaft above 

ground is: 

18 + 20 = 38" 

For good clearance this height is taken as 3' 6". 

The speed of the mechanism is measured by means 

of a small. dynamo driven directly ofrthe motor 

whose output is measured on a voltmeter. This equip­

ment is of standard Air Force type so that the 

calibrated units on the meter have no significance 

in themselves. However by calibrating this meter 

against a rev. counter measuring the main shaft 

speedJ it was 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:-

= flow= 3·16 w 

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 d. Further, the extreme 

case of a wave of height 30 tt. is unnecessary and 

the surface plate carrying arm could be shorter. 

41. 
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3 - 5. 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 dimensions are ~he radius of gyration 

and the.metacentric height. 

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

Radius of gyration (k) ! 9t ft. 

Metacentric height (GM) ~ 3 tt. 

Hence according to section 3 - 3, the 

respective dimensions tor the l/10 th size model 

will be:-

GM. ~ 3·6 in. 

k :: 11·5 in. 

In work on stabilizing tanks, the beam of 

the ship is also of importance since a tank placed 

across a ship will have a length approximately. 

equal to the beam. 

The beam of the "T.B. Davie" is 20 - 21 ft. 

Allowing for a 2ft. clearance on either side of 

the tank, a tarik length ot approximately 15! ft. 

can be assumed. 

Then, to lf1oth scale, the tank on the model 

must be: 

16•5 
---- ft. ~ 20 inehes long. 

10 

Henceforth this tank length is denoted as b. 

43. 



So far we have that the radius of the rollers 
~ 

must be 3·6" (= GM) and the ~ of the tank 20~. 

The weight of the model is not fixed but it must 

be distributed so as to give a radius of gyration 

for the model of 11·4" about the centre of gravity. 

Further, it would be of obvious experimental 

advantage if the weight of the model could be 
'L 

altered without too much difficulty while still 

retaining the same radius of gyration and same 

centre of gravity. 

This can be done by the use of pendular weights 

at the top and bottom of the model (Fig. 3- 6), 

one of the weights being movable. 

Considering ~Fig. 3 - 6:-

m is the weight of the tank, rollers etc. whose 

centre of gravity is at distance d from the 

centre of gravity of the model. 

I is the inertia of this section about its 

c. of g. 

m1 is the pendular weight at the bottom of the 

model, d1 from the c. of g. of the mode~. 

m2 is the top pendular weight at d2 from the 

c. of g. of the model. 

Now • •••••••.• ( 1) 

to maintain the same centre of gravity. 

and m1d1
2 + m2d2

2 + I = 11·42~ · •••.. (ii) 

where ~ is the weight of the model to 

maintain a constant k = 11·4 11 

also •.•.....•• (iii) 
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c. ofg. ~, _/ 

of central sect1~~~~~-.--------------~,~~~ 

c. of g._ 
of complete model 

d 

1 m1 
l 
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Fig. 3 - 6 



By varying m1 , m2 and d
1

, 15. can be varied,. 

while equations (i), (ii) and (iii) remain true. 

Also m, d, d2 and I remain fixed. 

The weight 15. will be determined by the tank 

width since the greater the weight, the greater 

the tank width required for the same stabilization. 

For design convenience we shall work with 

tank widths ranging from 1" to 2i"· The model 

weights tor these tank widths will be determined 

in section 3 - 6 and can be adjusted on the model 

merely by adding or removing weights at the top 

and bottom and resetting the position of the bottom 

weight. 

The length d1 is a function of 15. which is as 

yet unknown. However rough calculations show 

that d1 max < 20 11 tor the purpose of this experi­

ment. 

Hence we have the overall design of the model 

as shown in Fig. 3 - 7. The potentiometer indicated 

in this drawing will be discussed later. 

· 3 - 6. Relationship between ship weight and tree-surface 

tank width: 

• Consider the model on the horizontal surface 

plate and liquid in the tank to a l'evel ho. If 

the model is disturbed from its vertically upright 

position, it should return to this position when 

released. However the tree surface effect of the 

liquid collecting on one side may well have a 

greater moment than the restoring couple, so that 

the model remains permanently at some angle to the 

. 46. 
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vertical. Obviously this condition is not tolerable 

in a ship and the limiting weight of the ship giving 

an upright stability position must be determined. 

The weight ot water in the tank = pbh
0

w lb. 

where: 

b is length of tank 

w is width or tank 

ho is depth or water when ·ship is vertical 

p is density or liquid 

Let us first consider the particular case 

illustrated in Fig. 3 - 8 where the angle or incli­

nation, e• , is such that the cross-section or the 

liquid just forms a triangle, i.e. tan e~ = 2ho 
o-

· Then the moment arm or the liquid is: 

b b 2 
- - - + - ho sin e ' · · + S . sin e ' - GM sin e ' 
2 3 3 

(for cos e' :! 1) 

' 

47. 

where s 1s the heignt or tank·above c.or g. or the 

model, 

and the moment arm of the c.or g. of the model is: 

GM sin e• 

• 
• • Equating moments:-

AGM sin e• = (~ + 2 ho sin e• + S sine' .- GM sine' )bhow 
6 3 

However e' is· small, 

sin e• - e• • • - = tan e• = 2ho 
-o 

2A"GN =[~+ 4ho2 2ijo ]pbw • . ·--o 3'f)--+ ( s - -m;r) 

(j 
c -



but he /b 

Chapter ·s 

b2w p [ 8h0 2 _ 2h0 J 
= ------ b + ---- + (S -·GM) 

12 GM b b 

is of the order of 1; 20th ae discussed in 

b2 >> 8ho2 

and b2 >> 2( S - GM)ho, particularly it 

S ::. GM. 

pb3w 

48. 

A = --..... 
12 'GM 

•.....•••• ( 3 -· 11) 

where the constant 112 1 is nondimensional. 

Applying equation (3 - 11) to the model· 

with water in the tank:-

where b, w and GM are in inches. 

(p for water = 62·5 lb/ft3) 

For the angle of inclination of the model at rest 

to be less than 6' ~ 

b3w 
A > 3 X 10-3 - • • •••••••• ( 3 - 12) 

"GM 

By analysing· any condition ot stable angle of' 

inclination e < e' it can be shown that the 

equation f'or A is identical to equation (3- 11). 

i.e. Equation (3- 11) gives the limiting value of 

A above which the stable position of a ship will 

always be vertically erect. 

At this point it is of' interest to note that 
-

the limiting weight of' the ship as given by 

equation (3 - 11) is dependent on the width of' 

the tank only and NOT· on the depth of liquid in· 
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Fig. 3 - 8 

' 
(c.'of g. of 

Fig. 3 - 9 · 



L__..J._... __ •n: M __ _ 

the tank. 

Returning to the example using water in the 

model, in equation (3 - 12) 

b3 - 203 -
'GM 3-6 

2220 

• 
3 x lo-3 x 2220w . • 11 > lb. 

> 6·? w lb. 

where w is in inches. 

Then f'or. the slenderest tank of 1 11 width -

the weight ll > 6·? lb. 

and f'or the widest tank of' 2i" width -

the weight 11 > 17 lb.' 

Due to the f'aot that a small term has been 

neglected, limiting 11 will be slightly larger 

than indicated above. To take a safe figure tor· 

ll, the calculated values are increased by a 

'safety factor' of' say 25%. 

Then 11max 
.. 

f'or the model is - 21 lb. 

11min for the model is : at lb. 

Introducing this 25% safety factor in the 

general equation (3- 11), we obtain a useful and 

workable equation f'or limiting 11:-

11 - •••..••..• (3- 13) 

It may be mentioned here that if' S is 

negative, i.e. the tank is below the centre of' 

gravity, the previously neglected term involving 

(S - GM) will become more significant and the 

l1m1 t1ng 11 will become smaller. However this 

change is small, as may be seen by comparing 

b2 to 2(S - ~)h0 . 

50. 

.. 



3 - 7. Weight distribution on the model: 

When weighing the parts. of the constructed 

model, the following results were obtained:­

(the symbols refer to Fig.3 - 9, m being 

the weight of a part and d the distance or its 

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

m1 and m2 are the bottom and top pendular 

weights and are to be determined. 

G 

m3 = 1·08 lb .• 

m4 - 0.94 lb. 

• 

4· 76 l.b .. 

0·~0 lb, 

dl is to be determined 

d . 2 -11·25" 

d3 = 3·00 11 

d4 - 7·00 11 

d5 = 6·75" 

ds = 6·00 11 

Also, the moment of inertia 

(Fig.3 - 9) was tound: 

Il = mldl2 lb.in.2 

I2 = 126·5 m2 lb.in.2 

I3 .!) 1 lb.in. 2 

I4 = 46 lb.1n.2 

I5 - 235 lb.in.2 

Is - 21·5 lb.in.2 

of each part about 

The conditions to be fulfilled were discussed 

in section 3 - 5 and are repeated here tor convenience: 

( i) To tal weight, mt = a as required . 

51. 
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( 11.) The centre of gravity must be, at G 

(Fig. 3- 9). 

(iii) The moment of inertia about G must 

be ll· 42 mt. 

