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Introduction

The depth of water has an important influ-
ence on the vertical and horizontal motions of a
ship in waves, in particular when the waterdepth is
sraller than two and a half times the draught of the
vessel.

In shallow water the keel clearance depends
to a large extent on the combined effects of trim,
sinkage and the vertical displacement of the ship's
hull as a result of the ship motions in waves. Keel
clearance is of interest to ship owners and port
authorities, because of the ircreasinyg draught of
large cargo ships and the corresponding
waterdepth,/draught ratio's, The safety and manoeuvr-
ability ¢f a ship are influenced by the amount of
keel clearance and the cost of dredginc depends tc a
large extent on the allcwable minimum keel clearance
of the largest ships considered.

A detailed knowledge of the vertical motions
of a ship due to waves in shallow water will be of
interest to assist ir solving such problems,

smaller

From a technical point of view strip theory
methods to calculate ship motions due to waves in
deep water have proved to give satisfactory results,
Except fcr the rolling motions, viscous effects are
not impertant in strip theory calculations, but an
accurate determination of 2-dimensional damping and
added mass of ship-like cross sections is necessary,
as shown earlier [1] .

In the case of shallow water the use of strip
theory calculations is not obvious, because a much
larger influence of viscosity can be expected vhen
the keel clearance is small  In addition, the flow
conditions near the bow and the stern will differ
to a large extent from the two-dimensional flow
assurption, as used in the strip theory,

The present investigation concerns the com-
parison of the distribution of hydrodynamic mass

and damping, as measured on 2 segmented shin model
in shallow water, with corresponding calculated re
sults using a strip theory method which  takes the
finite waterdepth into account.

It should be noted that in these calculati-
ons no viscosity effects have been included.

In view of the comparison with calculaticns
the physical mdgl has been restrained from sink-
age and trim, which would occur in the case of 2
free floating model. In addition to the heavinc and
pitching motions also farced horizontal motions in
the sway and yaw mode have been carried out.

The experiments included the effects of
forward speed, frequency of oscilliation and water-
depth, A ranoce of frequencies have been chesen to
cover vave frequencies of interest for ship resoon-
ses,

The use of a secrented ship model  enables
the determination of the sectional values of camd-
ing and added mass, This technique has beer wused
earlier for an analogous investication of the deen
water case (1] .

See appendix 1,

The calculations have been carried out with
a corputer program developed by H.Keil (3] .

In this calculation the hydrodynamic  mass
and dampina for 2-dimensicnal ship - like cross sec-
tions are computed with potential flow thesry,
using a source and a linear corbinaticn of
pole potentials, which satisbfy the boundary con-
ditions at the free surface, the bottom, and the
contour of the cross section, A Lewis transformati
on has been used to cenerate ship-like cross  sece
tions,

multi-

The _rmodel.

The forced oscillation experiments have
been carried out with a 2.3 meter rodel of the Six-
ty Series, The main narticulars are given in Table
1. The sare model has been used earlier for the ana
logous tests in deep water [1,2) . The model = has
been divided in seven seaments each of which was
separately connected to strong beam by means of a
strain gauge dynamometer.
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Table 1,

