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ABSTRACT

To assist in the development of a ship manoeuvring in ice numerical model to be used
in marine simulators, a comprehensive database of all existing full- and model-scale
ship manoeuvring in ice tests was created.

Over 120 reports were reviewed, and the state-of-the-art of icebreaking technologies
along with all “ship manoeuvring in ice” test data available in the literature were
identified. These data were supplemented with that extracted from the test database of
the Institute for Ocean Technology (IOT). Post-1995 test data were taken directly from
published reports and pre-1995 test data were extracted from the “Ship in Ice
Performance Database Version 1.0” by Transportation Development Centre. All data
were consolidated into a Microsoft Excel spreadsheet ready for future analysis.

This report presents the result of the literature review and describes the test database.
A preliminary analysis of data given in the database is also given.
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1.0 INTRODUCTION

To assist in the development of a ship manoeuvring in ice numerical model to be used
in marine simulators, it was decided that a comprehensive database containing all
existing full- and model-scale ship manoeuvring in ice tests be created. Such a
database would provide insights for better planning of further experiments and to
facilitate the validation of numerical models by improved access to the existing
experimental data.

In May 1995, a ship performance in ice database called “Ship in Ice Performance
Database Version 1.0” (Transportation Development Centre, 1995) was developed by
CANATEC Consultants Ltd. for the Transportation Development Centre. This database
has not been updated since its release and advances in computer technology (i.e.
moving away from 8 and 16-bit programs) necessitate the creation of a new database.
The manoeuvring data contained in the old database has been incorporated into the
new database.

Full- and model-scale data from “ship manoeuvring in ice” tests performed in “level ice”
conditions are the primary concern for this database; however, some “pack ice”, “rubble
ice”, and “open water” manoeuvring data are also presented.

The database has been created in a basic spreadsheet format (Microsoft Excel)
because this format provides easy access and facilitates basic analysis. The information
can also be easily converted to another format for future database development if
required.

The full-scale trials presented consist of turning circles and Kempf (sinusoidal or zig-
zag) tests. Two types of model-scale tests were included: “free running” and “captive”
tests. For the “free running” model tests the model was not restricted in any fashion and
was free in all six degrees of freedom. The captive tests (or PMM tests) were
performed with the model attached to a “Planar Motion Mechanism” (PMM), which
forced the model to perform prescribed motions. For PMM tests the model is restricted
in yaw, sway, surge, and sometimes, roll; but free to heave and pitch.

This report describes the steps taken toward the completion of the new “Manoeuvring in
Ice Database” and provides the culmination of an extensive literature review into the
state-of-the-art for icebreaker design and testing. It also includes a bibliography
outlining all reports reviewed and relevant to the creation of this database and report.



2.0 LITERATURE REVIEW

This section briefly reviews the state-of-the-art on ice-transiting vessel manoeuvring
technologies and characteristics. It summarizes icebreaker manoeuvring, icebreaker
design, and icebreaker testing.

2.1  Manoeuvring in Ice

A vessel’s ability to manoeuvre in level ice depends on its available steering forces and
its transverse/rotational resistance. Sufficient steering force and propulsive power are
required to overcome the increased turning moment generated by the ice force along
the side of the hull during initiation of a turn, and to reach a steady turning rate.

Steering forces are achieved through lift generated by water flow over the rudder(s),
differential propeller shaft thrust, directional thrust capability (such as podded-propellers
and adjustable propeller nozzle direction), bow thrusters, and lift generated from vessel
heel angle. A vessel’s transverse and rotational resistances are directly influenced by
its L/B ratio (Peirce and Peirce, 1987), block coefficient (Cg), shape of the icebreaking
waterline, slope of the hull (or “icebreaking angle”) along the icebreaking waterline,
shape of its underwater hull, and its pivot point.

