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STATEHENT :

The wave and motion,spectra generated :’ this ‘'vork were amplitude spectra,s
as opposed to energy spectra.Because of” this, significant motions and wave J *
heights. should have been determined by myltiplying, the

spectra by a factor. of 2.8, rather ‘than the valy

areas under the appropriate .
reported on page 78.

ct. Hiwevers the significant wave

Also, the scales on Flgures 59-66 should
. be smaller by the same SQRT(2). Finajly, Figures 9-12 compare Jonswap emergy ' .

‘spectra to my actual amplitude spectra.”A-more realistic comparison of

the

both cases.

TeMAR AT CRPORIRONTS

measured and target spectra is shown below, depicti

ng amplitude spectra for
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periments have been per;prmed to assess the ability of linear

- diffractmn cheory to predict the mation of 1ce masses under wave %
excitation. Variab]es 1n the regular wave portwn of the experiment . ,
» e o incinded iceberg size and shapé and wave steepness. Regular wave tests i‘
L demonstrated accnrate muticn prediction with'best resu’its achieved for ok
.1 {maoth sided bodies undergoing small ampiitude motion. Accuran.y was :
. Tower far 1ow frequency surge and heave resonance resuits, and generally '+

fbr hodies with steepiy s'Ioping sides.-. : .

Irregular tests were performed to demonstrate.the ability'to predict 7

mi_)tién in an ‘irregular seaway. It was seen that by coinbi'riing response R

Sy aimﬂitude' onerators (RAO's) with wave spectra, response spectra for

T i inaiviaua “bodies couTd be pred1cted The “predicted spectra generated

. using experimentally determined RAQ's very accurateiy mirrored d the ones <

L4 . generated b_y transfunmng irregular- wave body response data to the

frequency dnma1n. ~ Predicted spectra genernt_ed using theoretically x \

| ,determined RAQ's wereétudied as well. It was found that the accuracy.

uf such spectra was dTrectiy tied to the accuracj of the associated v

CRAO's, T ! S =
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: . s 1.0 INTRODUCTION

.E;pToration and pr‘oductign activities related to B%fshore petroleun
dlswvenes near the Grand Banks of Newfoundland" have led to much .
* coneern regarding the potentxal )mpac\: of ice masses with drilling rigs, &
:ruductmn platforms, /etc. Work is underway to determne the loading on
;n}i'defc‘mation of offshore structures in thé evént of a ‘col]lsioﬂ‘(}l. K
‘Z): Dynamic models have been developed to determine the ‘extgnt‘of

structura]'damage for a given set of input conditions (iceberg size.

4 shape, strucmra] geometv‘y) The motiun of the ite mass 15 0bviously ’ :"’,

critical variab]e in the who]e prob’lem and one wmch has not been well
understood. 5 o . T |
. . i
) a

Initially, iceberg impact velocities were.estimated usi@ average drift.

speeds calculated from hourly drilling rig observations {3, 4, 5). S
5 . bS

Recently, however, the contribution of wave fo_n:es‘ to ic,_eberg motion’ has
been considered important, particularly for smaller massés. Experimental:
work by LeJer Rélmer, and Diemand (6) suggests thatv the velocities of*

wave driven bergy bits and growlers can substanna]ly exceed theh‘ . .

assoclatgd drift speeds. ) ‘ 'A e ¥

[
Sen (7) has developed a computer program based on the'singul;rny
distributmn Method for establishing motion response of  bodies having ' A

B arbitrary shdpe in regu\ar waves. The response of the body is based on i B
hneam&d potenuﬂ flow thear\«,\with the flow assumed 1nvlsc1d.
|rrotat10na1. ahd 1ncompressib1s. The flow field.is then charactgrjzed

by a single<valued ve'loc'lty putent‘al composed of the 1ncfdent wave Sk,




';Iomparison of his results with those. of other inveshgators (Faltmsen)

potential together with the diffraction potential produced by the
stationary body and six radiation potentials arising from the body's
oscillatory mction about its equii’ib‘rium position. 'i’roper matching of
ho'undary conditions leads to the calculation of response amplitude for a
unit amplitude input wave.

The Tfaundacion of the’ thi‘ee-dimens}n@siviguiarity distribution method \‘
was first estaBlished by Kim (8) and later expanded and verified (9,

10, 11,712, 13).

Sen (7) has demonstrated the applicahiiity of the program by perfaming

caicuiations based on rectangular and cyiindr‘ica] fioatiné bodies.

° canfinns the. accuracy cf the computations.

"Ta handle tha prohlem of wave “induced motwn in an irregular sea Lever -

» :orresponding frequem:y _The response spectrum foried by repeating chis

and Sen (14) have comiuned the respunse amphtude operators caicuiated\/

by Sen's cmnpucer program (7) with a Jonswap sea spectrum (15) using the

well established procedures described in (16).  The Jonswap speccrum was
chosen as a reasonahie representation of a North Atiantic wave energy
distribution The procedure followed by Lever and Sen (14)° 1n

detennining the significant motions of ice masses with known RAO's in i

. particular sea conditions s diven in (16). " The- square of the response

to a unit regular wave is multipiied by the wave energy at the = _. '

procedure over an frequencies is then integrated. Characteristic motion

values. such as significant (average of highest 1/3) amplitude may be /

obtained: from: the resulting vaiue assuming narrow banded spectra.




-~/
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The accuracy of results obtained from such a theory is governed by several
items. The assumptions made in thf application of linear_potential flow
theory are: (i) viscous effects are negligible; (i1) incident wave
steepness is small; and, (}!H’) body motion is small. One purpose of this
research is to determine how accurately the regular wave mo_nan of small
ice ‘masses can be predicted .by the theory.

The influence of fluid viscosity on wave-induced' ice motion may h.e broken
down cunceptua_l]y into! regions based on wavelength'(n/hudy size ratie

It can be shown that this ratio is equivalent to Froude number. It is

_-expected that for small valﬁes of the ratios(A/Lc<5.0) the rau‘u-uf

waveheight: body characterisﬂ: length will also, be sman.-since wa\’/e‘
steepness is ;:racucaﬂy constrained to a relatively narrow r;agge. B
Milgram (17) pmnts out that form drag forces are related toqthe
occurrence of flow separatwn _during motion. For small Vvalues of A/Lc
there. will be insufficient time for vortices toform prior to flow
reversal, and form drag fnv:}es will not present§ 'Iarlgev problem. For
small bodies (a/Le>12), relative ice/fluid motion Will be small as .

motion approaches that of a particle, and viscous forces: will not

significantly affect ice hehaviadr (6). Between these two regimés

viscous effects may resultmin prediction problems. It is noted that
irregular seas contain all wave’frequencies so that in such seas, the

influence of fluid viscosity on wa}ve induced motfon is unclear.
. o i

. - ¥
As wave steepness and amplitude of bady‘mqti}on are varied, a range of “

discrepancfes n theor‘etl‘cal/expe?‘_imental body motion will exist.

Steeper waves have associated nonlinear effects which will tend to’

_‘produce motions not accurately predicted by the 1inear theory. *




=\ Similarly, large motion of the body contradicts the-condition implied in ?

9

: s 3 ) .
- In addition to.the effects of wave steepness, body motion amplitude

A convenient medsure of steepn’ess is H/A, H and A DBeing wave height'and
wavelength respebg!veiy- The ent1rkheory s founded o the
approximation ‘that H/A << 1, such tha& any parameter having a magnitude—
of the order (W)™, »)22 is small enough to be negngl?]e', This
approximation, in turn, allows a convenient sl‘mp]iﬁ\i\cation - the
dynamics of‘(lu!d :notinn are caTc\'Iated assuming the.free surface (ie.
the wave profHe) to be the undisturbed (ie. mean) water surface. As H/A
increases, the assumption of "smallness of steepness" is violated and t\

the accuracy expected using }inear theory is reduced.

the linear theory wherein the radiation potentials are calculated for

small motion near {he equilibrium posltmn JThe most 1mportdnt

implication of this assumption is thgt the wetted surface of the body is

treated as a fixed quantity, " equalhng that of a mean»wettbd_surface. As .
body mb}:ian becomes larger, ch‘anges, in Wetted surface-become more’
pronounced and prediction using linear theory,is less atcurate. This

. C.

effect will be particularly significant neér regions of resol

b

(vjelative to berg ’;ize). and viscosity, the shape of the icebergs is
thought to affect prediction ability. _Sharply cornered icebergs will

_tend to {nduce vortex formation during motion. This will lead to




9 7 b

difficult to predict viscous effects, causing errors in prediction. - In,
addition, steeply sloping sides, §uch as those observed on icebergs
having considerabie underwater “rams”, lead to drastic changes in
waterplane area as the body oscillates, again reducing prediction ability -
—_as-this is not incurl;uratad in thg Tinear theory. N
\ w . & e .
A further purpose of the research is to dete'mdne whet!!gr di’ffsren:és in
- the RAO's pre’dict{ed/by Sen's program and those measured experimentally
lead to large errors in significant motion in irregular waves as
determined by Levér and Sen's procedure (14). The effect of errors in- N ¢
the prediction of regular wave induced mtion on correspor;ding irregular \
wave prediction, as reprusented by a lumped parameter such as s1gn|ficmt 1S
_mntion. is studied Also, h:ebergs exhibit considerable nan-llnear Y 9
h \(Ehaviour. such as body subuergence ‘and large excursions from equil!br{um

pusitian during wave excitation. The ability to use ’I(near sunerpasftfnn

in sp{te of this fact wﬂ'l be stud1ed e =i

In order to meet the objectives set forth a series of wave tank
experiments have been performed. Flrstly. a series of regular wave

experiments have been carried out to detem‘ne the degree to which

measured RAQ's fﬁ'f%er from those predicte(by Tinear theory. Varijables L
in the regular waves portion include frequency, wave steepness, and berg . 3
size and shape. - Secondly, a series of irregular wave experiments were - (n‘)

i
o) 1nr,'|uded. The degree to which RAO discrepancies lead to errnrs in

signﬂcant motion predi:tion was stud1ed here,




- coy‘_rtcﬂy model such a-system, equaliﬁyﬁ\oude and Reynolds number§ is

2.0 EXPERIMENTAL PROGRAM

Z..l' Ice’ Models and Waves /)

o~ e

The experiments were carrfed out fn two major groups: regular waves and
irreguler seas. Table 1 shows the wave characteristics associated with *

the regular wave experiments. The waves chosen reflect ones typically

. encountered on the Grand Banks of Newfoundland, and the water depth is

similar to that location as well. An object, such,as an’icebe,rg, while =

moving through an incompressible fluid may be expected to experievice

forces resulting from gv:av_ity, inertia, and )/j.scasity. In order to

requi‘re_ii: However,. if the fluids used are’the\s.ame ‘," model and .
prototype, ‘equality of. both numbers isrimppssible; Froude numt‘:’e;*
represents the r_a'tio of inertial to giﬂévitqtional forces, and in cases
where sﬁrface waves are considered to be »th;g’ pfeﬁnminant driving_
mechanism, such as the present ca’se," th'is rumber is used as the scaling