zontal forces only.
Length between perpendiculars Lpp 2.258 m The test set up for vertical motions is given
Length on the water.line Ly 2.2% m in Figure 1, A similar system has been used for the
Beam B 0,322 m horizontal motions, see Figure 2.
Draught T 0.129 m The instrumentation allowed the determination
Volume of displacement v 0, 0657m° of in-phase and quadrature components of the verti-
Blockcoefficient Cs 0.700 | cal or horizontal forces on each of the seven seg-
Waterplane area Ay 0572 n ments when they perform forced harmonic motions with
. 2 a given amplitude and frequency.
I‘;gng:tt:g;?::'emmnt ot taerile IW'- 0, 1685m It has been shown earlier that the influence
LC8 forward of Lop/2 0011l m of the gaps between segments can be neglected. [2] .
LCF aft of Lpp/z 0,038 m
EE Test conditions
Table 2a, Heave The various oscillation amplitudes cover a
certain range, depending on the mode of motion, to
o = 4,6,8,10,12 rad/s study the occurrence of non-linearities,
The test conditions are summarized in Table 2.
h/T (:l) These conditions include the waterdepth-
2.40 1.80 1.50 1,20 1.15 draught ratio h/T, the oscillator amplitude r, the
frequency of oscillation w and the forward speed,
0, 005 expressed as the Froude number Fn.
i " 0 010 It should be noted that the distance between
R 0, 020 the two oscillator rods (see Figure 1) is one meter.
Consequently for the pitch and the yaw modes a 0, 01
¢ . ¢ 0,030 meter oscillation amplitude corresponds to a l" 146
degree motion amplitude. The dimensionless frequency
» Fn = 0.1 and 0.2 covers a range of
Table 2b. Pitch w (L[/g =1.9 - 5.8 for pitch and heave, and:
S - w {L7g =1.9 - 4.8 for sway and yaw.
w = 4,6,8,10,12 rad/s , Experimental results
h/T (m)
For each of the considered = modes of motion
2.40 1.80 1.50 1.20 115 the in-phase and quadrature components of ‘the excit-
= ing forces has been determined. " -These components
: . : 0, 005 have been elaborated to the hydrodynamic mass and
0.010 hydrodynamic damping coefficient of each segment,
. . . 0, 015 taking into account the amplitude and frequency of
the harmonic motion,
. Fn = 0.1 and 02 The following expressions have been used in
X Fn = 0.2 only this respect (see Appendix 1).
Table 2c. Sway and yaw
Heave:
w=4,6,8,9,10 rad/s (o7 + azz)z 4 bzzi te,z- dze§ . ezee -g,, =
h/T r
(m) = Fzsin(ut'ﬁez)
2.4 1.8 L5 1.2 1,15
_0.010 Pitch:
. I g:z:g (yy * 35)8 + bygd + cp0 - dog? = &g,% - 9,2 =
- Fn =01 and 0.2 = Mesin(utﬁ:a)
11-2
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Sway:

(o7 + ayy )Y + byy? - dy ¥ - ey, ¥ = Fy sin(uteey)

Yaw:

(Izz + ‘W)' - bww - dwv - eHY = M*sin(wtn*) (1)

For the individual segments the

equations result:

following

Heave:

(pv' + azz')i + b;zi + c;zz = F; sin(ut+e;)

Pitch:

* * . " . * ” *
(o7 x; + d,)8 + €00 + 9,00 = - Fsin(utte)

Sway:
" * 15 | 2 L -
(p¥ + °YY)Y + bYYY = Fvsin(utﬂ:Y)

Yaw:

#* * ., ., » *
(o¥ X; + dw)w + ey‘ptv = - Fwsin(mtﬂ:w) (2)

In these equations a refers to hydrodynamic

mass, b is the hydrodynamic damping coefficient and
¢ is a restoring force- or moment coefficient.
The coefficients d, e and g are ‘the corre-

sponding cross coupling coefficients, The position of
a segment is denoted by X, and values of the coef-
ficients of segments are indicated by the asterix *.

In Appendix 1 the data reduction of the re-
sults obtained from the oscillator experiments is
treated in some detail.

The coefficients a, b, d and e have been ob-

tained by integration over the length of the model of
the results of the segments.

In the Fig.3 to 26 the experimental values of
hydrodynamic mass, damping and cross coupling coef-
ficients are given for pitch, heave, yaw and sway as
a function of the frequency of oscillation w and the
relative waterdepth h/T.

Two forwards speeds corresponding to Fn =
and Fn = 0,2 have been considered.

In general the experiments indicate a rather
good linearity with regard to the amplitudes of mo-
tion, except some minor non-linearities at the small-
est waterdepth.