During a turn, the pivot point (illustrated in Figure 1) is the (instantaneous) point along a
ship’s centreline (for basic planar motions) that has its velocity vector directed purely in
the surge direction, i.e. the point of zero attack angle. All points ahead of the pivot point
have some component of their velocity in the direction of the turn and all points aft of the
pivot point have some component directed away from the turn. In other words, the pivot
point is the instantaneous centre of rotation of a vessel about a vertical axis. In
practice, the pivot point is located within 0.2L of the bow and varies by about 0 to 0.5L
(Menon et al., 1991). The closer the pivot point is to the vessel’s centre of gravity, the
greater the ability of the vessel to turn (Peirce and Peirce, 1987). Pivot point location
also varies with ice thickness (Menon et al., 1991), further contributing to its dynamic
nature.
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Figure 1: Pivot Point lllustration (taken from Menon et al, 1991).

Events associated with a vessel manoeuvring in level uniform homogenous ice can be
categorized by ice thickness. For very thin ice, a vessel’s turning radius will normally be
very near that of its open water turning radius. This is mainly due to the icebreaking
action of the bow wave. As ice thickness increases, the effect of the bow wave
diminishes and the ice sheet begins to interact with the vessel’'s hull. Ice breaking
occurs mostly at the bow. The broken channel is wider than the vessel’s beam so that
the stern can move out and point the bow into the turn. The sides and aft of vessel also
break ice. As ice thickness increases, the vessel’s ability to clear away broken ice from
between its sides and the ice channel edges diminishes. A limiting ice thickness is
approached where turning resistance is too great and the vessel is no longer able to
turn at all. Quantitative values for ice thicknesses were not provided in the description
because thickness alone does not dominate the ship-ice interactions. Ice strength, both
in flexural and crushing, and hull-ice friction are also major influential factors. For other
conditions, ice distribution (pack or rubble ice, ridges, etc...), ice pressure (e.g. due to
wind), snow cover, surface current, and water depth also directly impact a vessel’s
manoeuvring ability.



2.2 Icebreaking

Icebreaking is extremely complex with many processes taking place simultaneously.
Each process may in turn depend on many factors. Ice strength and elastic modulus,
ice density, ice thickness, grain orientation, and ice temperature and salinity, are
parameters of ice that influence these processes. Speed of ship-ice interaction also
plays an important role in the icebreaking process. High-speed (and therefore highly
dynamic) and low-speed (almost static) ship-ice interactions under the same conditions
will behave very differently. Ship-ice interactions involving ice flooding (part of the
parent ice sheet is totally submerged before it breaks) behave differently then situations
where the ice does not flood.

Studies such as Ettema et al (1991) have shown that icebreaking processes are
chaotic. However, for illustrative purposes, icebreaking can be described as a cyclic
process consisting of the following sub-processes (Figure 2) (Yamaguchi et al, 1997):

1. Bow contacts ice sheet and initial ice crushing occurs,

2. Ice sheet begins to deflect downward along bow as vessel advances (ice flooding
may occur),

3. Ice pieces are broken off and begin to rotate and orient themselves against the
vessel’s hull,

4. Ice pieces continue to rotate and slide along the vessel’s hull,
5. Bow contacts the ice sheet and the cycle repeats

t=0 s initial contact &
crushing begins
,‘I/ﬁ ——
t=1
—
‘L e sheat deflects
g — =
L 1'9 — ice pigce s broken &
L._heglns to rptate
, ¥ ————
t=1
<] loE prece kaeps rotating
f’“l -
-t i / " o b
4 another cycl BOms
A
Figure 2: Generalized Icebreaking Process (taken from Yamaguchi et al, 1997).



2.3 Icebreaker Design

Ice transiting vessel design is primarily based on the vessel’s intended use. For
example, a cargo icebreaker generally does not require good manoeuvrability; its hull is
optimized for steady forward motion. Service icebreakers have a greater need for
manoeuvrability and therefore a careful balance is found between a good transiting hull
shape and a good manoeuvring hull shape for each new design.

Vessels having good manoeuvrability in ice usually have smaller L/B ratios (say 3-5)
with larger side-flare angles (say 5° to 15°) (Peirce & Peirce, 1987). While these
characteristics are not favourable for ice transiting vessels, certain other hull
characteristics are complementary to both, such as under-water hull form.

The best compromise between transiting and manoeuvrability has been shown to
consist of moderate L/B ratios and high under-water hull shapes along with large stem
angles, stern angles, and side-flare angles (measured from vertical axis). These criteria
lead to an elliptical-cone shaped hull.