Taw. Fr\zudi\an Scaling Laws are as follows:

Ls = Lm/Lp » & o .
vovp = (Ls)
o = (L)t , v

o 2 %
where: Ls =-Linear mode} scale
V= Velocity . .
TeTine D ‘




TABLE 1
. . REGULAR WAVE EXPERIMENTS
MODEL TEST FREQUENCY(HZ) WAVELENGTH(M) WAVEHEIGHT(CM) STEEPNESS
SMALL CUBE  DS57A60 557 4.9 7.9 - 62
D697A60 697 32 5.74 6
36A .836 2.2 449 49
D104A60 1.040 1.4 2.3 51
0119A60 1,190 1.1 1.89 58
MEDIUM CUBE  HS57A60 557 4.9 6.60 74 .
M557A50 557 4.9 9.07 54 .
55740 .557 4.9 10.37 a7
5 HESTAG0 - .697 3.2 4.30 74
H697A50 697 3.2 5.61 57
M697A40 .697 3.2 7.00 46
i HB36A60 .836 2.2 £ 0 43
b MBSO .836 +2:2 .83 46 -
3540 836 2.2 .50 El
H104A60 1.040 1.4 .30 3 R
H104A50 1.040 - 1.4 L2 0 e
H104A40 1,040 1.4 .30 2
" M119A50 1190 11 .83 * 60
ERY 3 M119A50 1.190 1.1 2.10 .52,
H119A40 1.190 1.1 T 250 T
119420 1,130 f.4 kTl 20
. LARGE CUBE Lssmo 557 49 10.10 49, g
. . L697AB0 1697 3.2 6.25 51
4 L836A60 ., .836 S22, 4.62 48
. L836A40 -836 2.2 .80 - 38
R L104A60 1,040 14, .24 3 -
B L104A40 1,040 1.4 .90 8
\ L119A60 1,190 1.1 ~ 2.5 .43 .
: L119A40 1.190 11 .54 1
4 \ % ~ =
. CYLINDER 557460 7 4.9 7.35 67
. C557A40 .557 4.9 11,30 43 PR
- C697A60 1697 3.2 .51 8
C697A40 .697 3.2 .35 8
C836A6 836 2.2 .30 7
© €836A4 .836 2.2 .97 | 2
1046 1.040 1.4 .58 | s '
C104A4 1.040 1.4 .70 | .
. C119A6( 1.190 1.1 .70 | 5
- ke C119A4 1.190 1.1 ] | s~
- . N
. TRAPEZ0ID assnso 857 . 4.9 6.30 78 .
. 557040 567 4.9 . 11 45 :
# 1 97A60 .697 32 8
T697A40 1697 3.2 - 1
83646/ 1836 2.2 7 ;
T836A4 .836 2.2 9 .
T104A6 1.040 1.4 1
T104A4( 1.040, 1.4 9 -
T119A6 1.190 1.1 1
. T119A4 1:190 i1 6 .
SPHERE . §557A6 .557 4.9 61
S697A6 .697 Y32 . 54 .
‘ 583660 - .836 2.2 a2 .
S104A60 . 1.040 1.4 41 .
1.1. 43

S119A6¢ 1.190




f = frequency

ad m, p = model, prototype.

The scal‘ing fa::tor/'chusen was 70:1. . "
Water, debth in che tank was 1.8 metres, corresponding to a prototype
depth of 126 metres. The w%e perjods in full sca'le/ranged from 7 to 15 RN
seconds The model ps‘icds corresponding cc the aforementioned waves
range from .837 to 1.793- secnnds, ie f>‘e\?uencies from 557 Hz, to 1.19
Y Mz, The wavelengths were detem\)@g‘usi the following equat1cn,
derived for Tinear ‘waves in finite water depth. -

L = gT2/2n tanh[2r d/L]

where; L = wavﬂengtﬁ
3 g= acceleration due to gravity )

T = wave period ¢ ) q ; - ;0%

= water depth. £ 3

s

The-test ldenﬂﬂers shown in Table 1 indicate several items For

exan;ple, test M557A60 -indicates the medium cube (M), with model scale ‘

wave frequency of .557 Hz, and a target wave steepness of 60:1. The

2 . actual stéebnesse; ‘measured have been included. K . v g‘ &
LS S P el COgE s

Figures 1-4 show the model icebergs used in the? experiment. The three

o cubes repf‘esent ‘full scale icebergs having masses.of 1500, 12100," and

- 43,100 tonnes. They were, cho’senttu l‘g’vestigate the effect of viscbs1ty
-z

6n motion prédigtion., For example, the gubes' ratio of characteristic
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will reveal the relative importance of viscosity. :

TABLE 2 5
RATIO .OF HAVELENGTH:_ BERG CHARACTERISTIC LENGTH

r

1.100

As may be seen in Table 2, the ratn{gf wavelength vto‘
characteristic length for the small cube_in 1.1 metre wavelength is very
close to‘ that fgr the‘mediym cube in 2.2 metre waves and the large cub:a
in 3.2 megre waves. Thése cases are essentially equ}va'lent in terms of

e :,}‘Frnudian Sc?Hng (excepting di_scr’epa’ncies arising due to corrections made

t? account for e\ectmv!w‘cs). However, Reynolds _number is d1rect\y(\

proportional to characteristic length, an.d, since frictional forces are

directly rela‘ted to Reynoldsc number," the effect of viscosity will differ

for these tests. The _discrepam:y in RAB values for tests such aS thege -

1171 4,700

—

6.351

3.249

2.141

4.247

18.31  27.14

9.365 13.88

6.172  9.148

v

12,243 18.147

/




The“-v;edfum sized cube, along wRkh the "cylinder" and "trapezoid" have the
V. same characteristic length (largest waterline dimension) anvd are within
13% of having the same mass. These models were chosen to represent
particular commonly observed (cebgr"gs. The trapezoid was chosgn to
represent icebergs having a substantial underwater “ram". 'ihue_ cylinder
‘was chosen to r’eprese’nt smoother, o;lder icebergs. The sphere~is of ~
constderably smaller mass and represents a small, smooth bergy bit.
B'aHastfng of this model was required to pr’eveng: rollyng, ahd the Qe1ght
added was ac‘cnunt'e_d for in the"th_enret'lca'l calculatigh. It was expected
lthat‘ models with drasﬁgaﬂj s1og’lng sides, sucl? as the frapezni& and
sphere, w1'l'l; show poorer matching than that observed with the ‘?iy]!"a" v

and cubes.v‘ P G - s

. The models were made from para'ffin wax having a density of-870
kg/m3. 'Th1s value approximates Fhat of iceberg ice»but- impurities
present lead to the values measured .and reported m Figures 1-4. )
The !rregu’lar sea e{(peri_m’ents were carried out using the same /r"nndels.

, The small, and medium cubes could not be used in the irregular tests due
Eo model- ro111ng problems. Characteristics associated with the“seas Ere
given in Tab1é 3 As in the reéu]ar wave tests, the test l‘dent:l‘fying
cpde s signfficnnt.' For exariple, test .€IR1143 impfies th_e_i:ylinder {c)
in an irregular wave \‘,r:in having -target g,ign‘lficgnt wave heiéht of 11.43
‘n:’éntlmetres. The-choice of s1gnifiqané se"a’ heights was made based on
Lever.and Sen's (14) use of 2, 4, 6, 8, and. 10 metre full scale sea
heights.‘ Dl‘fﬂcu'lt'(es with high ﬁ;equenc:y wa\ie bnar\(movemegts forced

the elimination of tests 'correspondjn‘g to the two Towest sea states, and

Ve s ‘5
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the 6, 8, and 10 metre full scale cases correspond to’ model Hs's of 8.57
cm, 11.43 c¢m, and 14.29 cm. As with Lever and Sen (14), a few
simplifying assumptions were made to reduce the characterization of the
sea spectrum to a single va'ria_bflg: significant wave height. The
relat‘ions‘niws used to generate the irregular sea v‘iere chosen to produce
waves expected o be common in Cana‘dian Atlantic w;ters, particularly
near the Grand Banks of Newfoundland (15). The rel;tionship between peak
period Tp and siglﬂ'f}cant\wave height Hs is as follows: .

Tp = 4.03 st « .

The peak enharicement factor y was given a value of 2.2. The
relationship hetw!en.pé;k frequency fo andrp{@k period is:
fo =:1/Tp :
The ‘'spectrum is given by tk equation:
SH(F) = A5 exp (-B/£%) 42
where a = exp [-(f—r‘a)zl(ZuszZ)]

o %0.07 for f < fo * g

= 0.09 for f > fo

a

5 Hs2ro®/(16 +1/3)

® =
'

5 fo'/a ) : ; -

. _ /
N ¥ 2
2.2 Experimental Facility and Equipment

Tests were carried out at the wave tank located in the fluids laboratory
at Memorial (Figure'5). The tank I\aS measurements of 58.27'm x 4.57 m x

3.04 m nd is constructed of reinforced concrete. Waves are created by -
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the movement of a piston type aluminum board. The board is driven by an
M.T.S. hydraulic ram, the motion of which is controlled by a closed lodp

wave generator. The wave generator sends a signal to the ram,.dausing

it to move. The position of the board is measured and an indicafion of
same is relayed to the generator. The desired and actual positidns of
the board are compared and a signal is sent to compensate for a.ny
deviation. This corrécting procedure !s. a high speéd process and

continuously during wave board operation. y

An energy absorbing beach is located at the opposite end of the tank,
_the_main dugy of which is to preve{n: the reflection of signif}icant waves
béck toward the wave poard. Murray and Muggeridge (d8) report reflection
coefficients less than 10% for the‘heach.‘ where reflection :oefficiént is
defined as, the ratio of reflected wave height: incident;wave height.
Further technical information concerning the wave tank is seen in (18).
Wave motion was analysed with the aid of resistance type wave probes,
data obtained being stored on Hew'lg.tt Packard cartridges at a frequency
of 10 Hz. Probe accuracy was checked &a!ly by a series of static tests.
Wave information was gathered and plotted for each’ test run, with the
probes located near the center of the test region (Figure 6).

2 . o
The equipment-used to provide motion information associated with the
moving bergs is known as the S.elspot System: The system consists ‘of two
came;'as capable of sensing the position of infrareg light emitting
_dmdes..'at a fréquency of ”'5, Hz, together with electronics enabling the

transformation of the sensed positions to a digital form. Software has .-
w
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been developed to take the raw digitized position informatio) ﬁ store-

it on personal computer floppy disks. Once the data was stored on disks,

manipulation was handled by programs developed for a Personal Computer.