Mass and damping coefficients of heave and
pitch increase with decreasing waterdepth for all
considered frequencies, in particular for h/T < 1.5.

For the lateral motions, sway and yaw, the
hydrodynamic mass coefficients decrease with decreas-
ing waterdepth, whereas the damping coefficients de-
Crease slightly or are almost independent of water-
depth.

0,1

"

The distribution of the hydrodynamic mass and
damping along the length of the model is given in the
Figures 3 to 18 for heave, pitch, sway and yaw, as a
function of frequency, waterdepth and forward speed.
The distribution of the hydrodynamic mass, expressed
as a percentage of the total hydrodynamic mass,is not
greatly influenced by the waterdepth, but for the
distribution of the damping coefficients a signifi-
cant shift of larger damping values towards the fore
body of the shipmodel with decreasing waterdepth is
observed.

For low frequencies of oscillation, combined
with Tow forwards speeds wall effects or oscillation
in the models own wave-system could have influenced
the measurements. This could explain some of the ir-
regularities in case of the lowest speed Fn = 0 1 and
frequencies equal or below w = 6 rad/s, In all other
cases wall effects do not seem to have influenced the
experimental results.

Calculated hydrodynamic mass and damping

The measured mass and damping values have been
compared with the corresponding . calculated values,
according to the numerical procedure as given by Keil

[3] . This concerns the coefficients a, b, d and e
for the four considered modes of motion, as well as
the distribution of these quantities along the length
of the model.

The results are shown in the Figures 3 to 26.

In the strip theory the added mass and damping
values at zero speed of advance are used to compose
the coefficients of the equations of motion The ex-
pressions for the sectional coefficients for heave
and pitch as derived in [4] are given in Appendix 2
together with an analogous extension for sway and
yaw,
been

Two versions of the strip theory have

used.

Version 1 leads to the ordinary strip theory
method, which lacks some of the symmetry relations
in the damping cross coupling coefficients,

Version 2 includes these additioma} terms. In
general the calculated results according to both
versions agree rather well except for the sectional
values of the coefficients near the ends of the ship
form

For the integrated values of mass and damp-
ing the differences between version 1 and 2 may be
neglected,

For zero forward speed the calculated values
of added mass and damping are presented in table 3
for heave and sway, the different frequencies
the waterdepth- draught ratio’'s considered.

and
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Table 3.

.

Calculated added mass and damping for heave and sway at zero speed

HEAVE Fn =0
h/T = 2.40 h/T = 1.80 h/T = 1.50 h/T = 1.20 h/T = 1,15
©o1s
all bzz alz bzz . aZZ bn all bZZ azl bzz
4 46.6 | 399.1 | 58.6 | 464.8 | 785 | 5143 | 149.4 | 583.7 | 183.1 | 598.0 |
6 50,2 | 317.7 | 624 | 378.7 | 2.2 | 427.7 | 152.8 | 498.7 | 186.5 | s13.5
8 57.5 | 208.4 | 69.4 | 261.9 | 8.7 | 309.3 | 158.6 | 381.4 | 192.1 | 396.5
9 62.4 | 155.1 | 74.2 | 200.5 | 93.3 | 2043 | 162.6 | 314.4 | 19.0 | 329.2
10 67.6 | 1.0 | 796 | 145.2 | 98.5 | 182.3 | 167.2 | 246.4 | 200'5- | 260 4
12 76.3 | 55.0 | 8.8 | 69.2 |109.1 | 88.1| 177.8 | 127.6 | 210.9 | 136.8
SWAY Foo=0
§ h/T = 2.40 h/T = 1,80 h/T = 1.50 h/T = 1.20 h/T = 1.15
1/s b
3y | Pyy 4y | Pyy 3y | by 2 | Py | %y vy
4 78.7 | 1884 | 73,1 | 269.3 | 66.3 | 323.0 | 50.0 | 428.5 | 45,0 | 453.5
6 53.2 | 364.9 | 43.6 | 386.9 | 36.2 | 412.9 | 24.9 | 463.0 | 22.3 | 4755
8 20.8 | 450.5 | 21.8 | 435.6 | 18.5 | 434.1 | 13.5 | 450.8 | 12.3 | 455.4
9 15.6 | 433.4 | 14.6 | 422.8.| 13.1 | 419.4 | 104 | 430.7 | 9.7 | 432.1
10 105 | 396.2 | 102 | 392.4 | 9.6 | 3915 | 85 | 402.8 | 8.1 | 400 1
12 77| 3132 | 76| a2 | 7.5 | 32| 7.7 | 33.8| 7.8 | 3039 |
|

