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ABSTRACT

Presented are the results of an experimentally based study aimed at
determining the relationships between resistance, icebreaking pattern and hull
motions for a POLAR-Class hull. The study involved two sets of experiments
conducted with a 1:48-scale model hull. For one set, the hull was free to
pitch, heave and undergo limited roll; free—hull condition. The other was
conducted with the hull restrained from motions; fixed-hull condition. For
each condition, the hull was towed at the same range of speeds through area
ice sheets of slmilar properties {thickness, strength, etc.). The free hull
was instrumented so that its pltch, heave, and roll motlons (displacements as
well as accelerations) could be measured, together with ice resistance. For
the fixed hull, the restraining forces and moments were measured, together
with i1ce resistance. The temporal records were analyzed to yield values of
their mean and standard deviation and spectral densities., These quantities
are related to observed patterns of Ilcebreaking in order to reveal relation-
ships between icebreaking and ice resistance, and how they are Influenced by
hull nmotions.

Tt was found that the free hull experienced larger values of mean resis-
tance than did the fixed hull. The difference is attributed to the influences
of hull motlons. For both hull conditiens; mean resistance increased propor-—
tionately with the square of ice—sheet thickness. The relatlionship hetween
mean resistance and hull speed was not linear for the free hull, as was the
case for the fixed hull. Instead, the relationship was characterized by what
is commonly known as a "Milano hump.”

Hull motions and icebreaking pattern determined the dominant cycles of
resistance experienced by the free hull. Teebreaking frequency, % _, the
frequency of individual breaking events, was significant only when the hull
transitted thin ice such that significant pitch and heave did not occur.
When w, is less than the hull's natural frequency of coupled pitch and heave,

w tRe dominant frequency of lce resistance and hull motlong is the fre-
quency of track opening, @ ; this is the frequency assoclated with the eyelic
manner by which hull triﬁnchanges as the hull breaks open a track that is
sufficiently wide for the hull to pass through. When w,_ equals or exceeds

mn, the dominant frequency of lce resistance coincides with » ., Under certain

conditions, roll was found to be important and caused a la?ge increase in
resistance. Some limited measurements of roll angle were made. The fixed
hull experienced dominant frequencies of resistance at both wb and wo.
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1. INTRODUCTION

This study is concerned with the dynamics of continuous—mode Leebreaking
by a POLAR-Class lcebreaker hull moving with steady speed through a monolithic
ice sheet. In particular, the study focuses on the relationships between lce
resistance and patterns of icebreaking and shows how both are influenced by

{and, in turn, influence) hull motions.

A ship hull continuocusly breaking its way through a level sheet of ice
comprises a complex three~dimensional, nonlinear dynamic system with six
degrees of freedom that is as yet insufficiently understood. This is due
primarily to the present lack of knowledge on the physics of lcebreaking,
especially for moving structures. The situation Is further complicated by the
stochastic nature of icebreaking. There is a current need to better under-—
stand the time—dependent relationships between Ilce resistance, icebreaking
pattern, and hull motionms. This need is prompted by concerns for higher fuel
costs, improved geometric and structural design of hulls {often utilizing
plastic structural-design concepts that result In lighter-weight hull struc-
tures), greater efficlency of propulsion systems, and minimizing of excessive

hull motion and vibration.

In order to shed light on the dynamics of continuous—mode icebreaking, an
extensive program of experiments was conducted using an ice towing tank, urea
model ice, and a 1:48-scale model of a POLAR-Class Icebreaker hull. The
program consisted of two parts. In one, the model hull was instrumented so
that its pitch, heave, and roll motions (displacements as well as acceler-
ations) could be measured, together with Ice resistance; free-hull condi-
tion. In the other, the hull was rigidly restrained from motions, and the
restraining forces and moments were measured, together with ilce resistance;
fized-hull condition. The latter series of experiments was conducted for the
purpose of relating icebreaklng and ice resistance without the Influence of
hull motions. Comparison of the two serles of experiments would ald in deter-

mining the Influences on resistance and breaking pattern of hull motions.

for eaech condition, the hull was towed at the same range of speeds
through ice sheets of similar properties (thickness, strength, etc.). Fifty
reslstance experiments, each involving a tank—long ice sheet, were completed.

Temporal records of ice resistance, hull motions and motlon restraining forces



and moments were analyzed to vield values of thelr mean and standard devia-

tion, and spectral densities. These quantitles are related to observed pat-

terns of lcebreaking.

A unique feature of the present study is the extensive use of spectral
analysis of the time histories of ice reslstance and hull motions. Spectral
analysis, although frequently used in the analysis of randomwave loads exper-
lenced by ship hulls and offshore structures, has rarely been used Lo relate
ice resistance to icebreaking pattern and hull motions. Interpretation of the
results revealed from spectral analysis is enhanced through the use of the
linearized equations of motion. Through these equations, estimates can be
made of the hyvdrodynamic coefflicients assoclated with hull motions during
icebreaking, and of the transfer functions that relate motions to external, or
excitatlion, forces such that the natural frequencies of hull motions and

excitations can be deduced.

As mentioned above, the present study involves a towed hull that could
not surge and which was not fitted with propellers, although it was fitted
with a rudder and had propeller cowlings. Consequently, the effects on resis-

tance and hull motions of propeller-ice impact are not considered.

An outline of the report 1s as follows. In Chapter II, the processes
involved in continuous—mode lcebreaking are discussed. The set-up and program
of model~scale experiments are described in Chapter III. The equations of
motion for a ship hull transitting a level sheet of ice in contlnuous-mode of

icebreaking, and thelir spectral analysis, are provided in Chapter IV,

Results forthcoming from the experiments are presented in Chapter V
through VIII, Patterns of icebreaking are presented and discussed in Chapter
V. Mean values of lce resistance measured for the free hull are presented in
Chapter VI, and are compared with resistance measured for the fixed hull.
Mean values of pitch and heave motions experienced by the free hull are pre-
sented and discussed in Chapter Vil. These wvalues are compared with mean
values of pltch-restralning moment and heave-restraining force exerted against
the fixed hull. Also presented in this chapter are standard devlations of
roll motion and pitch and heave accelerations experlenced by the free hull and
standard deviation of yaw-restralning moment exerted agalnst the fixed hull.

The relationships between icebreaking and lce resistance, and the Influences



of hull motions, are described through the use of spectral analysis in Chapter

YII1. The descriptions integrate the results presented in Chapters ¥ through

Vii.

The principal conclusions from the study are discussed in Chapter I%.

I1. CONTINUOUS-MODE ICEBREAKING

A review of the literature on continuous—mode icebreaking, by a hull
steadily transitting an lce sheet, reveals scant Informatlion regarding the
dynamic relatlionships between ice resistance and patterns of icebreaking, and
how they are influenced by {and, in turn, influence) hull motions. Most stud-
ies of continuous-mode lcebreaking emplirically relate mean resigtance encoun—
tered by a particular hull form to thickness and flexural strength of the ice
sheet, and to hull speed. This is primarily because most studies have been
oriented toward the design, or performance testing, of specific hull forms.
Comparatively few studies have been undertaken with the alm of illuminating

the dynamics of continucus—mode icebreaking.

This chapter commences with a description of continuous-mode fcebreak—
ing. The ensuing discussion them outlines the dynamics of continuous—mode
icebreaking, beginning with a review of factors contributing to ice resis—
tance, and thelr relative importance. The discussion then focuses on the use
of spectral analysls. Tce-sheet movement around fixed, rigid structures such
as pliers are filrst considered and then the discussion 1s extended to include

the effects of structure compliance, flexibility and motion.

A. Deseription

The resistance encountered by a hull transitting a level sheet of ice
depends primarily on the processes hy which its hull, aspecially its bow,
hreaks and displaces 1ce. Some of these processes are Indicated in Figure
1. At the contact perimeter between bow and Ice sheet, fece 1is sheared and
crushed as the bow loads and flexes the Ice sheet. The load increases as
forward motion of the hull Is resisted by the ilce sheet. The ice sheet 1is
depressed by the bow, but, in turn, causes the hull to Increase both its pitch
and heave displaceménts. The vertical component of the load appllied to the

sheet by the bow increases, its magnitude being moderated by changing sien



angle at contact, until the ice sheet flexurally fails. Depending on a number
of factors, including hull beam, hull speed, bow form, and ice-sheet proper-—
ties (thickness, strength, etc.) and their uniformity, the ice sheet may not

fail simultaneously around the how.

If flexural failure of the ice sheet occurs simultaneocusly around the
bow, or at least around a substantial portion of it, and a sufficiently wide
portion of the sheet has been opened to allow the hull to pass through, the
resistance experlenced by the hull relaxes momentarily before subsequently
increasing. In response, the hull's pitch and heave displacements may de-
crease, and the hull may surge forward, provided that It displaces sufficient
broken ice from beneath its bow. Generally, the pitch and heave response
slightly lead ice resistance. When momentarily released from contact with the
ice sheet, the hull may oscillate at its natural frequency of pltching, or of
coupled pitch~heave motion, as long as this frequency adequately exceeds the
frequency of flexural icebreaking events. The motions are, however, heavily
damped by the presence of broken ice beneath the hull and by the ice sheet
surrounding the hull. If the frequency of flexural icebreaking exceeds the
hull's natural frequency of pltching, there is insufficient time for the hull
te return to lts openwater trim. When the frequency of ifcebreaking is equal

to any of the the hull's natural frequencies of motion, a resonance condition

OCCUrs.

If the failure is localized, as is the case for a hull slowly transitting
a thin ice sheet, total resistance is not significantly reduced. 1In thicker
jice sheets, lce pressure nonuniformly distributed around the bow causes the

hull to vaw or rell. These motions may lead to further nonuniformity of lce

pressurg.

Whether or not ice fails simultaneously around the hull's bow, it breaks
in fairly regular patterns comprised of cusp- and wedge-form ice pleces, as
indicated Iin Figure 1. The sizes of the cusps and wedges depend primarily on
ice-sheet propertles, bow form and hull speed. Broken ice Is submerged,
overridden and further broken by the hull, Some broken ice eventually emerge
in the track opened by the hull; the remainder having been cast laterally
beneath the bordering fce sheet. Pattern of icebreaking represents, in ef-
fect, the process by which a hull's bow opens a sufficiently wide track to

enable the hull to transit the ice sheet.



Continuocus-mode Ilcebreaking involves cycles, or sequences of events, in
which ice is broken and displaced by a hull steadlly transitting an fce sheet,
One might expect, therefore, that resistance encountered by a hull would be
eyelic or at least narrow-banded about a frequency assoclated with icebreak-
ing. Under certain conditions it can be. However, under most conditlons,
individual processes may not act in unison, the hull may Interact with a
pattern of icebreaking rather than individual breaking events, and hull mo~
tions may affect the cyclic processes. Hull motions (pitch, heave, roll, yaw,
sway and surge) may significantly alter contact geometry and loading pattern,
and result in different rates of ice-sheet loading 1f significant accelera-
tions occur as ice fails and is suddenly displaced from beneath the bow.
Important noncvelic processes also occur. TFor example, although the flexural
breaking, subsequent submergence of broken ice, and further flexing of an Ice
sheet may be described as belng cyelic, at least at any bow locatlon, an lce
sheet may not faill simultaneously around the bow. Moreover, the hull 1is
always in contact with ice; sliding agalnst 1t, submerging 1t, crushing as
well as possibly shearing it, and further fragmenting ice broken from the ice

sheet.

Given the nature of the processes that it entails, continuous-mode ice-
breaking is approprlately treated as stochastic. Dynamically, it may be
narrow-banded about a single dominant frequency (e.g., icebreaking), about
multiples of one frequency (e.g., multiples of icebreaking), or about several
frequencies. It may also be broad-banded due to shearing and crushing of ice,
together with ongoing submergence and frictional effects of broken ice moving
around the hull. VYaw and roll as well as ice-sheet irregularities also broad-

en gpectral densities of resistance.

The dynamics of continuous—mode I1cebreaking are not adequately under—
stood. This situation partially is attributable to the lack of detailed
observations and data on, not to mention approprlate analvses of, ifcebreak-
ing. Furthermore, wvarlations 1In ice-sheet propertles, as well as in hull
geometry contacting an lce sheet, and hull speed, influence and likely alter
the dynamics and physics of continuous-mode icebreaking so as to fuel contro-
varsy concerning the relative lmportance of component processes. It is impor—
tant to note here that the influences of hull motlons on mean values of resis-

tance have as yet not been determined.



There is a current need for a rigorous study to determine the detalled
relationships between the sequential development of an lcebreaking pattern,
and the resulting temporal variation of 1lce resistance, and how both are
influenced by {and, Iin turm, influence) hull motions; especially pitch, heave
and roll. Such a study would necessarily involve extensive experimentation
conducted witrh an ice tank. Fleld experiments are diffilcult to perform under
controlled conditions, and are exorbitantly expensive to conduct. And, be-
cause the dynamics of continuous-mode lcebreaking are inadequately understood,

a purely analytical approach is not yet sossible.

B. Icebreaking Pattern

During continuous—mode Icebreaking, regular patterns of broken ice may
develop around the bow of a hull. The patterns are comprised of broken ice in
the form of a mosaic of cusps and wedges, and depend on breaking length of
ice, bow form, hull speed and hull motions. Figure 2 shows an Icebreaking

pattern reported by Voelker et al. (1985) for a full-scale POLAR~Class hull.

For a given bow form, It 1s customary to characterize lcebreaking pat-
terns in terms of icebreaking length or resulting cusp width, W, as indicated
in Figure 2. Cusp width is commonly (e.g., Enkvist, 1972) related to the

characteristic length, ic, of an lce sheet;

3 ] 0.25
¢ = Eh (11-1)

¢ | 1eg1-v?y_

in whieh E = elastic modulus associated with an ice sheet of thickness h; v =
Poisson's ratio for ice sheets, usually taken as 0.3 (Mellor, 1983); o = den~
sity of water; and g = gravity acceleration. The length, ic, is a character—
istlc breaking length of an ice sheet, if it 1Is treated as an elastlic plate on

art elastie foundation.

There are surprisingly little data on the effects on icebreakling pattern
of ice-sheat properties, hull speed and motioms, and bow form. Existing data
sets often are incomplete, missing important measurements such as ice-sheet

thickness and strength. Usually cusp sizes, or broken~ice dimensions were



observed in the wake of the hull where, due to further breaking after having
passed beneath and around the hull, they are smaller than pleces freshly
wroken. Lewis and Edwards (1970), Enkvist (1972), McKindra and Lutton {1981},
Voelker et al. (1985) and others report values of W measured during tests with
full-scale hulls. Their data generally show that W decreases with increasing
hull speed, V, and Increases with increasing ice-sheet thickness, h. Except
for 1lcebreaking at creeping speeds, cusp widths were usually less than the
calculated characteristic lengths of ifee sheets. Similar results were ohtain-
ed from model-scale studies (eeges, Mueller and Ettema, 1984; Tatlinclaux,
1984a). No study has yet related measured time-hlistories of lce resistance to
jcebreaking pattern. Throughout the remainder of this report, hull speed is
gimply referred to as speed, V, and jee-gheeet thickness as thickness, h,

other than for reasons of clarity.