A six-degree of freedom time series was generated describing sdrge, sway,
: s

heave, pitch, yaw, and roll motions. Body motions are defined relative

to the direction of wave propagation. For example, st‘nrge motion is

parallel to the wave tank walls, with sway motion perpendicular to surge.

The softwire was set up to determine motions within this frame of

reference despite the inevitable yawing motion of the bodies and

associated horizontal rotation of the LEDS. Additional programs have
%

been developed to further manipulate the data and produce plots.

Problems previously encountered due to reflection of lignt from the

water- surface have been averted by mounting the :LEDs atop thin shafts of

wood inserted in the iceherg. ujoder. The weight' and moment,of inertia

of the wood/battery/remote LED controller were small compared to Ehuse

of the ice models. -For the smaller models (small cuhé. sphere) the

theoretical prédictﬂons accounted for the equipment. The effect of the -

additional weight and moment of inertia was checked for one of the

larger models and found Ato be negligible and was therefore neglected-for

others.

. A complete ‘description of the Selspot Svstem

is available in Reference (19). .

Pt




2.3 Confirmation Tests B
A series of tests were.fun to confirm the accuracy of ‘t'he Sels motion
o T © 7 ‘measuring system. Initially, 2 series of static tests were run, The
LED's were mounted on a piece of wood which‘ was p]acgd on a ’Ia.dder
supported by catwalks spanning the wave tank. Iisformatio_n was gathered
" " to identify the initial position of the wood. Next the-system was = ’
z translated and rotated by known amounts in all six degrees of freedom and
more data was gathered to define the new position. Results of the static
N

tests are shown in Table 4.

It should be kept in mind that a graduated ruler was used to-give the system

its lmtval surge and sway, So that sthuse results cannot be expected to he as o
accurate as those in which precisely angled Plucks pruduced angu'lar :

o - ,' a Yk

mnven;ents. . . 4 .

wi‘th this in mind the results of the confirmation tests Tead tothe
conclusion that in most cases the systen 1s accu‘rate to _wnhﬁ 5%.

< In ?‘der to ensurEvthatlthe system was functioning properly in terms of
tracking moving bodies a dynamic test was cunhucted This test Eonslsted
of muuntmg the previgusly described wood on cables. and supporting lt

f ) in the viewing area in the cunﬂguration of a simple_lp!ndulum. The

_ mass of the board and electronics was measured as q.75; kg, ‘and the

i 1ength‘|;f the cable was 1.21 ‘m'etres. For a simple pend(ﬂhm, (small

ocsi]]a;inng) the period of 65511]657‘06 is

% CTea (79} _

c Lo (1.21/9.81)} = 2.21 seconds.




ACTUAL ZERROR
-15° Roll 12,98 o2
-14.72 1.87
- 15° Roll 14.29 4.71
# . . 13.94 7.07
-15° Pitch -15.15 1.02
K -14.18 5.44
18¥ piten 13.64 9.01
: 14.14 5.73.
-15° Yaw “-15.51 3.41
-18.97 0.20
15° Yaw . 14.99 0.04-
. B 15.40 2.67
10 cm Surge 10.97 9.73
9.93 0.70
. =10 cm Surge -8.94 10,53
<5 -¢cm Sway -4.71 5.77
' -4.81 3:80
5 cm Sway- b 5.67 13.54
4.5 cn Heave ‘457 1.69
8.57 0.82

8.5 cm Heave
—

g

TABLE 4

~__




The sy.ste_m was given an initial surge amplitude of app;‘oxlmaéely 10
centimetres, During the test it was observed that surge motfon -
decreased, sway motion gradually increased, and the system rotated
o4 about a frertical axis. The results of the dyna‘mic test have been . o

plotted and are shown in Figures 7 aud 8.

Itgis o e
sdrge and pitch amthuﬂe; decrease with time; sway and roll amplitudes
increase-with time; a gradual rotation about the z (vertical) axis is .
noted. In general,the plotted resuns’con-esponé olhat Was cbsebved

during the test.

y oy
The static and dynamic tests have shlovin that the Selspot system as set
- .up can be-relied upon to measure motion Eccurat’e'ly. :
.

i " 2.4. Methodology
The analysis of the regular waves portion of the experiment was
relatively straight-forward, Sen's program was run for all models
considered. It has been shown (7) that improved results may be .obtaﬂned
/fkm\the program as a larger number of panels are used to discretize the
body. Sen (7).reports that 48 panels are sufficient to obtain accurate
results for a floating box. In this work at least 80 panels have been
uséd to describe the models. - The prugr;m_ provided RAO's for th_é models
it as a function of wave frequency. Iceberg motion in’formaﬂo‘n measured
during the regular wave tests was compared with wave data to provide RAO

points.’ Motion values were taken by averaging several cycles of response

..
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data. Even in cases where some residudl wave action was evident it was '
found that the szandard deviation of a series of regular t:tavevresul‘ts was
“ in the order of a few millimetres. After each series.of wave frequency
tests had been completed, RAO versus frequency curves were plotted and
compared to those generated theoretica} ly. To ev‘aluate the re{'lat‘lve
performance of different bodies an error indicator has been defined as
follows: Errm—.= ((Experimental result - theoretical result)/theoretical
result) x 100.0. Comparis;m of the average error for all tests on the
models is then helpful in analysis. Unfortunately, the steepness range

" was restricted to 40:1 - 60:1, as the berg modeTs tendted to roll in ,

steeper waves., . /.
. o . o

- s The .irregular wave exper‘lmengs involyed somewhat more analysis to provide

informative results. The Junswap spgctrﬁm served as thé basis for

irregular wave generation. The spectrum was transformed to the time

dom.?in and the corresponding signal was sent to g?iyaje board. Because

of the rather small size of the viewing‘area available using the selspot

. syscem it was neEessary to carry out the irregular sea tests in segments. AN

By 2 “ ‘ - & ) o y
; The total time period associated with each spectrmn was 64 secnnds, but

the bergs typically passed-through the viewing area in 10-15 seconds. As

a result the waves were, sent in four sixteen second segments with the
?wave board paused in between. A signal was sent to the control room when
the first wave hit a model b'e’rg so as to coordinate wave/response data

sets. .
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The raw results of these procedures were two sets of time series: the
wave amplitude measured by the wave probe, and the model response
measured by. the Selspot system. To evaluate Lev:r and Sen's pracedure

!t was necessary tf’ transform both these time series to the frequer;cy
domain. ms was’ accomplished using an algorithm based on material in
;eferénce'(zn). The Fourier points may be calculated using the following
equation:

a =%

o ——

a2 = 110 kM

ay = 2[ £xg cos(2n pt/N)I/N p=1,2 ... N/2-1
P . .

up = 2[ &x, sin(2r pt/N)I/N

where N = number of timeseries points

“amplitude of t™ time pt.
) ap, l~:p = real and 1magi‘nary values of the Fourier transform.'
The data was then transformed into a magnitude density spectrum using .
the fol]nv}ing‘equation:
S(f) = az+b2
Af
x
where af = frequency increment. *

-
The result (}f this procedure was a wave spectrum (examples shown together
with target Jonswap spectra in Figures (9-12)) as well as a response
spectrum for each irregular test. . Re_;ults were cunstdered?or heave as
well as S‘;H‘QE motion. -Lever and Sen's method, as described earlier,

-
involves the combining of wave spectra with RAO's to produce résponse
" -

¥

(V
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] spectra. To Qaluate this method, then, the wave spectra generated here

were combined with both the theoretical RAQ's generated by Sen's
program, a}n‘l tﬁe experimentally determined RAQ's to vrﬁduce two

* predicted response spectra. These spectra were cr'mpared with the

. response spectr‘a determined by transforming the Selspot model response
time series. In cmaring the. spectra, shape, peak location, and peak
magnitude were considered. A]t:-;mgh va‘ry!ng slightly for the different
test runs, approximately 780 data points were used to, generate spectra
having - frequency resolution of 0.03 Hz. No spectral smoothing was
carried out. - Also,.since the sys‘tém noted ‘the initial position of the
body and reported motions with respect to’it. no significant mean. value

‘.was present in the. data. Since the sampling rate was 19.5 Hz, the ]

‘Nyqu_lst frequency was 9.75 Hz, an'av:der.of magnitudé higher than the’
expected peak frequencies. As a result of‘this. aliasing, or the.
inability to distinguish frequencies higher than the kyquist frequency
f;um lower ones, should not be a problem. The repeated matching of the

- target a;\d actual peak f‘requencies confirms good spectral stability.
F(nal!y, all spectra were integrated and the signficant motions -

determined in order to discover whether spectral discrepancies Yed to

Targe errors in predicting characteristic motions.

It was expected that the predicted spectra formed using measured RAQ's
would match well with the actual ones, ﬂ‘mr_eby confirming the use ;:f the
Tinear supernos{tion. The cumpa;‘ison of the actual spectra with the v
predicted ones generated u;ing theoretical RAQ's was included to t’ilscéver
to what extent discrepancies in RAQ's af}e:t. irregular sea predictions.

¥
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3.0 DISCUSSION OF RESULTS

In this section a discussion of the results of the test program will be
presented. Firstly, the regular waves portion will be considered.
Particular attention will be given to éguds noted regarding relative
accuracy of experimental results compared to theoretical prediction as
size and shape of th; model and wave steepness are varied. Secondly,
the irregular sea portion of the experiment is discussed, with an eye to
the ability of theoretical predictions to gnatch experimental results, in
terms of predicted.and experimental respo pectra, A summary of
regular wave results appears in Appendix 1. Timeseries of berg response

and wave amplitude appear in Appendices 2 and 3, respectively.
3.1 Regular Waves
3.1.1  Surge Results

3.1.1.1 Small Cube i E

A plot showing the values of surge Response Amplitude Operator
(RAD) for the small cube versus regular wave frequencysis given

¥ in Figure (13). It is noted that a substantial peak.occurs in .
the theoretical response plot at the frequency value 0.697 Hz.
The existence of such a predicted peak {s fairly common and may
be linked to the predivcted pitch response at the same frequency
(see Figure (14)). Th_eJrequency location of a peak in a surge

" rao culve will coincide with the Tocggion of pitch resonance

whenever the body rotates about a point other than the body's




3.1.1.2
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center of gravity (CG). A1l motions (both predicted and
measureg) have Been determined here for the CG; so that if, as .
is assumed in Tinear diffraction theory, pitch motion oscurs

about the centroid of the waterplane, pitch resonance and surge

X '
peaks jSnclne. The experimental results, however, did . /
not re the peak, with the surge values showing a gradual

AY
climb from high frequency to low frequency waves. That is, *
actual rotation occurs about a point closer to the CG. For a
largé portion of the frequency range it was seen_that the

theory underpredicted the experimental values.

