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Marine vessels and offshore structures functioning in Earth’s frigid zones requires
ice management to continue their routine operations. Icebreakers are the most
influential vessel in assisting marine operations. The present study is set to analyze
the clearance area of Level-ice using Azimuthing propeller jet in bollard pull
condition. Advantages of the current investigation is that propeller jet effect in
clearing level ice can be incorporated in designing new icebreaker and to maintain
desired channel width. Propeller jets can be used to break level ice, when the ship
is stationary or moving, where the amount and capacity of breaking or clearing
the ice are based on the thrust of the propeller, angle between the propeller jet
axis and free surface, and thickness of the ice as well as propeller running time.
This thesis presents a comparison between full-scale experiments data (carry out
in Gulf of Bothnia, March 2017) and model scale trials performed in Aker Arctic
testing facility on the level ice sheet. These experiments were based on image
data from external camera and propeller flow parameters, where the area, as well
as coordinate calculation, were within 3% accuracy from the acquired images.
Full-scale ice thickness utilized in the experiments were selected and confirmed
from surveillance videos. Model-scale images were corrected using Hugin software
while ImageJ was used to calculate ice clearance parameters.

Propeller thrust and area analysis show 10-22 % of the variation in results of
the model and full-scale experiments for 16 mm thick model ice. 16 mm thick
model ice results are much closer to full-scale trials than 25 mm thick model ice.
Analysis of transversal expansion of open water distance shows random outcomes.
Furthermore, time scaling of the propeller operation is not feasible as it does
not provide convenient results. Test results at 30◦ and 90◦ pod angles could be
extrapolated to design a prototype vessel.

Keywords: Propeller jets, image analysis, ice management, Azipods, model scale
testing
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1 Introduction
Sea ice is considered as an important aspect from environmental point of view. It
acts as a major source in keeping the balance of the environment. Many cities and
countries may submerge under water if major glaciers of the world melts Goodell
[2017]. Keeping aside from the perspective of conserving environment and nature,
there is a dire requirement of ice management in polar regions. Marine vessels
and offshore structures functioning in Earth’s frigid zones requires ice management
to continue their routine operations. Ice management is a process to minimize or
eliminate the interaction of ice with any sort of structural features. An icebreaker
caters as the main source of ice management. Icebreakers are utilized to assist marine
vessels, oil platforms and for supporting scientific research.

In order to break the ice and pave out the channel, an icebreaker is propelled
over an ice sheet and due to the weight of an icebreaker, the ice eventually breaks.
The strength of an icebreaker depends on her propulsive power and weight (dis-
placement). The recent development of Azimuthing propellers allows icebreakers
more independence in maneuvering, icebreaking operations and escorting transport
vessels. Propellers produce a water jet that has a certain force, the advantage of such
a propeller wash is to reduce the concentration of ice near the offshore structures,
widen the channel for other ice going vessels, and clearing the level ice near platforms,
stuck ships and frozen harbors.

The present study is set to analyze the clearance area of level-ice using Azimuthing
propeller jet in bollard pull condition. Possible advantages of the current investigation
is that propeller jet effect in clearing level ice can be incorporated in an icebreaker
simulators to provide realistic scenarios to help young navigators. Furthermore, the
approximated distance can be maintained while clearing the ice near structures,
harbors, and ships; to avoid excessive load on structural features. This will help
in developing future research to identify the propeller jet forces in breaking of the
ice sheet. Moreover, the current research will be beneficial for the development of
Azipod systems and propeller parameters. Future Icebreaker design projects can
avail new perspective from current learning outcomes.

1.1 State of The Art
Marine propeller flow has a turbulent nature and produces a jet that decays with
time and distance from the propeller plane. Phenomena of propeller wash are found
in number of diverse scenarios. Some of the situations include; seabed scouring,
chemical dispersion, and ice management. In two separate studies the propeller wash
techniques to drift small icebergs has demonstrated positive results so far ( Anderson
et al. [1986], Crocker et al. [1998]). Through the continuous action of wave generated
by propellers, it is possible to change the direction of small masses of icebergs near
offshore structures. In a separate study by Rudkin et al. [2005] acceptable possibility
of propeller wash in iceberg deflection was established. This was also quoted later in
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a review by Eik [2008].

As a result of the physical contamination of oil in the marine environment; soluble
elements in the oil influence the marine organism. Moreover, the effects of the oil
spill also harm aquatic creatures. Dispersion is one of the methods to chemically
treat the spilled oil, in which surface-active agents are used to break the surface oil
into small droplets. These droplets discharge into the upper region of water columns
and thus floating layer of oil on sea surface is diluted quickly and move with surface
current as reported by Doerffer [1992]. In order to disperse the surfactant; mixing
energy is required that is provided by the use of propeller jets. Spring et al. [2006]
illustrated the use of azimuthal-stern-drive (ASD) icebreaker to improve chemical
dispersion of spilled oil. Utilizing the highly turbulent propeller wash from azimuth
thruster results in greater than 90% oil dispersion.

Ice effects on azimuthing podded propellers has been studied by Akinturk et al.
[2004], in order to regulate the design of arctic shipping based on podded propellers.
Loads on model podded propeller without hull interaction is determined in open
water condition and additionally with an ice sheet, in which blades of the propeller
were cutting the ice and loads were measured. Higher loads were observed when
blades infiltrate the ice sheet. Other investigations on azimuthing thrusters and
podded propulsion units were based on propeller ice interaction and its analysis
Sampson et al. [2007], Wang et al. [2007], and TT et al. [1987]

The use of puller and pusher configuration of Azipod propellers has been showed
by Nyman et al. [1999] in presenting the full-scale trials of multipurpose icebreaker
Botnica. In addition to this, Nyman et al. [1999] mentioned the accessibility of the
Azipod unit in harbor maneuvering and in operation where a quick and repeatable
change in ship movement is required. Furthermore, channel widening and clearance
were also inspected in level ice and in old channel, resulting in 20% increase of channel
width in level ice and reduction of ship speed to 4 kn. In old channel, the widening
was reported to be 50% in comparison to the original state, while speed reduction to
6 kn was observed.