To satisfy ( 1 ) :-

m1 + m2 = mt - 7·38 ••••••••.• ( 1) 

To satisfy (1i):-

mldl + 3·6 + 6·55 = ll·25m2 + 3·24 + 32·2 
. . • In_t d1 - 11· 25m2 = 25·3 . ..••..... ( 1i) 

To satisfy (1i1):-

mldl2 + l26•5m2 + 303·6 = (11·4)2 mt . ~ •••• (iii) 

Substituting (i) in (ii):-

m1d1 - ll•25(mt - m2 - 7·38) = 25·3 

ml(d1 + 11·25) = ll·25mt ~ 57·6 •••.••.•.. (iv) 

Substituting (i) in (ii1):-

l26•5(mt - m1 - 7·38) + d12m1 = l30mt - 303·6 

m1 (126·5 ~ d12) = -(3·5mt + 630) .......... (v) • . .. 
Equating (iv) and (v) :-

ll·25mt - 57·6 630 + 3·5mt -dl + 11. 25 d1 2 - 126. 5 

Hence: --------· 56- O·almt ·+ + 4(130mt - 55·6)(lf\-S·I1. 
dl =,, ------------~---------------------------- ~ 2(mt - 5·12) 

• . • . . . . . . . ( 3 - l4a) 
Using this result, from (iv):-

. . . . . .. . . . ( 3 - 14b) 

Then from (i) :-

. m2 = mt - m1 - 7·a8 .......... (3 - l4c) 

By solving equations (3 - 14) tor values of 
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6 

eights 

ml 

and 

m2 

(lb) 4 

( 1) m1 vs mt 
(11) m2 vs mt 
(iii) dl VS mt 
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~ \... 
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14 16 18 20 22 
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mt (=A) between 8·5 and 2llb., the necessary weight 

distribution for the model is determined. This is 

shown in the graph ot Fig.3 - 10. Compliance with 

these values will always ensure that the conditions 

· laid down above are always obeyed. 

3 - 8. Instrumentation: 

The essential instrumentation tor this apparatus 

is a method of determining the angle of roll of the 

model. 

Firstly, there must be some reference marker. 

The link No. 12 in Fig.3 - 5 is arranged to be always 

vertical and hence is a vertical reference marker. 

A slider is fitted in the portion ot link No.l2 

below the surface plate. 'This slider carries a small 

radial potentiometer (Fig.3- 11). 

A second identical potentiometer is 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 rolls, the potentiometer settings 

change, altering the potential difference between 

the two wipers. This change in potential is recorded 

and represents the amplitude of roll. 

That the potential changes truly represent the 

angle ot roll is shown as follows:-

The potentiometers use~ are linear; therefore 

the potential difference between wiper and terminals 

changes linearly with the angle turned through by. 

\ 

\ 
\ 



pendular rod 
of model 

f 

/) 
fixed vertical I 
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p.otentiometer 

Fig. 3 - 11 

plate 

Fig. 3 - 12 



the wiper shafts:-

f; ,... ov and Y..... 6V 

lihere {3 and "f are the angles turned through 

by the two potentiometers respectively from the 

vertical position.and ovl and ov2 are the 

changes ·in potential due to these angles ot rotation. 

Now consider Fig.3 12. By geometry -

f3 = Y + e 

. . e = f3 - Y 

Hence by connecting the potentiometers so that 

the difference between potential changes can be 

read, ov1 - ov
2 

·= oV..., e 

This arrangement allows for any lateral movement 

of the model without affecting the true reading of 

the angle of roll. 

The complete wiring diagram ot the potentiometers 

and control panel is shown in Fig.3 - 13. 

!his diagram immediately shows a source'ot error 

in the 200 ohm zero-setting resistance. However, 

this error is small since the maximum addition ot 

200 ohms to the terminal of the 15 K ohm potentiometer 

introduces an error ot less than 2%. Moreover the 

usefulness of this resistance as a tine adjustment 

of the zero {no angle ot roll) position greatly 

exceeds its nuisance 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 

56. 
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j or · 
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o scilloscop 

---· ----- _ _J 

Fig. 3 - 13 

control panel . r-------- -----
1 marker signal I 
I· outpu 1 
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I 

. I 
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I 
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I 
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marker voltage I 
regulator . 

. I 

marker 

I I 
L _____ ----- _! 

Fig. 3 - 14 

simulator ,-------, 
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I 

release solenoild 
I 
I : 
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~ of the potential changes occurs between the 

wiper terminals. 

The output signal which is the potential 

difference between the wiper terminals is recorded 

while the model is in motion and the amplitude ot 

this signal represents the angle ot roll. 

Less important instrumentation includes an 

event marker and a release mechanism. These two 

are supplied by the same 24 volt batteries. The 

wiring diagram is shown in Fig.3 - 14. 

,· 

The release mechanism consists of an electro-

magnet fixed to the vertical marker link which 

withdraws 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 is only transmitted 

at one specific instant in every cycle, the same 

instant at which the event marker is excited. 

T.he bottom of the wave trough was selected as 

this instant ot release.· 

These two refinements are not essential. 

3 - 9. Damping: 

The simulation ot rolling would not be complete 

without the introduction ot some damping to the 

rolling ot the model. 

In section 2·- 9 it was shown that the damping 

required must be viscous or nearly so.· This is 

best supplied by a simple oil damper. 

However, experiments with the model aw constructed 

58. 



59. 

0 0 ......... 0 
r-l m r-i 

IV I 
Q) 

0 M 
<D bD 

Q) 

"' - ~1g. 3 - l~L 



show that the potentiometers and, to a lesser extent, 

the rollers provide a substantial amount ot damping 

as shown in the curve of decay ot the model Fig.3 - 15. 

The curve shows that the decay tends to be 

exponential rather than linear, i.e. it is more or 

less viscous. 

Fig.3 - 15 is obtained'tor the model weighing 

22 lb. Erom the curve it can be determined that the 

effective damping constant for this case is 

approximately 0·58 lb.in.sec. Is this ~ping 

adequate? 

The amount of damping actually required is 

given by the equation 

The damping constant = 
(a+ be) I w n 

where a and b are constants as indicated in 

chapter 2, and w , the natural frequency = r=cw; 
n -J gkl 

T.hat the constants a and b are the same 

for both the actual ship and the model can be shown 

as to'llows -

Froude's equation of damped motion may be 

rewritten as: 

(a + be)I~M ! 
I "a + --:-o"J' ~ -?t gk ~ · +A GM a = 

, (a + be)k~ .• 
k2•• I , a. e + . - "'+ 

'Jt g 
GM e = GM ao sin cp 

For a scale a, 

(GM)m [ (a + ~ ) k { Gl~ e J m 
= = a 

[(a + be)~ v~e·] s ('fm).s 

where subscripts m and s stand tor model and 

ship respectively. 

60 .. 
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Now • is a function ot w \ a 

[(a + be )k -/tm w] m 
a = 

[(a + be ) k ,J'GM'" w] s 

From section 3 - 3 we know that:-

• ..fa 

. . a = 

• • 

=a 

(a + be)m 

(a+be)s 

= 1 

, . {a ., - a 
{a 

Since the angle ot roll a is the same tor ship 

and model, the number (~ + be) remains the same 

whatever the size ot the model. 

Then, introducing values, the damping constant 

for the model becomes:-

. f:l( a + be) ll· 4 { 3 · 6 
= 

~ .{386 

- o · 35 A (a + b a) 

The values of ·a and b tor the 11 T.B.Davie 11 

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 tor 

damping 1s unimportant in this work, since 1ts 

effect 1s almost negligible compared to the damping 

due to tree-surface tanks. 
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Assume the mean angle of roll, e = 100. 

Then C1 = 0·35 A (0·035 + (0•174 x 0·05)) 

- 1·53 X 10-2 
A 

In section 3 - 6, A was determined as varying 

trom 9 lb. to 21 lb. 

. . cl varies trom 0·138 to 0·322 lb.in.sec. 

Considering that the damping moment is very 

small compared to tree- surface tank effect which 
k 

is being studi~and also that it is ver~ small 

compared to the inertia and restoring moments, 

a fairly large error in C will virtually not 

affect the results ot the experiments to be 

conducted. 

. Therefore, it we accept the damping in the 

mechanism as being adequate, we obtain the still 

water decay ot Fig.3.- 15 and we are as close to 

the true rolling ot a ship as we are likely to 
.. 

get. 

This assumption greatly simplifies matters 

· and makes a damper unn_ecessary; however, in orde~ 

to give the apparatus 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 1 gaps 1 on either side of the paddle in 

the oil tank should be as large as possi?le. 

To give damping constants ot the order of 

those encountered in ships, the gaps were calculated 

to be 25 thou tor an immersed paddle area ranging 

from 2 in. 2 to 6 1n.2, the viscous fluid being 

62. 



standard gearbox oil (2,500 centistokes at 600F). 

In subsequent experiments this damper was found 

to act quite satisfactorily besides causing a 

model 

----
oil 

------

63. 

bracket fixed 
to surface 

plate 

~-----lon-----~~ 
Fig. 3 - 16 

good deal ot oil spillage. However tor the free 

surface tank tests discussed here, the damper 

had a negligible effect and was dispensed with. 

3 - lO.Summary: 

(i) A simple sea-wave simulator and appropriate 

rolling ship model are designed to obey Froude 1 s 

equation ot damped rolling motion exactly. 

Fig.3 - 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. 