Medium Cupe - )

Sixteﬂ tests were run using this model, as it waé chosen to
form th:a basis of the wave steepness study. Surge RAQ's for
this model are shown in Figure (15). F-ur the high frequency - v
range of tests, the steeper waves (40:1, 50:1), as expected,

led to poorer matching of experimentql data to theoretical

prediction, with Targer surge response in steeper waves. This

is caused by a ‘breakdown in linear theory with incteasingly
- . v

° steep waves. In the lower frequenéy range, the trend for

increasing ‘steepness was not_as clearly demonstrated. Problems
with model rolling prevented the use of waves haying steepness

greater than 40:1.

Anoyher interesting trend may be seen in these tests. The
theory matches the experiment, more *closely in the hi'gﬁ
frequency region than at low frequencies. ‘This may be

explained in terms of motion amplitude. vin the higher b




# -

T~
frequer!cy cases, absolute surge amplitude is in the-order of 5%

of the length of the modef. In the Tower frequency area, B
motion is of the order of 18% of cube length. “One of the
assumptions of the linear theorgy used to predict the motion was

that motion amplitude Iwmnd be small. As the overall value of
amplitude becomes greater, the‘ Tinear theory can be less
‘expe'ctedl to mirror experimental results. This trend can be -
B clearly seen in this sefies of tests. A{\ alternative e
explanation for this behavior lies in the fact that the higher
frequency waves (Tower wavelength (A)/Lc) would result in a

Tower viscosity induced error (17).

The average discrepascy (((experimental - theoretical)
/theoretical) x 100) for the vsurge results of 60:1 tests on the

medium cube (37.4%) was considerably Tess than for that of the -
small-cube (99.6%). This could be explained using the same s
logic as in the previ::us paragraph. That is, average motion

amplitude relative to model size is much vgreater in’ the smaH.

cube tests, therefore, theory is expected to be less accurate.
Additionally, errors due to viscous-effects are expected t‘u be

greater for the smaller cuPe, contributing to the larger . '
average discrepancy. This m;y be demonstrated by noting that .
Reynold's number is directly tied to berg size, with redative

-

viscous force magnitudes greater for smaller objects. Since i "

the theory assumes inviscid conditions, errors are expected/m/ N
. -« .
be larger for the small cube.”

e




It is observed here, as in those tests 'for the smaﬂ-::ube,
that in the majority of cases the theory underpredicts the
exparimental amplitude. It is noted that nc.p'eaks occured in
the predicted sbréé RAO curves, as pitch resonance lies
outside the test frequency range (Figure 16). v
R \
3.1.1.3  Large Cube
/The average (ﬁscrepan:y in the surge results for the 60:1
tests using t}|is model was 36.3%{’07ﬂy lightly lower than for i
those using the medium cube, but cans?ngr;bly Tower _than for .
the small cube. o ) )

) v

In every case for this iodel the theoretical résults
underpredicted ghe'experimenta] values (see ngure (17)). A
Tests at different steepnesses were carried out at only three
- ' fréquencies and there was no noticeable trend with respect to
the relative magnitudes of discrepancy. - 5

As in ‘the cases of the other cubic models, it was ‘again noted

that thedretical resu]ts‘m_atchgd experimental ones more
’closely at higher frequeﬁcies than at lower values.

A - ‘ « ,
The mudevl'cubes provide some interesting results in terms of
the effects of viscosity and body motion amplitude on
prediction ability. The ra;io of the lengths of the three .

cubes is very close to 1:2:3. Tests have been run at
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wavelengths 1.1 m, 2.2 m, and":"l’.z m, or close :!1;2:3.

These tests,l‘r; terms t_;f Froudian scaling, are similar,
However, Reynold's number increased with berg size.v It may be
assumed, then, that any diffefnces in the relative
discrepancies for these tests waere caused by differing viscous
effects. - The surge discrepanci‘es for the three tests (small
cube - 1.1m, medium cube - 2.2m, large cube - 3.2m) are 79%,
24%, and 32%. This is generally as would be expected, since
the smallest cube would be expected to have‘che largest .
viscosity - induced error. Another series of tests were run at
wavelengths of 1.4 m, 3.2 m, and 49 m, again close to 1:2:3.
The surge discrepancies for these tests were 108%, ‘93:. and
"59%. The trend for tl;is series is similar to the previous one,
indicating thah viscoskty may be a :;ignificant variable in

terms of surge motion.

The ratios of sun;e motion: particle motion ias indicated by
wave height) have been plotted against non-dimensional
wavelength‘ (Figure 25). This plot clgarly shows the three °
regimes of motion (nnn-pa\:ticle-liké (wavelength (1)/Lc<5),
transition (5< A/Lc<12), and particle-1ike (AR/>12))
described by Lever et al (6). It has been pogtulated that if
viscosity is to Tead to a prob]xem it will d 5o 4n the
transition range between non-particle and pirticle motion. }n
Figure 26 the ratio of experimental to predicted RAQ has been
plotted against non-dimensional wavelength. TVhere is a generdl
trend for theory to underpredict surge motion in the transition

regime,
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The effect of body motion.amplitude may be seen in Figure 27.
Here the ratio experimental/theoretical RAQO has been plotted
against non-dimensional motion amplitu;ie. There is a trend
away from the value of 1 as mgtio’n amplitude increases, as
would be e*pected sim;e the linear theory assumes small
amplitude motion. Unfortunately,’ the effects of ’
ﬁan-d1mensional'wavel‘ength and moti;n 'amplitude cannot be
separated comp’1ete1y, since 1arge‘r motions occur for larger
Le. T
Cander
The cyHndnca] model, hav-mg similar charactenstic length.
and mass as thé medium cube, may be used together wiah the
trapezoid-and ‘sphere to provide a basis for the study of the
effect of shape on fhe ability to pv'Je\dict berg motion.
The. average discrepancy for surge results at steeﬁness 60:1"
(22.5%) w‘as approximately 40%,less than for. corresponding tests
on the mediu;n cuBe. ‘This may be explained by notipg that
dur\ng the experimenta'l runs, all -the mudels exper\enced some
yaw motmn. Since the theoretical predictions assume no such.
motion, this leads to an error in cube surge motion prediction,

as the wave front impinges on a body whose -geometry varies with

time. However, in the case of the cylinder, this Yawing mofion

would introduce no error, as no change in geometry is produced ~

by motion about the vertical axis.




Experiments ‘vere run at two different steepnesses fo this

model. Ov&rall, there was no significant differenc§ in the

average dis’crepancies for the _m steepnesses (see Figure :
: - (), _ a

X_t is again observed that the theoretical results match the ’

experimental data more closely for the higher frequency range,

and in the great majarity‘of cases, surge motion is .
< F underpredicted by the theory. It is éncnurégwg‘to note that i

a thearemca]]y predicted peak in the RAO curve at 0. 836 Hz is

confirmed by the 60:1 experimental reglt. This peak is

b related to a peak in pitch responsz (Figure (20)) at the same -

frequem:y. The Srge peak did not otcur in the 40:1 tests,
and this is due to the lack of pitch resonance duriqg this test
“run. Resonance is ; sensitive phenomena and is apparently )

influenced by wave steepness.

3.1.1.5  Trapezoid
This model, having similar size and characteristic length as
the cylinder and medium cube, proyidés a good bas\"s for, the
study of shape e‘ffe\ct. : ' ‘ N
‘ \ .
The average discrepancy’ in surge RAO for trapezoid tests run at ..
$ (60:1) steepness (72i6%) 1s approximately 90% greater than,for ' . %
the médium cube and 220% greater than for the cylinder. The!
generally poor matching observed using thisl model (see Figure

(21)) may be explained by comparing its geometry with those of




3.1.1.6

0

-
the cyllndér and cube. The sloping sides of the trapezoid lead
to l drastic change in underwater volumetand waterplane area as
the body undergoes changes in draft associated with its motion.
These drastic changes are not accounted for in the linear
theory, and as a result, calculations of added mass and forcé
will not reflect experimental conditions. In addition,
pr:e'a|ction difficulties are expected with this model as yaw

motion occurs.

It is noted that all experimental results in this case were
underpredi‘cted by the theory. ¥
No trends were evident in th‘s test sErie§ v;ith respect to

wave steepness or'low versus high frequency relative

discrepancies.

An‘ugserved peak in surge again was found to agree with the

experimental pitch resonance frequency, with t.h; peak being

more pronwﬁced at the lower wave steepness.
7 i 5

Sphere .

Surge RAO values for the sphere are sh’wn.in Figure (23). _Ihis
model had a cnnsidbrably Tower mass and chara‘cteristic length
than the other badies used to study shape effect.

Nevertheless, it is thought that results mightrhelp to confirm
canhlus‘{ regarding this effea-t. A

£




- The average value of discrepancyin surge RAO is much higher

(140%) than for any of the other bodies. This may be explained

™~

. in exactly the-same way as for the trapezoid. That is, the

high degree of variability in underwater geometry due to body
motion leads to large discrepancies i:etween experiment “and

theory.

Underprediction of ‘surge values was again noted in the tests
using this model, but no trend was observed relating

discrepancy to frequency.

Pitch resonance was not predicted for the sphere, but the

phenomena was observed experimentally at .697 Hz. An

] associated surge peak occured,at the same frequency. The
experimental pitch/resonance may have been caused by
. irregularities in model shape associated with the moun(‘i- =

v electronics or by oscillating moments induced by viscous shear
- S
forces. Neither of these effects are included in the

prédiction technique.
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3:102:1

Heave Results

Small Cube

An approximation to the natural heaving frequéncy for @ cube

, can be determined as follows:

Foe ()R e
FgFp = (e, )%
Pig13-P,g. (875 1+x)12 = (P14 )iy |

where P, =.density of ice
Py = density of water

F‘g = gravitatiopa] force

Fh = buoyant force

1 = length of any side*of cube . &
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9 = acceleration due to gravity

x = displacement from position of static equlibrim
= mass of body

= added mass associated with body

f = frequency

t = time
Note: P‘/Pw = .875

assuming Ma = 0.7 M = .7P;13 (from linear theory of Sen) .
Pigl3-P g (.875.1+x)12 = (1.7 P;13)%

dividing by Pw

Pi/P, g1-g12(.875 T+x) = 1.7 P,/P, 1%

.875 g1-.875 g13-g12x = 1.7(.875)13%

The natural frequency for the cube may then be determined

as follows:

= (.16705/1)}

1 = .175 metres;

02 sec™!.

for the sm;l cube

¢ fnw.9

It is noted that this approximation neglects the e’ffect of

damping and the dependence of added mass on frequency. . L

+This resonant frequency is clearly shown by the theoretical

results for the small cube mode) (refer Figure (28)). The
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experimental results closely match theoretical values at lower
frequencies where berg motion approaches that of a partfcle -
(ie. Heave/Wv Ht = 1.0). However, there exists a wide
disparity in those regions close to resonance. The -
experimental results show a peak at a value of 0.836 Hz,
slightly lower than that predicted by theory. One explanation
15 that actual added mass in heave may be greater than 0.7, i
It is not expected that experimental rEsu]lts and predicted
values will closely mirrof one another in the resonance region,
since complete body submergence, which was in. fact observed
during the experiment, cannot be accounted for by 1inear
theory. In addition, the large magnitude of body motion in the
resonance region contributes to poor experimental/theoretical
whtehing both by violating“the small mation assunption and by

increasing viswus damping. -

. ' F e
<1t {s interesting to note that contrasting the surge results,
experimental heave values sho»; that the theory overpredicts
‘the heave amplitude. It.is postulated that viscous drag,
which 15 not consTdered in’the theoretical calcdlation,
accounts for the experimental heave values being consistently

Tower, than those predicted.