Moreover, Keinonen [2008] also pointed out the advantage of using podded pro-
peller wake of icebreakers in ice management among offshore units operating in
moving packed ice. Development of azimuthing propellers is considered as a rev-
olutionary appliance in ice management. It has also been noticed that wake of
azimuth propeller is more influential in not only breaking the ice when compared
to the hull of icebreaker but also more efficient in clearing ice floes. In addition to
this dynamic positioning of vessels become easier using azimuth thruster. Keinonen
[2008] experienced that azimuth thruster can create a wider channel in unbroken
level ice and pre-broken ice, and thruster wake is extremely beneficial in clearing
first year-ridges. Furthermore, it is determined that by the powerful wake action of
propeller jet, less concentrated pack ice cover more cleared area.
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Ferrieri et al. [2013] has reported the uses of propeller wake phenomena to
analyze the clearing of packed ice at different operating conditions using statistical
approach and experimental data. It was concluded that utilizing the wake of the
propeller it is possible to change the ice concentration in a region of packed ice.
Furthermore, Ferrieri et al. [2013] mentioned propeller rate of revolution to be one
of the most influential factors involved in changing ice concentration and tilting the
ship transmits more energy from jet to change ice concentration. Later progress has
been made by Bastin et al. [2015] and numerical model of propeller wake wash based
on his research, has been performed and validated.

More recent development on propeller flow on th ice has been conducted by Tsarau
et al. [2017]. A mathematical model has been developed predicting the velocities
of the propeller flow, and hydrodynamic forces on broken ice blocks due to the
interaction of propeller jet. Axial momentum theory is used in defining the formation
of propeller wash by azimuthing thrusters. Drag forces help in ice clearance and
allow ice floes to float away from the stream of propeller jet. Effect of propeller jet on
level ice is described by the action of vertical force, which is significant in breaking
the ice through bending. Tsarau et al. [2017] mentioned that even though there are
few limitations in numerical modeling when describing the forces acting on the level
ice, still the mathematical model demonstrated a satisfactory approximation in using
propeller wash to break level ice.

Till date, the research conducted in ice management has not studied the effect
of propeller wash on level ice in bollard pull condition using Azipods at different
pod angles. Although some of the full-scale experiments (Savikurki and Koskinen
[1993];Riska et al. [2005]; and [Tsarau et al., 2017]) were conducted with the azimuth
thruster at an angle of 90◦ with zero ship advance velocity, but no full scale and model
scale tests were conducted at different pod angles and hence it is still a question of
interest that how the wake of the propeller contributes in breaking and clearing level
ice of varied thicknesses at particular pod angles.

Illustration of level ice clearance with the assistance of podded propeller jet in
bollard pull condition is represented in Figure 1.
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Figure 1: Level ice breaking with Azipod propeller jet at 30◦ stern pod angles, having
puller configuration and bollard pull condition

1.2 Scope of Work
The fundamental aim of this study is to analyze the outcome of Podded propeller
water jet in clearing of the level ice at the rear vicinity of the ship, by means of
images and propeller operating parameters. Major factors involving the analysis of
propeller wake and ice interaction are:

• Revolution rate of the propeller.
• Level ice thickness
• Angle between propeller jet axis and free surface.
• Heel of the ship

Full-scale experiments were performed in the month of March 2017, in which
ice was being cleared at different thrust, pod angles and area is approximated from
images, which represents that how much a particular thrust and pod angle of the
propeller is capable of breaking and clearing ice at the stern of the ship. later model
scale test was conducted in AKER ARCTIC TECHNOLOGY INC, in February 2018.

The intention of this thesis is to investigate the results of the full-scale and
model-scale experiments. In addition to this, reviewing the uncertainties arises in
model and full-scale experiments. Moreover, performing a comparison of full scale
and model-scale results and developing relation in between above two experiments.
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2 Background
2.1 Ice Management
Ice is considered as a hurdle for offshore structures along with ice going vessels and
icebreakers. The essential part in winter navigation is maintaining the course of
the ship in order to provide flexible maneuverability without getting stuck in the
ice. The reason to avoid entrapment of ice going vessel is the ice loads on structures
and drifting of the ice. In the latter case, ship will move with the movement of the
ice sheet. An important factor for vessels is to know the maneuvering capability to
avoid unforeseen disasters. Influence of ice thickness and coverage cause shipping
problems.

In arctic region sea ice recur subsequently every year. Periodic sea ice occurrence
affects the shipping and offshore operation in the Arctic environment. Therefore, the
assistance of icebreakers is required to physically manage the tasks undergoing in
ice-covered areas. Ice management is an important field in the Arctic region. Oil
Companies International Marine Forum (OCIMF [2014]) defines ice management
as "a task to reduce or erase ice interaction with another object". Ice management
comprises of various functions that include determination of ice features, hazards
related to ice interaction, and physical ice management in assisting offshore structures
and marine vessels. In contrast to the Antarctic Ocean, Arctic Ocean is bounded by
land, thus confining the growth of sea ice as reported by Sandells and Flocco [2014].
Recently sea ice in the Arctic region is rapidly decreasing due to the climate change.
This enables the new sea route in Arctic region ultimately reducing the shipping cost,
more exploration for natural resources and reshaping the design of objects (offshore
platforms, drill ships, and icebreakers) used in Arctic region.