(ii) The simulation of Krilov's more complete 

equation ot rolling motion cannot readily be 

performed mechanically. 

(iii) The measurement of the angle of roll is 

done electrically by means of rotation sensing 

potentiometers giving an output signal which is 

either recorded by a pen recorder or else a 

storage oscilloscope. 
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4- THE T.H E 0 RET I CAL M 0 V EM EN T 

0 F S H A L L 0 W L I ~ U I D I N 

LATING RECTANGULAR 

0 S C I L -

TANKS 

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

4 - 1. Introduction: 

The principa~ purpose of this chapter is to em­

phasize the complexity of the movement of shallow 

liquids in an oscillating tank such as a free surface 

tank on a ship. 

The motion of liquid in a .tank is to some extent 

predictable (s.ection 4 - 2); . however a tank with 

angular oscillations gives rise to very intricate 

two dimensional flow problems. The combination of 

these two effects as in the case of a liquid in a 

tank mounted on ~ rolling ship requires a hydro­

dynamic analysis which is well beyond ~he scope of 

this work and should be ~ackled preferably by a 

mathematician. 

To bypass this difficulty an analysis based 

partly on assumptions obtained from physical obser­

vations is attempted in Chapter 5. 

4 - 2. Shallow liguid in a horizontally oscillating 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 oscillations. 
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Consider the case where the tank begins to move 

cosinusoidally from rest, the liquid being initially 

completely still. The effect of the tank motion of 

the still liquid is identical to that obtained by a 

paddle advancing into the liquid on one end of the 

tank and another paddle moving away at the other end 

(Fig.4- 1). At any instant the liquid particles in 

contact with a moving tank wall will be given the 

velocity of the wall at that instant. This causes 

a disturbance in the liquid surface which becomes 

a bore (moving hydraulic.jump) of small height. 

The height of the bore depends on the change of 

velocity of the tank wall during some lapse of tim~. 

In Fig.4 - l consider planes- a and b. The 

plane b will have been given a greater velocity 

than the plane a, since the tank movement is cosinu­

eoidal and the speed is increasing. 

Therefore the surface velocity of the segment 

between a and b must be greater than that ahead· 

of a. This can only be if the liquid depth between 

a and b is greater ~han tha_t ahead of a, since 

the surface velo~i ty c ;;:;: v~h·, where h is the 

depth and cb > ca 

hb. > ha 

Considering the •compression' end only (left hand· 

end in Fig.4- 1), the wall is accelerating or 

increasing its speed over the first -¢ cycle; therefore 

during this time the consecutive planes will have 

surface disturbances of increasing velocity, i.e· • 
. 

x1 < x2 < x3 etc. 

The sections 1 to 5 were all generated with the 

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

with time. 

When xmax is reached at x - 0, the pattern 

changes slightly since the increments following are 

now s 1 0 we r than xmax' 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 

oocurs in the first t cycle and a build up or 

'compression' in the second t cycle (Fig.4 - 3) 

exactly the reverse of the compression side. 

After approximately a t 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 superposition. 

Up to this point the equation of the surface 

profile can be found. However after sufficient time 

. some of the sections 1 to 5 in F1g.4 - 1 will catch 

up the one ahead so that the wave front will become 

steeper and steeper, finally changing tram a weak 

shock front to a discontinuous shock wave,or, in 

hydraulic terms, a fully developed bore. 

It the shock front reaches the end of the tank 

before the bore is fully developed, a reflection 

takes place which will follow the pattern ot super­

position and thence continue till the 'steep shock' 

appears. The reflection of a fully developed bore 

will follow the s~e law as a shock wave reflection . 

( \ 
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in a gas and can also be solved by using the 

principle of superposition. 

In the 3rd ,and 4th t cycles the sinusoidal motion 

will superimpose another wave onto the reflecting 

waves so that the resulting. interaction will depend 

largely on the difference between the frequency of 

the tank and the natural speed of the wave. The 

latter is directly a function ot the liquid depth. 

To show the mathematical complexity of this 

b a s i c movement, the equation describing the· 

fluid surface profile of the •compression• wave 

· during the first t cycle is derived below:-

Fig.4 - 5 shows a tank with liquid to a still 

surface depth h0 • The tank is oscillating in a 

linear horizontal direction. 

t - 0 
I 3 2 
I ~·~~~--~--~-----------
r-s.o-1= .... -a_o---'~ Fig. 4 - 5 

a = a 0 cos wt 

where w is the angular velocity 

t is the time from rest 

ao is the amplitude of oscillation 

The speed ot a surface disturbance on a fluid 

ot depth h is given by 

X = vgh •.•••••••• (4 - 1) 

For the first section, element 1, the surface 

speed is 
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where h0 is the still water depth. 

The velocity w1 of the particles of fluid 

vertically below this surface is given as 

= 

w0 being equal to zero. 

Writing this more generally, the particle 

velocity of the nth element relative to that of the 

element immediately ahead is:-

where hn is the depth of the element and 

-~ _ 1 is 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 -

= 

= 
n hn- 1]~ L:_ [1-

n=o hn 

t· vg(hn - hn 
- 1 J 

vhn n=o 
= 

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

n oh 
wn = vg L: 

~ n-o n 

J hn dh 
..:. vg -

ho v'"h 

= 2( ..fghn - I gh0 ) ••.•••••.• (4 ~ 2) 
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Now the surface velocity of the nth element is 

equal to 1g~ r e l a t i v e to the liquid into 

which it is advancing. • 

Therefore the absolute velocity of the surface is 

in = ..f gh l + w l .n- n-

where wn _ 1 is the particle velocity of the (n- l)th 

element and n -n- l is the depth into which the 

surface element is moving. 

From equation (4- 2), 

Wn- l = 2( ~- l - .fgho) 
. . xn = I g~ - 1 + 2 .fg~ - l - 21 gho 

i.e. = •......•.. (4- 3) 

Therefore the absolute di.stance travelled by 

the bore between the nth and the (n + l)th element 

in time t' is: 

The position at which this bore was generated 

by the tank wall at time t was a = a 0 cos w t. 

At this position the velocity or the tank wall 

was a 0 w sin w t and this is the speed imparted 

to the liquid particles of the element in contact 

with the wall i.e. the nth element. 

a 0 w sin wt = Wn 

a 0 w sin wt = 2(1ghn - lgh0 ) 

·1 [2~ J t = -; arc sin - ( v'h - Vh0 ) 

&ow 

i.e. t is the time until generation of the nth·. 
\ 

element and t' is the time from that instant. 
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Therefore the overall time elapse is: 

= t .... t• 

and the distance of the nth element f'rom the centre 

line of' oscillation (a = o) af'ter time t 0 is: 

x = A - a 0 cos ·wt 

• (3~·- 2lgh0 )(t0 - t) - a 0 cos cot 
· •••.•••••• (4 .. 4) 

However, 2fg 
sin wt = (fhn - vh0 ) 

&ow 

C08 1J,lt = 

Then substituting for t and cos cot in 

equation (4 - 4) we obtain the equatiqn o! the 

surface profile of the •compression• disturbance 

before any interaction has taken place. 

The equation relates the coordi~ates (horizon­

tal and vertical) x and h. Since the coordinate 

h referred to bas the subscript n throughout, 

this subscript can be lef~ out (h0 is a constant): 

••••.••... { 4 - 5 ). 

A similar equation may be f'ound for the 

other end of the tank and the sum of the h 1 s in 

the two equations give the depth after interaction 

ot the two disturbances has taken place. However 

h cannot easily be taken 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 

disturbances takes place and further complicates 

·the issue. 

4 - 3. Shallow liquid in a tank on a rolling ship: 

For a tank on a rolling ship, the oscillation 

is far from purely horizontal; in fact the 

angular motion .contributes more to the movement 

of the liquid than the horizontal displacement 

{assu~ing the tank not at the centre or rolling). 

This was found experimentally for a tank mounted 

well above the centre or rotation (centre or 

gravity). 