2.3.1 Bow designs

2.3.1.1 Wedge-shaped bow (conventional)

The conventional Russian icebreaker bow is “V-shaped” with a very high flare angle

(Figure 3). The stem angle as about 25° and the forefoot is more than 4 metres below
the load waterline, i.e. Russian nuclear icebreaker Taymir.

L e
4

8112

Figure 3: Conventional Wedge Bow (Taymir, taken from Yamaguchi et al, 1997).

2.3.1.2 Spoon bow

The spoon bow is generally considered an improvement over the conventional bow (see
2.3.2). Circular waterlines and convex outward frame lines characterize this bow
(Figure 4). It has a large flare angle, especially near the stem (which has a typical angle
of about 19°). The forefoot is typically more than 2 metres below the load waterline
(Yamaguchi et al., 1997). The Canmar Kigoriak and the Robert LeMeur are both
outfitted with spoon bows.
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Figure 4: Spoon Bow (Robert LeMeur or Canmar Kigoriak, taken from Peirce et al, 1987 (left)
and Yamaguchi et al, 1997 (right)).

2.3.1.3 Concave bow

This bow is based on the bow of the German icebreaker Polarstern. It has concave

frame lines and a large constant flare angle that stays constant from the stem to the end
of the shoulder (Figure 5).

Figure 5: Concave Bow (Polarstern, taken from Yamaguchi et al, 1997).

2.3.1.4 Thyssen-Wass bow

Another development in bow shape is the Thyssen-Waas bow (Figure 6). Thyssen
Nordseewerke (TNSW) developed this bow based on the original design by Dr. Heinrich
Wass (Figure 7). The bow is essentially a square bow with a flat sloping bottom and
with raised “runners” along the sides. It has vertical sides and reamers attached at the
shoulders. As the flat bottom progresses below the water line it is faired into a v-shaped
hull. The Thyssen-Waas bow has been successfully tested at the HSVA (Freitas, 1981
and 1987, and Hellmann, 1983), and outfitted on the German Max Waldeck and the
Russian Mud’Yug. Reports of model tests and full-scale ice manoeuvring trials have
been good except for tests done at the Institute for Ocean Technology’s (10T, formerly
Institute for Marine Dynamics) ice tank where the performance of the R-class and
Thyssen-Wass bows were compared. The Thyssen-Wass bow was found to have no



significant improvements over the R-class bow and worse performance in the areas of
open water resistance and ice-clearing. Specifically, the reamers were not deep
enough to clear the broken ice pieces under the intact ice sheet on both sides of the
channel. The broken ice was carried along the hull and into the propellers and
eventually into the broken channel (Spencer, 1997).

WATERLINE

Figure 6: Thyssen-Wass Bow (Max Waldeck or Mud’Yug, taken from Peirce et al, 1987).
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Figure 7: Square Bow (conventional, taken from Peirce et al, 1987).

2.3.2 Bow design considerations

Despite the extensive research and effort invested in the creation of existing variations
in bow form, tests have shown that bow shape only indirectly influences a vessels
icebreaking resistance during low speed continuous breaking (Yamaguchi, et al. 1997).
Resistance associated with the action of breaking pieces off the parent ice sheet
(icebreaking resistance) is normally considered the largest component in the resistance
of ship-ice interaction. Tests show icebreaking resistance to be a function of total crack
length per unit distance in ship advance direction (Yamaguchi, et al. 1997), such that

R, =0.04290 ,1’l,, (1)



where Ry is the icebreaking resistance, oris the flexural strength of the parent ice sheet,
his the ice thickness, and /I is the total crack length. Crack length is the length of the
radial crack propagating from the bow. It has been shown to be directly proportional to
bow stem angle, ¢ (Yamaguchi et al., 1997). Narita et al. (1981) also found that smaller
bow angles result in lower resistance in ice.

Both Yamaguchi et al. (1997) and Narita, et al. (1981) were in agreement that spoon
type bows with low stem angles offered the lowest resistance in ice. These bows were
not compared against the Thyssen-Wass bow during their studies.