Semi—empirical predictors of lce resistance have been developed which
include empirical expressions for cusp width, W, or a related dimension. Mil-
ano's (1973, 1975, 1980, 1982) predictive algorithm, hereln referred to as
"Milano," uses the following expression based on values of W obtalned from

diverse data sources!

W = 0,8612h ~ 0,238V + 8.978 (11-2)

in which V and h are in units of ft. and fps., respectively, Fquation (II-2)
applies for full-scale speeds of V € 10fps. FKotras et al. {1983) developed
the following expression for W based on field measurements with a POLAR-Class
hull transitting ice sheets 0.3 to 0.6m thick and 200kPa flexural strength:

a
W= (2.4 + 6.0) (5D ﬁ;)(/%_) 1 (11-3)
c
in which Ry = 53.?&% - 64.3N4 + 21435 ny = hulI-shape factor = 0,712 for a
POLAR~Class hulls ml = waterplane angle {asgumed constant at 19°); and, &2 =
flalr angle (42°). Expresslons such as {(11=2) and (II-3) are of crucial
importance to their respective ice-resistance algorithms because computed, or
estimated, values of W determine icebreaking patterns which, in turn, pre-
soribe the resistance values asgoclated with a traln of processes assumed Lo

comprise continuous—mode fcebreaking.



C. Mean Resistance

The processes contributing to ice reslstance ancountered by a hull during

continuous-mode icebreaking can be divided Into the followlng general categor—

ies:
(1) icebreaking;
(i1) submergence, displacement, and momentum exchange to, broken Ice; and

(i1i) friction assoclated with ice contact and movement around the hull

surface.

These processes generally occur for continuous-mode icebreaking by fixed
structures. However, the relatively complex hull forms of ships, and other
floating structures, as well as thelr facility to move with as many as six

degrees of freedom, further complicate continuous—mode lcebreaking.

The description of continuous-mode Icebreaking glven in Section IT.A,
indicates the manifold subprocesses involved In each of items (i) through
(ii1), above. For example, icebreaking may entail crushing and shearing as
well as flexural failure of ice sheets. For most bow forms, flexural fallure

contributes the significant portion of resistance to Ilcebreaking; but not

always.

Empiricism based on dimenslional and regresslon analyses lis the most
common approach used to relate mean reslstance to items (1) through (1i1),
above, for varying thickness and strength of ice sheet, and hull form and
speed. Typlecally (e.g., Kasteljan, 1968; Lewls and Edwards, 1970; Edwards et
al., 1972; Vance, 1975; Schwarz, 1977; Tatinclaux, 1984a,b; Williams, 1986),
mean ice resistance,'?%, is subdivided Into several ({usually three} parts.

Fdwards et al., for example, equate ?; to the sum of three terms:

£ f v
X
R + C + C (114}
2 B ogh \Y
{a) (b) fe)



in which (a) is resistance due to flexural fallure of the ice sheet; (b) is
resistance attributable to hull passage through broken ice {velocity—~depen-
dent, or inertia-related resistance}; and {c) is resistance assoclated with
the hull's interaction with broken ice (gravity resistance). 1In (I1I-4), O, =
flexural strength of lce; B = hull beam; and Cyg, Cyg and Cy are coefficients,
which are assumed to be independent of the variables in (I1-4). From the
results of extensive model-tests using a l:48~scale model of a POLAR-Class

hull, Lecourt and Deslauriers (1976} obtained

£

X = 3,57 + 4.68 v (T1~5)
ogBh gh

for a coefficient of hull-ice friection, ud = 0,20, Other regression-based
equations similar to (II-4) and (II-5) have been developed for particular hull
forms {e.g., Schwarz, 1977; Tatinclaux, 1984a).

The influence on E% of thickness, h, is fairly well established; gener—
ally, ?% increases proportionately with hz. The influence of speed, V, and
hull motions, on fX are far less clearly understood. Typical E?acticez(e.g.,
Tatinclaux, 1984a) 1s to relate normalized 1ce resistance fx/(DgBh Y with
Froude number Fn = V/Ygh, as in (II~4) or (II-5). Some studies (e.g., Pozayak
and Tonov, 1981; Vance, !979) propoese ?%/(pgﬁhz) as being proportional to
Fi. Most empirical relationships {all references cited above) give

?%/(Dgth) as being directly proporticnal to Of!h.

Other than indicating the sensitivities of mean lce resistance to nor—
malized expresions of h, Gf and V, empiricism reveals little Information on
the relationships between ice resistance and icebreaking pattern and how these
are influenced by hull motions. Also the effects on resistance of crushing
and shearing are not explicity included, nor is the effect of friction between
ice and hull. These aspects of lce resistance are usually taken into account
by varying the coefflcients In empirical axpressions such as those In (11-4)

or {11I-3}.

A number of studies have been performed to estlmate, with greater certi-
tude than used In regression analysis, the relative magnitudes and importances
of component processes contributing to Ice resistance. Enkvist (1972, 19813),

for example, offers Information on the proportion of resistance that is attri-



butable to ilcebreaking, at least to the flexural fallure of ice. Using the
results of model~ and full—-scale tests involving Ilce sheets and precut ice-
breaking patterns, Enkvist (1983) showed that lcebreaking may contribute from
40 to B80%Z of the total resistance encountered by a hullj the proportion in-
creasing with deereasing hull beam. Mpdel~scale experiments conducted by
Kitazawa and Ettema (1984) also suggest that lcebreaking contributes about 80%
of total ice resistance. Model~scale experiments performed by Poznyak and
Tonov (1981), and ¥Nyman {1986) show similar results. In a recent study,
Enkvist and Mustamaki (1986) more-or-less eliminated from icebreaking the
oceurrence of crushing and shearing of ice at the bow-stem of a hull. They
did thls by comparing the resistance experienced by a hull transitting an ice
sheet both with, and without, a central slot of width eguivalent to the bow—
stem width., They found that in full-scale tests resistance was reduced by 20

to 40%. In a serles of model tests they found a similar reduction.

Several semi-empirical methods have been developed for predicting mean
values of ice resistance. They are based on formulations of component proces-
ses of continuous mode icebreaking., Two leading methods are those proposed by
Milano and Kotras et al. (1983); the second method is based on an algorithm
developed by Naegle (1980) which was subsequently modified by Lewls et al.
(1983) and Kotras et al. who computer—coded 1t as "SPLICE." "Milano" and
"SPLICE" are fairly complex algorithme Involving detalled, static analysls of

forces exerted against a hull during contlnuous mode icebreaking.

In his original approach, Naegle related the three, coupled equations of
hull motlon~—in surge, heave and pitch-~-to lcebreaking and hydrodynamic for-
ces. Using, for the most part, Enkvist's (1972) concepts for evaluating ice
forces, Naegle constructed a falrly detailed algorithm In which resistance
terms are determined quasi-statically. Ice resistance is related to incremen—
tal changes In pitch and heave. RKotras et al. report finding that pitch and
heave have minimal effect on wvalues of ?; predicted using Naegle's algor-
ithm. Consequently, they simplified it such that, a hull is assumed to maln-
tain a constant trim. We compare {in Chapter V) values of ?; predicted using
"SPLICE" with values experimentally determined during the present study.
Values of ?; predicted usling "SPLICE" are calculated as the average value of
ice forces summed over a cycle of ilcebreaking; continucus-mode lcebreaking is

assumed to be periodic at a slngle frequency assoclated with Ilcebreaking.
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Milano (all references) followed a Lagrangian approach to the dynamics of
continucus-mode Iicebreaking. He divided the processes contributing to ice
resistance, evaluated the energy associated with each, and summed the ener~
gles., His energy summation involved flve terms: Ejp, transit through broken
ice; Es, impact with, and breaking of icej Es, hull {pitch and heave) motion
through ice; E,, hull falling through ice; and Eg, ice submergence. The total

energy 1is

E = F (11"6)
T 1=1 i

B Fun

The mean ice resistance experienced by a hull is determined as

s . ET sin §
% W

(11-7)

in whieh 6 = entrance angle of the bow.

Milano argued that with increasing pitch and heave, terms Eq and B,
increase and, therefore, so does ?;. He takes speed, V, Into account by
including its effect on W, and by relating the period for a hull to undergo a
piteh cycle,

W
T2 " Vsin S (11-8)

to the perlod required for the hull to reduce its trim by settling downwards

through broken ice,
T, =3 cot %‘ {11~9)

in which ¥ and £ are terms involving the virtual moment of inertia associated
with plteh. Both ¥ and & are velocity dependent through the incluslon of
added-mass and added~mass moment—of-inertia terms (Milano, 1980). From (II-
8), it is evident that Ty, at least, diminishes with Increasing speed, V. If
T, exceeds Ty, the hull may settle back to its trim before undergoing the next
breaking cycle. With increasing V, the time available for the hull to settle
back decreases, consequently the amplitudes of pltch and heave decrease with

Increaslng V. In accordance with Milans's prognostlications, the relationship
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between ?% and V is characterized by the occurrence of a bulge that has been
dubbed the "™Milano hump,” as illustrated in Figure 3, which also Lndicates the
relative magnitudes of the terms E; for the USCCC "ACKINAW.” The occurrence
of a ™ ilano hump" is still a subject of debate. Schwarz {1977} and Tatin-
claux (1984b) present data supporting Its existence. Other data presented,
for example, by Enkvist (1972) or Williams (1986), seem not to show it.

The possible occurrence of the so-called “Milano hump" suggests that,
with increasing speed, V, pitch and heave attain maximun amplitudes, and do
not simply vary monotonically with V. To the best of the authors' knowledge,

this has never been documented by means of experiment.

P. Hull Motions

The influences on ice resistance of motions {notably: pitch, heave and
roll), and vice-versa, have never been fully examined. It is not surprising,
therefore, that there appears to be some controversy concerning the influences
on ice resistance of hull motions. On the one hand, Milano's predictions
suggest the occurrence of a motions-related "hump" in plots of ?; versus V.
On the other, the work of Kotras et al. suggest that motions do not affect
?;. Only a small amount of experimental effort has been directed toward

investigating the influence of motions on fx'

Enkvist (1972) performed two model-scale experiments Involving free and
restrained conditlons of towing, and concluded that pitch and heave motions do
not significantly influence the mean resistance; or, at least, any attribut—
able resistance to pltch and heave Is within data scatter. Howaver, our
reanalysis of these experiments Iindicates that the fixed model experienced
notably less resistance than did the free hull. Additionally, it appears the
motion-restralning mechanism used by Enkvist still would have emabled the hull

to roll, and thereby experience a motlon-related resistance.

Two studies were performed using floating (moored) conical hull forms
which were both free to pitch and heave and also could be restrained from
these motions. One study, that by Frederking and Schwarz (1982), showed that
a2 coniecal hull form free to pitch and heave experlenced horizontal fce forces
that were two~thirds the magnitude of those it experienced when 1t was re-

stralned. In another study Involving a similar floating structure, Matsulshi
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and Ettema (1985) found that, for relatively slow speeds of ice-sheet move-
ment, the restrained platform experlenced greater ice force than it did when
it was free to pitch and heave. At higher speeds, however, the free platform
experienced greater resistance. Curiously, the results from these studies
indicate the opposite effect on resistance of motions than that Inferred by
formulations such as Milano: wviz., & moving hull experiences lesser values
of ?; than does a fixed hull. However, an important factor in the lce loading
of non-translating bodies s the facllity of ice rubble to accumulate around
the structure. This enables, during continuous-mode icebreaking, an lce sheet
to impart greater forces against such structures. Reeled hulls moving through

water do not facilitate ice rubble accumulatlon.

E. Spectral Analysis

It appears that only durilng two studies has spectral analysls been used
to explain the processes causing temporal variations of ice resistance exper—
ienced by a hull during continuous-mode icebreaking. Both studies involved a
POLAR-Class hull. One (Mueller and Ettema, 1984) used the same model-scale
hull as was used herein, and is precursory to the present study. The other
(Voelker et al., 1985) involved full-scale field tests conducted with the
USCEC "POLAR STAR."

The cycles of ice forces experienced by fixed structures undergoling
continuous-mode Iicebreaking are more readily identifiable than those exper—
tenced by ship hulls, therefore, the following discussion begins with fixed
structures.

Under certain conditions, a single, dominant frequency of ilce loading may
be experienced by a fixed rigid structure continuously impacted by an ice
sheet. These conditions generally require that the width of the structure be
comparable in magnitude to the width of ice pleces broken from the ice sheet,

and that the ice fall flewxurally. The resulting dominant frequency of ice-

breaking, wi, is

w o=V /2 (11-10)
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in which V; is ice-sheet speed; and ib is length of ice pieces, or spacing
between flexural cracks. The length ib depends on the thickness and elastic
properties of the lce sheet, and on ice~sheet speed, Vi’ As mentioned in
Section I1I.B, breaking length Eb is usually related to the characteristic
length, ic (1T-1). 1t is generally accepted that, in accordance with elastle
theory for semi-infinite beams and plates on elastic foundatlons, Rb should
he proportional to lc, provided the 1ice sheet breaks before its free end

becomes submerged.

1f the structure is relatively wide compared to thickness, h, such that
jce does not fail uniformly or simultaneously around the structure, or if ice
fails in crushing, the time-~histories of ice loads are gtochastic (Xry, 1978).
Data prescribed by Timco (1984), do, however, infer that dominant frequencies

for flexural fallure of ice against a sloped structure colncide with w, .

Interestingly, Sodhl and Morris {1986) were able to tdentify a dominant

frequency for ice crushing against a rigid cylinder as,

wic = cVi/h (I11-12)
in which ¢ typically is about 3; and h/c 1s the nominal width of the damage

zone formed ahead of the cylinder during continuous crushing.

For a more detalled discussion on the cyclic loading of fixed rigid

structures, refer to Neill (1976, 1980), Timco (1984), and Sodhi and Morris
(1986).

For moving structures, the situation Is more complicated because Interac—
tions between body motions and icebreaking are possible. Maattanen {(1975)
extensively discusses the dynamics of icebreaking by compliant structures such
as slender light~houses. '"SPLICE" and "Milano," assume continuous—mode ice-
breaking by a ship hull to be perlodic and deterministic. 3Both are based on
assumed cycles of lcebreaking with frequency V/ﬂb‘ Mueller and Ettema (1984)
found that, as an approximation, the dynamlic behavier of a hull during lce-
breaking can be described in terms of the ratio of the frequency V/ic {c.f.,

w, = Vifib (11-10)) to the hull's natural frequencies of pitch and heave.

For the model-scale hull the natural frequencies of pitch and heave have about

the same value, mﬂ. In simple terms, for a hull moving at speed V through an
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jce sheet of characteristic length ic’ the mean spacing between consecutive
{ecebreaking events, or flexural cracks, 1s proportional to ﬂc, consequently,

the frequency V/ic should be a measure of the dominant frequency of Ice

forces.

By using the frequency ratio V/(mnic), Mueller and Ettema attempt to
assess and explain the relative Importance of forces resulting from hull
motions. They suggest that, at relatively low speeds, V/(wnic) <<{ 1, buoyancy
forces related to change in hull displacement are responsible for icebreaking;
inertia forces being negligible, If V/(mnic) = 1, the hull is in state of
resonance. As buoyancy-related forces are 180-degrees out of phase with iner~
tia-related forces, they counteract one another. When this occurs, one might
expect the hull to experience additional resistance because it 1Is not operat-
ing as effectively as it could. At relatively high speeds, V!(wnic) >>» 1, the

{nertia forces of the hull become of important magnitude and are responsible

for icebreaking.