It seems at first sight that this problem 
~~~ should be solved by Bernouali~bised on the 

assumption that the pressure on all surface 

particles is the same. I However Bernou}lli 1 s 

equation requires that there be no energy loss 

in the system and this is incompatible with the 

present problem, since the concept of tree surface 

stabil~zation is 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 tind some solution tor 

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 - E Q U A T I 0 N 0 F ROLLING 

WI T H FREE-SURFACE 

STABILIZATION 

TANK 

Introduction - Observations and Assumptions -
- Moments acting on ship due to moving liquid -
- The equation or motion or ship and tank - The 
solution of the equation of motion or ship and· 
tank - Some ommissions and corrections - A 
possible value tor M - Possible values of e -
Summary. 

5 - 1. Introduction: 

We have seen in the previous chapter that a 

theoretical analysis or liquid behaviouP.s in an 

oscillating tank will not be attempted because or 

the mathematical complexity. 'A practical and logical 

solution can presumably be obtained by observing the 

behaviour or the liquid and working on the results 

as basic assumptions. On introducing these into the 

equation of rolling, an equation of motion which is 

not too difficult to solve and whose terms have some 

physical significance should be obtainable. 

To ascertain the accuracy of these assumptions 

the solution of the equation will be compared in a 

later chapter to experimentally determined results 

of ship rolling. 

5 - 2. Observations and assumptions: 

The apparatus described in Chapter 3 was run to 

observe the behaviour of shallow water in the free-

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

. develops into a bore with a steep wave front and 

it keeps moving as such (Fig.5- 1). The exception 

to this occurs at very low frequencies. 

(ii) On reaching the tank wall, the bore 

reflects to repeat an id~tical half cycle in the 

opposite direction. 

(iii) The speed of the bore is approximately 

constant and such that it has the same period as 

the tank. 

(iv) The height of the bore varies with­

a).the angle of roll 

b) the frequency 

c) 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 judicious assumptions 

must be made. 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 

wave front moving at constant linear velocity x on 

a water level which is always parallel to the tank 

base (Fig.5 - 2). These simple assumptions will be 

used to find the characteristics 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 e and a 

which are as yet undefined and will·be determined 

by further observations •. 

5 - 3. Moments acting on ship due to moving liquid: 

Consider the tank in Fig.5 - 2 as fitted on the 

ship model described in Chapter 3. The tank has:­

length b 

width w 

S is the height of the mean liquid depth 

above the centre of gravity, G, of the em p t y 

(water-less) ship and tank. 

h0 is the still liquid depth 

h1 and h
2 

are the liquid depths on 

either side of the moving bore. 

To obtain a general solution, the density 

of the liquid is p• 

The position ot the bore, 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 

valid because the maximum distance of t~e instantaneous 

pivot point from the centre of gravity is eo GM 
. . 

where a0 is small by definition and therefore eo GM 

is .small compared to the lever arm which largely 

depends on the tank length b. 

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, 

?? . 
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(ii) the unbalances weight of liquid acting at 

some lever arm. 

Consider the case of the bore moving from left 

to right as shown in Fig.5 - 2:-

The mass ot the liquid causing a moment about 

G is: ( 1. e. the shaded portion in Fig. 5 - 2). 

pwa b X 
m = (_ + ) 

g 2 cos a 

Now throughout this analysis we assume a; small, 

• . cos e :. 1, sin e = e 

. . pwa 
m = (!b + x) •...•••... (5- l) 

g 

Inertia Im ot this mass about the centre of 

gravity G is: 

1 a 1 tb + X 2 ib - X 
Im=m[!-(-) 2 +-( ) +82 +( )21 •.••• (5-2) 

3 2 3 2 2 J 

As mentioned above, part of the moment caused 

by the moving liquid is due to the rate ot change 

ot angular momentum. 

The angular momentum of the liquid is: 

pwa fb + x 
Im e = -(ib + x{ lj 3(ta)2 -t~-1/ 3( . )2 

g ' 2 

l.b 
(2 -x)2J 6 

2 . 
+ s2 + 

. . pwa[ 2 l 3 
I~ = a% <tb + x) + /12<tb + x) 

g 12 
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The rate of change of angular momentum is: 

= 

1 pWa a• a2 
= -[- <tb 

g 12 
+x) + (ib + x) 3 

12 

pWa e [ a2. X • 
+ . - X + - ( tb ii- X) 2 + xS 

g . 12 4 

+ t(3xx2- bxi- tb2i>J .....•.... (5-3) 

This is the moment due to the rate or change or 

angular momentum. 

A further couple is caused by the 11 unbalance 11 

weight of a portion of the liquid at same lever-

arm:- . 

moment = mg x lever arm 

The lever arm, x1 , is the horizontal distance from 

the centre of gravity G to the centre of gravity 

of the unbalance portion or liquid, 

. . 
Moment 1 . . 

= 2pwa("ib + x) (tb.- x) 

= ipwa (tb2 - x2) 

The direction, or sense, of this moment is not 

evident from the expression. For the case shown 

in F1g.5- 2 the moment acts anticlockwise; however 

if 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 +Ve, then the above expression 

may be written as: 

X 
•••..•...• (5-4) moment = --

lxl 

and now the expression determines the direction 

of the moment. 

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

liquid is the sum of the moments of expressions 

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

Then, using the sign convention assumed above, 

a2 1 
To tal moment M 1 ,·. = ~'wpa { .~ ( tb + x{- + - ( tb + x) 2 

'· g 12 12 

xe a2 
+t(tb - x)2 + s2J + -.{- + -¢-<tb + x)2 + s2 

g 12 
. 

+i-{3x db) (x - tb) J - ~~ t<tb2 - x2) } ••.••••• (5 - 5) 

5 - 4. The eguation of motion of ship and tank: 

If we now consider a tank carrying a shallow 

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

model, then the equation of motion of the system 

becomes: 

Ie + C e +;t.GH6 = A &H cx0 sin </J + M1 ' .•••••••••• (5 - 6) 

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

By substituting from equation (5 - 5) for M1 ' 

the complete equation may be written down. 

80. 



However this equation can be simplified:-

. (i) The coefficient of a· is now 

; 

WfB. . a2 l. 
I + -<tb + x) [ - + -<tb + x)2 + t<tb - x)2 + s2n 

g 12 12 j 

which we will rewrite as: 

pw a 
I+ -A 

g 

b2 2 
By inspection Aznax :< b( I 4 '*' S ) 

a2 
assuming ; 12<< b2 

. . The maximum coefficient of & is 

wph0 b 
Now , the ratio of liquid weight to ship 

A 
weight should not exceed about a% in practice, 

and a is of the same order of magnitude as h0 , 

the coefficient < t:.[k2 +.0·05(-¢b2 +52)] 
g -

Now S is usually small compared to b, also 

ib is of the same orde! of magnitude as k, 

This permits the omission of the later part of the 

coefficient which then takes back its original 

value of I. 

i.e. The term 1ri M1 ' which is a coefficient of a~ 
.. 

can be neglected. 

(ii) The coefficient of e is: 

81 . . . 



. 
a2 b2 x2 b2 wpax bx 3x bx 

c +- (- +- +- +- + s2 +-- -) 
g. 12 16 4 4 4 4 16 

. 
a2 wpax 

+ s2 + ~2) = c + (-
g 12 

Now ~ is of the s.ame order· of magnitude as 

X 
; 

except when ... x - 0 which is only 

an instant i~·each cycle. 

• a2 • 
. . We can neglect 12 and the coefficient of a 

becomes: . 
w ax 

c £---(s2 + x2) 
g 

Using the above two simplifications, the 

equation of motion describing the system may be 

written as: 

. 
• wpax 2 J . 

I e +[C + ( s + x2) ~ +- ~ 'GM e = ~ GM ~o sin 4> 
.. g 

. 
pawx 
-- (-¢b2 - x2) 
2 lXI 

•••••••••• (5 - 7) 

As it stands, this equation does not appear 

to be linear and some substitutes for x2 will 

have to be found to solve it. 

5 - 5. Solution of the eguation ot motion of ship & tank: 

Equation (5 - 7) describes the motion of a 

ship with a rectangular free. surface tank. 

The variable x determines the position of 

the bore and is proportional to time elapsed since 

the speed of the bore has been assUmed constant. 
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In chapter 2, rJ> was made equal to w t. 

However for convenience we shall take t as 

the oscillating time of the ship; 

Then 

where &s is the leading phase angle between the 

forcing term {the waves) and the ship. 

Also the equation for x may be written as: 

X = { wt ...; e ) b /It 

over each half cycle (see Fig.5- 3a), where 

e is the lagging phase @.ngle of the bore motion 

behind the ship motion) 

The form of equation (5-7) suggests~ 

solution for a of: 

e: = a sin wt 0 

This will certainly be true if x can be 

successfully linearized. Therefore we assume 

this solution. 

Using the above, the equation can be linearized 

term by term: 

(i) The damping term -

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

wpa . ]. [ c ;+ -( s2 * x2) a 
g ·. 

• To linearize this term, the coefficient of a " 

must be made constant. 

The variables in the coefficient are a and x2 . 

The variation of a is unknown and will, for 

simplicity, be assumed as constant. The reasonableness 

of this will be seen later when the insignificance 
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of this damping term is shown with respect to 
• 

other relevant terms. 

• 
Assume the coefficient ot e to be: 

c + cl + c . 2 

where cl = x; g p;aw 12 
s . 

and c2 = x;g paw~ 

Now ~ is constant and only 
I 

altering. 

~ needs 
12. 

An approximate value of c2 may be found by 