It is important to note that the bow that provides the least resistance in ice is not
necessarily the best choice when designing an icebreaker (Narita et al., 1981). The
bow should also be designed to prevent broken ice pieces from entering the propellers
as a loss of power may result from the reduced propulsive efficiency.

2.3.3 Mid-body
Mid-body design centres either on mid-body side flaring or mid-body tapering.

The mid-body of a vessel must break ice while the vessel manoeuvres. Ships with
parallel mid-body do not break ice very well because only a lateral icebreaking force is
produced. Mid-body side flare adds a downward component to icebreaking by the
sloped mid-body. This downward breaking component greatly improves the mid-body’s
icebreaking ability leading to better manoeuvrability.

An effective alternative to the mid-body side-flare is the mid-body taper. Mid-body taper
has been used on the Manhattan, the Canmar Kigoriak, and many other ice transiting
vessels. Mid-body taper is accomplished most easily through the introduction of
“reamers” or “blisters” at the front shoulders of the vessel. Reamers and blisters widen
the beam in the bow area so that the mid-body is effectually much narrower then the
maximum beam. This allows room for the stern of the vessel to drift outward, pointing
the bow into the turn. Because reamers and blisters remove the need for side-flare,
difficulty and cost of icebreaker construction can be reduced because a vertical walled
parallel mid-body can be utilized instead (Menon et al., 1991).

2.3.4 Aft-body

Resistance and manoeuvring performances during astern and ahead manoeuvres are
the two main aspects improved by aft-body design. Advances in aft-body design have
not progressed much further than incorporating an undercut and rounded stern. This
reduces the amount of ice that gets sucked into the propellers and permits astern
icebreaking during backing and turning circle manoeuvres.

Icebreaker aft-body design has not been subject to extensive research; however, the
Hamburg Ship Model Basin (HSVA) has conducted some research with regard to aft-
body hull appendages (Hellmann et al., 1992).



2.3.5 Hull appendages
2.3.5.1 Ice knife

The ice knife is a sharp protrusion usually found along the ship’s centreline on the
bottom of the hull where the bow and shoulders merge. The ice knife serves a dual
purpose: it acts as a splitting edge for ice that has not yet failed in flexure, and it stops
the icebreaker from riding too high upon the ice and possibly breaching.

2.3.5.2 Friction reducing systems

Friction reduction systems consist of air bubblers, hull wash systems, and friction
reducing paint.

Air bubbling systems, i.e, the patented Wartsila Air Bubbling System, incorporate
nozzles at the lower hull, forward of the chine. During icebreaking operations,
compressed air is forced out of these nozzles and mixes with the water between the hull
and the ice sheet. This serves to “lubricate” the hull-ice contact and greatly reduces
friction at the interface. Bubblers have been proven effective (Browne et al., 1984;
Peirce and Peirce, 1987; and Kannari and Humphries, 1987) and they are incorporated
on a vast number of icebreakers, including the M.V. Kalvik, USCGC Mobile Bay, CCGS
Henry Larsen, CCGS Sir Humphrey Gilbert, and M.V. Arctic.

Hull wash systems consist of water outlets located primarily at the bow, but may also be
found around the entire circumference of the vessel. They are placed on the hull above
the waterline. During icebreaking operations seawater, which is pumped through these
outlets, falls between the ship’s hull and the ice “lubricating” the hull-ice interface and
thereby reducing friction. Hull wash systems are proven effective (Johansson and
Liljestrém, 1989 and Riska et al., 2001) and they are employed on the USCGC Healy,
Tor Viking Il, and Oden, to name a few.

Friction paint has long been used on non-icebreaking vessels as a means to reduce
hull-water friction. Icebreaker friction paint serves the same purpose for water and ice
frictions. The main difference is that icebreaker friction paint is much tougher so that it
is not scraped off during the violent hull-ice interactions.



2.3.5.3 Podded icebreakers

With the recent development of azimuthing-podded propulsors, icebreaker design has
entered a new realm. Traditional icebreakers were developed for “ahead” icebreaking
with good astern icebreaking capability and moderate manoeuvrability. As technology
advanced, bow forms were developed that could break thicker ice; however, these bows
also inherited decreased open water performance as a result (Juurmaa et al., 2001).
The early 1990’s saw the development of electric propulsors that could rotate 360°
about a vertical axis. These propulsors were incorporated on existing ice transiting
vessels for testing and field operation (Juurmaa et al., 2001). New designs also
appeared that took icebreaking hull design to a new level.