A great boom in the exploration of natural resources in the arctic region within
20 years is expected as a result of rising environmental temperatures. Moreover,
quick transit between Asia and Europe will become easier. In the year 2012 shipping
companies from Europe and Asia requested Russian authorities to allow usage of
Northern sea route as reported by Vidal [2013]. Northern sea route is shown in Figure
2. This route will save time, reduce operational cost and decrease environmental
pollution. In September the sea ice in the Arctic region approaches its lowest limit
while in March the extent of the ice is maximum. Ice coverage in the Arctic region
during two different periods is presented in Figure 3. It can be clearly seen that
the vast territory of sea ice melts during the month of September. It has also been
expressed that entire ice-free region in the Arctic is still not predicted for at least
following three decades Hansen [2018]. Additionally Desch et al. has also estimated
complete ice-free region in summertime by the end of the 2030s.
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Figure 2: Representation of Northern (red) and Southern (blue) sea route. Vidal
[2013]

Figure 3: Arctic sea ice coverage in September and March. Bremen [2018]
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2.2 Propulsion
There are various types of propelling equipment’s, and all of the devices depends on
the force generated by the mass of fluid that allows movement of the body. Propellers
are one of the most usable devices in driving marine vessels(Tupper [2013]). Propellers
are driven by the engine and convert the power into thrust. Marine propeller consists
of complex geometry and the blades of the propeller are designed in such a way that
it can reduce vibration and produce maximum thrust. Large vessel usually installs
single screw propeller or twin screw propellers, connecting the shaft of the propeller
to the transmission gear and then to the engine. Viewing from the stern of the ship,
clockwise rotation of the propeller is called right-handed and vice versa as reported
by BertramVolker [2012]. There are various type of propellers, but in icebreakers
podded and azimuthing propulsors are used more often. Azimuthing and podded
propellers comprises of ducted or non-ducted configurations. In addition, azimuth
thrusters are also categorized as puller and pusher units. A typical arrangement
describing the puller and pusher podded drive formation is provided in Figure 4.

Figure 4: Puller and pusher configuration of Azipods. Shamsi and Ghassemi [2013]

Marine propellers are defined based on the generator line, which can be made
perpendicular to shaft axis, but usually, it is raked. The diameter of propeller is kept
large in order to obtain more efficient performance of the propeller and in doing so
the blade of propellers are typically raked aftward which allow more aperture, and
thus also permitting the clearance between hull and blade tip. Vibration-induced in
propellers are slightly equalized by skewing the blade of the propeller as reported
by Molland et al. [2017]. Propeller geometric terms are shown in Figure 5. The
parameters that characterize propeller geometry are given below:
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• Propeller Diameter D
• Hub diameter d
• Number of blades Z
• Pitch of propeller P
• AD Developed area, AE Expanded area, and APProjected area

Figure 5: Propeller Geometry. Molland et al. [2017]

2.2.1 Azimuthing and Podded Propellers

Azimuthing thrusters and podded propellers are the two class of azimuthing propulsors
consisting of ducted and non-ducted configurations. The above mentioned propeller
give complete freedom of rotation in horizontal direction. Rotating the drives 180◦,
the thrust of the ship can be reverse permitting the vessel to move in opposite
direction. Moreover, Azimuthing propulsors provide thrust in all direction and
have excellent maneuvering abilities, it also occupy less space in comparison to
conventional propellers. Difference of azimuthing thrusters and podded propeller is
that, azimuthing thrusters have gear coupled motor inside the ship hull driven by
electric motor or diesel engine, while in podded propellers an electric motor is inside
the pod body and is driven by slip rings, in addition to this Azipods contain a fixed
pitch propellers (Carlton [2007]). Pictorial illustration of azimuthing thrusters and
podded propellers are shown in Figure 6 and Figure 7 respectivley.
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Figure 6: General arrangement of Azimuthing Thruster. TUF[2018]

Figure 7: General schematic layout of Podded Propulsor. Carlton [2007]
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2.3 Propeller Wash
Propeller jets can be used to break the level ice when the ship is stationary or moving.
Propeller wash effect is utilized to widen the channels, washing the ice rubbles as
well as floes away from the ship in the direction of the flow and clearing level ice
from the frozen harbor (Tsarau et al. [2017]). Application of propeller jet has also
been used in oil and gas exploration in assisting drillships to clear icy water since
other vessels are prone to thickness of the ice beyond their ice class specifications
which causes damage to their hulls, therefore assistance of icebreaker is required to
clear the ice.

2.3.1 Flow Features of Propeller Jet

In ice management, the first step in defining the propeller flow is the flow velocity of
the jet. The starting point to define velocity field is to use axial momentum theory
which is most commonly used to inspect propeller flows. Recently authors (Lam et al.
[2011],Lam et al. [2012], Hamill et al. [2015],Hamill and Kee [2016]) are using Laser
Doppler Anemometry (LDA) in their experimental setups to measure the velocity of
the flow and comparing the results with empirical equations, as well as modifying
those equations.

Albertson et al. [1950] Proposes that slipstream in propeller flow varies very little
and same methodology can be implemented in the submerged jet flow. In addition
to this, he also mentioned that velocity profile follows Gaussian normal probability
distribution in submerge jets. In submerged flow as the velocity decrease, flow area
will increase and the surrounding fluid will join the flow increasing the amount of
total flow. Fluid will have lateral diffusion and deceleration, moreover, instability in
the flow arises due to the difference in discharge velocity and surrounding velocity.
Representation of jet flow proposed by (Albertson et al. [1950]) is shown in Figure
8. Another region after zone of establish flow is fully established flow, where jet
becomes turbulent in nature and surrounding fluid entrainment remains uniform and
velocity get reduced.