equating the work done by C2 and the work done 

by some constant c3• Then tor the pu~poses ot 

our equation c2 ~ c3. 

Work done by c2 in one cycle is: 

w.n. = J c2 ede 

Now e. = eo sin wt 

de 
eo cos wt d(w.t) = 

and • eowcoswt e, = 

2 
cos2 wt d(wt) w.n. = w Jeoc2 . . 

Then introducing limits:-

. \'l.D. = 
2 . 

p,aWw 60 X 2~ 
2 ----s X cos2 c.ut d(wt) • .••••.. (5. - 8) 

g' 0 

The work done by some damping constant c3 

2 ~ 
cos2 c.ut = eo c.uJ c3 d(wt) 

0 

2 
I 

= eo -~~c3 

We want the same work done by c2 , therefore 

85. 
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equate to equation (5-8):-

. 
. . = 

pawx 2?t - J x2 co a2 w t d (w t) ......... · .• ( 5 - 9) 
g 1\ 0 

This equation can be solved by expanding x2 

in a Fourier series:-

The graphical representations of x and x2 

are shown in Figs. 5- :l(a) and 5- 3(b). 

We have x = b/n (wt -& ) tor t cycle 

for simplicity put w t - & = {3 

b2 ,s2 
Then x2 • 

~ 

Note. The Fourier series ot x2 will ultimately 

be multiplied by cos2 w t before integration in 

equation (5 - 8) between limits 0 to 2?t. 

Therefore all terms involving cos and sin 
-

functions of the Fou~ier series will become zero 

in the final integration and can therefore be 

immediately ignored. 

That means that only the first term of the 

series (a0 ) will have a value after the integration 

of (5 - 9). 

Using the standard notation for Fourier Series: 

= 
6. 

Substituting in (5 ~ 8):-

• 2 
-- f'ElWX 2?t _b 1 COS 2 w t 

J (- + ) d( wt) 
1t g 0 12 2 2 
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= 
12g 

... -
wpax b2 

.• the coefficient C + c1 + c2 = C +-(52+ -) 
g 12 

And the damping t_erm may be written as:-

01 6 

where 0 1 is the above constant coefficient. 

'(i1) The •moment' term:-
. 

The term 
wpax 

(tb2- x2), which we shall 
211c1 

call the •moment• term N, also contains x2. 

However it cannot be treated in the same way as 

the damping since only a term 90° out of phase 

with the motion does 1w.ork 1 • 

• To linearize, the term.must be expressed either 

in terms of a or in a sinusoidal form in terms of 

w t - & • For 'the present assume ~ as constant. 

We see in r1g. 5 - 3(b) that 

b2 {32 
= for < 

where {3 = w t - s 

The moment term·N 

for --~ 1t < f3 < -k 1t in the right hand side pf 

equation (5 - ?). 

For the next half cycle, 

b2 
x2 = - (/3 -1t ) 2 (see Fig.5- 3(b)) 

1t2 

and the sign of the moment term is reversed 

(x is reversed), 

. . pwab2r 1 : 
N = 2 L: . 

8? . 



for -!7\ < ~ < 37./2 . 

Therefore the graphical representation of the moment 
' 

term appears almost sinusoidal, Fig. 5 - '4:. 

A Fourier series of this curve will express it 

in a sinusoidal or cosinusoidal form. The equation 

is -

( pwab2 {32 1 
( (- ~ -) -t?t < . f3 < f1t 
( 2 1t2 4 

N =( 
( 
( pwab2 1 ( f3 - 1\ ) 2 

t1t< 
I ( [-- J ___ .., 

f3 < 37./~ ') ( 2 4 1t2 
.. 

Let a 0 , an and bn be the usual Fourier series 

notations. 

The constant tpwa~ will not be repeated 

throughout the Fourie~ analysis but will be 

reintroduced into the final solution of' the moment. 

- 0 

2 1t n 

b2 · 3 sin n f3 

- 27\[ .4n + 

2 f3 sin n~ 

sin np 2{3 cos np 

4n 7\2 n2 

2 sin np 
+ --=--=-­

?t2 n3 
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for n odd - -- (n"" 1,5,9.~.) 

(n = 3,7,11 .• ) 

for n even -

All cosine terms will become • 0 

= 0 

> 

. . The series for N is -

4b2 
N = - p· aw ~3 (cosf3 

cos 3f3 cos 5f3 
---+ ----) 

27 125 
.• : •.•.•.. (5- 10) 

We are looking for a sinusoidal function and 

can find it in equation (5 - 10) where the neglect 

of all higher terms is an inaccuracy of negligible 

proportion . 

. ·. The moment term may be written as -

N = 
4{3awb2 
---.::-- cos ( (l)t - e ) 

~3 



However, 
.,..3 

is a constant and 

a variable (depending mainly on 

a is 

and e , as 
0 

will be seen later) whose magnitude is unknown. 

Therefore call 4pwb2a some variable M 
.,..3 

90. 

Then N • - M cos ( wt - c ) •••••••••• ( 5 - 11) 

Later on the magnitude of variable M will 

be discussed as a whole and a will no longer 

be mentioned. 

Equation (5- 7) can briefly be written as: 

•• • 
Ie + C' 6+ ~'GMe = ~GMcx~ sin (wt-tr c 6 ) + N 

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

in to this: 

~pax 
2 

b2 • Ie + [ c + · ( s + - )] 6 + ~ "GM 6 = 
g 12 

~ GM cx
0 

sin ( wt + e s ) - M cos ( wt - e ) ..•.•• ~ • ( 5 - 12) 

It a in the damping ter.m is still assumed 

constant (the value of this will be discussed later) 

then equation (5-12). is linear with the solution 
.. 

a = a
0 

sin ~t 

as previously assumed. 

• • • 2 -w sin wt ~ . . a = W cos wt and 6 = 
Substituting the above in equation (5- 12):-

2 -- 60 Iw sin wt + C' 6oc.u cos wt + 60 ~ GM sin wt = 

~ GMlt
0 

(cos e8 sin wt +sin e5 cos wt) - M(cos wt cose 

+sin wt sine ) 

Separating the cos and sin terms:-



2 -· ~ -60 Iw +6
0

t.GM= aG.Lv.LIX
0 

c •a 0 w = t. GM a 0 

Hence: 

e = 

cos e s - M sin e 

sin e s - M cos e 

••.•.•• ( 1) 

.•...•. { ii) 

91. 

0 /(A GM - Iw 2 + M sine ) 2 + ( C 1w + M cos e ) 2 
eo •• lfo ..•.. · ... (5 - 13) 

and by dividing equation {i) into equation {ii):-

tan ~s = 
C 'w + ·J:! cos e 

••••••••••.• (5 - 14) 
- 2 M A GM - I w + - sin e 

eo 

Equations (5 - 13) and (5 - 14) are the 

solutions of the motion based on the assumptions 

and simplifications already mentioned. However 

no numerical solution is obtainable until values 

of M and e can be found. 

Furthermore, some factors of seeming impor­

tance have not been considered and will be 

discussed in the following section. 

5-6. Some omi~siOns.and corrections: 

(i) An apparently significant omission is a 

term in the original angular momentum equation 

which describes the horizontal component of the 

tank movement when S' 0 (i.e. when the tank 

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

It'this term were considered, the inertia 

equation (5 - 2) would become -

a2 l 
= m[- + -(ib + x)2+ s2+ (S tan e~ + -¢-b- tx)2] 

12 12 

the new term being S tan e in the last bracket. 

The significant effect of this term is an 



seowpab2 
addition to the damping term of g 1t2 :found 

1n the same manner as the linearization of the 

damping term in section 5 - 5. 

The magnitude of this factor is generally small 

compared to the remainder of the damping term, but 

it is not necessarily small'enough to be negligible. 

However tor simplification the addition will be 

neglected while it must be noted that its signifi-

cance is that increasing 60 and oo increase.the 

damping. 

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

motion of the ship has not yet been considered:-

! 
, I 

........._ r ' ' . '-..._~(wt+o 8) 

,L . 
Fig·. 5 - 5 I ' ........... 

Centrifugal force on the liquid = ~1r oo~ 
pbwho 

where m1 = 
g 

the mass of water in the tank. 

Only the horizontal component of this force is of 

interest here. This component ls 
2 ;:; m1 r<O' sin (wt+ e8 ) 

and.acts on the ship at a distance S from the 

centre of gravity . 

• · . the couple on the ship due to the centrifugal 

force on the liquid is 

sm1rw2 sin (wt+.- t 8 ) 

which opposes the forcing function. 

Hence the nett forcing function becomes -

92. 
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This correction is very small, but since it is easy 
I 

.enough to handle it is introduced in equation (5- 13) 

which becomes: . 

~ cos e )2 + 
0 

( GM - Iw2 + : sin e ) 2 
•• o ••.••••• (5-l5) 

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

5 - 7. A possible value for M: 

The variable M represents a couple whose 

magnitude varies with one or more of the parameters 

e , w , h 0 , b, w and p • 

This couple can be determined mathematically 

only at w ~ 0 when the liquid surface is hori­

zontal. Although in such a case no bore actually 

exists, the phase angle e can still be assumed to .· 

have a value. 

It is known that at very low frequencies, 

e = -90°, that is, the couple due to the liquid 

leads the ship motion by 90°(this is discussed in 

section 5 - 8). 

Then for w ~ 0 and· e = -90° equation ( 5 -15) 

g1 ves: 

A GM « 
e 

0 
= 0 

AGM M -
eo 

Hence 
M = AGM( 6

0 
' - "o) •••••••••• ( 5 

Now consider Fig. 5 - 6 showing a ship or 

model on the maximum slope of a wave (a ) and 
0 

consequently having the maximum inclination ( e ) 
0 

from the vertical. 

16) 
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0 

\ -_----~---=--
h'· - -----\JP-- b' 

Horizontal 

and 

b'2 

h' 
= tan eo 

b' 

"ib'h' = bh0 

tan eo = 2bh0 

b' = lbho' 
tan a 

0 

Fig. 5 - 6 

Neglecting the effect of S (the height of the 

tank above the centre of gravity), the moment arm 

of the liquid is: 

b 
arm = {-

2 

b' 
-) cos e 
3 . 0 

the weight of the liquid = pwbh
0 

Taking moments about the instantaneous centre 

of rolling (or centre of buoyancy) B:-

. b b I 

pwbho (-- -) cosa = ·li.GM sin (60 a)· 
2 3 0 0 

Substituting for b': 

b ~ .. bh0 
(- - ) pwbh0 
2 9 tan a 

-a 
0 

)· 

0 

The assumption of e
0 

and a
0 

both being small 

is again applied here. 
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Then Tan e ! sin e A 

eo -0 0 

sin (e a ) ... - - e -a 
0 0 0 0 

cos e A 1 -0 

Substituting.in the above equation: 

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

M = A GM ( 6 0 - a 0 ) 

M = •.•••••.•• (5- 17) 

This gives a value of M in terms of the 

liquid weight, the liquid depth, the tank length 

and the angle of roll. The value is certainly 

correct for w --:> 0 but whether 1 t is equally 

applicable at higher frequency or whether the 

characteristic changes,w1ll be determined by 

comparing the effect of M practically with 