Voelker et al., (1985) report results of full-scale performance tests with
the USCGC POLAR-Class ship "POLAR STAR." The tests were almed at determining
the magnitude and distribution of level-ice resistance and motions as a fune~
tion of speed and thickness. The tests were also conducted to measure ice-~
breaking pattern and cusp size. Spectral analyses of reslstance and motions
show them to be essentially stochastic. Voelker et al. report that, under
certain conditions, a significant energy peak occurred at V/(wnic) = 0,6, for
resistance and for all motions. They attribute this value to the fact that
obgserved breaking lengths averaged about 0.626. However, they appear to have
erroneocusly multiplied V/(mnlc) by 0.6 instead of dividing by 0.6. The cor-
rected frequency ratio 1s about 1.67. 1If V/(mnﬂc) is rewrltten as V/(mnib)
then the peak reported by Voelker et al. occur at V/(wnic) approximately

equal to 1.0, so a resonance condition was developed.

The results of the full—scale tests performed by Voelker et al. are
discussed further and compared in Chapter VIII with the results fortheoming
from the present study. The field data obtained by Voelker et al. require

further anaiysis‘
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I1I. EXPERIMENTS

Two serles of experiments were conducted uslng an ice towlng tank and a
model hull instrumented for measurement of ice resistance, ice-~induced forces
and hull motions {displacements as well as accelerations). TFor one series,
the hull was free to heave and pitch, as well as to undergo limited roll and
vaw, For the other series, the hull was restralned, or fixed, from heaving

and pltching.

An additional set of experiments was performed in order to determine the

hydrodynamic coefficients associated with motions of the hull as It moved

through lce~covered water.

A. The Model Icebreaker Hull and Ice Towing Tank

A 1:48-gcale, 2.53m long model of a USCGC POLAR~Class hull (WAGB10), on
loan from the U.S. Coast Guard, was used for the experiments. The abbreviated
lines of a POLAR-Class hull are given in Figure 4, together with a photograph
of the model hull. The principal dimensions of the model hull are listed in
Table 1.

The hull was ballasted with a mass of 102.6kg so that Its center of
gravity was located, to within a tolerance of 0.0l4m, at 1ts longitudinal
center of buoyancy. The area of the waterplane (the plan area of the hull at
its waterline), Awp’ the waterplane momernt, wa, and the waterplane moment of
inertia, IWP’ were determined from the hull offsets by integration. The
wmoment of iInertia of the model was calculated after suspending the hull as a

pendulum and applying the equation of the radial frequency of osclllation with

all the other parameters known.

The hull was coated with epoxy paint so as to have a comparatively smooth
finigh. The coefficient of dynamic friction, ud, between the [ce and the model
was determlned experimentally to be 0.10 (e.f., (II-5), in which by o= 0.20),
for the range of ice pressures exerted against it, 1In order to obtain Hyr @
block of urea ice was placed on the underside of the hull, which had pre-
viously been levelled. The block was loaded with a normal force, Py, of
14,8, and then pulled, by means of a force gauge, along the hull at a speed

of about 0.0Im/s. The pulling force, T, was recorded and Bd was calculated as
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ﬂé = 'I‘/"'?;\3 (111~-1)

The hull was towed through a 20m long, 5m wide and 1.3m deep Ice towing
tank. The tank is housed in a refrigerated laboratory, as can be seen from
the schematic layout of it, shown in Figure 5. A 5m wide by 2.4m long motor—
ized carriage was used to tow the model. The tank has a central trench that
is fitted with an underwater video camera for viewing Ilcebreaking and ice
passage beneath a towed hull. The camera can be towed beneath the hull. The
voltages from intrumentation attached to the model and the towing carrlage
were scanned and digitized using a digital voltmeter, then transmitted to a

HP-A1000 minicomputer for storage on computer disk for later analysis.

B. Instrumentation

Two sets of intrumentation were used for the experiments: one set for
measuring the resistance and motlons experienced by the hull when it was free
to pitch and heave; and, another set to measure resistance and restralning

forees and moments when it was restrained from motions.

1. Free Bull. The hull configured so that it could pitch, heave and
undergo limited roll and yaw is herein referred to as the free hull. 1In this
configuration, as deplcted in Figure 6a, the model was connected by means of a
25mm diameter shaft to a dynamometer supported from the towing carriage. The
shaft was connected to a vertical plate of the dynamometer by way of two ball-~
bushings which enabled it, and thereby the hull, to move without vertical
restraint. The shaft was hinged to the base of the hull by way of a universal
ball-joint so that the hull could pitch, roll and yaw without restraint.

A 200N Statham UL4-50 load cell coupled to a Statham UC-3 force trans-

ducer was used to measure reslstance force, £

»

X

Yawing and rolling of the hull were restricted by the use of a vertical
guide rod, 10mm in diameter, located at its sterm. The guide rod was con—
strained to a slot formed by two horlzontal circular rods separated 80nm
apart. Tn the course of conducting the experiments it was determined that
roll slgnificantly affects Icebreaklng resistance. Therefore, durlng several

sxperiments, roll, #, was measured using a helipotentiometer and a cable
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attached to one side of the hull's nldsection. The helipotentiometer's full

stroke of 227mm corresponded to 1.05velts.

Piteh rotation and heave displacements, O and z, were measured by means
of linear-voltage-displacement-potentiometers (LVDT's) located on plates
placed 2m apart on the hull. The full, 0.15m stroke of each LVDT corresponded
to l2volts. The output of the LVDT's were transmitted to the digitizing

voltmeter by means of two voltage followers.

Pitch and heave accelerations, ¢ and ;, were determined using accelerom
eters mounted on the bow and stern. The first 12 tests involved the use of
accelerometers comprised of a 22N UL4~5 Statham load cell loaded with a mass
of 0.740kg in order to sensitize It to vertical accelerations. In the remaln-
ing experiments, which Include all the higher speeds, two 2~g (19.6m/82} KYOWA

ASQ-2BL accelerometers were used.

Each channel, connected to the corresponding instrument of measure, was
digitized at a rate of 10Hz (10 readings per second) for speeds ranging from
0.05 to 0.25m/s, and at a rate of 20Hz for speeds of 0,5 and 0.9m/s.

2. TFixed Hull. A parallel series of tests was conducted with the hull
connected directly to, and restrained by, a four-component load cell, as
deplcted in Figure 6b. The hull configured so that it could not move (i.e.,
pitch, heave, roll, ete.) is hereafter referred to as the fixed hull. The
horizental and vertleal restraining forces, f, and g and the pitch and yaw
restralning moments, mg and m¢, experienced by the fixed hull were measured
using a 196N and 98Nm NISHO DENKI LMC-4107-20 load cell.

Voltages from each load-cell channel were digitized at a rate of 10Hz for

all the experiments conducted with the fixed hull.

3, Calibration of Transducers. Before each experiment, the sensitivity

and zero level of each transducer were determined.

The sensitivity of the dynamometer, used for towing the free hull, was
measured by exerting known horizontal loads agalnst the hull. The calibration
value for each of the experiments are provided in Table 2. The sensitivities
of the accelerometers used Iin the first twelve tests were determlined by mea-—
guring the change in output voltage, 4v, due to an applied load increment,

AF: the corresponding sensltivity was equal to AF/(Madv), in which Ma was the
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mass suspended in the accelerometer. The sensitivities of the KYOWA ASQ~2BL
accelerometers were electronically set at elther 0.06g/volts or 0.6g/volts as
indicated in Table 2. The sensitivity of the LVDT's, reckoned to be 13.0
mm/volt, were measured as the ratio of a change in length to a change in

output voltage.

The sensitivity and zero level of each channel of the four-component load
cell were determined prior to each experiment with the fixed hull. The sensi-
tivities of all channels were measured by means of loads applied at different
1ocations of the hull in order to obtain the respective force or moment output

voltage ratio. Values of transducer sensitivities for each experiment are

summarized in Table 3.

Table 4 is a list of the experimental errors corresponding to each meas—
ured parameter. It is also lmportant to mention that measurement of heave and
piteh displacements, by means of 2 LVDT's only, involved error due to roll and

yaw motions of the hull.

C. Model Ice Sheets

Ice sheets were grown from a O.7-percent, by weight, urea solutlon in
accordance with the following procedure. The solutlon was cooled to a temper-
ature of =0.1C while the room was simultaneously cooled to about =15C. A
system of water jets provided the necessary mixing and agitatlion of the solu-
tion to prevent the growth of unwanted ice. Before being wet—seeded, the
surface of the urea solution was screened to remove any floatlng lce. Then,
the water jets and the refrigeration units were stopped and the refrigerated
laboratory was fogged with a spray of flne ice ecrystals. Wet-seeding pre-
vented the formation of relatively large lce crystals, enabling a multitude of

small crystals to grow simultaneously over the surface of the urea solutfon.

Each ice sheet was grown to about 80% of its required thickness, h. The
air temperature 0.10m above the lce sheet was then raised to about 2°C so that
the ice sheet warmed and weakened. During this phase, the lce-sheet growth
decelerated and the sheet attained the requisite thickness. The flexural
strength, Gf, and the flexural elastic modulus, E, were monirored antil flex~
ural strength reached the value prescribed for the experiment. For most
experiments Gf = 20 to 25kPa. A few addirlonal experiments were conducted
with Jg = 29 and 40kPa.
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The force, f, to flexurally fall a cantilever beam of length %, width d

and thickness h, was used to estimate the flexural strength, Gf, of each lce

sheet as {e.g., Schwarz, 1983);

o = SEL (111-2)

The monitored lce sheet was not always perfectly uniform, slight varia-
tions in thickness and flexural strength occurred along its length. Uniform-
ity errors were always within * 5% of specified mean values for an entire

sheet.

Three to four cantiliver beams were falled In order to determine, at
regular periods, the flexural strength. The flexural elastic modulus, E, was
determined by measuring the Increment, §, of the vertlical deflection of the

{ee sheet due to small increments of a point load, P, at the center of the ice

sheet:
2 2
E = 0,1875 -(-—1:—’1":,;-—-)- -?—2 (111-3)
pgh §

Note that, here, p is the density of the urea solution. The characteristic
length, Ec’ of each lce sheet was then calculated using (I11-3) and (II-1).

D. Experimental Program

A series of openwater tests were performed to determine the mean values
of the hull's openwater resistance, ?%o’ as a function of speed. The resis-
tance force fXG and the resistance coefficient C are listed in Table 5 to-
gether with Froude number, V/JEE;, and Reynolds number, VLS/Uk, for each test

run. The coefficlent € is identified as

T —.1- (111-5)

where S = the wetted area of the hull; vk = kinematic viscosity of urea solu-
tion at 0°C; and Ly = hull length. As shown subsequently, values of ?;0 are

quite small compared with mean values of ice resistance, .
X

20



Osclllation tests were conducted in order to determine natural frequen-
cies of heave, plitch and roll motions of the hull In openwater. Tests were
also conducted with the hull in the middle of the track that It had just
broken in order to determine natural frequencies as well as added-mass and
damping coefficlents associated with hull motions in ice-covered water. The

results of these tests are discussed further in $Sections IV.B and IV.C.

Fifty experiments were conducted with full-length (2Im long) sheets of
urea ice. OF these experiments, 33 were performed with the free hull and the
remaining 17 were performed with the fixed hull. Details of the experiments
are summarized iIn Tables 6 and 7 for the free- and fixed-hull conditlons,
respectively. The ranges of thickness, speed and flexural strength testad
are: 8.5 to 43mm, 0.05 to 0.9m/s, and 18 to 40kPa, respectively.

Tn order to assess the relative magnitude of ice resistance that Is
attributable to shearing and crushing of ice at the bow stem of a POLAR-Class
hull, an additional experiment was performed with half an lce sheet precut
with a central slot cut along the transit path to be followed by the hull.
The slot was 40mm wide (about 10% of the model-hull beam) and it extended half
the length of a 3lmm thick ice sheet. The remaining half of the Ice sheet was
left uncut so that the resistance could be compared. Speed for this exper-

iment was 0.25m/s.

E. Experimental Procedure

Prior to each experiment, the hull was launched and held for transducer
calibration while the lce sheet was warmed and weakened to a prescrlbed flex-
ural strength, which for most experiments was 20 to 25kPa. When the ice sheet
attained the prescribed strength, the hull was towed at steady speed for l6bm
(about 6.5 hull lengths) of the ice sheet, or 807 of the tank's length. The
remaining 20% of the tank's length was used for accelerating and decelerating

the hull.

The transit of the hull was recorded on video tape using video cameras
located both underwater and above ice. The cameras moved with the towing
carriage. On completing a transit, photographs were used to record lcebreak-
ing patterns, and the dimenslions of ice cusps comprising the Ilcebreaking

patterns in the channel were measured using calipers.
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IV. EQUATIONS OF MOTIOR

Consider an icebreaker hull transitting an ice sheet in continuous-mode
icebreaking. Hull speed as well as the ice-sheet properties (thickness,
strength, etc.) are assumed constant. Ice loads exerted against the hull as
well as hull motions are stochastic. Under certain conditions motions are of
sufficient amplitude that nonlinear effects are important. However, as a
first approximation and to provide a framework for discussion, hull motions
are assumed to be linear such that the linear superposition principle is
applicable. That is, the response at a given frequency depends only on the

excitation at that frequency.

In Section IV.A of this chapter, the linear equations of motion for a
single frequency are presented and discussed. In Section IV.B, attentlon is
focused on heave and pitch, and through the use of experimentally obtained
added-mass and damping coefficients their natural frequencies are obtained.
Next, in Section 1IV.C, the influence on resistance of roll is briefly dis-
cussed. Lastly, in Section IV.D, the superposition principle and spectral
analysis are used to obtain general relationships between hull motions and

external (ice) forces, or excitations.

A. General Equations of Motion

Let (X,Y,Z) be a right~handed coordinate system fixed with respect to the
mean position of the ship with Z vertically upward, X in the direction of
forward motion, and the origin at the hull's center of gravity. Under the
assumptions that the responses are linear and harmonie, six linear coupled
differential equations of motion can be written, using subscript notation, in
the following form

M + B q.+C, .q, =f, V-1
( ) a;* Biiagt Cpuq (Iv-1)

+ A
ij ij i3 j

where q; = {x{e), v(), z(x), #(t), 8{c), ¥{t)) are the responmses correspond-
ing to surge, sway, heave, roll, pitch and yaw, respectively; Mij is the

generalized-mass matrix; A and Bij are the added-mass and damping coeffici-

13
ents, respectively: Cij are the hydrostatic~restoring coefficients; and f; =
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(fx, £os £, m¢, Mg, mw) are the excitation forces and moments. The coordin=-

ate system and translatory and angular displacements are ghown in Figure 8.