A comprehensive discussion of azi-pod icebreakers is beyond the scope of this work;
however, the current trends in this technology involve the double acting and oblique hull
forms.

The double acting hull form combines two bow shapes and a podded propulsion system
in one ship. An ice-strengthened “open-water” bow (sometimes incorporating a bulbous
bow) is designed for the summer months where scattered multi-year ice may be
encountered. The “stern” bow is designed for more serious icebreaking such as ridge
ramming. The directional thrust ability of the podded propulsors enables the use of
either bow with equal facility.

The oblique hull form incorporates a more rounded hull form that allows ice breaking
“abreast” (Juurmaa et al., 2001) in additional to more traditional ice breaking “ahead” or
“astern”. Abreast icebreaking involves moving laterally and breaking ice with the port or
starboard side as opposed to the bow or stern. Abreast icebreaking provides a very
large broken ice channel that is approximately equal to the icebreakers waterline length.

Podded propulsion allows for abilities that are vast improvements over traditional
icebreakers including: turning 180° on-the-spot, icebreaking with the propeller wake,
faster crash stops while maintaining directional control, and fast and tight turns from full
speed ahead (Juurmaa et al., 2001).

2.3.5.4 Traditional propulsion/rudder arrangements

Propeller/rudder arrangements have a direct impact on a ship’s ability to manoeuvre in
ice. Vessels that have their rudders placed directly in a propeller race have a distinct
manoeuvring advantage over those that do not (Peirce and Peirce, 1987). For a vessel
in the latter category this is partly due to the fact that there is very little flow over the
rudder when the vessel is manoeuvring at low speed. The advantage of having a
propeller in the propeller race is that there is always significant flow over the rudder
while the screws are turning regardless of the ship’s speed.
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Varying the rudder size and its position relative to the propeller race are also important
design criteria. The useful size of a rudder is partly a function of it position (Peirce and
Peirce, 1987).

SINGLE RUDDER - [,2,3 SCREWS

2 RUDDERS - 2 SCREWS

Figure 8: Traditional Screw/Rudder Arrangements (Peirce and Peirce, 1987).

The traditional propeller/rudder configurations are given in Figure 8. They include: single
screw/single rudder, twin screw/single rudder, twin screw/twin rudder and triple
screw/single rudder.

Vessels with a single screw/single rudder arrangement are usually cargo/tanker vessels
that operate in ice-infested waters. Vessels such as M.V. Arctic, M.V. Arctic Ivik, and
SA-15 employ this screw/rudder arrangement. A single screw can reduce the problem
of constant ice milling. Single screw/single rudder vessels generally have better
manoeuvrability than twin screw/single rudder vessels.

The twin screw/single rudder design is popular with Canadian Coast Guard icebreakers
(e.g. Terry Fox and Ann Harvey). It is also found on the German Polarstern. It offers
less resistance to astern motion than a twin screw/twin rudder arrangement, but does
not manoeuvre as well because the single rudder cannot produce comparable steering
forces, especially at low speed.

The twin screw/twin rudder arrangement provides better manoeuvrability than both twin
screw/single rudder and triple screw/single rudder arrangements (Menon et al., 1991).
According to Menon et al. (1991), vessels of this arrangement perform better without
reamers, than with them. Maximum rudder force for this arrangement is also greater
than that of a twin screw/single rudder arrangement, even for identical rudder areas.
This arrangement experiences higher astern resistance than the twin screw/single
rudder arrangement (Hellmann and Valanto, 1992).
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The triple screw/single rudder type of arrangement can be found on vessels including
John A. MacDonald, Louis St.-Laurent, Polar Star, and Polar Sea. The power produced
by the three shafts provides high rudder loading and, hence, good manoeuvrability.
These vessels generally have better manoeuvrability than vessels equipped with a twin
shaft/single rudder arrangement.