calculated values. 

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 
M = 

a - ••.......• (5- 18) 

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. 

5 - 8. Possible values for e: 

No simple mathematical expression for e can 

readily be derived from known conditions. So far 

t1e know that e · = -90° at low frequency. From 

observations actually carried out it is clear that 

e increases, and € = 0 at a frequency where :X is 

in the vicinity of x = vgho, the surface disturbance 

speed. The phase angle increases still further 

and moat probably reaches e = 90° .. 

Observations also show that the angle of roll 

plays a definite role in the magnitude of the 

phase angle. Furthermore it is noticeable that 

e does not increase immediately from -90° as 

w · begins to increase above o. 
A possible variation of e with the frequency 

ie shown in Fig. 5 - :. ? for a constant angle of 

roll. The assumption of a 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 e
0 

(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 

osc1lla ting tank~. A set of their results is shown 

in graphical form in Fig. 5 - 9 for a tank with 

constant liquid depth. 

The resemblance between Figs. 5 - 8 and 5 - 9 
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9or-------------~--------~r------------

6
0 

constant 

e Or---------------~-----------------------

( 
I . 

Fig. 5 - 7 

\ 
\ 

\ h 0 constant 

\ 

Fig. 5 - 8 

h~ constant 

e 

w 
'jw ', 

n Fig. 5 - 9 



I 
I 

\ 
I 

// 

can easily be seen. The curves obtained by the 

experimenters do not have any definite mathematical 

shape but are not unduly distorted by the assumption 

of straight lines, particularly in the lower 

frequency ranges. However it must be emphasixed 

that a fairly small error in e can alter the 

term M cos e or M sin e very greatly and hence 

change the solution e
0 

considerably. 

Fig. 5 - 9 can give a very good indication of 

the possible relationships between e , e and w 
0 

and also the frequency at which e begins to 

increase above -90°. 

From the idealised form of Fig. 5 - 9 (Fig.5 - 8) 

an empirical formula for e was obtained as 

The basic pattern of frequencies must be a 

fu~tion of some particular frequency ~ppertaining 

to t e pr.evalent condi tiona such as liquid depth 

and tank length. Obviously the frequency which 
\ 

is gove5Ped by the changes in depth and length is 

the ·~tura~- frequency' of the liquid surface, 
. _.,r' 

----~t is, when x = vgn0 • 

/ . . 
· But x is constant 

. . T 

w ' n 

= 

= 

2b 

{giro 

where T ' is the period. 

?t{gllo 

b 
•••..••.•• ( 5 

where w • is the natural frequency 
n 

of the liquid surface. 

98. 
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Although Fig. 5 - 9 was originally published 

as e vs w for a certain tank length and depth, 

it is reproduced here in the nondimensional form 

of e vs w;w , which must have more significance 
n 

if different conditions are considered. 

It is assumed that the curves of e vs wlw • 
n 

at certain angles of roll are absolute and will 

not change with b or h0 • 

From Fig. 5 - 9 we can draw straight lines 

to approximate the curves (Fig. 5 - 8) and hence 

plot a curve of graph slope, Y, against 

Fig. 5 10. This cunve is approximately hyper-

so that we can say: 

99. 

.y = .•.......• (5- 20) 

\ 
\~ where K1 and K2 are 

con~ants and eo is in radians. 

T~ assumed straight lines cut the < = -9oo 
\ 

line at -, w•. The relationships between the 
; 

w' and e
0 

are plotted in Fig.5 - ll. 

plotted nondimensionally as a fraction ot 
I 

w i w'l' = K'. . e. w ' 
n 

This curve can easily be approximated by a 

straight line whose equation will be: 

where ·K 3 
and K4 are constants and 

angle of roll in radius. 

. . 
••.••..••• ( 5 - 21) 



y 

\ 

'\ 

// 
~/ K' 

/ 

·' 

---

------

e 
0 

Fig 5 - 10 

Fig. 5 - 11 
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We now know the slope (y) of the lines relating 

e and w; as well as the coordinants of one 
w n 

point through which each of thqse lines pass, i.e. 

( w{w,, -90°) in equations (5- 21) and (5- 20):-
n 

Hence we have the equation: 

e + 90 
= y 

w/w ; - w1 w ' n n 

Kl - K. 

. • w t (e + 90) =c- + K2] [ w - ~(K - eo) wn' J n eo K 3 
3 

i.e. 
K4 
-(K3 - e

0
) J - 90 

K3 . 
• • . • . • • . • • ( 5 - 22) 

\ 
.\ The values of constants K1 , ~, K3 and K4 

/ 

· .. can be estimated from Van den. Bosch and Vugtes' · 

~esults. However, due to the artificial lineari-
\ 
z~tion of the experimental curves, the constants 

governing the position and slope of the straight 

line~annot be fixed accurately merely from the 

experi~•~al curves. 

The ~-~ti.uction of reasonably good values for 

these constants will be discussed in Chapter 6. 

_./' .,-·. 

~..:. 9 • Summary: ; 

/ 
(i) Three equations (5- 15), (5- 1?) 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 -

e , e and M 
0 

of which only the solution of e 
0 

is of real interest~ However is involved 



' !-~ 
I 

I 
l . 

I 

I 

in each equation to such an extent that it is 

impossible to rearrange them algebraically so as . 

to give a simple equation in e only. 
0 

!1A~b_4. 
Therefore the only ~~~ble method of solution 

is by 'trial and error' or reiteration, which is 

quick and effective using the computer. 

For the sake of clarity, the three equations 

mentioned above are repeated here:-

~GMa sm1rw 2 
0 

eo = M e)2 I 2 M i . )2, /<c•u, <~'GM-+ cos + w + e s n e 
eo 0 

~~ ~ K4 
,~ e = [-;- + K2 J [w!wn' - -(K3·- eJ J- 90 

.-----· 

o K3 

\. 
whare all the symbols have already been defined 
~ 

either in the table of symbols or else in the 
\ \ 

section. in which each equation was derived. 

\ 
\ 

( ii) J\~, equation has been derived which will 

give t~a phase angle between the disturbing wave 
/ 

and .. -the rolling ship (aqua tion (5 -14)) • 
.•. r 

·--
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6- EXPERIMENT AND T H E 0 R Y 

A COMPARISON 

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

6 - 1. Introduction: 

Equations for the rolling of ships with free-

surface tanks have now been developed. Their accuracy 

can be ascertained only by comparing theoretical 

results obtained by means of the equations and 

experimental results. 

Through this comparison, the unknown constants 

(K
1

, K
2

, K
3

, K
4

) can be given fairly realistic values. 

6 - 2. Experimental results of stabilized ship rolling: 

Experiments of the angle of roll at various 

frequencies and liquid depths were carried out .by 

means of the apparatus described in Chapter 3. 

The liquid used was water ( p = 62·5 11:>/in2). 

A specific case wa~ first chosen by means of 

which the unknown constants were to be determined. 

width of tank, w = 2i 11 

weight of model, 1:. = 21 lb. 

half wave height, r .. 5t" 

maximum wave slope, a = 50 
0 

tank pos1t1on above c.of g., s = 4" 
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As described in Chapter 3, the parameters 

b (tank length) and GM (metacentric height) are 

fixed for this apparatus. 

b = 20 11 

GM == 3·6 11 

The procedure of the experimental work was to 

determine the angle of roll at frequencies ranging 

from w = 0 to a speed well above the natural 

rolling frequency of the model tor 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 limit, practically 

speaking, in actual ships. Naval architects would 

generally like to limit the weight of fluid used in 

stabilization to 5% o.t the dead weight of the ship 

and would never allow it to exceed 10%. Consequently 

in selecting the depth of water, the amount was 

limited to give a maximum ratio gml/ of 10% 
A 

approximately. (m1 is the mass of liquid in the 

tank). 

The above procedure was repeated three times 

in order to obtain a mean value which would overcome 

many of the inherent inaccuracies. 

These inaccuracies 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. 

:vii) The speed reading fluctuates continuously 

and cannot be maintained absolutely steady. 

(iii) The potentiometers yield 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 ~naccuracy in reading. 

The results obtained from the above experiment 

are shown in Table IlL and are presented graphically 

in Figs.6- 1 (a),(b),(c) and (d). 

Tests with different model weights and tank 

widths were also conducted and will be discussed 

in section 6- 5 .• 

6 - 3.Theoretical results of stabilized ship rolling: 

Before solving equations (5- 15), (5- 17) and 

(5 - 22) it is necessary to determine some appr9ximate 

values for the contacts K1 , K2, K3 and K4 . 

From Van den Bosch and Vugts' results and from 

Figs. 5 -10 and 5 - 11 the following starting values 

for the constants were assumed:-

Kl = 0·17· 

K2 = 0·8 

K3 = .0· 6 

K4 = 0·5 

The three equations (5- 15), (5-1?) and (5- 22) 

were programmed for the computer to give a solution 

for e
0 

by a reiterative .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 as for the model in the experimental 

work (section 6 - 2) and w was made to vary from 

0 to 4·6 rad/sec (well above the natural frequency 

of the model). 
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The water depth, h0 , was given the same values 

as the experimental depths i.e. 0·25 11 , 0·5 11 , 0·?5 11 

and 1·00 11 • 

With the constants as indicated above, the 

theoretical results thus obtained varied rather 

unpleasantly from the experimental values although 

the shapes of the curves had the same characteristics. 

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 constants. 

Therefore a number of systematic changes in the 