1f it is assumed that the ship has lateral symmetry, then the general-

ized-mass matrix is given by

v o o0 o 0 0
5 M 0 o0 0 0
O o ¥ 0 0 0
M =10 o o I, 0 I (1v-2)
i3 e o o o 1 o :
0 0 0 - 7Y 1
Xz A4

where M is the mass of the ship, Eii Is the moment of inertia in the ith mode,
and gij ig the product of inertia. The inertla terms are wlith respect to fthe
coordinate system shown in Figure 8. The only product of inertia that appears
is 1

2 the roll-yaw product which 1Is zero ${f the hull Is symmetrical with

respect to midships and is otherwise small.

1f in addition to geometrlc lateral symmetry, it is also assumed that the

loading is laterally symmetric, then the added-mass (or damping) coefficients

are
Ail 0 Al3 0 AiS 0
0 A 0 A O A
22 24 26
A31 0 A33 0 A35 0
Ai' {or Bi') = 0 A&Z 0 A44 0 A 6 {IV-3)
i i A 0%2 A 0 A 8
351 A 053 A 055 A
62 64 66_

As 1is shown subsequently, the assumption of lateral symmeiry leads to the
uncoupling of the equations of motion for surge, heave and pitch from those of
sway, roll and yaw. For a hull in openwater, the hydrodynamic loading is, in
fact, laterally symmetric. For a hull moving through an ice sheet, the dis~
tributions of ice loads at any lnstant are not necessarily symmetric with re-
spect to the hull's centerplane. This means that Aij and Eij are full ma-
trices resulting in complete coupling between all six modes of motion. How-
ever, as an approximation, It is assumed that (IV-3) are also valid for a hull

moving through an lce sheet.
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Lastly, the only nonzero hydrostatic restoring coefficients are:

C = Dgh

33 wp
Cgs = P8T,, (1v=4)
Cy5 = Cgg = = P8Y,

in which Awp’ wa, and IW£3 are the area, moment, and moment of inertia of the
waterplane, respectively. The values of these coefficients were determined

for the hull to be 7950N/m, 2450Nm and -7.18N, respectively.

1f the generallzed-mass matrix, (IV-2), the added-mass and damping coef-
ficients, (IV-3), and hydrostatic restoring coefficients, {IV-4), are substi-
tuted in the equations of motion, (IV~1l), it is seen that the six coupled
equations of motion, (IV-~1l), reduce to two sets of equations: one set of
three coupled equations for surge, heave and pitch and another set for sway,
roll, and yaw. Herein, we are primary concerned with the former. However,
during the present study roll was found under certain conditions to be signi-
ficant and plaved an important role in the dynamics of icebreaking. Roll is

discussed in Section IV.C.

B. Pitch and Heave Motions

The experiments involved a hull that was towed at constant speed such
that x = x = 0; reference frame is attached to the hull, as per Figure 8.

Consequently, the piteh and heave equations of motion have the form:

M+A A z R B z C c Z f {t)
33 735 Sl 33 735 + ] 33 735 = Z (17-5)

8 8
Asy THAss 1101 | Bsy Pss | €53 Css 1% | myfe)

oo

The solutbion to (IV-3) for harmonic motions and excitations, l.e.

wi

kot
#

g»(m) ei
3 . (1V=6}

y
i

Fo(w) o’
]

is well known {e.g., Meirovitch, 1975}, and ls generally written as
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qj(mﬁ = ﬁij(w)fj(w} (IV-7)

where E, and ?, are the complex motion and excitation amplitudes, respec-
3 1

tively, and Hy: is the transfer function defined as

3
T2 2 - 1
=0 (MbAq) F Bagwl o+ Cay =@ Agg + Byl 4 Coy
H . e (EV"'B)
H 2 2(14a J+ B +
- - %)
WTAgat By 01+ Cpy WT{I+Ag O+ Bl + Cyg

When the hull was free to pitch and heave, qj(m) is known because the
hull's heave and pitch were measured. In order to determine the external
forces causing the motions, it is necessary to determine the excitations.

This is accomplished by inverting (IV-7), i.e.

-1

fj(m) = Bij

(w) qj(w) (1v-9)
which can be solved if the transfer function Hij’ (Iv-8), is known. The terms

in Hij depend on &, Ay Bij and Cij‘ Genarally, the former and the latter

j)
are known, however, the added mass, Aij’ and damping, Bij

, must he determined.

.Far a hull in openwater, potential flow methods are available for pre-
dicting Aij and Bij' Little is known, and no theory is available, for predic—
ting the influences of ice-sheet presence on Aij and gij‘ The influences are
likely large because the surrounding ice sheet and distribution of ice pieces
near the hull strongly influence the flow field, including the wave pattern
produced by the hull. Therefore, in the present study, as is discussed next,

the added-mass and damping coefficients were determined experimentally.

1. Experimental Values of Added-Mass and Damping Coefficients. A series
of experiments was conducted in order to determine the added-mass and damping
coefficients associated with hull motions during icebreaking. GCenerally, the
Froude number, Fn<= V/¢EE;) , for an lcebreaker hull Is quite small, typically
less than about 0.19, and for the openwater condition, zero—speed added-mass
and damping coefficilents are a good approximation. Herein, the zero—speed
added~mass and damping coefficlents are used, however, it should be recognized
that the influence of forward speed, even for small F , for the ice-covered
condition may be signlficant. TIce—sheet thickness Is another factor influenc-

ing the added-mass and damping coeffliclents.
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Three experiments were performed: (1) the hull was restrained from heav-
ing and the bow was displaced downwards such that the hull oscillated in pitch
only; {2) the hull was restrained from pitching and displaced downwards such
that the hall oscillated in heave only; and, (3) the hull was unrestrained and
displaced such that it both heaved and pitched. The tests were conducted for
two thicknesses, h = 30 and 38mm, and were performed when the hull was amidst,

and overrode, broken ice, in a track opened after a resistance experiment.

For each experiment, the pertinent hull motion was measured and expressed

as

. 8.t
qj(t) = q,e 3 (IV=-10)

in which Ej iz the amplitude and

sj = £ + jw
with & = damping rate, and @ = frequency of oscillation. The wvalues of & and
@ determined from these experiments are summarized in Table 8. Combining
(IV-10) and (IV~5) for each of the three test conditions enables evaluation of
the coefficients Agg, Bgg, Aqq, Byg, Agg (=Agj3), and Byg (=B53)+ The values
determined for these coefficlents are summarized in Table 9. Alsc shown for
comparison in Table 9 are the openwater values predicted using Lewils forms for
A4y, Aag, Agp and obtained from "SPLICE." As might be expected, it can be
seen from Table 9 that the presence of an ice sheet significantly Iincreases
both the added-mass and damping coefficients assocliated with pitch and heave.

Consequently, as discussed next, the hull's natural frequencles of pitech and

heave decreased.

2. Natural Frequencies. With known added-mass and damping coefficlents,
the natural frequencies for coupled heave and pitech can be determined through

the solutlion of the characteristic equation associated with {IV-5); i.e.

A sz+ B,.8 + C

9
$ * Bygs + C 35 35

(M+A44) 33 13

35

4

0 {(1v=11)

A sz+ B

2
35 355 + 635 (1+A§S)s +B__s5 + C

55 55
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The solutions to (IV-11) are complex; the real part Is associated with
the damping rate, and the imaginary part with the natural frequenclies of hull
motions. Table 10 1s a summary of the natural frequencies computed for
coupled pitch and heave motions. Also, included in Table 10 for comparison
are the natural frequencies for the undamped system (isee, Byg = Byy = Bzg =
0} and also those both calculated and measured for the openwater condition.
The calculated openwater values were obtained using the Lewis form added-mass
coefficients, and do not include the effects of damping. The measured open-
water values were obtained from openwater experiments performed for conditions
(1) and (2) described in Section IV.B.1l. It is evident from Tables 8 and 10
that the natural frequencies for hull motions during continuous-mode Ilcebreak-
ing are substantlally lower than those for openwater. For the present study
the natural frequencies of pitch and heave, during continuous-mode icebreak—
ing, are estimated to be 0.83 and 0.68, respectively. Herein, these frequen-

cies are lumped together as ® = 0,7 to 0.9.

C. Roll Motion

During continuous—mode Ilcebreaking, ice loads are not always symmetrical
with respect to the hull centerplane because icebreaking may not always occur
similtanecusly around the bow. This induces nonsymmetric responses; l.e.,
roll, sway and yaw. The equations governing these coupled motions can be
readily derived using (IV-1), in a similar manner as for coupled pitch, heave
and surge. The hull used in the experiments was instrumented such that sway
was restralned completely and yaw was confined within small margins, but not
measured, and only roll was measured In several test to determine its influ~
ence on the lcebreaking mechanisms. Initially, measurements of roll were not
planned. However, during the course of the experiments, under certaln condi—
tions, large amplitude roll motions were observed. As roll no doubt plays an
important roll in resistance, it was decided that some limited measurements of

it should be made.

As an aid in identifyving frequencles related to roll, the zero speed
openwater natural frequency of roll was experimentaly obtained to be 0,458z,
The hull was placed in position and rotated gueh that the hull osciliated in
roll only. The Influences on roll frequency of ice and limited yaw momenti

were not determined.
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D. Spectral Analysis

During continuous-mode Lcebreaking, the forces and moments experienced by
the model hull and resulting hull motions are stochastic. A similar situation
osccurs for ship motions in 2z seaway with random waves for which a well-devel-
oped theory exits (Price and Bishop, 1974}, Stochastic records, and, there-
fore, records of ice resistance and hull motions, are approplately analyzed
through the use of statistical theory and are most conveniently described in
terms of their frequency content. In the following, the necessary develop~

ments for such spectral analyses are described.

1. General Theory. From the outset it is assumed that the temporal re-
cords of ice~related forces and moments, as well as resulting motions, are
both stationary and ergodic processes. The former implies that the statistics
of the signal are not time-dependent, and the latter that a single measured
realization is representative of all other possible realizations. The assump-—
tion of ergodicity permits the interchange of a function's expected value with
its temporal average. Thus, with x(t) representing either a force, moment, or
motion signal, the mean value of x(t) is

T/2

% = Limit | & [ x(e)de} (1V-12)
T > w ~T/2

pof s

The standard deviation, which characterizes the spread of the values of

%{t) about the mean‘g, is defined as

| 12 —, ]S
o = |Limit {‘f I (x(e)y-x)“de} (1V-13)
It » = ~1/2

In order to deduce further detalled information concerning the manner in
whick x{¢) varies with time it iIs necessary to compute the frequency content
of w(t). For this purpose, x(t) ie¢ adjusted to have zero mean and its defin-

ition is extended for all time as

;o x{ty~ %  for 0<e<T

x(e) = S0 otherwise (Tv-14)

The latter permits the definition of the Fourier transform pair
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x(t) = [ X(w) eizﬁwtdw {1v-15)

X(wy = [ x(t) e

e

REXAEL (1V-16)

It is possible to express the variance of the original record x{(t) in

terms of X{w) as

of = [ vLimte (& %) [*}aw (1v-17)
Q7T+ =

which formally defines the spectral density

s (@) = Lintt {Z}x(e)]%} (1v-18)
T + o

With reference to {(IV-17) and (IV-18), it is seen that Sx(w)dw represents
the contribution to the variance (or "energy") of the record x(t) due to its

content within the frequency range # to w+dw. The spectral density, SX(M),
essentially enables a signal to be represented in the frequency domain rather
than the time domain. Stochastic signals are characterized by their spectral
density distributions as either broad or narrow banded, as depicted in Figure

8(‘

In order to relate spectral densities of hull motions and corresponding
forces, or excitations, it 18 necessary to introduce in the equations of
motion, (IV-~3), the Fourier transforms of the hull's motions and the excita-

tions (ice forces) exerted against it. The transforms are

Qj(t) - f Qj(w) eiZwmtdw
": {IV-19)
fj{t} £ j {;‘j(u}) eiZ’ﬂwtdm

in which Qj(w} and Fj{M) are vectors representing the Fourier transforms of

motions and excitations, respectively. Therefore, (IV-9) can be rewritten as

_..,1 ) _
Fj(w) = Hij (m)Qj{m) (IV=-20)
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where Hzé(w} is the transfer function (IV-8)., The spectral density matrix,

Sij(w), of a random vector xj{t) can be defined as

= i g« * 1 3
S;4(#) = Limit {T K, (o) X, ()] (1v=21)

T +

*
in which Xi{m) is the conjugate of Xi(w).

Equation (IV-21) can be applied to the motion and excitationm vectors of

{IY~19) such that

F 2 %

8y4(0) = %iTii (& 7 (w) Fj(w)} (1V=22)
Q = 14 2t -
S33() = Limit EXHORNO) (1v-23)

where ng(m) and ng(w) are the spectral density matrices of the hull excita-
tion and motion vectors, respectively, Inserting (IV-20) dinto (IV-22) and
using (IV-23), leads to

* T
s¥o(wy = B ) 82 (ol (w) (1V-24)
i i3 ij ij

in which the superscript T denotes the transpose of Hg§(w). For pitch and

heave motions, (IV-24) can be written as

* T
¥ ¥ 1 ]
Hyy Hpy S22z 528 Hip Hio Spr Spou
- z z z 9
(IV-25)
¥ 1 1 ¥
Hyp Hy 9, Sos Hy1 Hay SMEF SM@MB
zZ

in which H§§ e H;; and the superscript on S has been dropped. If the transfer
function and the spectral density matrix for pltch and heave are known, then
the spectral density matrix of the piteh and heave excitations can be computed

by means of (IV-25).

2. HNumerical Analysis. In order to perform the statistical and spectral
analyses of the time~histories of experimental data, the following numerical
scheme was used to obtain the required values of mean, standard deviation and

spectral density functions of the measured motions, forces and moments.
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Values of the mean, x, and standard deviation, Gx’ of each time series x{(t) of

record T and sample rate ws were calculated as

Tws
X = 1 ox(af)) (1v-26)
s n=1
and X Tms _, 0.5
o = 1g | xafu)=0" } (1v-27)
s n=1

Caleulation of spectral densities {nvolved the ensuing steps. The time
series were divided into N segments each with M samples or segment period ?S
= M!ws. For each segment, a Fourier series was calculated with a resolutlon
bandwith Dms = I/TS. Frequency leakage was reduced by subtracting the time

mean from the records.

Fach tapered segment xs(t) of the signal was then estimated as

n=M/2 y

x (£) = 1 Loy (nDw ) exp (i2mmDw_t) (1V-28)
8 - T 8 s
n=-M/2 "8

in which X {ans) is the Fourler transform at (anS) and

T
X (nbw ) = [ 5x (t) exp(-iZmnDe t)dt (1V=29)
5 & 0 s &

The discrete Fourler transforms were computed using the Fast Fourler
Transform algorithm developed by Stanley (1975). The summation over the range
[-M/2, +M/2] is sufficient as x {t) was filtered at wsf2 prior to the analog
to digital conversion of the data. The complex number (1/T,) XS(nDuS)
describes the amplitude and the phase of the oscillater at the fregueney

(ans).