Propeller generates complex flow which differs from the assumptions of axial
momentum theory. There are many factors in the propeller that influence the
discharge flow. These include the complex geometry of the propeller blade, propeller
body and hub diameter which is not accounted in jet flows by (Albertson et al. [1950]).
(Lam et al. [2011]) reviews the equation of propeller jet velocity in a study of seabed
scouring and mentioned that momentum theory assumptions are not effective to
describe propeller flow. As a result of propeller hub the velocity profile mentioned by
Albertson et al. [1950] for orifice is different in case of the propeller. In propellers, low-
velocity core is observed near the hub centerline, forming a wavy velocity distribution
and later as the flow extent in the region of ZEF the two velocity peaks merges into
a single peak, as can be seen from Figure 9
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Figure 8: Representation of submerged jet from an orifice. Albertson et al. [1950]

Figure 9: Propeller jet profile. Hamill [1987]
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2.3.2 Zone of Flow Establishment

Axial efflux velocity equation, V0

The highest velocity extracted from a time-averaged velocity along the initial propeller
plane is termed as efflux velocity. Two most credible equations used to predict the
axial efflux velocity are proposed by Fuehrer and Romisch [1977] Equation 1, and
Hamill (1987) Equation 2, as mentioned below:

V0 = 1.59 n DP

√
Ct (1)

V0 = 1.33 n DP

√
Ct (2)

Where V0 = axial efflux velocity; n = rate of rotation of propeller in rps; DP =
diameter of propeller in meters; and Ct = thrust coefficient of propeller. According
to (Lam et al. [2012]), least variation is obtained in comparison to experimental
results and equation proposed by (Fuehrer and Romisch [1977]) Equation 1.

ZFE Axial velocity distribution

(Albertson et al. [1950]) work was modified according to the experimental investigation
of propeller flows by subsequent researchers in analyzing the zone of flow establishment.
McGarvey [1996] derive an equation for axial velocity distribution based on the
propeller geometry, but the equation was only suitable in defining the velocity
distribution at efflux plane and for a particular propeller. Moreover,McGarvey [1996]
axial velocity decay downstream of the propeller cannot be estimated using the
proposed equation(Lam et al. [2011]).Hamill [1987] Equation 3, is the modified
equation of normal probability distribution function as suggested by (Albertson et al.
[1950]).

Vx,r

Vmax

= exp (− (r −Rm0)2

2σ2 ) (3)

Where Vx,r = axial velocity at location x,r; Vmax = maximum axial velocity; Rm0
= radial distance from propeller axis to location of maximum axial velocity, assumed
to be Dp/4; σ = standard deviation measured by Hamill [1987] as a constant value
and evaluated from Equations 4-5, as follows:

σ = Rm0

2 , for
X

Dp

< 0.5 (4)

σ = Rm0

2 + 0.075(X − DP

2 ), for
X

Dp

> 0.5 (5)

Where X/DP = distance from propeller plane. In accordance to experimental
data as reported by (Hamill and Kee [2016]), maximum transition limit from ZFE
to ZEF take place at X/DP = 3.5. Maximum axial velocity within ZFE can be
computed from Equation 6 giving good approximation with experimental results,
formulated by (Hamill and Kee [2016]):
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Vmax

V0
= 1.51 − 0.175( X

Dp

)− 0.46 P ′ (6)

Where P′ = pitch to diameter ratio

2.3.3 Zone of Establish Flow

Maximum axial velocity decay

In the region of the zone of established flow (ZEF), the decay of maximum velocity
is quick because there is only external entrainment of the fluid in this region and
internal diffusion is not taking place. For the region of ZEF, velocity distribution
proposed by (Berger et al. [1981]); Equation 7, Hashmi [1993]); Equation 8, and
Hamill and Kee [2016]; Equation 9, provide satisfactory empirical relation based on
the experiment conducted by mentioned authors.

Vmax

V0
= 1.025( X

Dp

)−0.6 (7)

Vmax

V0
= 0.638 e−0.097( X

Dp (8)

Vmax

V0
= 0.96− −0.039( X

Dp

) − 0.344P ′ (9)

Axial velocity distribution

In case of axial velocity distribution in the region of zone of establish flow, different
propeller investigation by Hamill and Kee [2016] suggests, that Equation 10 proposed
by Fuehrer and Romisch [1977] agrees within the good approximation of experimental
results.

Vx,r

Vmax

= exp (−22.2 ( r
x

2
) (10)

2.3.4 Turbulent Jet and Free Surface

Investigation of turbulent jets on the free surface behind a ship has been experimen-
tally studied by K and L.P [1989] and Anthony [1990]. Measurement of velocity
profiles on the free surface was conducted with varying depth of the jets centerline,
displaying that velocity profiles at the free surface depend on the depth of the jet,
resulting in the decrease of the maximum mean velocity on free-surface as the depth
of the jet increases(K and L.P [1989]). Furthermore, the interaction of the jet with
free surface, causes generation of surface waves due to the formation of vortices’s
in the flow. There is an angle associated with the free-surface waves defining the
spreading of the waves and waves propagation in the downstream direction.
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Bastin et al. [2015] demonstrate submersible propeller jet interaction with free
surface (Figure 10), established from the experimental results of (K and L.P [1989]
and Anthony [1990]). When the velocity of the flow at a distance (radius) from
centerline of the jet becomes one half of the centerline velocity, then velocity width,
is defined as half-velocity. The dotted parabolic line in free-surface view represent
the region covered by the jet in interaction with the free surface and the solid line
shows the complete radial jet. Moreover, in submerged jet view, it is illustrated
that velocity profile is terminated, as the jet will create the deformation on the free
surface due to loss of volume (Bastin et al. [2015]).