constants were made to ascertain 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 following values for the constants were 

obtained: 

Kl = 0·20 ) 
) 

K2 = 0·86 ) 
) •.••..••.•.••.• ( 6 

K3 = 0·?6 ) ' 

) 
I 

K4 = 0·42 ) j 

Giving the solutions for which are listed 

in Table III and plotted alongside the experimental 

results· in Figs. 6 - 1 (a)·_ to (d) in order to · 

facilitate comparison. 

It ie interesting to note that only very 

slight changes in some of the constants radically 

affect the values of the angle of roll. 
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This shows how sensitive the final result is to 

changes in the phase angle &· Consequently, the 

linearization of the & vs w/w ' curves must 
n 

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 is known. 

6 - 4. Accuracy and discussion 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 frequencies. 

However it is obvious that the characteristics of 

the curves 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 

theoretical becomes increasingly marked as the 

frequency rises. This is easily explained by the 

increasing inaccuracy of e at these frequencies 

(as mentioned in section 6- 3). 

However we can consider that a sea wave with a 

period less than 5 to 6 sees will in practice have 

little effect on rolling because it is too small 

in comparison to the dimensions of an average ship. 

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

lfloth scale. Now, from the. graphs we can see that 

up to this speed the theoretical curve is fairly 

true .. 

Therefore .we can safely conclude that the 
I 

theoretical· reaul ts are accurate enough t.o be 
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useful for wave conditions that nQrmally cause 

. heavy rolling. 

At this stage it m~st be repeated that both 

the experimental and theoretical work is based on 

Froude's equation of rolling, the merits of which 

were discussed in Chapter ~· 

As mentioned before, the inaccuracies incurred 

by using this equation tend to make e
0 

appear 

larger than it should be. Furthermore, it must 

be noted that when the equations give a value for 

e
0 

which is large, the solution is unacceptable. 

since 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 

approximately. 

Therefore these equations can be valid only_ 

when their solution gi vee a fairly small e , 
. 0 

certainly not greater than 300. 

6- 5. Further comparisons between theory and practice: 

In order to give the validity of the theoreti-

cally derived solutions more ·Weight, further 

experimental results were obtained for different 

model weights and tank widths. It is of interest 

to present one such set of results for -

w 

a 
0 

= 1" 

= 14 lb. 

-
(as shown, 9 ? -: 1, the half wave height, r, is 

immaterial). 
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T'ne same condi tiona were applied to the 

theoretical equations. 

Both the experimental and theoretical results 
·' :· 

are plotted in Fig. 6 - 2 for a water depth chosen 
"C, 

at random and the agreement can be easily ascertained. 

6 ,. 6. Summar1: 

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) 

(5 - 1?) and (5 - 22) and arbitrary values for 

the unknown constants. 

The constants were slightly altered until the 

theoretical and experimental results agreed fairly 

well. With these constants, the rolling with 

free-surface tanks is completely known and the 

equations and constants are used to show the 

validity of the theory at. some o·ther tank width 

and ship weight. 

Although the theoretical and experimental 

solutions are not always identical, the characteris­

tics are so similar that the basis of the derivations 

is most probably correct. - The errors appearj,ng in 

the theoretical results can be attributed to the 

inaccuracy of one or more of. the many assumptions 

and simplifications made in obtaining the equations. 
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?-GENERAL D I S C U S S I 0 N 

Discussion of the apparatus - Discussion of the derived 
equations - The quality of roll stabilization -

Possibilities for further investigation. 

? - 1. 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. 

(i) The wave.simulator was built to simulate 

waves of different heights. This was found to be 

unnecessary since, in this work, the effect of the 

wave height on the angle of roll is negligible. 

{ii) The simulator was designed so that different 

maximum wave slopes 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. 

(iii) 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 constructed but not used 

because the inherent friction supplied all the 

natural damping required. 

The above four points show that the apparatus 



is too elaborate for the purpose of this investigation. 

However, as it allows for the alteration of many 

variables, it can be considered very useful equipment 

for other experimental work in the rolling of ships. 

7- 2. 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 their qualities and .failings:-

(i) 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 their smallness. 

(ii) Equation (5 - 1?) can not be passed quite 

as satisfactorily. The value of M is derived for 

a particular known condition and its behaviour is 

assumed to be consistent for other conditions. The 

possible correctness of this assumption is shown by 

the closeness between the theoretically derived and 

experimentally observed angles of roll. 

A major shortcoming of this equation as it stands 

may be that M is entirely independent of S {the 

height of the tank above the centre of gravity of 

the ship). Throughout the derivation, the increase 

or decrease of the moment arm due to S has been 

neglected. The expected effect of this is that M 

appears smaller than it should be for S positive 

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

S negative {tank below the centre of gravity). No 

error should exis.t for S = 0. 
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The magnitude of this neglected effect could be 

. aetermined 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 e can be tested. 
0 

(iii) Equation (5 .:.. 1?) is almost entirely based 

on experimental observa tiona and some\'lha t wide 

·assumptions and approximations. Again, its accuracy 

can be judged only by comparing theoretical and 

experimental results. Relatively small changes in 

the phase angle can cause large changes in the 

solution 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 inaccuracy. 

(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 given by equation.· 

(6 - 1) could probably by revised even subject to 

the already assumed equations because these is no 

guarantee that the best figures were obtained. 

? - 3. The quality of roll stabilization: 

It is quite evident that roll stabilization by 

means of rectangular free-surface tanks is considerable. 

To obtain a clear picture of the extent of stabiliza­

tion, Fig. ? - 1 shows the response of the undamped 

model p1otted on the same axes as that of the model 

at more or less ita optimum damping (by means of a 

free-surface tank). The low frequency angle of r'oll 

.. 
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is increased but there is no danger at all that 

the roll will build up when the wave frequency 

approaches the natural frequency of the vessel. 

Hence there is no possibility of dangerous unpredicted 

rolling angles when waves of an unusual frequency 

occur. 

The actual angles of roll and the percentage 

reduction in roll angle can not be determined 

accurately by the analysis or experiment in this 

work. The failings in the analysis have been dis-

cussed in the previous section. The inaccuracies 

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 inaccu~acy in determining the 

actual angle of roll of a ship is the assumption 

that the periods of a train of disturbing waves are 

uniform. In practice this is not true at all. An 

analysis,to determine the response to 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 various tank dimensions 

and liquid depths and hence determining values at 

which stabilization is optimum. ''lha t the actual 

quantitative response is at this condition can be 

estimated only approximately. 

Tets on actual ships or scale models would gi•e 

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 (cf. section 2- 7). 

7- 4. Possibilities for furth~r investigation: 

To date little research has been done in the 

field of free-surface tank stabilizers- and the 

possibilities for further research are almost 

limitless. Following is a short list of possible 

investigations. Some of these are a logical sequence 

to this work. 

(i) The use of two or more rectangular tanks 

in parallel, each having a different liquid depth. 

(i1) Modifying the tank shape and introducing. 

flow constrictions. Of course, this has an infinite 

number of possibilities and some intuition is needed 

in order to obtain worthwhile results. 

(iii) The accurate determination of the phase angle 

122. 

between the moment due to the moving liquid and the ~~ ct..... t:;; 

~oscillation of the ship. 

(1v) A novel, yet interesting, research would be 

to investigate the possibilities of making profitable 

use of some of the energy of the moving water in a 

free-surface tank. This could be a source of 
' 
> auxi~lary power at sea. 

... 
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8- A G U I DE T 0 THE 

S T A B I L I Z I N G 

DESIGN 

TAN K S 

0 F 

• 