The two-sided spectral density Sij(ans) is estimated as

1 N
D - et ¥
(n s} NT . &

*
1 .)S{anS) (Xij>s(ﬂnms) (TvV=-30)

51 i

and Sij(ans> is the density of the power in the frequency space; it infers
the contribution of the frequency interval {n~§[2)Dws, (n+l/2)Dmsj to the mean

square value
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(x(t) =%)° =2 ) S _ (nDw_)buw
n=1 ij 8 8

V. ICEBREAKING PATTERNS

A. Observations

For the free hull, continuous-mode icebreaking began with the bow depres-—
sing and nosing onto the ice sheet, which increased the hull's pitch and heave
displacements. Simultaneously, the hull encountered increased resistance, as
ice erushed and sheared at its bow stem, and, sequentially, ice was flexurally
hroken around either side of its bow. After each flexural icebreaking event,
resistance, as well as pitch and heave momentarily decreased. Only when a
pattern of broken ice was sufficiently wide so as to create a track into which
the hull could settle, did resistance as well as pitch and heave displacements
decrease gignificantly. This description of icebreaking encapsulates the
interdependence, and the intrinsically cyclic nature of ice resistance, hull
motions and icebreaking pattern. Moreover, it indicates the potential for two
important frequencies in resistance and hull motions; namely, Icebreaking
frequency and track-opening, or opening, frequency. The fixed hull, being
restrained from motiong, thrust through the ice sheet, deflecting and breaking

it(

If the free hull, or the fixed hull, was moving with creeping speed, V =
0.05m/s {Figure 9a), the depressed ice sheet would be flooded prior to flex-
ural failure. VWith increasing speed, the time available for flooding would
diminish such that, for moderate and higher speeds, say V = 0.5m/s {Figure
9b), there was insufficient time for the depressed ice sheet to flood. For
these speeds, the hull depressed both the sheet and the water level arocund the

how.

A pattern of icebreaking was initiated when a clrcumferential crack
developed more—-or—less parallel to the waterline along one side of the hull's
bow. The crack then propagated by arcing circumferentially toward the bow's
stem and shoulder. A major circumferential crack would develop either side of

the bow, but not always simultaneously. Generally, the length of the arced,
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or cuspate, circumferential crack was approximately equal to the waterline
distance from the bow's stem to its shoulder, for the condition of hull trim
when the crack is formed. The length of the circumferential c¢rack varied
slightly with ice-sheet thickness and strength, and with speed. If a cusp was
narrower than the hull's half beam, the hull broke additional wedges from the
ice sheet such that, eventually a full track width was broken through the

sheet, Track width was usually 1.1 to 1.2 times the hull beam, B.

Generally, icebreaking patterns were comprised of cusps, that arced from
the model's bow stem to Lts shoulder. The lcebreaking pattern was of herring-
bone form. On being overridden by the bow, the cusps were further broken to
form a pattern of smaller cusps and wedges. TFigure 10 illustrates the ice~
breaking pattern under the bow for a 30mm thick, 25kPa, ice sheet., The pat~-
tern as observed via the underwater television camera is shown In Flgure 11,
Figures 10 and 11 appear to present a different pattern of icehreaking than
that which is depicted in Figure 2 for a full-scale POLAR-Class hull (see
Section I1.B).

Two causes may explain the difference observed for the model~ and full-
scale Icebreaking patterns. One is that deck-level observers cannot ade~
quately see icebreaking beneath the bow during full-scale icebreaking. 1If the
icebreaking pattern were viewed by an observer standing at deck~level, it
would lock as depicted in Figure 12, Instead of appearing as herring-bone
cusps, icebreaking pattern around the waterline would seem to comprise a
mosaic of several smaller cusps. Figure 12 is similar to the pattern shown in

Figure 2. We believe this to be the more likely cause.

A second cause Is attributable to urea model ice, which, at 20 to 25kPa
flexural strength, is less brittle than ice at a comparable full-scale
strength. Mis~scaling of brittleness mayv translate to mis-scaling of the
speed at which a flewxural crack propagates relative to hull speed; reduced
brittleness resulting in slower crack propagation and, thereby larger ice
cusps. The relative speed of crack propagation and hull transit influences
the form of the major cusp formed at each side of the hull's bow because
loading geometry changes as a cusp forms. At times, the major cusp may devel-

op a lobe near the bhow stem as shown in Figure 13.
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Inereasing amplitude and frequency of hull motions led to decreasing
regularity and uniformity of icebreaking pattern. Figure lda-d displays
photographs of breaking pattern resulting from the free~ and fixed-hull condi-
tions for 30mm thick ice sheets and speeds of 0.05 to 0.%m/s, rvespectively.
Although values of cusp width, W, were approximately the same (discussed
further in Section V.B), the facility of the free hull to move resulted in a
greater standard deviation of ice rubble sizes in the track than was the case
for the fixed hull. It is interesting to observe, however, that at the high-
est speed, V = 0.%9m/s, almost I1dentical tracks resulted from the free- and
fixed-hull conditlons. At this speed, the free hull maintained a steady trim

and essentially "planed” through the ice sheet.

Roll and vaw caused further irregularity of icebreaking pattern, as
lateral motions quite radically altered the contact geometry between hull and
ice. Figure 15 illustrates the distortlon to icebreaking pattern resulting
from roll and vaw. During these motions, the hull's forward projected area

and bluffness increased, causing the hull to break a wider and sinuous track.

Broken cusps were pushed downward beneath the bow, and overriden by the
hull. The ice cusps passed along the underside of the hull in a regular
pattern which was affected by thickness and speed. The distance between cusps
increased with distance from the bow (Figure 11). After sliding beneath the
hull, some of the broken ice reappeared in the track behind the hull. For the
thicker ice sheets (h *> 20mm), increasing speed resulted in less ice remaining
in the track, while the reverse appeared to hold for thinner ice sheets. This
trend is due to the influences of hull motions and the confining action of the
bordering ice sheet. The additional breaking of lce beneath the hull somewhat
masked the variation of inftial ecusp size with speed for the same thickness of
ice sheet, the influence of speed on the average size of broken ice was con~

siderably less clear than that for the width of the Initial cusps.

B. Icebreaking Length

Measured values of cusp width, W, for the free hull are plotted versus
thickness h in Figure 16 which shows that W increased with increasing h and
decreased with increasing speed, V. Values of W are average widths measured

(as indicated in Figure 11) for several cusps beneath the bow, not in the
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wake. The ratio W/h ranged from about 3 to 3, for speeds of 0.5m/s and above,
to about 7 for creeping speeds of 0.05m/s. The variation of W/h with V can be
attributed, in part, to the hydrodynamics of water displacement during ice
sheet deflection, and, in part, to altered geometry of loading asscciated with

the simultaneous shearing and flexing of the ice sheet.

Three experiments were performed with stronger, more brittle, ice: two
experiments with Gf = 40kPa and one with Gf = 29Pa. For these flexural
strengths, ice broke to form smaller cusps, as indicated in Figure 16, for the
90kPa ice sheet, The stronger lce was more brittle such that cracks propa-
gated more rapidly toward the stem and shoulder of the bow, reaching there
before the contact geometry between bow and ice sheet was significantly al-

tered by shearing and crushing of ice at the how's stem.

Cusp widths produced by the fixed hull did not vary significantly from
those produced by the free hull. However, for the fixed hull, the track
contained a more uniform pattern of broken ice. This result is attriboted to
the steady trim maintained by the fixed hull. TIcebreaking occurred in a more
regular pattern at the bow of the fixed hull. However, some Irregularity was
inevitable due to slight nonuniformities in ice—sheet properties (thickness,
strength, etc.) along the length of the tank. Measured values of cusp width,
W, resulting from the fixed hull, are shown in Flgure 16 together with values

resulting from experiments with the free hull (not distinguished by symbol).

Cusp widths, W, interpolated from the model-scale data in Figure 16 are
compared in Figure 17 with field measurements {Voelker et al., 1985) reduced
to 1:48-scale. The two sets of data show fairly good agreement, thereby
indicating the reasonable veracity of the model ice to simulate sea ice. The

model-scale W are about 20% larger than the full-scale values.

Values of cusp width, W, predicted using (II-3) ("SPLICE"), and (I1I-2)
("¥ilano"), are plotted versus thickness, h, In Figure 18, "SPLICE" predic-
vions agree with the measured values (Figure 16). Although, for speeds of
0.05 and O.lm/s and thicknesses greater than 30mm, the measured values of W
exceed those predicted. Even though the predicted values show the exper~
imental trend of W increasing with decreasing speed, the measured values
increased more markedly. Both measured and predicted values of W increased

significantly with increasing h. Values of W predicted using (11-2) ("™i-
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lano™) do not agree well with values measured during the present study; com—
pare Figures 16 and 18. Also, (II-2) gives values of W that are much less
affected by speed than are either the measured values or values obtained using

{(11-3).

The main difference between the measured icebreaking pattern and those
assumed for (II-2) and (II-3) is the number of cusps forming around the hull's
waterline. Generally, in line with Figure 2, a greater number of cusps and

wedges are assumed for (II-2) and (II-3) than were observed during the exper—

iments (Figure 10),

€. Comparison with Characteristic Length

Measured values of W are compared in Figures 19a,b with calculated values
of characteristic length, ic, for the free- and fixed~hull conditions, respec~—
tively. Generally, values of W/QC are less than unity, ranging from about 0.8
to 0.4; decreasing with increasing speed, V. Values of W/RC did not vary with

hull condition.

The effects on W and, thereby, on icebreaking pattern, of h and V are
explainable in terms of the flexure of a semi-infinite plate or, more simply,
a gsemi~infinite beam on an elastic foundation (water). Hetenyi (1966), Nevel
(1965, 1970), Enkvist (1972), Yean et al. (1981) and others have discussed the
loading of semi-infinite plates; the latter two references are particularly
useful for explaining the variations of W with h, V and Of. Through consider~—
ation of the location of the locus of the maximum stress in an edge—loaded
plate (e.g., loaded by icebreaker bow), it can be shown that W increases with
increasing h. The relationship between W and h is more complicated if submer-
gence of the sheet's loaded end is accounted for (Yean et al.). According Lo
Enkvist's argument, W diminishes with increasing speed because Increased
impact speed results in Increased foundation modulus as the hydrodvnamic
forces assoclated with displacing water and ice increase. Correspondingly,
characteristic length should be modiflied to account for Increasing foundation
modulus. Values of ic as given by (II~1), apply for slow loading ratas, or at
least do not account for loading rate; nor does (II-1) take into account

flooding of the deflected ice sheet.
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It is generally accepted (e.g., Enkvist, 1972; Tatinclaux, 1986) that in
accordance with elastic theory for semi-infinite plates on elastic founda-
tions, cusp width, W, should be proportional to ic, provided the cusp breaks
before 1ts free end becomes submerged, and E/Gf > Cicf/(yh}; in which €y
approximately equals 400 (Keinonen, 1983). Yean et al. (1981), (also, Tatin-
claux, 1986) suggest that for

E
T < ¢

a
f

fvi (v-3)
h

£ Y

2
. 0.5
cusp width, or breaking length, likely is proportional to (Ufh/Y) and not
to Ec; CE = 40, For the present study, E/Gf > 400 > CIGf/(Yh) > Czﬂf/(Yh);
and values of W are proportional to ﬂc, and do not increase with inecreasing
Uf.
Vi. ICE RESISTANCE

In this Chapter, attention is focused on the variations of mean ice
resistance, ?;, with thickness, h, and speed, V. First, in Section VI.A, the
results for the free— and fixed-~hull conditions are compared. Then, in Sec-
tion VI.B, the free hull results are compared with full-scale measurements.
Lastly, in Section VI.C, the experimental results are compared with wvalues

of ?; predicted using "SPLICE" and "Milano."

In the discussions to follow, reference is also made to the mean plus two
standard devlations of resistance: ?; + 20. ¥or clarity of presentation {note
that Uf refers to flexural strength of the ice sheet and that ¢ refers to the
standard deviation), the subseript on ¢ has been dropped (ses (IV-13)), In
cases where confusion might arise, the subscript is retsined. Values of
?% + 20 are used to indlicate peak values of resistance. Values of fx higher
than fx+'25 may result from Ice-sheet irregularities (e.g., hard, poorly

seeded spots) and, therefore, may be unrepresentative.

The measured time-histories of ice resistance from which wvalues of
?; and 9 were determined, are provided in Appendices A and B for the free—

and fixed-hull conditions, respectively.
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A. Free Hull and Fixed Hull

Mean value of ice resistance, ?;, experienced by the free hull increased
with both increasing thickness, h, and speed, V, as ig shown in Figure 20. It

is evident from Figure 20 that

fa ah® (VI-1)
1f ?g versus h, 1is plotted in log~log format (Appendix D), the indice b is
€ound to be 2.0 % 0.1. The coefficient a increases with V. Note that for the
lowest (V = 0.05,0.1m/s) and highest (V = 0.5, 0.9m/s) speeds the resistance
curves are in close proximity compared to those for the mid-range speeds (V =
0.1, 0.25, 0.5m/s). Significantly increased values of ?; cccurred as speed

increased from 0.1 to 0.25 and 0.35m/s.

Values of ?% experienced by the fixed hull also increased with increasing
h and V, as shown in Figure 21. However, it is apparent by way of comparison
with Figure 20, that the free hull experienced larger values of ?% than did
the fixed hull, at least for increasing values of h and V. TFor the fixed
hull, the indice b, in (VI~-1), is also 2.0 & 0.1 (Appendix D). However, for
each speed the coefficient a is smaller for the fixed hull than for the free
hull., TIdentical values of b, but lower values of a, for the fixed hull sug-

gests that hull motions lncrease resistance.

Values of ?% + 20 experienced by the free hull and fixed hull are com-
pared in Figures 22 through 26 for the same values of V, h and for Gf = 20 to
25 kPa. For both conditions, 0 increased with increasing h. For thicker ice

(h > 30mm), O Increases with increasing speed up to V = 0.5m/s, and then
decreases for the highest speed (V = 0.9m/s). This trend is more pronounced

for the free hull.

The influences on E; and ¥%+ 20 of speed, V, for both the free- and
fixed-hull conditions are shown in Figures 27 and 28 for h = 30 and 20mm,
respectively. Values of ?;, and §;+ 20, are linearly proportionmal to V for
the fixed hull. However, for the free hull, fx and fx + 20 have a more com-

plex dependency on V.

It is evident that, for the two slower speeds (V = 0.05, O.lm/s), there

1g little difference in the wvalues of ?% and f% + 20 for the free—- and fixed-
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hull eonditlons. However, with increasing speed (V = 0,25, 0.3m/s), the free
hull experienced signficantly larger values of ?; and ?; + 20 than did the
fixed hull. The free hull encountered, 60 to 70%Z (when V = 0.5m/s) more
resistance than did the fixed hull. At the greatest speed tested (Vv =
0.9m/s), the curves of ?; and-gx+ 20 converge for the free and fixed hull.
This infers that, because hull motions are greatly reduced for the free hull,
it and the fixed hull break ice in essentially the same manner, but with
different trims. For speeds in excess of 0.5m/s, the influence of V on ?;

diminishes for the free hull. The relationship between fx and V for the free
hull bulges in a manner that is suggestive of a "Milano hump.'" In other
words, Figures 27 and 28 show that, for the free hull, ?; is not linearly
porportional to V, as (II-4) and (11-5) propose. Simple regression analysls

cannot be used Lo relate ?; and V.