Figure 10: Representation of Propeller jet and free surface. Bastin et al. [2015]

This scenario will change when puller configuration pod are used due to the fact
that pod consists of a body, which ultimately, enhance the spreading of the wave
and also reducing the mean velocity as a result of drag on the pod and strut.
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If the propeller plane is inclined towards the free-surface at an angle α, then jet
flow velocity on the free surface will be much higher in comparison to the straight jets.
Equation 3 and Equation 10, defined axial velocity at a distance ‘r’ from the jet axis,
in the region of zone of flow establishment and zone of establish flow respectively.
Pictorial representation of the jet axis, free-surface and varying radial distance from
propeller are shown in Figure 11.

Utilizing Equations from 1 to Equation 10, and altering the jet centerline it can
be seen that inclining the jet axis in the direction of the free surface will increase
the magnitude of axial velocity acting on the free surface, keeping the distance from
free surface to the submerged propeller center same in both cases. Assuming the
values of thrust coefficient Ct = 0.3, propeller diameter DP = 4.2 m and rotation of
propeller n= 92 rpm, in given equations gives the axial velocity magnitude on free
surface as shown in Figure 12. Up to 40 m distance from propeller plane, there is a
significant difference between inclined and straight jets, incline jet acquires higher
distribution of velocity ranging from 60% to 80% extra as to straight jet. After 40 m
of the distance, both jets-cases start converging towards same value with marginal
difference. Additionally, there is a shift of the peak velocity when the jet is inclined,
reducing the distance from the propeller plane to maximum velocity to 17%. The
script for calculating the velocity on the free surface based on the above-mentioned
equation and represented in Figure 12, is given in Appendix A
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Figure 11: Varying radial distance of velocity from jet axis to free surface, when jet
centerline is inclined.

Figure 12: Inclined and straight jet flow velocity distribution on free surface estab-
lished from Equation 1 to Equation 10
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2.3.5 Characterization of Force on Level ice

Tsarau et al. [2017], describes the effect of propeller wash on level ice breaking, by
assuming the large size of floes as a level ice. When the jet strikes the level ice
it produces a vertical force on the ice sheet. When the resultant vertical force is
sufficiently high it causes bending failure and it breaks the ice. Tsarau et al. [2017],
illustration of propeller jet acting on ice sheet at a steep angle to the bottom of the
ice sheet is represented in Figure 13. Furthermore, Tsarau et al. [2017], proposed an
equation of the vertical force acting on the floe given in Equation 11.

FV = ρ sin2α
∫
V 2 dS (11)

Figure 13: Representation of propeller jet flow on level ice

Where FV = vertical force on ice due to propeller jet; V = jet axial velocity; α =
angle between jet axis and water plane; ρ = density of water; and S = area of the
ice ice floe.
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3 Methodology
In the recent era of technology, many applications are used to extract the data’s,
results, and interpretation of experiments by different means such as, sensors, lasers,
other electronic and mechanical measuring devices and cameras. As a result of
advancement in visual technology image analysis; attain great accomplishment in
the field of science and technology.

In image analysis; visual information is extracted from videos or images through
computer algorithms. In order to obtain information from the visual image, proper
refining of images are required to read images precisely. Some of the key features of
image processing is filtering, enhancement and restoration as stated by Acharya and
Ray [2005]. Following are some examples of image processing:

• Visual inspection: used in the manufacturing process to improve the produc-
tion of the manufactured products by means of programmed product examination,
defective part detection, and surface inspection
• Remote sensing: Remote sensing satellite is used to capture images of Earth

surface, or by an airplane and then utilizing the images to learn more about ge-
ographical features of the earth, studying the features of agricultural land, cities,
rivers, and forest etc.
• Biomedical Industry: CT scan, X-rays, Ultrasound and MRI are few examples

among numerous in biomedical image processing.
• Surveillance: In military defense, ocean surface monitoring, object detection,

face recognition are also some of the examples of image analysis.

3.1 Digital Imaging
With ever increasing popularity of digital cameras, utilization of digital image pro-
cessing has reached in every aspect of life and environment. Images are taken from
cameras and later modified based on the requirements. The essential procedure
in digital imaging is the capturing of the images, followed by correcting images,
enhancement, segmentation, and measurements as reported by Oberholzer et al.
[1996].

There are many wide varieties of applications that used images analysis in
laboratories and on the field. (Osorio-Cano et al. [2013]) Adopt digital image
processing technique to obtain surface flow velocity. The results acquired from
experimentation was within 2.5% of the difference. Information from the image is
attained utilizing color intensity of pixels, Red-Green-Blue (RGB) color spectrum
ranges from 0-255 for red, green and blue colors, meaning that in total color intensity
can be altered to 16 million combinations as reported by Osorio-Cano et al. [2013]. In
the work of Ferrieri et al. [2013] and Bastin et al. [2015], in finding ice concentration
measurements, images were also used. Tauro et al. [2014] and Shin et al. [2016] study
surface flow in rivers, by applying large-scale particle image velocimetry in analyzing
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floods and river discharge.

3.2 Full-Scale images
Full-scale measurement video was recorded using a digital camera, afterward the
video was calibrated to remove barrel distortion of the lens, and later converted
into images formed using frame rate. For every 6 seconds of the frame, one image
was extracted. In barrel distortion verticality of the image changes and there is a
reduction of image magnification. An example of barrel distortion where straight
lines curve externally from the center of the image is shown in Figure 14. Grid
view on the left is the distorted image and straight lines represent corrected image.
Another correction of the image is of a perspective view, adjusting the image to
look exactly like in reality (e.g. vertical line of the object should seem vertical in
the image as well). A pictorial illustration of perspective view correction is given in
Figure 15.