2.4 Manoeuvres in Ice

The main objective of this review is to perform an extensive literature search to identify
all publicly available full- and model-scale ship-ice manoeuvring data collected to-date.
Test data was collected and catalogued according to full-scale, “free running” model
scale, and captive model scale tests. Common to these three types of tests is the
necessity of recording all environmental conditions prevalent during the tests. Typical
measurements are ice thickness, ice flexural strength, snow cover and windage (full-
scale only).

2.4.1 Full-scale ice manoeuvring

Common manoeuvres conducted by icebreaking vessels are: (1) Ahead progress, (2)
Channel breakout, (3) Turning circle, (4) Captain’s turn, (5) Modified Captain’s turn, (6)
Kempf Manoeuvre (or zig-zag), (7) Breaking out a beset vessel, (8) Close coupled
escort and (9) Ridge ramming. The turning circle and the Kempf manoeuvres are the
most common of all in a “manoeuvring in ice” performance evaluation.

2.4.1.1  Turning circle

The turning circle is used to turn a full-scale vessel 180° when space and obstacles are
not a problem.

Figure 9 shows a schematic of the turning circle manoeuvre. It can be broken up into 4
phases: The approach phase, the first phase, the second phase, and the third phase.
During the approach phase, the vessel progresses straight ahead with rudder angle,
sway acceleration, sway velocity, yaw acceleration, and yaw rate all equal to zero. The
first phase commences with the start of the change in rudder angle and finishes when
the rudder reaches the desired rudder position. During this phase the sway and yaw
accelerations start to increase while the sway velocity and yaw rate are negligible. The
second phase is non-steady state and is characterized by changing sway acceleration,
sway velocity, yaw acceleration, and yaw rate. As the second phase matures, the third
and final phase commences when the sway and yaw accelerations decrease to zero
and the sway velocity and yaw rate tend to constant values.

Steady turning radius is the traditional and simplest measure of a vessel’s
manoeuvrability. The steady turning radius is measured from the steady-state portion of
the turning circle (Phase 3). Steady turning radius (R) is usually non-dimensionalized
with the ship’s waterline length (Lwe) as R/Lwi, or R/L for simplicity. Because variations
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in ice thickness and strength also affect the vessel’s manoeuvrability, R/L is not as
reliable a representative of “manoeuvring performance in ice” as it is for open water.

An attempt to establish a more reliable descriptor has been made by Menon et al.
(1991), called the Steady Turning Performance Index (STPI), but R/L is still widely used
by most authors. Generally the smaller the R/L value for a vessel, the greater its ability
to manoeuvre while remaining in continuous motion.
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Figure 9: Turning Circle Schematic (Kendrick et al., 1984).

2.4.1.2 Kempf manoeuvre

The Kempf manoeuvre is used to quantify the rapidity of a vessel’s response to dynamic
rudder variations. This information provides insight into a vessel’s ability to avoid
obstructions. Figure 10 shows a schematic of the Kempf manoeuvre. It is essentially a
zig-zag manoeuvre where the vessel’s rudder is dynamically cycled to induce sinusoidal
vessel motions. The steady turning radius is measured from the crests and troughs of
the path traced out by the vessel in ice. As with the turning circle, the steady turning
radius is the standard measure of performance for the Kempf manoeuvre.
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2.4.1.3 Other common manoeuvres

Ahead progress refers to the manoeuvre when the vessel making steady progress in
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Kempf Manoeuvre Schematic (reproduced from Kendrick et al., 1984).

various ice conditions and thicknesses, whereas the channel breakout refers to the

manoeuvre when the vessel breaks out of a previously broken channel in part of, or in

preparation for another manoeuvre.

The Captain’s turn is used when manoeuvring space is limited: The vessel turns around

180° by performing a series of channel breakouts fore and aft (see Figure 11).
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Figure 11: Captain's Turn (Tue-Fee, 1985).

The modified Captain’s turn is an improvement on the Captain’s Turn: The Modified
Captain’s Turn is used to turn 180° in a restricted area but with fewer motions (see
Figure 12).
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Figure 12: Modified Captain’s Turn (Tue-Fee, 1985).