The trends outlined in this section are attributable to gseveral fac-

tors. Among them:

i. The free hull experienced, on average, longer cycles in reslistance
than did the fixed hull for the same speed and ice-sheet proper-
ties. This result is further elaborated in Chapter VILI.

2. The difference (E;)freew (§;)fixed attained a maximum value that is
related to the maximum amplitude (see Section VII.B) of pitch and
heave motions. The energy consumed by motlions translates, as per
(11~7), for example, to an increase in resistance.

3. With increasing speed, V = 0.05 to 0O.5m/s, roll became Important.
It affected the symmetry of ice-breaking around the model, resulting
in a broadened pattern of icebreaking and, thereby, led to increases
in resistance encountered by the free hull.

4, With increasing speed and thickness, the average trim of the free
hull inecreasad such that the stem angle of the bow contacting the
ice sheet also increased. Increased stem angle at lce contact led to
increased values of ?;.

Se The restraint used to fix the hull from moving provided the requi-
site vertlcal force necessary to break ice. For the free hull,

energy had to be expended in pitch and heave in eorder that the hull

ecould exert the vertical force needed to break ice.
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Ttem &4, above, is somewhat specific to the conventional modified-White
bow form of the POLAR-Class hull. Different relationships between ice resis~
tance and trim may exist for other bow forms. For example, the stem angle of
a spoon-bow decreases with increasing hull trim, thereby resistance may, pos—
sibly, decrease with increased hull trim. The functional variation of resis—
tance with stem angle has been discussed by Enkvist and Mustamaki (1986), also
sea WIMB (1972),

Values of'fg inereased with increasing flexural strength, of, as is shown
in Figure 29, for experiments with V = 0.25m/s. TIce resistance, for h = 30
and 40mm, increased about 30% when the flexural strength was almost doubled:
o increased from 22 to 40kPa., However, for h = 20mm, E; barely increased

£
when Gf increased approximately 20%; from 20 to 29kPa.

The contribution to ?; of shearing and crushing of ice at the bow stem of
a POLAR-Class hull can be assessed from Figure 29, in which values of fX
determined for hull transit of the preslotted ice sheet, depicted in Figure
30, are compared with values obtained for the nonslotted half of the ice
sheet. Preslotting of the ice sheet reduced ?% by 28%., If preslottling is
taken to be equivalent to eliminating shearing and crushing of fce, and is
assumed not to influence significantly the flewxural breaking of ice, then the
result of this experiment infers that shearing and crushing of ice at the bow
stem may contribute about 28% of ?;. By way of comparison, Enkvist and Musta-

maki (1986) present model and full-scale data indicating that shearing and

crushing may contribute 20 to 407 of ?;.

B. Comparison with Fuli-Scale Resistance

The experimental values of ?%, agree with values determined from field
tests with a full-scale POLAR-Class hull (Voelker et al., [9835). Values
of ?% are compared in Figure 31. For low speeds, model- and full-scale values
are reasonably close. However, for high speeds, although only a few full-scale
data were obtalned, the values were lower than the model-scale values. This
is likely because the flexural strength of the model-scale lce was proportion—

ally greater than that of the full—-scale ice.
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The full-scale values of ice resistance were obtained during January 1985
from tests conducted with the USCGC "POLAR STAR."” These data are reduced to
1:48=gcale in Figure 31, following normal procedures for ice modeling (e.ge,
Schwarz, 1983; Tatinclaux, 1984a,b). The values of flexural strength of lce
sheets companion to the full-scale data are approximate, as they were not

measured but were computed using measured values of the temperature and salin-

ity of ice cores.

C. Comparison with "SPLICE" and "Milano"

"SPLICE" was designed for prediction of the mean ice resistance, ?%,
encountered by full-scale icebreaker hulls. Recent modifications to "SPLICEY
(Kotras et al., 1983) have tuned it for predictions for the POLAR-Class hull.
For the present study, '"SPLICE" was modified to perform model-scale predic-
tions, which involved use of the same values of E and Gf as were determlned

for the experiments.

Experimental values of fX are compared In Figures 22 through 26 with
values of fX predicted using "SPLICE." The predicted values are reasonably
close to the experimental values, but deviate for thicker ice and lower
speeds, when the predicted number of cusps comprising the pattern of icebreak-
ing was only one. For one cusp, the cycle of Ilcebreaking is taken to be
complete when this cusp extends to the hull's middlebody, and, within this
cyele, "SPLICE" does not take Into account any sliding forces. Therefore,

this component is set to zero, decreasing the total resistance.

Tt is important to observe that the predicted and experimental values of
?; diverge for speeds in excess of about 0.25m/s, and for moderately thick
ice sheets. The divergence coinclides with the observed increase of hull
motions when the breaking frequency is close to natural frequencles of hull

motiong.

Predicted values of ?; generally fall between the experimental values of

fx obtained for the free~ and fixed~hull conditions. For low speeds and
thick ice, however, the predicted values of fX are less than the experimental
values for both the free— and fixed-hull conditions. "SPLICE" does not pro-
vide information on ?%+ o, or peak lce resistance. Values of ?;+ 20 exceeded

notably the values of ?g.
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The curve of ?; versus V, for h = 30mm {(Figure 27}, is plotted in Figure
32 and compared with values of ?; praedicted using both "SPLICE" and "Milano."
Values of ?; predicted using "Milano" were obtained from Figure 1% of Milano
{1980). Reduced to the scale of the present model, they show remarkably close
agreement with the experimental values. "Milano" is conceptually correct in
relating resistance cycle to cycles of pltching/heaving and icebreaking.
However, as ls discussed in Chapter VIII, for a POLAR-class hull the major
cvcles of resistance occur at a frequency elther associasted either with track
opening or with hull motion at its natural frequency of pitching/heaving
admidst ice. Major eyeles of resistance generally did not occur at the fre-
quency of single icebreaking events. Values of ?% obtained using "SPLICE" are

somewhat smaller than the experimental ones, and vary linearly with V.

VII. HULL MOTIONS, AND RESTRAINING FORCES AND MOMENTS

The mean values and standard deviations of motions experienced by the
free hull, and restraining forces and moments experienced by the fixed hull

are presented and discussed in Sections VII.A and VII.B, respectively, of this

chapter along with other quantities of interest.

The measured time-~histories of hull motions and hull-restraining forces

and moments are provided in Appendices A, B and C.

A., Free Hull

Mean values of pitch and heave displacements, % and ;; respectively,
experienced by the free hull are plotted versus thickness, h, in Figures 33
and 34 for varying speeds, V. The mean values of % and z increased with

inereasing h, as did f%.

For the lowest speed, V = 0.05m/s, mean values of % and z were rela-
tively small because, the hull settled back to its initial trim for falirly
long pericds between icebreaking. Usling "Milano" terminology (see Section
11.€) Ty > Typ. For increased speeds (V = 0.1, 0.25m/s), % and z increased
with increasing h, but z appears to be less dependent on V for this speed
range.  As the speed increased further to 0.5m/s, P and z continue to In-
crease. However, for the highest speed (V = 0.%9m/s), T and z show a sub-

stantial decrease. The dependency of B and z on speed for constant h is
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completely consistent with the previous discussion regarding ?g; leew,
T and z increase with increasing speed up to V = 0.5m/s, and then decrease

for the highest speed (V = 0.9m/s).

In order to elucidate the influence of v, ¥ and z are plotted in Figure
35 yersus V, for experiments with h = 30mm. It is evident in Figure 33 that
B and z attained a maximem value for a speed around 0.5m/s. Plots (not
included in this report) of 8 + 20 and z + 20 versus h, with V as additional

parameter, show the same trends as shown In Figures 33 through 35.

Standard deviations of pitch and heave accelerations, ¢ 5 and ¢ ;,
respectively, increased with Increasing values of h and V, as shown in Figures
36 and 37, Values of © E and ¢ ; are assoclated with the inertia terms in
the equations of motion, (IV-5). Therefore, thev indicate the relative lmpor-
tance of the Inertia forces in the icebreaking process. For the two lowest
speeds studied, 0.05 and O.lm/s, O é and U; are small in value, and so are
the Inertia forces assoclated with them compared to buoyaney forces. Also for
these two speeds, inertia terms did not vary significantly with thickness,
h. For speeds of 0.25 and 0.5m/s, © g and @ ; increased markedly in magnitude
as thickness increased, which is the expected result. An Increase In speed
from 0.5 to 0.9m/s did not result in quite the marked increase In © é and ¢ ;
as occurred from 0.25 to 0.5m/s. As mentioned above, pitch and heave were

diminished for the former speed range compared Lo the latter.

It is clear from Figures 38 through 41 that © and z, together with
g 5 and O ; , increased with Increasing flexural strength, Uf. Note that
there 1s some scatter in the data for z which underscores some of the diffl-

culties encounted in lce~towing-tank experiments.

Roll, ¢, Increased dramatically for speeds up to 0.5m/s, and diminished
thereafter. Figure 42 shows values of standard deviation of roll, 0@, plot=-

ted versus speed for h = 30mm. Measured values of U¢ extend to V = 0.5m/s.

For V = 0.9m/s, the hull was observed to experlence considerably less roll

than at V = 0.5m/s.

%8, Fixed Hull

Mean values of piteh restraining moment, ;%, heave restraining force,
?%, and standard deviation of vyaw restraining moment, ¢ b exerted agalnst
m

the fixed hull are presented in Figures 43 through 43, respectively.
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Values of Eé (Figure 43) increased with lncreasing thickness, as did 8,
and its dependency on V is similar to that described previously for 6. How~
ever, the decrease at the highest speed is not as large. The effect of thick-
ness on 'Ee seams to become more pronounced with increasing speed. This occurs
because, with Increasing speed, the hull flewxurally depressed and broke the
ice sheet before it could become flooded around the bow. At slow speeds
flexural depression of ice led to flooding of the sheet around the hull's bow
such that its buoyancy force was partially compensated for (Mueller and Et-

tema, 1982).

Figure 44 suggests that ?; is Independent of speed, V, at least for
speeds ranging from 0.05 to O.5m/s. A possible explanation for this result is
as follows. Inereasing speed leads to an increase in the initial 1lifting
force of the hull in accordance with the hull's first contact with the un-
broken ice sheet. However, a slower moving hull is in closer contact with ice
submerged beneath it, such that it experlences an increase in heave, or 1ift-
ing, force. The net result of these counter—acting effects is that ?? is

invariant with speed within the mentioned range.

The two data points for ?; obtained when V = 0.%m/s show (Figure 34) a
curious trend; fz for h = 30mm is smaller than fz when h = 22pm. By way of
comparison, my increased with h when V = 0.9%m/s (Figure 43). Also, when h =
22mm, fz for V = 0.9m/s exceeds values of fz for lesser speeds. However, the
reverse trend holds when h = 30mm; for V = 0.%m/s, fz was smaller than for all
the other speeds. These results are explainable when viewed in terms of
?; and Eé, and of 7 and z versus V, as shown In Figure 35, It Is evident in
this figure that © and mg have similar trends with V, as do z and ?;. In
particular, Figure 353 shows that fz diminishes with increasing Vi c.f., z at-
tains a peak value at V = 0.5m/s and diminishes thereafter. At V = 0.9m/s and
h = 30mm, the hull planed through the {ce sheet with considerably more crush-
Ing and shearing of ice at the bow stem than at lesser speeds. Although
crushing and shearing of Ice may have led to increased pitch moment they did

not result in increased heave force.

The standard deviatlon of yaw restraining moment, “mm’ is a measure of
the amplitude of lateral forces/moments acting to deflect the hull from its

transit direction. In effect, o Is an indicator of the nonsvmmetric and

mi
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nonsimultaneity of Ileebreaking around the hull. Figure 45 shows that Um¢ is
largely independent of speed, for speeds ranging from 0.05 to 0.25m/s. How-
ever, for a speed of 0.5m/s, yaw moment, m , Increased rather dramatically,
reflecting, for that speed, increased nonsyﬁmetric motions and nonsimultaneity
of icebreaking around the hull. Figure 46 shows the variation of gm@ with
speed for a 30mm thick ice sheet. For the highest speed {V = {.9m/s), % b

decreases, as is indicated in Figure 42 for U¢.

VIII. SPECTRAL ANALYSIS

in this chapter, the relationships between resistance, Icehbreaking pat-
terns and hull motions are further described through the use of spectral
analyses of recorded time-histories of resistance, hull motions and motion—
restraining forces/moments, all related to observed icebreaking patterns.
Before proceeding with a detailed discussion for a selection of experiments,
it 4is helpful briefly to summarize the key frequencies that influence, or
characterize, cycles of ice resistance. Short segments of time-histories of

resistance and motions are used to illustrate these frequencies.

The simplest frequency of ice resistance to envision iz that associated
with eycles of single icebreaking events, as discussed in Section ITI.D. It is
possible to define a more-or—less single frequency of icebreaking, wb’ as the
ratio of speed to the distance travelled between two icebreaking events, This
distance iIs the geometric component of ice cusp width in the direction of hull

transit. Thereby,

mb = Veos B/W (viii-1)
in which 8 = the angle between the average normal to the waterline in contact

with the ice sheet and the hull's centerplane.

When icebreaking did not occur simultaneously along both sides of the
hull, a frequency higher than wb ~=notably 2wb -~ may occur in lce resistance,

ag lcebreaking events are staggered either side of the bow,.

As described In Section V.A, another important resistance frequency l[s
opening frequency wo. It is speed, V, divided by the travelled distance

needed by the hull to break and open a sufficiently wide track to pass
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through. This distance can be defined as the next highest integer, n, resul-
tant from the relative size ratio Btf(EW/sinS} multiplied by the distance
travelled in a single icebreaking event, W/cosB; Bt is the width of the track
opened to enable the hull to pass through an lfce sheet (Figure 47). Opening

frequency ls defined, therefore, as
wc = VeosB/{nW) (VIII-2)

Perhaps the simpliest way to envision opening frequency is to picture the bow
of a POLAR~Class hull sliding and simultaneously rotating up against an ice
sheet, all the while breaking ice cusps, increasing its trim and broadening
its contact perimeter with the ice sgheet then settling into the track once it
was sufficlently opened {(ice cusps broken and displaced beneath the bow).
This cyclic motion proceeds as the hull continuously moves forward with steady
speed. Figures 47 and 48 schematically i1llustrate icebreaking pattern and

resistance cycles, respectively.

Other important frequencies are the natural frequencies of coupled pitch
and heave motlons, which are of similar values, 0.7 to 0.85, and are herein
designated as wn. Values of wn are discussed in Section IV.B.2Z and presented
in Tables 8 and 9. These frequencies are very important when hull motions are
sufficiently excited at frequencies close to, and exceeding, wn' Also, as
discussed below (Section VIII.A), frequencies associated with antisymmetric

motions, in particular roll and yaw are important under certain conditions.