Figure 14: Barrel Distortion and original grid.(G.Vassy and T.Perlaki )

Panasonic GH2 is used to record videos. Location of the camera setup was
arranged on the bridge of the ship illustrated in Figure 17, with the red line. Im-
ages were read and converted from RGB values to Lab color space values using
MATLAB. Brightness and luminance equalization was performed and other en-
hancements in the image was also performed such as image structural morphology,
image color scaling, image segmentation, thresholding and coordinate transformation.

From the sets of image data area of level ice clearance due to the propeller jet was
estimated. Full-scale image data was first modified in accordance to the level of the
ice since the location of the camera is not directly above the ice sheet (camera was
located on the bridge of the ship) therefore all images were adjusted accordingly with
respect to the level of the ice. Ice clearance area was distributed into two regions. In
the first region, there is a complete visualization of open water and in the second
region there is a mixture of both ice and water (i.e. the flow of water over ice sheet).
Figure 16, shows one of the examples of the full-scale image and converted image,
where top picture is of the actual image and the bottom picture is converted image.
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Figure 15: Representation of Perspective control corection.(John [2013])

The black region in the converted image signifies the geometry of the ship, the blue
color (dark region) is showing open water and green color (light region) shows a
mixture of water and ice.
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Figure 16: Segmentation of Full-scale image, showing aft region of the ship, where
right side is portside and left is starboard side .(Kujala et al. [2018])

Figure 17: Full scale experiment video recording Camera location.
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3.3 Model-Scale images
Model scale images are taken from GoPro Hero 5 cameras having a frame rate of 30
fps. Cameras were installed on the beam of the carriage approximately 3.2 m above
the level of the ice sheet. The calibration of the images extracted from the videos
was done using image correction software Hugin. An example of an original image
taken from videos, and rectified image based on perspective correction and removal
of the fish-eye effect is shown in Figure 18. Subsequently to analyze corrected images
Schneider et al. [2012] ImageJ software was used.

Figure 18: Model-scale image calibration outlook.
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4 Results and Analysis
4.1 Full-Scale Experiments
4.1.1 Subject Vessel

Full-scale experimental analysis was based on image data and propeller parameters.
Full-scale experiments, to clear level ice was conducted in bollard pull condition. Us-
ing images captured at the time of the experiment, ice clearance area was investigated.
At the time of the experiment, the propeller parameters were also measured. Full-scale
measurement data consist of podded propeller power, the rate of rotation, the orien-
tation of propeller and images of the ice clearance area around the vicinity of the ship.

The Experiment was performed in the month of March 2017, in the region of
the Gulf of Bothnia the Baltic Sea. In full-scale experiment ice is being cleared at
different thrust and pod angles. The area is approximated from images, to determine
the propellers capability of breaking and clearing the ice, at the stern of the ship.
Data is measured onboard icebreaker "POLARIS" which is a Finnish icebreaker of
ice-class PC4, consisting of diesel-electric propulsion having three Azimuth propeller
two at the stern and one at the bow. Study of 2x6500 kW (stern) ABB, Figure
19. Aft azipods are inclined 5° longitudinally and transversely, represented in 20.
Specification of Polaris icebreaker is given in Table 1.

Figure 19: Subject vessel Icebreaker Polaris .
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Figure 20: Polaris Stern Azipods inclination transveral and longitudinal

Table 1: Particulars of Icebreaker Polaris.
Ice class PC4
Length 110 m
Beam 24 m
Operational draft 8 m
Displacement 10961 at design draft
LNG tanks 2 X 400 m3

Speed 17 knots
Speed at 1.2 m ice 6 knots

4.1.2 Experimental Statistics

Collection of data

Full-scale data is based on images that were taken at the time of the experiment. In
addition to this, ship heading direction, wind speed and direction, propeller power,
and rotation speed along with the angle of the Azipod were noted. Moreover, time
and location were also collected during the experiment. Ice thickness data is compiled
based on the surveillance videos recordings and visual observations. The camera was
located above the bridge and the measuring scale is placed on the main deck hand
railing vertically below the lens of the camera. The method of measuring the level ice
thickness optically when the block of the ice rotates in a way that it shows the cross
section of the block, through which ice thickness is measured, is reported by ji et al.
[2011] and Kulovesi and Lehtiranta [2014]. It is further mentioned that the most
feasible method to measure the ice thickness is digital imaging technique, mainly
because of high accuracy, low cost, and simplicity. More advance technique that
display the use of algorithm to automatically measure the ice thickness is mentioned
by Kulovesi and Lehtiranta [2014].

Illustration of measuring full-scale ice thickness is shown in Figure 21. It can be
seen that ice chunk is almost perpendicular to the imaging plane. Measuring scale is
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marked with black and red shades, imitate by green and red box respectively. One
color counts to 10 cm in length. Since the scale is not attached directly on to the
ice, therefore, the parallax method is required to measure the actual thickness of the
ice. Assuming very small angle, actual ice thickness can be calculated by employing
triangle similarity Figure 22, and thus using Equation 12, where d1 is the distance
from camera to scale length r1, d2 is the distance from camera to cross section of ice
r2. Situated on the distances from the camera to measuring scale and ice section,
the ratio of d2 by d1 is approximately 1.4. In addition to this, the thickness of snow
in calculating the ice thickness from images is also taken into consideration.

r2 = r1
d2

d1
(12)

Figure 21: Survelliance video image, for calcualting ice thickness.

Table 2, summarizes various ice conditions at different pod angles and rotation
rate. Propeller revolution are the average of the every experiment that runs for
approximately less than 3 minutes, with fluctuating power having variation of less
than 1%.
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Figure 22: Illustration of using triangle similarity in calculating actual ice thickness.