The calculated hydrodynamic mass for vertical
motions agrees very well with the experimental valu-
es for the ship on forward speed. For the damping
coefficients the agreement at the lower relative wa-
ter depths and higher frequencies is less satisfac-
tory, which might be due to viscous influence. The
same phenomena  though less pronounced is found for
the case of deep water (1, 2] .

This applies also to the horizontal motions,
sway and yaw, although the differences for damping
are somewhat smallter than for the vertical motions,

A reasonable agreement is found for the dis-
tribution of mass and damping along the length of
the shipmodel, except in those cases where wall ef-
fect could have influenced the experimental results,
as discussed above.

Conclusions,

The results of this detailed cemparison of
measured and calculated mass and damping values for
vertical and horizontal motions indicate that strip
theory methods, using potential theory to determine

hydrodynamic mass and damping can be of value for
the calculation of ship response due to waves in
shallow water, at least for engineering purposes.

A limited number of model experiments to de-
termine the amplitude response of heave and pitch in
shallow water and the comparison with. calculated
motions confirm this conclusion to a certain extent

for the vertical motions [5] , see Figure 27 a+b.
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Nomenclature.
Awl waterplane area
a added mass and added mass moment of inertia
on speed, subscript for amplitude
B beam
b damping coefficient on speed
Cb blockcoefficient
c restoring force coefficient

cross-coupling coefficient for added mass
cross-coupling coefficient for damping
F forceexerted by oscillator
Fn Froude number
g restoring moment coefficient,
acceleration due to gravity
water depth
mass moment of inertia
lingitudinal moment of inertia of waterplane
length of model
distance between oscillator legs ( 1=1m)
moment exerted by oscillator
added mass for zero speed
damping for zero speed
amplitude of oscillation
draught of model
time
forward speed of model
right hand coordinate system
sway displacement
heave displacement
phase angle between force or moment and motion
pitch angle
density of water
yaw angle

L3
=

2 3 X = r e o

<
N

circular frequency of oscillation
volume of displacement of model
instantaneous wave elevation

T QA E € D o m N < X < o+ —~ =

Superscripts:
* asterix for value of segment
d indication for sectional values of
hydrodynamic coefficients
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Appendix 1.

Experimental determination of mass and damp-
ing with a segmented model,

For the four modes of motions considered the hydro-
dynamic coefficients of the segments are determined
after substitution of the in-phase and quadrature
component of the measured sectional force into the
equation of motion of the segment (2).

In this way it can be shown that for:

* F. *
¢z, - F, cose, ,

. — L LY
Heave: a,, = T ]
* zawﬁ
. Fz sm:Z
=
r 44 Z.w
"o +F se.
. # _ 9zq% * Fq cOSE
1 H = - "
Pitch dze —a v x,
£ a
ot Fs sin e,
20 0w
a
* *
« <F, cose » &
Sway: Ry ™ _L_.V_ -0V
Y, wé
F. S? *
ine
bY =YY
W e -
a
» *
. F  cose .
Yaw: d, =—¥L ¥ o',
Y w2y 1
* _a *
. -F sine
e = -—L_L
Yy
mwa

where pv'xi is the mass moment of the segment
which centre is located at a distance X; from the

centre of rotation. za‘ea’ya and v are the ampli tudes
of the related motions.