Icebreaking pattern, its sequential formation, together with the influ-
ences of hull motion, determine cycles of ice resistance. For most of the
experiments, identifiable cyveles in resistance and hull motions occurred at
one, or combinations, of the frequencies wo’ mb and mg. For the free hull,
the major cycle of resistance and hull motiems (piteh and heave) occurs at

wo’ with a minor cycle at wb, When mb equalled or exceeded mn, the major
cyele occurred at mnf In all cases, the free hull typically experienced
cycles of resistance and motion at one major frequency; elther wﬂ or wn.
However, for the fixed hull, major cycles occurred at both wb and mo. Conse—
guently, power spectra of resistance experienced by the flxed hull are concen~
trated at mb and wo. Overlap of frequency bands at wb and wo cause the power
spectra of fixed-hull resistance to appear more broadly banded than for the

free hull.
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The geometry of icebreaking pattern, in particular the widths and lengths
of the cusps comprising it, depend on thlickness, speed and hull (notably bow)
form. Consequently, because cveles of ice resistance varied with Icebreaking
pattern, they also varled with thickness and flexural strength (also elastic

modulus and possibly fracture toughness) of the lce sheet, and speed.

Only for free hull transit of very thin ice sheets (h < 10mm), did ice~
breaking pattern asscciated with mo, not govern cycles of ice reslistance.
This is because thin ice sheets could not support the hull further than a
single breaking (wb), and ice cusps could be readily displaced by the hull.

Time-histories of resistance, fx’ viewed through short—duration (20 to 30
gseconds) windows provide insight into the cycles of resistance experienced by
the hull. Figure 49 shows that the cycles of peak resistance experienced by
the free hull colncide with wo when V = O.lm/s and B = 30mm. For the same
values of V and h, Figure 30 reveals that cyeles of peak resistance exper-
ienced by the fized hull occurred at frequencies comparable to wb. When the
free hull transitted thin {ice at high speed, h = 9mm and V = 0,.5m/s, the major
resistance cycles occurred at the hull's natural freguency of pitch/heave,

mn’ with lesser cycles of resistance occurring at wb'

The ensuing discussion on the interdependence of icebreaking, ice resis-
tance and hull motions, is divided in three parts. In Sections VIII.A and
VII1.B, icebreaking is considered by the free hull and the fixed hull, respec-
tively. In Section VIII.C, a comparison is made with full-scale measure-

ments. Table 11 is a summary of the of frequencies w_  and wo corresponding

b
to the experimental conditions.

The influence of speed and, thereby, motions, is investigated through the
results for both the free—~ and fixed-hull conditions, involving ice sheets of
approximately constant, 30mm thickness, are discussed. Also considered for
the free hull are the influences of 1lce-sheet thickness and strength., For
each experiment, the power spectra of ice resistance, hull motions together
with excitations (free hull), or restraining forces/moments (fixed hull), are

nrasented.
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A, Free Hull

Flgures 52 through 56 show the power spectra of ice resistance, hull
motlons {plteh and heave) and excltations (moments and forces) for h = 30mm
and V = 0.05, 0.1, 0.25, 0.5 and 0.9m/s, respectively. Subsequently, Figures
57 threough 60 show the power spectra corresponding to V = 0,1 and 0.25m/s and
different thicknesses, h. Lastly, for this Section, Figure 55 show the power

spectra for h = 31lmm, V = 0.25m/s and an increased srength of of = 40kPa.

For the lowest speed, V = 0.05m/s (Figure 52), the dominant frequency of
ice resistance, hull motlons and excitations iIs 0.,08Hz, which is associated
with wo. A peak of much lesser magnitude is evident at wb (0.16Hz). At least
two cusps, either side of the hull's centerplane, had to be broken in order
for the ‘track to be sufficlently wide such that track width exceeded the
hull's beam. Frequencies near the hull's natural frequency for pitching/
heaving amidst ice (0.7 to 0.85Hz) were heavily damped during the submergence
and displacement of broken ice, as well as by crushing and shearing of ice at

the bow's stemline.

For V = 0O.1lm/s (Figure 53), the dominant frequency of ice resistance is
about 0.2Hz, coinciding with wo. Frequency peaks corresponding to wb are also
evident in the frequency band at 0.4 to 0.5Hz for ice resistance. Frequency
peaks occurring for values larger than wb are attributed to nonsimultaneous
icebreaking around the hull, as explained earller. The power spectra of pitch
and heave and their excitations show peaks at both woand wb. Also, note that
in the power spectra of pitch and heave, relatively small peaks also occur

at wnw For V = 0O.lm/s, the hull was able to oscillate after each icebreaking

impulse.

Distinct peaks centered around 0.8 to 1.0Hz are evident in the power
spectra of ice resistance and pitch and heave for V = 0.25m/s (Figure 54).
This frequency band colincides with wa and mn, such that a resonant condition
developed. For this experiment, icebreaking frequency, mb, was 1.37Hz. The
peaks In the spectra for the excitations colncide with wb' The Iinertia
forces/moments assoclated with pitching and heaving of the hull were 180
degrees out of phase with buoyancy force/moment resulting from pitch and
heave. Consequently, the inertia forces/momenlts acted against, and compen—

sated for, buoyancy force/moment. The upshot of this condition was that the
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hull encountered significantly increased resistance over that It experienced
when moving at a speed of O.lm/s, and a marked increase in ice resistance oc~
cured compared to that experienced by the fixed hull., Figure 27, in which %%

is plotted versus speed, shows this effect. The curves of fx versus V for the

free hull and fixed hull are significantly separated for V = 0.25m/s.

For V = 0.5m/s (Figure 55), the dominant frequencies did not increase as
one might expect from the expressions for mb’ {(VITI~1}, and © (VITI~-2), by
virtue of increased speed., Instead, the dominant frequency in the power spec-
tra of ice resistance, pitch, and to lesser extent heave, is about 0,45Hz.
This frequency is associated (and as was observed during the experiment) with
roll and yaw. The natural frequency of roll ia openwater is 0.45Hz. Whenever
the hull rolled or yawed, it had a bluffer profile in contact with the ice
sheet., Because a bluffer profile was less efficient for I1cebreaking, ice
resistance increased, as Figure 19 shows, with respect to that experienced by
the fixed hull. Another distinct frequency peak occurs in the range 0.8 to
1.0Hz for ice resistance, pitch and especially heave. The frequency band 0.8
to 1.0Hz corresponds to wo. 1t took approximately 3 icebreaking events (or
cusps) to break a track sufficiently wide such that the hull could pass
through the ice sheet, This frequency also corresponds to the hull's natural
frequency of pitch and heave. The value of wb determined for this experiment

is 3.5Hz. It is only in the power spectra of the motion excitations that a

peak around wg is apparent.

For V = 0.9m/s (Figure 56), icebreaking occurred simultaneously around
the bow such that roll or yaw were not significant. Interestingly, the domin-
ant frequency band of ice resistance and hull motions is about 0.8 to 1.,0Hz,
which approximately coincides with the hull's natural frequency of pitching
and heaving. TFor this experiment, the hull did not undergo large amplitude
heave or pitch. Instead, it kept a fairly steady trim but experienced rela-
tively large values of pltch acceleration, for small pitch displacements. A
small peak accurs at wo = 2.83Hz. No signlficant resistance peak appears
at mb = 8,58z, but a comparative small peak occurs at a high frequency of

5.5Hz. Peak frequencies occur at mn and wo in the spectral denslties of pitch

and heave.




The influence of thickness, h, on the dominant frequencies of ice resis-—
tance and hull motions is now explored through the power spectra for exper-

iments in which V = 0,1 and 0.25n/s.

For V = 0O.lm/s, results from experiments with h = 16 and 43mm (Figures 57
and 58, respectively,) are considered together with the results already dis-
cussed for h = 30mm (Figure 33). For h = 16mm and V = O.lm/s, the dominant
frequency of lce resistance, as well as hull motions, coincide with lcebreak—
ing frequency, mb = 0,598z, although small peaks are alsoc evident at values
around half and one-third mb' The lge sheet was thin such that it could not
maintain hull displacements for cycles longer than that assoclated with a
single icebreaking event. The hull tended to break a single ice cusp all
along its side. As explained above, the dominant frequency for ice resis~
tance, and hull motions for h = 30mm occurred at about 0.2Hz which coincides
with opening frequency mo' For h = 43mm, dominant resistance peaks are evi-
dent in the frequeney band of 0.2 to 0.3Hz, These peaks correspond to both
the icebreaking frequency, mb {0.244z), and to the opening frequency mo
{(0.24Hz). A single cusp broken each side of the bow created a track that was
wide enough for the hull to pass through. The same peaks are evident Im the
power spectra of pitch and heave. A relatively small band of peaks, around
0.7 to 0.9Hz, are evident Iin the power spectra of hull motions. These peaks
coincide with the hull's natural frequency of coupled pltching and heaving

amidst ice (0.7 to 0.85Hz).

For V = 0.25m/s, experiments were conducted with the following values of
h and O Of = 20kPa and h = 30 (Figure 52) and 39%9mm (Figure 59); o = 29%Pa

and h = 22mm (Figure 60); and, 0_ = 37kPa and h = 3lmm (Figuare 61). 1In each

case, the dominant frequencies office resistance and hull motions occur in the
frequency band containing the natural frequencles of coupled pitch and heave
amidst ice (0.7 to 0.85Hz). Hull motions appear to have become tuned to, and
dictated, icebreaking. For most of these cases mo was sufflciently close
to wn’ and wb greater than mn’ for this to occur. As mentioned above, the
consequence of this was a large Increase In the mean value of ice resistance,
for all thicknesses. Such an abrupt or relatively large Iincrease in resis—
tance did not occur for the fixed hull moving, with the same speed, through

the same thicknesses of ice sheets.
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The effects of ice-sheet strengith on the dominant frequencies of ice
resistance and hull motions 1s now conslidered through the power spectrum for
the experiment im which V and h were 0.25m/s and 3lmm, respectively, and flex—
ural strength was 37kPa (Figure 61). Because the icebreaking frequency wb was
sufficiently close to the hull's natural frequency of coupled pitch and heave,
a resonant condition occurred, as was the case of the 20kPa lce sheet. Gener-
ally, stronger urea ice, having higher ratios of E/Gf, tends to break with
somewhat smaller cusps than weaker ice. Therefore, it is likely that differ—
ent frequency peaks should be expected when a resonance condition does not

prevail. Further tests need to be done in order to confirm this,

B. PFixed Hall

Figures 62 through 66 show the power spectra of ice resistance, heave-
restraining force and pitch-restralning moment for h = 30mm and V = 0.05 to
0.9m/s. Generally, the dominant frequency responses of the fixed hull include

or span both icebreaking frequency ®_, and opening frequency, wo. Therefore,

b

the spectra of fx' f, and By experienced by the fixed hull are more broad-

z
banded than those of the free hull, for which dominant frequencies under

corresponding conditions, were usually at either wo or mﬂ. Also, icebreak-
ing occurred more synchronously around the hull then occurred for the free

hull.

For V = 0,05 and O.lm/s (Figures 62 and 63, respectively), the dominant

frequencies of fx’ and Mg coineide with both mb and w . Frequency wb is
o

especially pronounced when V = 0O.Im/s (Figure 63). By way of comparison

{Figure 53), for the free hull under similar conditions the dominant resis-

tance frequency corresponded to opening frequency, wo.

For V = 0.25m/s (Figure 64), the hull experienced dominant frequencies of
ice rTesistance and restraining Fforces and moments In overlapping frequency

bands at mb and wo; 1.3 and 0.7Hz, respectively.

For V = 0.5m/s {(Figure 65), the dominant frequencies of reslstance appear
to be concentrated In a frequency bhand closer to mo {(1.4Hz) than to the fre-
quency wb (2.942z); a pronocunced peak does not occur at wb' Pitch-restraint
moment was more susceptible to single ilcebreaking, and therefore shows energy

concentrated at both wband w , Heave-restralnt force was less dependent on
o
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single lcebreaking events, as was Ice resistance, and experienced peaks in a
frequency band around wo. 4 distinet but comparatively small peak, at 4Hz,
occurred also in the power spectrum of ice resistance. This frequency is
assoclated with rotational (2) vibration of the load c¢ell platen, used to

restrain the fixed hull.

For V = 0.9m/s (Figure 66), several important frequencies appear to be
dominant of ice resistance, the first one Is a hlgh frequency, greater than
5Hz, that may correspond to wb (6.53Hz), and another is experienced in a band
of frequencies around 1Hz, lower than the freguency mg (2.1Hz). <Concentration
of energy around frequencies at about IHz, and lower, may be an artifact of
the experiment in that, when accelerating the hull to speed, unsteady condi-
tions prevailed (see time histories in Appendix B) for about 25% of the data
record. A small peak around the frequency mo (2.14Hz) is also evident in this
power spectra. Additionally, a peak around a frequency of 4Hz, as it appeared
for the 0.5m/s speed, may be related to the natural vibration of the load cell
whan 1t 1is excited in pitch mode. The heave-restraint force experienced a
dominant peak at wo, but the pitch-restraint moment, although a small peak is

evident at wo, shows a dominant peak at a very low frequency.

C. Comparison with Full-Scale Dynamics

Figure 67 presents the power spectra (given by Voelker et al., 1985) of
pitch experienced by a full-scale POLAR-~Class hull transitting a l.46m~thick
ice sheet at a steady speed of 1.2%m/s. The dominant frequency of piteh
cccurs at a frequency of 0.16Hz which corresponds to opening frequency wo.
During this test, w, was 0.29Hz. The dominant frequency of lce resistance and
motions experienced by the full-scale hull nearly always colneided with

wo’ not mb; most of the full-scale tests were conducted al relatively slow

speeds, 2 to 4knots (about 1 to 2Zm/s).

Values of mo and mb, estimated from the data presented by Voelker et al.
are listed in Table 12, where they are compared with dominant frequencles of
piteh and roll. Several factors contribute to error in the estimations of

wo and mb' To begin with, the values are hased on average measured values of
cusp width, W. The measurements were not made in the track where the resis-

tance and hull motions were recorded, but were measured elsewvhere. TFurther,
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the hull was not moving at the same speed for the duration of the data record

that was spectral analyzed.
IX. CONCLUDIRG REMARKS

The major contribution of this study is the description of the dynamics
of continuous-mode icebreaking by a POLAR-Class hull. In partleular, rela-~
tionships between ice resistance, icebreaking patterns, and hull motlons have
been Iidentified. During continuous-mode icebreaking, a POLAR~Class hull
comprises a dynamic system of sufficlent complexity that ice resistance and
motions experienced by the hull are stochastic. fxact values of ice resis~
tance and hull motionms, at any point in time, cannot be predicted with any-

where the certainty that can openwater resistance.

Mean values of ice resistance, icebreaking pattern and hull motions
separately can be related, both intuitively and empirically, to ice—sheet
thickness and strength, and to hull speed, as discussed In Chapters V through
V1I. However, adequate understanding of continuocus—mode icebreaking requires
knowledge of the relationships between ice resistance, icebreaking pattern and
hull motions. Some considerable insight into these relationships is provided
by comparison of the trends In mean values of ice resistance (?;), icebreaking
pattern (cusp width, W, and the relative sizes of cusps and hull beam) and
hull motions (8, z, 3, ;) as presented in Chapter V through VII. The full,
dynamic nature of the relationships has Lo be illuminated through use of
spectral analysis of time-historles of Iice registance, hull motions and mo-
tion~excitations {ice forces). In this regard, Chapter VIII draws together
information presented 1nm Chapters V through VII so as to reveal these rela-

tionships.