Medium Cube
4#Values of RAO plotted aga\v?s: wave freguency are shown in
Figure (29). The average value of medium cube heave PAD <

S



. 60 !
't
discrepancy for the 60:1 steepness waves (42%) is greater than
the averaée fur}the small cube (31.1]. This is interesting in
that it represents the reverse trend than was displayed by

surge results.

The“natural frequency for this cubeqmay be approximated, as
before, as .7D'Hz. This value is wery accurately matched by
experimental results. However, the values of the RAO's in |
th?&\frequency region show much (greater discrepancy between
theory and experiment than at higher and lower frequency
values, Again, it is seen that linear theon()signiﬂcant!y

overpredicts resonant heave amplitudes.

.
These r;sults display some interesting trends with respect to
wlave steepness 5; well, At nan-resonépce frequencies, there
was no.significant dlﬁ:erence from steépest to shallowest wave.

1 However, the steepevr wave resu?‘ts\ appear to more closely &

approximate predicted values in t!ue resonance range than do the

shallower ‘ones.
.
.
Two trends observed in the smalﬂ cube results are repeated

using this model: heave motion is tending to an RAO value of 1
for lower frequencies, representing particle motion, and the

theory has consistently overpredicted experimental results.

~
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3.1.2.3  Large Cube
The average of the 60:1 steepness test heave RAQ discrepancies

for the large cube (187%) is greater again than for:the medium
cube, continuing the trend observed between small and medium
éuhes. However, this result has been biassed by t[\& high
frgquency heave RAO results.’ Large discrepancies were
determined between the experimental and theoretical results
using the method prevmusly mentioned (. discrepancy =
[experimenta‘-theoreﬁcﬂ/the‘uret'lcaﬂ x 100). " In fact,

however the absolute values were quite close to one another, .
and tr!e large value of dig‘epancy appeared as a result of the
relatively small values o{ RAO (Refer Figure (30)). : Neglecting .
the large cube high freq;:ency points, there seems to be only a
slight trend in heave results from the small to the medium and
large cube, with discrepancies seen to gradually fncrease with . -

an increase in cube size. Ny el

There‘was no trend with respect to wave steepness effects and
heave results for this model. )

[
ihe natural frequency for thi; cube may be approximated as
0.56 Hz, and this value was observable both in gheoreti:a)’

and exl{imentﬂ results. =R

¥ .
Several trends previously noted were repeated for this model.
For most cases.the heave response was over-predicted by the

theory. Matching was seen to be much better in regions away




from the natural frequency of the body than in areas near
resonance, where theory significantly overpredicts heave

motfon.

@
/ In the section discussing surge results two different cases of

similar (Froudian) tests were described. It was shown that
surge discrepancies for the tests in question showed a
reducing trend for the small to large ¢u.bes. The heave results i
‘of the same tests will now be discussed. The heave
discrepancies for the first series were 46%, 60% and 18%. The

‘ : d'lscre}anc'les for the second series were 94%, 26% and 31%.
There seems to be a simi‘hr trend here‘wlth discrepancy getting
smaller with' increasing model size. This is as expected, si:nce
increasing vr@_del scale reduces the magnitude of viscous forces

relative to inertial ones. Slnée‘the potential flow theory.

used neg!ects,viscusity entirely, predictions should improve

“with increasing.model scale.
Similar plots have‘heen generated for the cubes' heave results
as were done for surge. » In Figure 34 the rati® of: hea\;e
motion: particle motiﬁn has been plotted ag’a!‘nst non
dimenslnn,a'l wavelength. Once again\the regimes described by
Lever et al ‘(6) are clearly shown. The naturﬁI fréqqency
(heave) for the cubes, if non-dimensionalized as
2 i wavelength/characteristic length, is 6.67. This value is s
b . accurately seen as a peak in the data in Fighre 34. For the

e A
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region of non-dimensional wavelength 0-5, the motion is

clearly non-particle like. For wavelengths greater than 10,
" the motion is partigle~like. In Figure 35 a measure of heave
error is shown plotted against hon-dimensional wavelength. -
The high values shown at the low wavelength end of‘.the scale
r_ef\ect the very small high frequency heave motions for the
large cube discussed previously leglecting these points, the
general trend seems to be values close to 1 for Experimental
/Theoretical Heave RAQ for values of Wavelength/Lc less than 4
and greater than 8, with more discrepancy existing in the
transition region of 4-8. This is as was expected, since, as
was discussed in the introduction, viscosity will not be a
problem‘ for large or small values of wavelength/Lc, but may
lead to so;ne difficulties in the mid-range region. The
existence of a clear trend in heave results, which was not as
evident in the surge résults, Teads to,(ﬂe conclusion that
viscdsfgy plays more of a role in heave preqiction error than

in surge results. 5 g

In Figpre 36 the same indicator of predict‘lun error has been
plotted against nur;-dimslonal heave motion. In the surg‘e
results there was a trévd toward poorer prediction as the
amplitude of body motion increased, but no such trend fs
evident in the heave results. A; rr;entmned previously,

non-dimensional motion and wavelength are not entirely ="

independent parameters. Good agreement for large heave motion .

+is probably a result of such motion occuring at large A/Lci



-

~

3.1.2.4

Cylinder .
The average discrepancy in cylinder heave RAO values for 60:1

steepness tests (27%) was approximately 35% lower than that for
the medium sized cube. This improvement in prediction could be
due to the e%fect of yaw moth‘m on the cube. Yaw motion
occured in just about all test runs, but such mutinn‘ would
introduce no discrepancy for this particular model (cylinder),
whereas chalngzs in underwater geometry\relative to direction of
wave front movement may affect cube motion.

The resonant frequency, as predicted h_\‘/ Sen's theoretical
calc\ila‘tion, was accurately matched by the experimental

results (Refer Figure (31)). ° e

Matching was seen to be much better in the ?\nge away from ‘the

resonant frequency.

N . «
In all cases the experimental results were overpredicted by

theory. -]

At lower frequencies the value of the RAO tended to a value of

one.

No -uvhservab.le trend was seen-with respect to wave steepness.




3.1.2.5 Trapezoid
The average discrepancy for heave RAQ for 60:1 steepness tests
(155%) for this‘ model.was 474% greater than -for the cylinder
and 278% greater than for the’mediuin cube. The reason for the
overall poor matching observed with this model can be traced to
its sloping sides.. As was de;cribed in thé section discussing
surge results, the underwater geometry of this model changes
much more significantly than does the geometry of the cylinder
or t;ua cube under the action of the oscillatory motion. The .
restoring forces ‘.\'e'lt by this model are thus highly non-’linea‘r
‘ in nature and as a result motion is not expecte& to be

accurately predicted by the theory.

In all but one of the frequencies tested, this model showed
slightly better matching for the sha'llo(er than the steeper

wave tests‘ (Ref to Figure (32)).

It is interesting to note that, contrasting the previously
discussed models, in most frequency ranges for this model,
heave is underpredicted by theory. Again, this is probably
¥ due to the nonlinearity introduced by the changing underwater .

geometry.

. 3.1.2.6  Sphere .
The average discrepancy value for this model (238%) was even
greater than for the trapezoid. However, this a‘verage' value

was based largely on a 'hlgh frequency po_int with a very low
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e

predicted heave value. ‘Nevertheless, this model showed
generally poor performance overall, failing to indicate the
predicted resonance region. In more frequency ranges than not,

theory underpredicted the experimental values.

The generally poor matching observed using this model can be
explained in a similar manner as was the trapezoid. That is,

large changes in underwater geometry as a function of body

forces.

motion lead to difficu’lt to account for non-linear restoring
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3.2 Irregular Seas
. =

In this portion of the experiment a comparison is made between
! response sve’ctra hf the ‘bergs as measured by the Selspot System,
and those determined by combining Response Amplitude Operators for
the berg in question with th.e measur;a& wave spectra. T;lo different
”theorécﬁ:al" response spectra ?!a‘ve been determined for each test,
3 onz__yslng the theoretical RAO's determined using Sen's yrogram.r,and,_
i one us1‘n the experimentally determined RAO's\from the regular wave
test% this se:tién t_hesé two theoretical spectra will be
referred to as "predicted us{ng calculated RAO's" and "pr&ﬂcted

using experimental RAO's". é % +

In.all qases the measured sea spectra have been uéed rather than.

the target Jonswap _spectra wh‘en generating predicted response

spectra. The issue under study here is how well the linear theory N
. can be used t_o‘ predict mt‘ion in an irregular seaway, rather than
4 the abi11fy of the expgﬂmenial equipment to producé a target sea

state. ' v P N

&
3.2 Surge Results

’

" 32010, Large'Cube ]
! -;I’he syrge spectra for, this particular model appear in Figures
/ - (37-35). “In Figure (37) the spectra for surge response for 3
M test LlRa.‘;? is shown. The spectra. show peaks atspm'oximate'ly
.éi and .75 Hz as well as a low freque_ncy peak in the .1 Hz




n \
< region. It is interesting to note that the low frequency

peaks appeared (though with different magnitudes) in both the

s, actyal:s well as the predicted traces, so there can be no
[ doubt about their existence. However, the expected peak period
for the associated wave spectrum was 1.30 seconds. It s
expecyed that the great majority ‘af response energy should be
- . 1;| the 75 Hz range. The Tow frequency peaks are due to /
\ relatively low amszuqe. long period waves present in the tank " -
during the test. The surge response of -a body to such a long
i . ‘wave can be quite great. ‘The result of this effect ls»qu“lte a
substantial low frequency peak ir’! surge response. The re‘laﬂve
size of thé"’peak in the spectrum determined using the-
experimentally determined RAO's can be traced: to .the slope of
the RAO curve in the low frequency region. The values of
response were increasing at a rather large rat‘e as frequency is
reduced. The procedure used for defemin!ng the value of RAO
outs'de the test range is a straight line extrapolation. - This /
\ wnuld lead to high values at low frequency such as in the 0.10
Hz region, and consequently unreaHsHtu high peaks. This

may be contrasted with the thenreticaﬂy determined RAO valves,

which do not show such‘ a large increase with decreasing

" ‘ frequency, and as a result the\peaks are not of such great

i - magnitude.