If the environmental conditions are more severe (e.g. thick ice or ice under pressure),
an icebreaker will use a series of the fore-mentioned manoeuvres to “break out” a
vessel that is stuck in the ice. For example, if the ice is under pressure from wind, an
icebreaker might perform a turning circle around the beset vessel - to relieve the
pressure - and then break the ice astern and ahead of the beset vessel to free it.

16



When an icebreaker encounters an ice ridge, it often will not be able to continue through
it in a steady icebreaking motion. Progress through ridges is made by ramming them
with the bow and stern of the vessel. This operation is referred to as ridge ramming.

The close coupled escort manoeuvre involves the icebreaker towing a crippled ship
through various ice conditions.

2.4.1.4 Auxiliary manoeuvres

Ship manoeuvrability may also be improved by techniques such as heeling, duck walk,
or strategic uses of bow thrusters and bubblers.

Heeling causes a change in the flare angles on either side of the vessel that results in a
differential resistance across the bow. The vessel tends to turn toward the side with the
least resistance. The direction of heel depends on the vessel’s hull shape: Vessels
having a conventional icebreaking bow with relatively constant flare angles at the
waterline, i.e., Canmar Kigoriak, would probably benefit from inward (toward the centre
of the turn) heeling, while vessels having a bow with a hard chine that may be
submerged by heeling, i.e. Robert LeMeur, would probably benefit from outward heeling
(Peirce and Peirce, 1987).

When a vessel is breaking thick ice or is stuck in the ice, it can gain extra icebreaking
potential by performing a “Duck Walk”. A “Duck Walk” is executed using the vessel's
heeling system to roll the ship back and forth cyclically. This motion aids in asymmetry
to the hull and facilitates the vessel’s sides in breaking ice.

During turning manoeuvres, a bow thruster may be used to add steering force to
decrease the vessels turning radius; however, it has been found that “impulse type” bow
thrusters suffer from ice piece blockage and a loss of thrust with forward ship speed.
“Reaction type” bow thrusters do not suffer these effects and therefore are more
suitable for “manoeuvring in ice” (Peirce and Peirce, 1987).

Bubblers can be used like thrusters during turning manoeuvres by selectively feeding air
to nozzles on one side of the vessel. The effect is significant in open water, but less so
when turning in ice (Peirce and Peirce, 1987).

2.4.2 Model-scale ice manoeuvring

Ice manoeuvre tests in model scale can be grouped into two catalogues: “free running”
model test and captive model test.

2.4.2.1 Free manoeuvre tests
The free manoeuvre tests involve the use of a remotely operated model that is

unrestricted and capable of self-propulsion and steering. An operator directs the model
via remote control and a model tracking system records its motions. The basic premise
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of “free running” model testing is that any full-scale manoeuvres can be performed at
model-scale via the application of scaled thrusts and rudder forces.

Two manoeuvres in particular are used to test the manoeuvring performance of free
running models in ice: turning circles, and Kempf manoeuvres. Ideally, these
manoeuvres are performed exactly as outlined in Section 2.4.1 for full-scale
performance tests. While there is usually sufficient space in an ice tank to complete a
Kempf manoeuvre, the scale of most models are too large to allow completion of a full
turning circle manoeuvre.

Free running turning circle manoeuvres are usually completed by placing the model on
one side of the ice sheet, applying the set power, and then applying the rudder when
the model reaches a steady-state forward motion. The model completes about V4 of a
turning circle and the radius is measured from this portion.

2.4.2.2 Captive manoeuvre tests

Captive manoeuvre tests involve the use of some form of Planar Motion Mechanism
(PMM) or a combination of devices that produce the same motion control (e.g. a rotating
arm in combination with other devices). The Institute for Ocean Technology (IOT) has
performed a large number of model tests using its PMM (Marineering Limited, 1997). A
substantial amount of manoeuvring test data contained in this database were extracted
from 10T’s test database; hence, a brief description of the types of PMM tests
performed in I0T’s facility is given in this section for quick reference. Please refer to the
fore-mentioned reference for details.

Set-Up

The model is rigidly attached to the PMM, which is rigidly attached to the ice tank
carriage. The carriage controls the model’s surge motion, and the PMM controls the
model’s yaw and sway motions, so to produce a desired planer motion. The model’s
heave and pitch motions are unrestricted. The basic premise of PMM testing is that the
hydrodynamic and ice derivatives (as described in the following sub-section) governing
the manoeuvring performance of a vessel can be determined by forcing the model to
perform predetermined prescribed motions and recording the resulting forces and
moments (Marineering Limited, 1997). Vessel manoeuvring characteristics can then be
predicted.