The coefficients of the segments divided by the

length of the segment give the mean hydrodynamic
Ship Motions and Wave Bending Moments", Interna-  cpross-section coefficients, Assuming that the distri-
tional Shipbuilding Progress, 1967. bution of the cross-sectional values of the hydrody-
namic coefficients are continuous curves these dis-
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tributions can .be determined from the seven mean
cross-section values.
The hydrodynamic coefficients of the whole model are

to be obtained as follows for:

Heave: a,, = za;z Pitch: aee.= zd;exi
bz = zb;z bog = ze;exi
dze = zd;e dgz = za;zxi
€20 ~ ze;e €oz = 2b;zxi

Sway: ayy = za;Y Yaw: aw = zd;wxi
bYY = zb;Y bw = r‘e;wxi
dy, = zdy, dyy = TapyX;
ey = Xe;w e,y = By
Similar relations are used for the sectional

values of the calculated coefficients as denoted in
appendix 2.

Appendix 2.

Expressions according to version 1 and ver-
sion 2 of the strip theory for . the hydrodynamic
mass-, damping- and cross coupling coefficients

The expressions for the sectional values of
the hydrodynamic coefficients are derived from app-
endix 1 in [4] and may be written for the motions
considered as follows:

Heave:
V_dN'
al_=m' +|— —
e [m dx}
voooomy oy dm'
bzz N v dx
v !
Vv V™ dm vV dN
d!_ =m'x+ |2 N' - — +|—= = x
ze [ ] Z? :? dx [m2 dx }
e, = N'x - 2vp* - y A0’y _ v dn’
26 PR i B
w dx
Pitch:
2
& v V® dm' V dN' 2
ai, =m'x“+2 N'x -— dm" . o .
i :2 wz dx [:2 dx ]
1 2
bée = lez - 2Vm'x - V g_l)!(l. xZ _[% :—le]
4 w X

d! = m'x +|, ',
= PZ2 dx

eez N'x -V ax *

Sway:
R AR
A +[_wzdx]
| dm'
b§Y =N -V -
v V' v ay
de =m'x + [2] 5 N =5 % —
. ‘w w dx w  dx
ey = N'x - 2ym' -y 40, | -!E -
Yy dx u2 &
Yaw:
2
a' =m'x2+ ZLZ N'x ~—‘J-§d—‘"'x+ _V?Cﬂ{'dx
v - w dx w dx
b' = N'x® - 2vm'x - yaz',2 _ [vz Ly
44 L o :? dx
vV dN'
d'y =m'x + — X
vy [::2 dx ]
‘o= N -y dn'
ewY =N'x -V ax *
in which:
P . ;
m' = sectional damping for zero speed
N' = sectional mass
V= forward speed
w = frequency of oscillation
a' = sectional added mass
b* = sectional damping on
d' = sectional mass coupling coefficient speed
e' = sectional damping coupling coefficient
X = longitudinal
Y = sway
z = heave direction
8 = pitch
b= yaw

Version 1 = coefficients excluding terms be-
tween brackets

Version 2 = coefficients including terms be-
tween brackets

From the expressions for the sectional coef-
ficients the following relations may be derived:

2gg = dygX = Ay
e = 23 S
dgg = a5,X diy = 2yyX
€z = DX e,y = byyx
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In appendix 1 the same relations are used for
the measured values to obtain the not directly mea-
sured coefficients.

The values of the hydrodynamic mass-,damping-
and cross coupling coefficients for the whole model
are obtained by .integration of the sectional values
over the model-length.