4 ) ‘ ‘ \

- Several examples of the tar t Jonswap spectra as well as the
associated measured wave s ectra were shown in quure] 9-12.

It can be clearly seen i/ these typical examples that while

\
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there is relatively little energy in this low frequency range

compared to the .5-1.0 Hz range, there is significantly more

-energy in 'the measured versus the target JON_SWAP spectra. This

confirms that the low frequency peaks are the result of
substantial surge response to re}ative'ly small amplitude wav‘es
which are preferentially prese“nt in the wave‘ ‘taﬂi. As a result
of this, further discussion in this section will be confined to
those ‘frequencies in t);e range of significant JONSWAP wave

energy and will tend to ignore the relative magnitude of Tow

frequency peaks. In this way, the problem of extrapulating the

.RAO's beyond the regular wave frequency points is also avoided.

There are three peaks in the actual response data, one at .63

Hz, another at .75 Hz, and a th > .88.Hz. The first is % .0

predicted quite accurately by #he théory; while the secund is
predicted but has a Tower magnitude than actual. The third
peak is lred'cted by the theoretical algorithms, but its .
amplitude. fs not closely matched The prediction of'the‘
frequency 'Iocat'on of the spectral peaks fs quite encouraging
e
The magnitude variation between the three sp’ectra may be traced
tn th»discrepancy between calculated and experimentally
determined RAO's., In Table (5) appear the values of the
significant surge motion (peak - peak) determmed-hy_‘
mual‘lylng the square root of the-area under the appropriate
‘spectrum by a factor of A 0. In cases where unreaHs’ically

high low frequency spectral peaks existed. the Tow frequency




regions were not included in the integration procedure. For
this particular case the value of significant surge amplitudg
predicted using experimental RAO's.is within 192 of the actual
but the value determined using ca]cu‘]ated RAO's 1s only 65% as
large as the actual.

In the frequency range containing the bulk of the responsé

energy, say 0.55 to 1.0 y‘z, the predicted surge RAO averages ,

70% of the experl‘men_ta'l value (see Figure 17). The fact that
the predivctqd significant s;urge motion is only 65% as large as
actual is thus essentially due to the difference in RAO's in
the region of peak énér@&'. The predicted response ‘in an
irregular 'sea- is not made much better or worse by the Tinear

superposition applied using spectral, analysis.

Many of the comments. regarding surge motion made with respect

to test LIRB57 apply equally well to the results of LIR1143

3
“(Figure (38)). Again the low frequency spikes are due to low

frequency components developed in the tank. The expected peak
frequency for thl} 'sea’state is 0,67 Hz. This frequency is
seen very well in the v:esl_nting spectra, ’ The integration
procedure resu'lts“in very similar relative values as in,the
LIR857 sea state. The predicted sign!flcant surge motidn

using experimental RAO's s 6% lower than the value determined

’ from the actual spectra. The value found using calculated

RAO's 1s 55% of the actud) value. Again, in the regfon

coﬁtl(n!ng most of the response energy, the theoretical RAQ

average 70% of the experimental values, @ ~




Cylinder

The spectra for_ surge response for the cylindrical model are
shown in Figures -(39-41). The most predeminan‘t Frequer;cy peak
observed in the actual results of test CIR857 (at approximately
.80 Hz) was matched quite accurately by the predicted spectra.
Anathér peak at approximately .65 Hz wa$ also observed in both
the actual and predicted spectra, although wi_thaut the same
§gre} o‘f matching‘gs that asso‘ciated with the higher peak. A '
fopther peak at .90 Hz is accurately predicted also.

The value of the significant surge motion, as determined using

. the areas under these spectra, for the "predicted using

theoretical RAO" case is 80% as great as the value than for the
actual data. This is to be expected, because the values of
surge RAO in the pgak frequency response region. average about
85% of the experimentally determined values. The value for
significant surge motion for the spgct;um formed using measured
RAO's fs within 2.0% of the value c‘ietenn‘lned from the actual

spectrum (Table 5)

The:surge response spectra for the cylinder in test CIR1143
are shown in Figure (40). The peaks predicted by the theory
using both measured and calculated RAO's are located

approxfamtely .15 Hz above a peak in.the actual results.

¢ i
/

A very encouraging po‘!nt is to be found in the calculation of
significant surge motion for these spectra, - Even though the
peaks ware found at slightly different frequency Tocations, the

"o "

ol




* other,'essentially identical within experimental error. The

81

signficant .surge motions for actual and predicted using .
experimental RAO spectra were‘feund to be within 1% of each

'
Xalue for predicted using calculated RAO's was found to be 82%
as great a’s th; actual case, which was to be _expected
considering the relationship between ?]éulated and measured

RAQ's (see Table 5).

The CIR1429 surge spectra for.the cylindrical model are s)mv;n
in Figure (41').' The peaks in the spectrum fnr. actual data are
for all intents and purposes identically matched h}i the
predicted spectra. It is interesting to note how clnsel} the
peak energy f‘requency in these curves matches the Joﬁsw‘ap peak
frequency of .60 Hz. The significant surg’elmacion for the
actual and "predicted using measured RAQ" spectra are within 7%
of one another. The valﬁe for the predicted using ¢:al.:u1ate¢1L
RAO s 76% as great as the actual case (see Table 5), again,
essentially a result of the ratio hetyeeﬁ predicted and -
measured RAQ's in the regfon of peak wave energy.

)
Trapezoid

Plots of Fespcnse spectra for the trapezoidal model appear in
Figures (42-44).‘ Energy peaks have been correctly’praduted at .
the 0.75 Hz frequency area for test TIR857. This frequency
r;nge is close to the Jonsw;p peak fiequency of 0.77 Hz for

this significant sea hefght. The ﬁagnﬁtude of the.peaks in the
spectraVare not matched well between predicted and actual
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cases, but the significant surge motion, as determined using
the ‘ars;a under the "predlcte; using experhqenta] RAO" spectrum
is within 2% of th; actual value. The value determined using
calculated RAQ's 1s 64% of the actual value. This may again be
explained by noting that,the gdlculated RAQ values for the

. frequencies .557-1.0 (where the gredt majurﬂy of the wave
energy exists) average 61\% of their measured counterparts

(Table 5).

The surge respnﬁse spectra for test TIR1143 shows excellent
frequency location matching between predicted and‘a—ctuﬂ cases.
The significant surge mntiépn for the predicted using measured
‘RAO spectrum is within 13% of the value for .the actual
spectrum. As expected the value obtained using calcu]ateﬂD

RAO's 1s 72% as large as the actual value (Table 5).

The spectra for ‘test TIR1429 are shown in Flgufe (44). The
R%mn of three 'freque.ncy peaks are correctly r;ngtched by the
predicted spectra (.43 Hz, .67 Hz, .88 Hz)v. The magnitudes of
.these frequency peaks 'are realsonalﬂy close‘ to Ohe another with
the exception <;f the predicted using experimental RAO peak ;t
0.40 Hz! The large value of this .pealg may be traced to the
steeply sloping RAQ curve for this’'model in the lower
‘v"reqﬁenc’y region. Having no regular wave data for this regton,
the ohly alternative |js to extrapolate the curve to the desired
.ﬁ‘equen:y'. Unfortunately this rﬁay léad to unreqiistically
high values for energy densﬂy‘in <slch frequericy ranges. It
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is noted that the less steép theoretical RAO curve, when
= extrapolated, lead to a less severe and possibly more

realistic value of surge response.
B S

It is nevertheless encouraging to note that despite this
problem the significant surge motion (experimental RAD) was
only .6% g}eater than the value obtained for the actual

. spectrum. As was the case for the previously discussed sea

states with this model, the significant surge i‘oﬂon “

. ) (calculated RAO) was smaller than the actual case (69%).

3.2.1.4  Spifere
The surge response spectra for the spherical model are shown
in Figures (45-47). Peaks in the SIR857 actual response . ~
spectrum at .67 and .77 Hz were correctly predﬂ;ted by both ’
theoretical spectra. The magnitude of the actual data peaks
was quite closely matchedbby the spectrum determined using
" expe;jmental RAO's. The significant surge motfon for this
-
' spectrum was within 6% of the actual spectrum. The value for
g * the spectrum four;d using caIcu!gqed RAO's was only J'.‘i%'as lpr‘ge
as the actual flg_dre. As in pre}foug cases, this may be %
explained by noting tha_t the values for theoretical surge RAO
between .6 and 1.0 average 34% of the measured vaiues (Table 5').
' ’ -
Very similar comments can be made yegarding the SIR1143 sed
response ‘spectra. Energy peaks are very accurately predicted

by the experimental RAO spectrum (magnitude of significant

« 8 ‘ I; . .
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-

motion within 8%). The location of 4peaks is confirmed
by the calculated RAO spectrum but the signficant motion is
41% of the actual value. For the buli»respunse frequéni:y

range of..40-1.0 Hz the theoretica] surge RAO's averagé '50% of

- their measured counterparts.
\

There are twogredominant energy regions in the'SIRl;IZB actual
surge re‘sponse spectrum. The 'Iot;acion of the first, at .65 Hz.
is accurately predlcted by both theoretical spectra The -

1ocat1nn of the second is, .07 Hz greater than predicted.

The magnitude of the peaks predicted by the experimental Rén
. i -

spectrum are greater than the actual ones, but the value of

‘significant surge motion is'withip 21% of the actual value.

The value of significant surge motion (calculated RAO) is 56%
of the actual vh]ue. ugich compares well with the 50% ratio of

average RAO's in the region of pedk wave energy.
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. .2,2 > Heave Results o 3

3.2.2.1  Large Cube X
) The spectra showing heave results for this model are shown in

. F"gurgs (48-4§). For the £IR857 test thare is a,substantial P
- . Tow frequency (.1 Hz) peak in the predicted spectra. Only a
very small peak occurs in the "actual" spectrum. The large

magnitude of the predicted. peak is a consequence of a steeply

rising 'lowfr‘equency RAO 'curve. The lack of large spikes in

-~ g
1 the actual heave response spectra confirms the explanation -

-~ suggested for those existing in correspnndlng surge_results.