Table 2: Details of icethickness, pod angle and power of pods.
Ice Thickness [cm] Angle [o ] Rev SB [rpm] Rev PS [rpm]

30-50 30 94.4 94.2
121.7 120.1

30-35 60 94 92.2
121 120.6
154.8 155.8

40 90 92.5 92.1
120.8 119.7
140.4 140.6
157.7 156.7

50 90 92.6 90.7
118 116.4

4.1.3 Open-water Area Assessment

Full-scale results consist of two regions green(flow over the ice, ice chunks, and floes)
and blue (representing open water) Figure 16. It has been observed that the mixture
region consist of ice chunks and fragments that are formed in open water and move
towards the far region and attach to the level ice. In addition to this, some fraction
of the water also flows on the top of the level ice.
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In the analysis of ice cleared area formed with the method of propeller jet, partic-
ularly those images were considered where there is a complete visibility of the region
around the ship. Furthermore only those experiments were considered that begin
with complete level ice. Images begin with zero cleared ice area and as the power
of the pod increases, it develops open water region. The rotation speed of the pod
remains constant for few minutes and after noticing no increase in area of the open
water, rotation speed was again increased and the same procedure was followed for
each experiment.

Thrust has been calculated using the propeller data provided by Asea Brown
Boveri (ABB) as debated in Kujala et al. [2018], overall there is an increase of area
as the power of the pods increases. Table 3, shows the values of thrust, open water
area, area of flow over the ice sheet, with respect to pod angles and ice thickness.
At one region ice thickness was estimated to be within the ranges of 30 to 50 cm,
therefore no definite value is written for that particular region as mentioned in Table
3. Plots of the collected data and images of the area are shown beginning with Figure
23 to Figure 26. The overall trend of the open water clearance increases linearly with
the power of propeller. Results of Figure 23 and Figure 24, demonstrate similarity
in starboard and port side of the ship stern. Contrarily, this is not the case for an
experiment in Figure 25 and Figure 26, which only have starboard side symmetry,
caused by the tilting of the ship, that has not been recorded while performing the
experiment.

Table 3: Thrust and openwater area values
Ice
Thk
[cm]

Pod
Angle
[°]

Thrust
SB
[kN]

Thrust
PS
[kN]

OW
Area

SB [m2]

OW
Area

PS [m2]

MIX
Area

SB [m2]

MIX
Area

PS [m2]
50 90 242.5 237.5 0.2 2.55 206 135.5
50 90 405.5 399 1031.5 1133 679.5 795

30-50 30 235.5 241.5 819 310 490.5 236
30-50 30 398 398 1838.5 1553 461 349
30 60 246 237 709 323 304 461.5
30 60 423 425 781 964 390 280.5
30 60 704 724 885 1930 336 746
40 90 244 243 139 344 115 167.5
40 90 425 424 729 937 156 190
40 90 586 592 730 1950 173 159
40 90 737 737 868 2547 203 53
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(a) Propeller Thrust and Area Plot.

(b) Converted images of open water and mix area.

Figure 23: Plots and Images of Pod Angle 90 deg and 50 cm thick ice.
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(a) Propeller Thrust and Area Plot.

(b) Converted images of open water and mix area.

Figure 24: Plots and Images of Pod Angle 30 deg and 30-50 cm thick ice.
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(a) Propeller Thrust and Area Plot.

(b) Converted images of open water and mix area.

Figure 25: Plots and Images of Pod Angle 60 deg and 30 cm thick ice.
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(a) Propeller Thrust and Area Plot.

(b) Converted images of open water and mix area.

Figure 26: Plots and Images of Pod Angle 90 deg and 40 cm thick ice.
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4.1.4 Axial Distance of Ice Clearance

Using image data, coordinates of the open water distance and mix water distance from
the mid (separating starboard side and portside) location of the ship was measured
and polar plots were generated. Polar plots describe the point of the maximum
distance which a propeller jet can reach at different angles and directions. Figure
27, represent the polar plot of 50 cm thick ice at an angle of 30°. The increase of
maximum axial and transversal distance is observed with an increase in power to
approximately 2.25 times from the initial value. The variation in longitudinal distance
is 1.6-2 times and transversal is 1.1-1.8 times the starting open water distance for
30° pod angle. Kujala et al. [2018], has presented details of further experiments,
analyzing the effect of change of axial distance based on the power of the pods.

(a) Propeller revolution rate on SB is 94.5 rpm and on PS is 94 rpm.

(b) Propeller revolution rate on SB is 121.5 rpm and on PS is 120 rpm.

Figure 27: . Level ice thickness 50 cm, 30° pod angle, transversal and longitudinal
distance of the open water area.
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4.2 Model-Scale Experiment
For economic and geopolitical reasons, the number of ships transiting ice-infested
waters has greatly increased. Correspondingly, better and new ship designs specif-
ically adapted to the requirements of a particularly harsh environment has led to
the development and construction of new facilities devoted to ships model testing
in ice. Model testing of ships has a long history, initiated to improve the resistance
of the ship. Model tests are important in ship design phase, that can reduce cost,
improve efficiency and determine problems in constructing and achieving desired
goals. Moreover, a good understanding of physical problems and verification and
calibration of numerical codes and theoretical model can be attained (Steen [2014]).

Even though numerical methods have been developed for simulating ship per-
formance in ice, they are unable to produce accurate results, leaving model-scale
testing as the only reliable and cost-efficient way of predicting or verifying a ship’s
performance in ice. It is important to note that model-scale testing is not per-
fect but comes with its own uncertainties. A reason for this is that natural ice is
impure and can have various forms at sea and even the pure level ice thickness
is complex to determine, hence, making it hard to replicate in the lab. Ice is a
natural material and as such exhibits, a wide variation in its mechanical proper-
ties, especially when close to the melting temperature. Brine volume also affects
the properties of ice. Brine volume is a function of ice salinity and temperature.
Hence, the higher the salinity and temperature the weaker the ice is. Therefore, as a
natural material, ice cannot be described by purely brittle, plastic or viscous material.