Introduction - Conditions for best stabilization -
- Design parameters - Determination of optimum stabi­
lization - Discussion of the 'Optimum Stabilization 
Chart' -Use of the·Chart and tank design- The 
position of the tank- A tank for the 11 T.B. Davie". 

8 - 1. Introduction: 

Having obtained a theoretic~l equation to 

describe the action of a free-surface stabilizing 

tank on the rolling of ships, some use must be made 

of it. In this chapter an attempt is made at co-

ordinating all the va~ying parameters involved in 

this problem and.determining an optimum condition 

that could be used as a basis for design. 

8- 2. Conditions for beat stabilization: 

Figs. 6·- 1 show quite clearly·that best 

s~abilization does ·not necessarily occur with the 

greatest liquid level·. The stabilization at 

h 0 = 0·5 11 (Fig. 6- l(b)) is obviously better thB.n 

at h = 0 1· 0011 (Fig. 6 - l(d)). Although it is not 

possible to lay down a hard and fast rule of what 

the best possible stabilization means, it is 

reasonable to take this .condition as occurring when 

the mean angle of roll over a significant range of 

frequencies is at a minimum i.e. best stabilization 

occurs when 

is a minimum. 
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The range of wave frequencies, w
1 

to w
2 

must be 

representative of the waves generally encountered 

at sea. It has been said before that waves with a 

period less than 5 sec. are small and not particu­

larly harmful, while waves with a period larger 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 - 0·52 rad/sec 

Then stabilization is optimum when 

is a minimum for any particular conditions~ 

8 - 3. Design parameters: 

The angle of roll, e
0

, is given by equa tiona 

(5- 15),(5- 17), (5- 22) and (6- 1). 

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

= 

Now C 1 w is small compared to the other term 

in the same bracket (except when cos e = 0, but then 

the magnitude of the term is insignificant) and can 

be neglected. 

Also, 1::. GM a
0 

>> Sm1w
2 r 

Therefore the latter term can be neglected. 

Hence the equation can pe rewritten as: 

(see overleaf) 

124. 



a 
= J[ {~- ~-;) 

( ~ -J~~(ie ) 
0 

In Chapter 3 it is explained that there is a 

limiting ratio of w/~ for which a ship will retain 

its erect position when undisturbed. This ratio 

1s given by equation (3 - 11) :-

~ = 

Since this equation gives the limit it is 

suggested in Chapter 3 that a safety factor of 

25% should be included so that 

10 GM 

Rewriting this more generally -

125. 

(8 - 1) 

= ..••...... (8 - 2) 

where F is some constant between 0 and 10. 

D = 

eo 

Substituting (8 - 2) in.(8-l) 
f!o_ 

where D is a dimensionless b , 

a: 
0 

= J[ (~ -:nr:) FD cos €] 2 + e· 
0 0 

(.! - .j?D') FD sin e]2 
2 9 e e 

0 . 0 

r 
L 1 -

and putting 

number:-

(W/ )2 + w n 

. . . . . . . . . . 

Equation (8 - 3) gives e
0 

in terms of the 

parameters:- D F .w, and a, , , 1 E:• 
o wn 

(8 - 3) 



!' 
When obtaining je dw over a certain range of 

0 

frequencies, w is known and a 
0 

is assumed {its 

value is not important since it is directly propor-

tional to e 0 ) • 'l'hen e 0 

w , F, D and e . 

is only dependent on 

n 

However, substituting {6- l) ln (5- 22) gives 

= 

and from equation {5- 1~), 

Therefore- e =f(e
0

,D,b) 

but e
0 

= f ( F, D ,e , wn) 

e
0
= f(F,D,b, wn) and is given by 

equations (8- 3) and (8- 4). 

Hence we can conclude that the quality of 

stabilization depends on the parameters wn, F, 

D and b. 

8 - 4. Determination of optimum s~abil1za~lon: 

If a stabilizing tank is to be designed for a 

particular s~p, the variables that become fixed 

are wn {fixed for any ship) and b {a.pproxlma~el.y 

equal. to the beam of the sh1p). Tnen opt1mum 

stab1l.ization depends onl.y on F ana u. 

'rly lntegratlng e
0 

graphlcal.l.y optimum F and 

D can be found for any particular va.1.ues of 

·and b. 

However these results wll.J. be compJ.eteJ.y 

w 
n 
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lnd.ependent of the llquld. welght to shlP we~ght 

. ratlo conslderatlon. Thls may cause the optlmum 

stabilization to occur ror a welght ~at~o well 

above that permissible for any particular vessel. 

Thererore the optimum s~b~l~zatlon a~ 

llmlted we~gnt ratlo should also be found.:­

p bwn~ 
we~ght ratlo, p = 

A 

Us~ng equat~on l8- 2), 

F Gl-1 D 
p = 

b 

Pb 

127. 

or FD = Q, 
G:M 

....••..•• t8 -:·5) 

Now Q 1s flxed for any ship with a limited 

P. By taklng a number or actual shlps as 

examples 1t can easily be shown that Q generally. 

varies from 0·2 to 1. 

1.e. 0·2:<::·. Q,<e l 

It has been shown in section e - 3 that 

o=<: F <:: 10 

The range of values for D can not be proved 

as convlnclngly, but experiments have snown tna't 

u = O·l5 ~s more or less the maximum value to 

obtain the liquid behaviours discussed. 1n tnls 

worK. Fur'thermore, lt 1s lnterest~ng to note 

that expe_rlmenters Vugts and van den Bosch a.o not 

consld.er any values of D above 0·11. 

0 :<:: D ~ '0•15 

Graphlcal integration ~by means or computer) 

of e
0 

rrom equation ~e - <)J and. ~b - 4) at 

various values of wn and b and for vary~ng 

F, D and ~, y1eld.ed mean angles of roll wnose 
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11 0PTIMUM STABILIZATION CHARTII 
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minimums were plotted to give the 'Optimum 

Stabilization Chart•, Fig. 8- 1. 

8, 5. Discussion of the 'Optimum Stabilization Chart•: 

Over the whole range of natural rolling periods 

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 Q = FD and F = 10, optimum stabilization 

for limited liquid weight will be at a constant 

D (= ~) for any particular value of Q. 

The surprizing exception to the above is an 

additional optimum curve for F ~ 4 at very low 

natural frequencies. However this curve gives values 

of D above 0·15 and therefore cannot be entirely 

trusted. This curve is tentatively given in Fig.8 - 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 interpolation 

for values inbetween those given should be easy. 

Since the curve for F = 4 is purely tentative, no 

attempt has been made to plot it for different values 

of b. 

8 - 6. Use of the Chart and tank desig£: 

In order to design a tank for a ship:-

(1) b must be known (approximately equal to the 

beam) 

(ii) The natural period of roll must be known. This 

can be found by: T = 2~jii where 
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k is the radius of gyration and GM is 

the metacentric height. 

{'iii) The dead weight of the ship must be known. 

(a) If there is no limit to the liquid weight 

to dead weight ratio:-

The optimum value of D is found from the 

optimum stabilization curve (F = 10) for the known 

values of b and T. 

Then the required tank dimensions will be -

the tank width, w = 10 em A (from eqn.a -
p b3 

the liquid depth, ho= Db 

and the tank length= b. 

(b) If the maximum permissible liquid weight 

to ship weight ratio is P·-. . 
Q is found from equation (8 - 5) -

Q _·Pb 
- GM 

2). 

The optimum value of D is found from the optimum 

stabilization curve (F = 10) for the known values 

of b and T. 

Now the maximum permissible value of 

if Dopt > tcr then take 
' 

D = 5L 10. 

But if ~ > Dopt, take D = Dopt. 

Hence the required dimemsions are -

tank length = b 

tank width, 10 GM A w ""' b3 p 
liquid depth, ho = Db· 

D ~ is 10 

(Note. The curve of F = 4 may also be usable at very 

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

From the discussion of Chapter 7, we see that 

the tank performance improves as the tank position 

is raised. 

Therefore the tank should be fitted as high as 

possible in the ship. 

Along the fore and aft axis the tank should be 

placed so that its moment is in the same pl~ne as 

the disturbing moment, otherwise the couple formed 

will tend to swing the ship. This plane is perpen­

dicular to the longitudinal 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. 

8 - 8 • A Tank for the 11 T. B • Davie 11 : 

To conclude, an example of interest might be to 

determine the optimum tank dimensions for the 

11 T.B. Davie 11 • It is assumed that there is no limit 

to the weight ratio. 

Although the final figures for the dimensions 

of the vessel are not available, the following 

values will be used -

beam 

GM = 3 f't. 

k = 9-k ft. 

b = 20 ft. 

t:. = 200 tons. 

The stabilizing liquid is water, p = 62·4 lb/ft3 . 
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T = 

= 6·5 sec. 

From the optimum stabilization curve, for 

T = 6·5 sec and b = 20ft -

D = 0·0325 

The tank width, w = 10 X 3 X 200 X 2000 
62·4 X 203 ft. 

.:: 24 ft. 

The tank length = 20 ft. 

The water depth = 20 X 0•0325 ft. 

= 0·65 ft (7-a-11) 

To check whether this gives a reasonable weight 

ratio -

p = 24 X 20 X 0·65 X 62·4 
200 X 2000 

= 0·049 

This seems a very reasonable percentage and is 

probably acceptable for this research vessel~ 

• •• The suggested dimensions of a free~surface 

stabilizing tank for the 11 T.B. Davie 11 , based on the 

available data (given above), are: 

length = 20 ft. 

wldth = 24 ft 

water deptn = 0.65 ft. 

The best position 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 

roll over the range of frequencies of waves commonly 

encountered. 

However, the angle of roll at very low frequencies 

will be larger than without stabilizing tanks; 

therefore when rolling is 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 frequencies the stabilizing tank 

should reduce the rolling. 
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