The heave response of -a floating bndy to a low-frequency small =

amp’litude‘vﬁve is not great and would not result in large

energy spikes. " There is very good matching between predicted .
/ and actual spectra at higher freque‘ncies f‘o:-ﬂis test. The
.actya] and experimental RAO spectra show significant heave
motion values within 8% of one another (see Table 6). The
value determined using calculated RAQ's is 25% ;ﬂgher than r.h'e

" actual case. For the reg‘ian of'high'response energy, however,

the values of predicted RAQ &.—e an average of 41% higher than ’
# the experimentally determined ones, which -in part accnunt‘s for

this rasult. . o~

The frequgacy location.of maximum energy is accurately

prEd‘lcted but is Tower than the Jonswap value of 0.77 Hz.




3.2.22 ¢

theoretical RAO values average appruxlmatﬂy 42% Mgher, which “

Similar commgnts cari be made for the LIR1143 test (Figure 49),
The Tow frgquéncy peaks exist in-the predicted l_ectra ,bet ot .

in the actual results. The locatfon of peak energ), is very

accurately predicted.
As-expected, the significant heave motion calculated us'nz »
experimental RAQ's is reasonably close (28% greater)- to the -
.- actual value, whereas the value deterv;xined using theoretical

RAO's' is 80% greater than the actual case (see Table 6). The

again partial‘ly accounts’ for this result. e =
. & ¥ i : K
ylinder - 0

The 'heave response of the cylinder for the CIR857 test is. o

showh in Figure (50). The 1ncat|an of peak's éeen in the actual

data is accurately predfcted by both predicted spectra (using

calculated and measured RAO's). The relative magnitudes of the
\

response are a problem for this.data group, but can be.

partially explained by the relative magnitudes of the RAO's. .

= PR
The significant heave motion determined by integrating the  *

"predicted using measured RAO" spectrum sha_wé_a value 21%

greater tha‘n that ca]cyIated psing the actual spectrum. The
valee determined using the "predicted using calculated RAQ" - ' k
spectrum is 92% ;r‘eater than the "actual" value. The spect;a :

(for this test show a very narroy energy dlstrlbutlon c!osdy

clustered about the 0.80 frequency reglor;. It is noted that




ghe calculated RAO for a frequency of 0.836 Hz is 76% higher
“than the average measured value. This explains the large value
of significant heave motion.
.

The heave response foyt the CIR1143 fest is shown in .Figure -
(51)._ The- energy peaks predicted by the theory a}-e
approxima’te'ly .08 Hz away from thg peak seen in the actual
data. The sjgnificant heave motion predicted using
experimental RAO's is 42% §réater than the actual, and the
va'lue‘detennined usinq calculated RAO's is 126% gv“eater. The
difference in RAO's does not explain these results as well as .
for the qfher tests. ) . ~
. X &
CyH_nder heave réspon‘se fo;' test CIR1429 is shown in Figure
(43). - The spectra determined using both measured and
calcu]ated"RAro\'s correctly mirror the location of two pe’aks’

. observed in the "actual" spectrum.’

The s'gnlficant heave motion detemnned for these spectra is
. as expected. The value detemnned using measured RAQ's is
;lithi'n 2% of ':hev actual case, and the value determined using .
calculated RAD is 50% greater than the actual. These spectrd
show tbnsid‘era’ble energy between.6 and 1.0 Hz, and in \:’Ms
range the‘ calculated RAO's are about sz‘greater than their

measured counterparts (Table 6).
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Trapezoid ¥ Y ' . ~A
The heave response spectra for this model are shown in Figures
(53 55). The spectra for the TIRBSI test shows an energy peak
near 0.75 Hz ‘for bnth the actual and calculated using
expe,r;n:%al RAO cases. The location af this peak is close to
the Jonswap peak freqdency (0.77 Hz).. The spectrum determined
from calculated RAO's showed an mcrease in magmtude near
this frequency but not the tlear!y defined peak seen in the .

other two spectra. »

The sign1ficant }\‘eave motion for the spectrum determined using
experimental RAO s was 26% greater than the value detenn'lned
using the actual spectrum. The value for the calculated RAD . -
case was.75% as great as the actual value, this may be , *
explained by roting thét for the predominant energy frequency
range (0.60- 1. 00) the average calculat&d heave RAO s 58% as

great-as the measured value (Tab]e 6)

The spectra for heave response in*he TIR1143 test is shown 1n
Figl.nre (54). The existence of energy peaks present in the
actual data=at .6, .7, and .8 Hz has been correctly predicted
by the theory. The magnitude of these peaks has been
~reasonably well maﬂched by the predicted us‘lng experimental RAO
procedure. The Tlarge fvalues of respnnse predicted by the
calculated RAD prnce_d\j:e in the low frequency range are a
result of the extrapolation of the calculated RAO curve. The
Tow values of response predicted in the higher freqyenc;/ range

by the calculated RAO procedure are a result of the low vaﬁues
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\ of RAO calculated relative to the actual values. From the RAO .
curves’ ‘(ﬂgu?é’(BZ)) it is observed that the ca1culated RAQ
" curve crosses the measured one at a value of .60 Hz, and this

3 is the value where the spectra are most close‘l-)yatched.
. W ’ :
§ N . -

The value for signifjcant heave motion for the measured RAQ "

method fs’ 18%;‘grea"ter'tha'n,_t!1e actual valué, and the value for
the caicu]at\e;ﬂ RAO method i; 2‘11 grédter. Huwever,} the

- . t'heoretical RAQ values ‘in the peak wave energy region average
42% less than the measured ones‘. This a;mjnaly shows up the ‘

~——~previously mentioned difficulty in' p'?"}zdi;:x.ing the motion of a '

body with dramagic variation in underwater geometry; 7' : \L
i " " o
& 5
The results of the TIR1429 test7clearly show the problems
associated with the linear extrapolation pruc%& for- ( :
: ¢ N

estimating RAO values outside the frequency ramge of,

caleulation' (or experimentation). The actual and measured RAQ

spectra match quit_e well in this test, with enérgy p‘eak

Tocations accurately ccnfirmgd and fhe significant heave e

motions within 7% of one another. The large response at low !

frequency is again a result of the extrapolation of the
st.hem*etit:al RAO curve and the- signif\cant motion is 68% grenter

. than actual data. Aga1n, the, (tneorencal RAQ's averdge 42%

D less than the measured ones in the region of peak wave energy.
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sphere
The spectra for heave response of the spherical model are
shown in Figures (56-58). An energy peak at .78 Hz in the
SIRES7 test is correctly predicted by both theoretical spectra.
A predicted bgak (at .70 Hz is not very definite in the actual
data. - ’

(J/
The significant heave motion determined, from the experimental:
RAO's 13720% Tess than the actual value. The value for the
calculated RAQ's is 23% greatel than the actual data. This
may‘be explained by nnéi‘.ng that the theoretical RAQ's are 39%
greater than"'the measured countei‘purts for-the peak response
frequency range (see Table 5): : )
The SIR1143 .test h_eave response spectra are seen in Figure
(57). Engrgy peaks at .45, .67, and .88 Hz are q::ite
accurately predicted, but the magnitude is accurately predicted
only in the .67 Hz peak. As expected, the’]argest disparity in
peak magnitudes occurs at apérnximate"ly 0.80 Hz, the‘\ Jocation
at which measured and oalculated RAQ's differ by the lat;gest
amount.
\
Similar comments can be made with respect to the SIR1429 test
heave response. The locations of energy peaks are quite
accyrately predictez‘i. but a relatively wide disparity in peak

magnitude exists in the .80 Hz region.
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For both of the;e latter tw"o tests, the differences bétween

ac;tual\and “predicted using theoretical RAO" m«} jons are not

well accounted for by the difference in average RAQ values in

the peak wave energy regi‘on. However, the predicted *
significant.heave motions are not much different than the

" actual, so ;t appears that the difference in RAQ's has not led

to a cooresponding difference in significant motions. ~
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¥ 4.0 DISCUSSION AND CONCLUSIONS

There were two npjor objectives of this work. Firstly, the applicability

of linear diffraction theory to predicting the motion of ice masses in
regular waves was to be etudied. Secondly, the principle of linear
superposition as applied to the prediction of motfon in irregular waves

was to be investigated.
.

g s
- Several variables were thought to affect the pred?cﬁon accuracy, and
the experiments were carried out to specifically study these )
2 ’ properties. Linear diffraction theory neglects the effect of viscosity

entirely. In order to study this effect three cubes haiyng lengths in

-the ratio 1:2:3 were studied wiiﬂe under the action of waves having

Tengths in the &dentica! ;ati’u, These cases are identical from the
point of view of Froudian scah‘nb, but, since viscous forces are
directly‘related to Reynold's number and body charatteristic length,
viscous effects will differ, ’ As _reported in the previous section, it
was seen that a general improvement in prediction occurred as the size of
R the model was increased. Viscous effects, then, result in jncreasing kN
error as sma‘ller models are used. This is an important result when
cnnsjdering t_he size of the most important "models, - real icebergs.

- - ‘ v
Linear theory also assumes, that the motion of the body relative to its
size will be small. To study the effect of this variable on prediction .
accuracy the‘tubes were again used. The amplitude of motion of the
‘cubes 1n each test run was normalued with body characteristic length

and plotted ‘against a measure of prediction error. The surge results
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showed a general trend of increasing error with increasing motion
amplitude, but the ‘same coﬁ1d not be said for heave results. It is
thought that viscosity effects caused the ambiguous‘:ha'ture of the heave
plot. As described in the introduction, viscosity-induced problems in
motion prediction dre related to the ratio A/Lc. Motion amplitude is
unfortunately also related to the wavelength A, and as a result an
independent study of viscosity or motion amplitude related problems is
‘»difﬂcult. Twd more general points with respect to the experimer}ts and
these effects are as follows. Firstly, considering all test
frequencies, surge RAO's w;are more accurately predicted for the large
cube than fhe sma'ller ones. This is as expected, since the associated
relat?ﬁ motion amplitudes were smaller for the latge cube, and v1scas1ty

is expected to produce sma]ler errors for larger models. Secondly.

RAO'S Qn general showed better matching for- Mgh frequency surge and- .

non- resonance heave cnnditians where body motion amplitude was small,
than for the correspandh\g Tow frequency surge and heave resondnce

situations.

The" shape of the icebergs was thought to affect the ability of linear
theory to predict motion, The theory assumes that little change will

occur in two important parameters - waterline area and underwater shape

-as the 'Body oscillates. This will be the case for bodies having
relatively straight ivertical) sides, such cis the cubes and cylinder,
but the trapezoid and sphere were expected to present some problemy.with
‘this assumption, The results here were clear. The lcy]'inder in fact

’ ,produced'the best average results, with the cubes next and the trapezoid

and sphere showing the poorest matching. The:fact that the cylinder

)

\
(4
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outperformed the cubes was due to the fact\}hat it possessed ti
additional advantage of not presenting a different snape to_the wave

front as the inevitable yawing motion occurred during the experiments.