Equations of Motion

The general manoeuvring equations governing the motions of a vessel are given as
follows:

=YV = =YW =Y =m)yr =Y/ -m'x,)i  =Y;0 (2)

—NV' —(N; —m'x, W' = (N, —m'x;)r' + (I, - N,)i’= N30 (3)
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3

where: m = Non-dimensional ship mass
2
=L'T
I = I Non-dimensional ship heave mass moment of inertia
=,
EL T
v =% Non-dimensional ship sway velocity
Vv =5 Non-dimensional ship sway acceleration
, rL . . .
r =7 Non-dimensional ship yaw rate
5 : : : :
r :F Non-dimensional ship yaw acceleration
0=0 Non-dimensional ship rudder angle
Y = o Non-dimensional derivative of Y due to v
Prrv
2
N = N, Non-dimensional derivative of N due to v
gLZTV
Y = i Non-dimensional derivative of Y due to v
P 2
EL T
, N, : . o .
N, =— Non-dimensional derivative of N due to v
P ;3
EL T
Y = f Non-dimensional derivative of Y due to r
§L2TV
N, = N, Non-dimensional derivative of N due to r
§L3TV
Y, = f Non-dimensional derivative of Y due to r
LT

2

Ppr
2

! Marineering Limited, 1997, P 14 reported this as I' = which is not non-dimensional.
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N, = N; Non-dimensional derivative of N due to r
Zrr

, Y, . . L
Y; =——2— Non-dimensional derivative of Y due to &
LTV?

N; = N5 Non-dimensional derivative of N due to &
P pry?
2
Ship mass

Ship heave mass moment of inertia

Sway velocity (lateral speed) [m/s]

Sway acceleration (lateral acceleration) [m/s?]
Yaw rate [rad/s]

Yaw acceleration [rad/s?]

Position of centre of gravity [m]

Yaw moment of inertia [kg-m?]

Rudder angle [degrees]

Mass density of water [kg/m?]

Ship length (Lwi) [m]

Ship draft [m]

Ship speed (forward) [m/s]

Derivative of sway force due to sway velocity [kg/s]

Derivative of yaw moment due to sway velocity [kg-m/s]
Derivative of sway force due to sway acceleration [kg]
Derivative of yaw moment due to sway acceleration [kg-m]
Derivative of sway force due to rudder angle [kg-m/s?]
Derivative of yaw moment due to rudder angle [kg-m?/s?]
Derivative of sway force due to yaw rate [kg-m/s]
Derivative of yaw moment due to yaw rate [kg-m?/s]
Derivative of sway force due to yaw acceleration [kg-m]
Derivative of yaw moment due to yaw acceleration [kg-m?]
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These equations of motion have been derived for model ship manoeuvring in ice based
on a series of assumptions (Marineering Limited, 1997):

Higher order derivatives are ignored, but can be easily included if necessary.
The model’s centre of gravity is assumed to be on the model’s centreling;
therefore y, (distance to lateral centre of gravity from model’s centreline) is

assumed to be zero.
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e The model is assumed to be symmetrical along the centreline so that ¥, and ¥’
are assumed to be zero.

The different types of controlled manoeuvres are summarized in Figure 13.

2.4.2.2.1 Standard PMM tests and turning circle numerical modeling

‘ Static Rudder
o i Pa= o

| Yaw Sweep
— oy Wy Wy

‘ Puire Sway

\ Turning Circle

Figure 13: Standard PMM Tests (modified from Marineering Limited, 1997).

Static Rudder Tests

The model is fixed straight ahead and the rudder is moved from hard port to hard
starboard in discrete increments as the model is towed down the tank at its self-
propulsion speed (to ensure proper flow around the stern). The ice derivatives, Xs, Ys,
and N;are found by plotting X, Y, and N, respectively, versus 3. If the plots are highly
non-linear, a higher order fit should be applied and the above equations of motion
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