Hull motions and icebreaking pattern determined the dominant cycles of

resistance experlenced by the free hull. Icebreaking frequency, mb, the
frequency of Individual breaking events, was significant only when the hull
transitted thin ice such that significant pitch and heave did not occur.
When wb is less than the hull's natural freguency of coupled pitch and heave,
mn, the dominant frequency of ice resistance and hull motions 1s the fre~
quency of track opening, wo; this is the frequency assoclated with the ecyclic

manner by which hull trim changes as the hull breaks open a track that is
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sufficiently wide for the hull to pass through. When mb equals or exceeds

wn’ the dominant frequency of ice resistance coincldes with wn. Under certain
conditions, roll was found to be important and caused a large Increase in
resistance. Some limited measurements of roll angle were made. The fixed

hull experienced dominant frequencies af resistance at both wb and mO‘

The model-scale data and observations resulting from the present study
are in good agreement with data and obeervations from full-scale tests with
POLAR-Class hulls. Values of mean resistance are comparable {Figure 31), as
are cusp widths (Flgure 17). Importantly, dominant frequencies of resistance
and hull moticons that were identified in the experiments, are also evident in
time-histories, and spectral analyses, of resistance and hull motions of a

full-scale self-propelled POLAR-Class hull.

It is useful to consider briefly the implications of the present study on
the dynamics of continuous—-mode jicebreaking by hulls with bow forms quite
different to that of a POLAR-Class hull. Insofar that bow form affects lce-
breaking pattern, it also likely affects what we have dubbed as opening fre-
quency, wo. & bow with a wide entrance angle (an extreme case is a landing-
craft bow) may break open a track with a single breaking event. Consequently,
for such bows, wo and mb may be identical, or at least be closer than is the

case for a POLAR-Class hull.

The following principal conclusions can be drawn from the present study:

1. When undergoing significant pitch, heave and roll, the free hull exper—
ienced greater mean and peak values of resistance than it did when it
was restrained from these motions. When it did not experlence signifi-
cant pitch, heave and roll, as was the case for high—-speed transits or
transits through thin ice, the resistance of the free hull was compar-

able to that of the fixed hull.

Ze A POLAR-Class hull moving with steady speed and undergoing plteh and
heave experiences dominant cycles of reslstance and motlions at elither
the opening fregquency, wo, or the hull's natural frequency of coupled
pitch and heave amldst ice, mn. Minor eycles at lcebreaking frequency

wb’ also occur. Opening frequency, wﬁ, is assoclated with the oscil-
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3.

latory motion experienced by a POLAR-Class hull opening a track of

width in excess of hull heam:
wD = VeosB/(aW) (VIIi=-2)

in which V = hull speed; 8 = the waterline angle as defined in Figure
37; n = the highest integer of the relation BistinS; Bt = track width;
and, W = cusp width. When transitting thin ice, however, the dominant
frequency coincided with the breaklng of individual cusps, mb, because
the hull could readily displace broken Ilce, and therefore, did not

experience significant motions.

When mh was less than mn’ dominant cycles of resistance and motions
occurred at mG. However, when the speed of the free hull was such that
wb equalled or exceeded the hull's natural frequency of pitch and
heave wn’ the dominant fregquency of ice resistance and hull motions
was wn. 1f mb i wn, a resonant condition was developed, in which iner-
tia and buoyancy forces counteracted one another. Consequently, under

a resonance condition, the greatest difference occurred between resis-

tance experienced by the free and fixed hull.

For moderately high speeds, and wo > mn’ asymmetric motloms, roll and
yaw, significantly increased the resistance experienced by the hull.
Yaw restraining moment of the fiwxed hull also increased notably for

this speed range.

The fixed hull, restrained from motions, experienced cycles of resis—
tance at both the frequencies wﬁ and wb. Overlap of frequency bands

at ma and @_ broadened the power spectra of resistance experienced by

b
the fixed hull.

Icebreaking pattern characterized by cusp width, was found to depend on
fce~sheet thickness and strength as well as hull speed. The fixed hull
by maintaining a constant contact geometry produced a more uniform

icebreaking pattern than did the free hull. However, hull restralnt,
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10.

or hull motions, did not significantly affect the size of cusps com

prising an icebreaking pattern.

Mean value of ice resistance increased proportionately with ice-sheet
thickness squared. Mean Ilce resistance was not linearly proportional
to hull speed. Instead the relationship between resistance and speed

is curved Indicating a "Milano hump.”

Mean pitch and heave of the free hull increased with increasing ice-
sheet thickness. They attained maximum values for a model-scale hull
speed around 0.35m/s. The pitch~restraining moment of the fixed hull
showed a similar trend, but the heave-restraining force seemed to be

less dependent on hull speed than the above parameters.

Pitch and heave accelerations of the free hull increased with increas-
ing ice-sheet thickness and became of important magnitude as hull speed

increased.

The added—-mass and damping coefficients for a hull during continuous—
mode icebreaking are different from those prevailing during openwater
conditions. The presence of an ice sheet significantly increased both
added-mass and damping coefficlents associated with pitch and heave.
Therefore, the hull's natural frequencies of coupled pitch and heave
were reduced from 0.9] and 1.09Hz during openwater transit to 0.58 and

0.83Hz during continuous mode icebreaking.
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Figure 1. Continuvous-mode icebreaking.
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Figure 9. Hull moving through 4lmm thick ice sheet at 0.05 m/s
(aj; and through 17mm thick ice sheet at 0.5 m/s (b).
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Table

1

Principal dimensions of the model hull

Overall length of the hull
Length between perpendiculars
RBeam {maximum width)

Beam (deslign at waterline)
Draft (design)

Displacement

Mass moment of Inertia

Area of the waterplane
Area moment of inertia
Wetted area of hull

2.534m
2,235m
0.530m
0.495m
0.178n
102, bkg
33, 3kem
0.81m?
0.25m
1.32m%




Table 2
Sengsitivities of dynamometer
and accelerometers

Bun No Dynamometer Stern Accel. Bow Accel

(N/volts) (g/volts) (g/volts)
101 28.24 0.500 0,500
1-02 28,15 G.170 0.185
1-03 33.76 0.176 0.170
104 28.67 0.173 0.165
1-05 28,93 0.176 0.168
1~06 29.11 0.176 0,168
1-07 29,12 0.176 0.170
1-08 29.46 0,176 8.170
109 29.14 0.178 0.170
1-10 29.51 0.178 0.170
iI~11 29.65 0.178 G170
1-13 29.60 0.06 0.06
1-14 2.99 0.06 0.06
i-15 28.98 0.06 .06
i~16 31.11 0.06 .06
=17 29.46 .06 0.06
1-18 28,98 .06 0.06
1-19 29.60 0.06 0.06
1~-20 29.65 0.06 .06
i-23 28.03 0.06 0.06
124 28.99 0.60 0.60
1-25 28.93 0.60 0.60
1-26 29,08 .60 0.60
i=27 29.10 0.60 0.60
1-28 29,08 0.60 0.60
1-29 29.00 0.60 0.60
1-30 28,99 0.60 0.60
1-31 29,00 0.60 .60
i-32 29.17 0.60 0.60
3-01 28.90 0.60 0.68
3032 29.06 3.60 D.60

4~01 29.36 0.60 0.60




Table 3
Sensitivities of load-cell channels

Run No Resistance Piteh Heave Yaw
(N/volrs) {(Nm/volts) {(N/volts) (Nm/volts)

2=01 44.83 67.54 - -

2=-02 45.41 63.35 49,98 79.58
2~03 44,91 61.48 47.82 78,35
2=04 45,08 63.35 48.35 79,58
2-05 44,93 62.40 49,15 79.58
2-06 44.93 65,33 48,88 79,58
207 44,48 65,33 49,42 77.17
208 45.41 63,35 48.89 B4.88
2-09 44,93 653,35 48,61 82.14
2-10 44,48 63,35 48,88 834.88
2=11 44,48 63.35 49,15 83.49
2=12 £5.97 63.35 49,42 87.81
2-13 45,73 63.35 48,35 27.81
214 44,93 63.35 48.35 89.10
2-15 45,37 62,53 49,42 79,38
Z~16 46.41 63.35 48,35 87.81

2-17 54,93 63.35 48.09 83.49




Table 4
List of experimental errors

Parameter Error Main Source of Error
Dynamometer (fx) *0.6% electrical drift

Drafe (z) < +0,00065m static friction of ball bushings
Pitch (98) +0.00041ad electrical drift

Draft Accel. (;) +0.02¢cm/sec? rolling of hull

Pitch Accel. (g) +0.01sec™? electrical drift

Load cell (fx) +57% degrae of interference

Load cell (f,) +5% degree of interference

Load cell (me) +57% degree of Interference

Load cell (mw) +57 degree of interference




Table 5

Openwater resistance

v Froude No., F Reynolds No., R fxo C
(m/s) (x103) )
015 0.032 188 0.232 0.016
0.32 0,068 401 1.276 0.019
0,53 0.113 664 1.334 0.007
0.70 0.149 877 1.421 0.0044
0.86 0.183 1078 1.653 0.0034




Table 6
Experiments with the free hull

Run No. h v ) E E/o A Date
(mm) (m/s)  (kPa)  (MPa) (
1-01 24 0.25 25 25.0 1000 2490 11/85
1=02 17 .25 20 22.0 1100 179 11/85
1~-03 41 Q.25 20 36.0 1800 392 11785
1-04 i6 0,10 25 26.5 1060 179 12/85
1-05 30 0.10 18 30.5 1694 298 12/85
1=-06 g 0.10 25 13.4 536 g8 12/85
i-07 43 0.10 25 41.4 1654 421 12/85
1-08 g 0,25 25 13.1 520 84 12/853
1-09 18 0.05 26 16.0 615 164 01/86
1=10 29 .05 25 32.0 1391 242 01/86
i-11 9 0.05 25 11.3 452 92 02/86
1-13 11 0,50 20 10,2 512 106 02/86
=14 17 0,50 i8 9.0 500 143 02/86
I-15 28 .50 25 29.0 1160 279 02/86
1-16 29 0. 50 26 28.0 1677 273 03/86
i~-17 39 0.50 18 29.0 1611 358 03/86
1-18 39 0.25 18 26.0 1444 348 03/86
1~19 41 0.50 18 39.0 2167 400 03/86
1=20 9 0.50 18 11.0 611 26 03/86
1—-23 40 .05 23 19.9 870 330 07/86
1-24 38 0.05 24 21,0 913 300 08/86
1-25 29 0.05 22 27.0 1227 201 09/86
1-26 38 0,25 23 28.0 1217 330 09/86
127 3 0.25 23 23.3 1013 221 (09/85
1-28 38 0,50 24 26,2 1092 257 09/86
1=29 28 0,10 24 29,0 1200 209 09/86
1-30 28 0.23 23 27.3 1186 191 09/86
131 34 0.50 23 33.3 1448 264 06/236
1-32 31 0.90 21 28,1 1338 218 09/86
301 22 025 29 33,9 1169 193 09/86
307 a0 025 41 48,2 1176 323 59/86
4-01 31 G.25 37 17.4 1011 295 10/86

4-02 31 0,25 37 37.4 1011 295 10/86




Table 7
Experiments with the fixed hull

Run Yo. h v a E E/o A DATE
(mm) (nfs)  (kba) (MPa) (mf)
201 30 0.10 20 42 2100 322 05/86
2-02 40 0.10 19 40 2105 395 05/86
2-03 20 0.10 20 13 650 177 05/86
2-04 20 0.05 18 20 1111} 198 05/86
2=05 31 0.05 16 29 1831 294 05/86
2-06 41 0.05 19 23 1211 344 06/86
2-07 30 0,50 18 24 1332 280 06/86
2-08 21 8.50 21 14 666 188 06/86
2-09 21 0.25 20 25 1250 217 06/86
2-10 40 .25 18 34 1884 389 06/86
2-11 28 0.25 20 24 1206 266 06/86
212 30 .90 20 19 950 264 06/86
2-13 22 0.90 22 14 636 194 06/86
2-14 39 0.50 i8 35 1944 375 06/86
2-15 30 0.10 18 23 1278 277 07/86
2-16 39 0.10 17 32 1882 367 07/86
2-17 31 0.25 21 25 1191 238 07/86
Table 8
Natural frequencies of pitch and heave: measured values
Ice Sheet Pure Pitch Pure Heave Piteh/Heave
Thickness Frequency Damping Frequency Damping Frequeney  Fregquency
(mm) (w) (&) (w) (£) (w) (w)
(Hz) (Hz) (Hz) {(Hz)
* 0 1.09 0.47 0.91 0.22 1.00 1.00
30 0.83 1.3 U.66 1.21 0.76 0.74
38 0.83 1.3 0.66 1.21 D.74 0.72

* Openwater




Table 9

Added-mass and danmping coefficients

"Ship Amidst Ice" "Openwater”
{experimental) {Lewis forms)
Aqg 250.80 80.31
Ags 72.23 16.75
Aga 38.20 2,57
Boq 714.07
By 265,99
Bgy 128,22
Table 10
Natural frequencies of pitch and heave
Motion Ice Covered: Ice~Covered: Openwater
With Damping Without Damping Calc. Meas .,
(Hz) (Hz) (Hz)
Pitch 0.83 0.85 1.12 1.09
Heave 0.68 0.70 1.05 0.91




Table 11

Summary of &, and wo: Section VIII

b
v h wb wo
(m/s) {mm) (Hz) (Hz)
Free hull
0.05 29 0,17 0.09
0.10 36 0.44 0.22
0.25 31 1.30 ~ 1.40 0,68 ~ 1.0
0.50 34 3.56 1.19
0.90 31 8.50 2.83
0.10 16 0.59 0.28
0.10 43 0.24 0.24
0.25 22 1.97 0.67
0.25 39 0.94 D47
0.25 31 1.78 .59
Fizxed hull
0.05 31 0.18 0.09
0,10 30 0.38 0.19
0.25 31 1.32 0.66
0.50 30 2.85 1.42

0.90 30 6.43 2.14




Table 12
Dominant pitch and roll frequencies, and estimated values of wb and mo, in

full—-scale test data reported by Voelker et al. (1983%)

Test No. Piteh ] ) Roll
b o
(Hz) (Hz) (Hz) {(Hz)
#0001 0.13 0.21 0.11 0.03 ~ 0.06
aaz2 0.15 0.21 0.12 0,045
003 0.11 0.21 0.11 0.05 ~ 0,07
004 0.1¢ 0.26 0.12 0.05
005 0.13~0.16 0.27 015 g.,05 ~ 0,07
#0306 0.14 0.27 0.13 0.075
*Q07 0.06~0.012 0.19 0.10 0.05
008 0.11~0.14 0,20 0.10 0.05
009 0.12 0.18 0.09 0.05
a10 0.11 0.15 0.08 0,05
011 0.03~0.10 0.10 0.05 0.03 ~ 0,07
012{1) 0.10 0.17 0.09 0.06 ~ 0.10
812(2) 0.12 0.12 0.06 0.05
a13 0.11 0.15 0.08 0.086
*014 0.13~0,16 0.47 0.23 0.10

* Slow sampling rate
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APPENDIX C

TIME SERIES: ROLL ANGLE AND YAW-RESTRAINING MOMENT
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APPENDIX D

LOC~LOG PLOT OF RESISTANCE VERSUS THICKNESS
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