Linear theory assumes that the waves under study will be relatively
"shallow" in nature, that is, their ratio of wavelength to wave height
will be large. o discover whether this problem appeared in practice,
tests were run at several qifferent steepnesses. However, the results
of this study wsre not conclusive, "A trend of improved pred1c‘tfun
existed for the medium cube as shallower waves were used, but this trend
was not repeated for t\he other berg shapes. Undnubtedly an 1nsufﬁc!ent
range of steepnesses were used to clearly observe tne effect of wave
steepness, owing to the previously mentioned model roliing pnoulﬁms.

> .

Throughout the entire.test program it was nbserved that surge was

underpred\cted by theary, whereas heave was cnnsistently overprzdicted.
It is thought that second order wave effects caused the models to surge

more ‘than expected. Heave motion, alternatively, was generally damped

by fluid viscosity and was hence lower-than predicted.
. 4

The .1rregu1ar sea portion uf the tests brought forward some interesting
points to be cons;dered' when predicting herg' motion in an (rregulan
seaway. If RAO's are used to determine berg motion, the spectral results
will in general be as, accurate as are the RAQ's. ‘Th‘e experiment has

shown slgn(ficant discrepancies between ca]culated and measured RAO's in

heave resonance and high surge amplitude regions. If the bulk of -the

wave energy is in such a high amplitude region, the discr:epancies in
'
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rESponse spectrum shape can be considerable. If, however, the bulk of
wave energy 1s located at a region where RAO's closely match measured
results, good spectral prediction can be expécted. b

Problems were encountered when extrapoh‘ting\a steeply rising RAO Curve
outside the region of measured results. ‘This practice may lead to
uvirealisﬂca‘lly high RAQ values and res’ulting problems with response
spectrum s;I‘Spe.

In figures 59-66 the qu scale sign’fi’cant surge and heave motions for
each mndel have heen platted against slgmﬁcant wave he1ght. The
pu!n{s determined from actual response data' and- those from spectra
generated using ex_perimental RAQ's are' very close to one another in most
cases. This confirms the prediction procedure's accurch‘as a tool for
motion pred\'ct"l.on in an_irregular seaway. This is a usefn‘ﬂ and
hnn;trivial result, in that while the models were seen to exhibit
considerable non-1inear be}mviaur (subrrlergence, 'Iarge ex}:ursio:\s from
zero position), the principle of 1{pear superposition has -held up quite
well. . ) ' ~

s . N

“The effect of wave groups $hould be mentioned in this work. Such groups
result from the existence of a series nf waves having'similar
‘frequencies. They may be described physically as a wave packet or
envelope travelling in a wave train. Forces associated with such wave
groups are pmpqrtiuna] to the product of the amplitudes’ of the‘

constituent waves. These forces occur yredominantly at frequencies

representing differences between cd'rxstituent, waves' frequencies. Such -




'

o .- | -
forces will then become a problem only for bodies experiencing resonance
at low f}_g_z;uencies corresponding to the difference in frequency between
waves within a group, for’ example a moored sem(-submersihlg. Low
frequer& spectra] .disturbances caused by group phenomenawould be
indiStinguishable from thasé previously mentioned caused hy residual
waves in the tank. As described earlier, thes! Tow freqnency prablems

‘were eliminated prior tb spectral ana‘lysis. The fact thdt the
sigmﬁcant motion of the bodies could be predicted by combining RAO's
with wave spectra is a good indu:anun that sécomz order gruup related

forces have not created a problem for the.experiments.

The points fr;)m spectra generated ysing theoretical RAD's are somewhat
Tower in surge 'motian‘ and usu'a'lly' somewhat higher in heave motion. )Thz »
accuracy of these points 1s closely tied to the accuracy of the RAﬂ'

- used to genera_te them. -Care should be taken when applying this prccedure
and as many RAO calculations or experiments as possible should be carried
out to ensure tna‘t the total range of significant wave energy is cuvéred

with good frequency resolution.
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9 : ., 5.0 FURTHER RESEARCH
\

e A

® Any experimental work leads to a series of further questions to be ‘

answered and "things we could have done differently". This experiment is

no exception. Already in mind is an improved method of handling the -
% frregular pa‘rcion of the experiment. If the towing carriage couh; be
N used as a base for the selspot cameras and moved a?’é’ni with the berg as
it 1s excited by an irregular wave train, the motion of the carriage
could be accounted for and later removed from Selspot data. In this way e
there would be an unlimited pe‘rlnd of .time during which data could be
gathered, undoubtedly”leading to smoother spectral form.s.

. . : ¥ 5 . Sl

Another experiment to be investigated involves the motion of icebergs.in

the area of a semi-submersible. l?ata gathering is at present difficult

with two moving bodies in the tank, but problems are being gradualiy
eliminated. ‘An experiment jnvo]ving a statistically significant nurr;ber
of test runs to study berg motion near a sem1—suﬂnersih!e is presently

under consideration. o .

. .
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APPENDIX l/\

REGULAR WAVE RESULTS
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) -
SMALL CUBE s
{ B
X X
TEST HAVE’H‘GT SURBE WE'EHGT PREDICTED  DISCREPANCY HEAVE Hﬁﬁﬁ PREDICTED  DISCREPANCY
DS57A80  7.94 6.74 0.85 0.9527 11 7.89 0.97 1.079 10
DEI7AB0  5.74 ~  4.78 0.83 1.9840 58 6.90 1.20 1.209 1 "
° DBIEABO  4.49 3.2 0.73 0.2147 “242 6.82 1.52 1.564 3
. . 010460 2.73 1.76 0.65 0.3106 108 2.82 1.03 16.600 94
Lo -
P biisaso 1.8 1.00 0.54 0.3009 78 1.10 0.60 1114 a6
L -
-
("\ 2
v
@
5 ) e .
‘ \
. "
R ~
)
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w : MEDIUM CUBE
{
3 TEST WAVE HET  SURGE %ﬂ‘r PREDICTED  DISCAEPANCY HEAVE HAVE FIGT “FREDICTED n:scné’mnév
. - B
-N!!7Aé0‘ 6.60 5.41° 0.82 0.4632 77 7.92 ~X.ZD 1.3030 8 :
MSS7AS0  9.07. 7.41 0.82 N 77 " 10.16 1.12 ]
WSS7A40  10.37  9.24  0.89 e e 12.08 1.16 1 x
MES7A60 4.30 - 3.29 0.77 0.4139 86 % 5.80 1.35 2.323Q a2
MB97AS0  5.61 4.3 0.78 88 11.06 1.97 15
MBG7A40  7.00 5.57  0.80 . . @ 12.08 1.73 6 o
WB3BABO  5.10 168" 0.33 0.3620 / 9 1.94 0.38 2:4500 o 84 8
MB3BASO  4.83 © © 2.20 0.45 s 24 o 4.58 0.94 60
| MB3BA40  6.50. 3.65 0.56 s 5.53.  0.85 ” 63
“o | wiomso . 430 1.08 0.25 0.2893 1“ 0.44 0.40 0.2234 59
M104A50 2.79 1.04 0.37 ‘ 28 0.57 0.20 18
H104A40  3.30 1.43 0.45 56 * 0.63 0.19 ) 22 5
H119A60 1.83 0.44 0.24 0.2431 1 0.18 0.10° 0.0873 15
(a Mi19A50  2.10 0.54 0.26 7 0.24 L0.11 26
Mi19A40  2.50 0.g8 0.35 4 0.25 010 5.,
. , M119A20  5.41 1.%1 0.32 32 0.59 0.11 . 26
N : : ' .
v .
\ # ~ 3
\ s -




. -
PITCH MOTION
$ (MEDIUM CUBE)

TEST WAVE AMP PITCH (RAD) MR PREDICTED DISCAEPANCY
MS57A60 3.3 0.1269 1.860 1.252 a9
MS57A50 4.5 0.0444 0.477 . 62
M557440 5.2 0.0835 0.580" N 53, Lo
MES7AB0 Z.E‘ 0.0381 0.837 14

. NE97ASO 2.8 0.0349 0.603 38
MES7A40 3.5 0.0423 0.585 40 -
MH836A60 2.6 0.0159 0.295 61 »
MB36ASO 2.4 - . 0.0298 0.59 ! 2
MB36A40 3.2 0.0412 0.623 18
M104AB0 2.2’ 0.0079 0.174 0.525 67
M104A50 1.4 Q.0106 0.365 30
M104A40 1.7 0.0138 0.391 26
H119A80 .~ 0.9 0.0083 0.338 0.385 12
M119A50 c1.1 0.0085 0.372 3
M119A40 1.3 0.0106 0.393 2
M119A20 > 0.0158 0.283 27
N - b ] -~

- -




LARGE CUBE ~
; ? P %
TEST WAVE HBT  SURGE % PREDICTED - DISCREPANCY HEAVE ﬁﬂﬁu‘r PREDICTED  DISCAEPANCY
LSS7A40  10.10 6.96 0.69 0.4337 59 16.86  1.67 2.408 31
* L697AB0  6.25 2.90 '0.46 0.3524 32 7.5 « 1.22 1.491 o<
LB36ABO ' 4.62 1.85 0.36 0.2308 23 0.78 0.17 0.262 35
LB36A40  5.80 2.00 | 0.34 19 0.92 0.16 39
L104AB0  2.24 0.74%  0.33 0.2101 56 0.26 0.4z 0.043 174
.L04Ad0  2.90 ‘114 0.39 a7 0.43 0.17 . 295
Lusaso  2.54 —o.s3 0.20 0.1509 33 c . 0.20 0.08 0.013 v 522
L119A40  3.54 065, 0.18 214 0.18 0.04 2 257
i
" »
—~ . ;
<

* Measurable data period quite short
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* Measurable data period quite short

» ° ¢ % . .
{ 3" . -
/‘ - -
i PITCH MOTION
(CYLINQER)
-
TEST WAVE AMP PITCH (RAD) NP PREDICTED DISCREPANCY
* C557460 3.68 0.065 0.8478 | 0.0738 1052
C557A40 5.65 0.090 N o.7ee3 ! 944
C697A60 2.76 0.0 1.5723 0.2743 473
CE37A40. a.18 0.015 1.6648 506
cé. o . 165 0.115 3.3455 4.7400 LN
* £836A40 3.49 0.105 1.4400 70
,€104AB0 1.29 0.045 1.6730 0.4598 256
C104A40 " ies’ _0.085 \ 18800 258
C119460 7 0.85 0.015 0.7418 0.3347 121
c119a40 1.56 0.025 0.7500 124
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TIMESERIES RESPONSE RECORDS
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