W. Beukelman

J. Gerritsma

Ship Hydromechanics Laboratory
Delft University of Technology
Delft

The Netherlands

PACTIPEIETEHNE TYIPOIVHAMAYECKAX MACC
¥ IEMOOVPOBAHWA OCIIALTMPYIIMX CYLO-
NOXOBHBIX ®OPM HA METKOBQILE

AIATENBHOS ODEMEHEENE TEODEH IIOCKEX
ceveHE® B pacyerax KAIRW CYLHA Ba Iayoorof
Bone OOR438J0, 9TO OBA 86T  YAOBIETBODE-
TeJbBEHE LJIA ODAKTEKH DEe3yIbTaTH, TOYEOCTS
KOTOpHX QRBaKO, 38BUCHT OT TOYBOCTH ONpe-
nenesus KosPPuIMeSTOR NPECOGKEWHEBEHX MACC
B neundupoBasus, B yCNOBEAX MEAKOBGIBA KOD
PeRTBOCTS 3TOX TEODEH CTGBETCA OQY BOOpOC
BBEAY OXEN8EMOI'0 BIBSABBA BAROCTE ¥ 0COGEH-

ELECTRONT STRAIN INDICATOR CARRIER AMPLIFIER

gocreff o6reraBEa oroHeuHocTe#, IS Bcoae-
HOBE8EEA BIEABEEA 9TEX 50PeRTOB B& BO3ZMOE~
BOCTH OpDEMEBEHUS TEODEE IIOCKEX C6YeHEf ®
LAs cJy 9ad meXro® BomH, CHENAE0 CpABHERHS
pacopeneyesns Kos)iEmueBTOBR IpUCOGNEEEEBHX
uacc ¥ pemndupoBaBEd 00 NIEBE CYLBA, OOpe-
LeXeHEHX 3RCIEDUMEETANBE0 B OPONECCE  Bh-
HyEResBHX KoJdedanuft paspessoft wonesm cepzy
60 Ba MEIROBOLBE, 8 TAKKE BHYHCAGHEHX IO
TEODEE ONOCKEX ceuesuit Ke#nm ¢ yzerom Ko-
se4s0ft ray6mes. BAsROCTH, OpocanKs ® XQLo-
Bo#t nuddepesT se yIWTHBANECH., YCAOBEE HC~
OHTEHES BEIDISJNE W3MEHEBEUA  OTBOCETEJBEOH
rayoess 7/T, aunmaryy @ sacror Roxedassft,a
TaKXe CEODOCTE CYLEE.

Pe3yuapTaTH NOXPOGHOI0 CPABHEHES ©3-
MEPEBEHX W BHYHCJAGHHHX IEIDONEHAMBIESCKEX
R09PPUIHEETOB CBENETENBCTBYDT O  OpAMEEH-
WOCTH OQTEENEaNBHEOR TEOpEE B OPAKTHYECKEX
HEXEHEDHHX pPacIeTaX KAR DONEPeYsEHX, TAR @
OPONONBLEEX BELOB KAYKE Ba MEJIROBOLEE, B TO
Xe BpeMsA, Ipd BE3KEX S4CTOTEX ¥ MSJHX CRO-
POCTAX XOfa8 OTMEYEHO 3HATHTEABHOE paCcXOE-
L6BEE, YTO OGBACESETCS BIMSAHWGM CTEHKE 6ac
ceflsa » ocodesBocTeff BOTBOOODA30BaBRL,
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Figure 2: Horizontal oscillator.
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Fig.23: Comparison of experimental and calculated co&ffici@nts
for pitch as a function of waterdepth-draught ratio. Fn.=0.10
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Fig.24: Comparison of experimental and calculat®ed coéfficiénts
for pitch as a function of v?aterdepth—draught ratio. Fn.=0.
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Fig.25: Comparison of experimental and calculated coéfficiénts
for yaw as a function of waterdepth-draught ratio. Fn.=0.10.
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Fig.26: Comparison of experimental and calculated coéfficiénts
for yaw as a function of waterdepth-draught ratio. Fn.=0.20.
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Fig.27a:Heave amplitude response.
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Fig.27b:Pitch amplitude response.
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