Purpose of model scale testing in the present study is to correlate the full-scale
experiment with the model test and analyze the feasibility and uncertainty of model
testing in extrapolating the results. These experiments are unique in it-self since
no such experiments are conducted in past and only limited data is available to
correlate the results. Moreover, few tests were conducted with Azimuthing thrusters
in 90° thruster angle. This investigation comprises of experimental study, focused on
analyzing the wake interaction of Azipods with level ice, in bollard pull condition.
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4.2.1 Model Facility

The test was conducted in the Aker Arctic ice tank. Aker Arctic Technology Inc. is
located in Helsinki, Finland. The company runs the only privately owned ice model
testing facility in the world. The facility’s test basin has a length of 75 m, breadth of
8 m and a depth of 2.1 m. Other facility features include a test carriage speed range
of 0-3 m/s and secondary carriage speed range of 0 -1.5 m/s with a synchronized drive
of carriages, underwater carriage, magnifying bottom and side windows for viewing
the icebreaking process. The test basin uses an in-house developed second generation
fine granular (FGX) model for ice formation. To scale the weakness of natural
ice, the FGX method uses sodium chloride (NaCl) to weaken the model ice. The
model ice thickness ranges from 15 to 150mm and the flexural strength range is 15-
150 kPa. Figure 28, gives the technical details and general layout of the model facility.

Figure 28: Model Basin Particulars and Details.Arctic [2018]



35

4.2.2 Model Vessel

Model is of icebreaker Polaris, the scale of the model is 1:21. The main particulars of
the ship and model are summarized in Table 4. Pictures of Polaris model are presented
from figure 29 to 31, it can be seen in the stern view of the ship that azipods are
tilted 5° longitudinally and transversely, constructing 5° angle between ice sheet and
propeller axial axis (right pod) and 5° from the center of the ship towards the port side
of the ship (left pod). Furthermore, the bow azipod axis is straight with no inclination.

Table 4: Model Scale parameters
Ship Model

LDWL [m] 97.4 4.64
BDWL [m] 24 1.14
Tdesign [m] 8 0.38

Figure 29: Model Aft view, representing the pod orientation and tilt
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Figure 30: Model side view showing straight bow pod and stern dynamometer

Figure 31: Testing carriage with model

4.2.3 Model Propeller

Model propellers used for analyzing the effect of the podded jet on the level ice in
bollard conditions, are a pair of design propellers modified by Aker Arctic hydrody-
namist personnel. These propellers were used in official ice model test of icebreaker
Polaris. Characteristics of model propellers are provided in Table 5. Front and side
view of model propeller geometry is shown in Figure 32.
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Table 5: Model propeller parameters

Name Diameter
D [mm]

Hub
Diameter
d [mm]

D/d
No. of
Blades

Z

Pitch Ratio
P0.7

AE/A0

AARC
P42-R Right 200 66.7 3 4 0.845 0.635

AARC
P42-L Left 200 66.7 3 4 0.845 0.635

Figure 32: Front and side view of propeller

4.2.4 Flexural Strength of Model-ice

ITTC [2014], recommends a test method for model ice properties due to the fact that
each model facility uses different types of ice material, and no model ice material
is proportionate to actual sea ice. Flexural strength test is the most common and
simple test to identify model ice properties. The flexural strength of ice can be
calculated either by conducting a cantilever beam test or a three-point bending test.
Of these two, the cantilever beam test is the most common and best-known method.

The purpose of the cantilever beam tests was to measure the flexural strength of
the ice sheet. As recommended, three floating cantilever beams with length L, and
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breadth B, were cut in-situ. The cuts were made out of the drilling jig presented
in Figure 33. The size of the drill bit used to cut the level ice for the flexural test
was roughly 6-8 mm. Care has been taken while cutting beam and removing the
side pieces around the beam, to keep water away from the top side of the beam.
The tip of the force, at the center of the resulting beams, were loaded downward
at a constant speed until the beams failed. The specification and model of force
transducer used for flexural test is shown in Appendix B. The tip of the plunger was
placed at the center of the edged of the beams. The plunger was loaded downward
at a constant speed until the beams failed. Figure 34 presents the setup of the test.

Figure 33: Drill jig used to cut the beams in test

Two varied thickness of ice sheet were made on two different days, the target
value of ice sheet for day-I was 14 mm corresponding to the 30 cm sea ice trials and
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Figure 34: Setup of cantilever beam test

for day-II, 24 mm thick ice matching 50 cm full-scale trials. Table 6 and Table 8, are
the achieved results of flexural strength test of model ice. In addition to this, elastic
modulus measurement was done for only one frame. Table 7 and Table 9, provides
the results of elastic modulus measured from frame number 24. The centreline of the
basin is at 0; the positive direction is to the left (port side) and the negative to the
right (starboard side) when looking from the towing carriage. Referred stb and port
positions used in measurements are positioned +/-70 cm from centreline. Referring
to Table 6, flexural strength was low at starboard side and centerline measurement
points in frame 12, due to smaller length (L) of the broken beam; therefore, those are
excluded from the frame average. Furthermore, elastic modulus is controlled with the
FGX-ice. However, the elastic modulus becomes lower as the ice thickness becomes
thicker in model ice. Therefore, elastic modulus (E) was higher with the first ice
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sheet than the second ice sheet. However, both ice sheets are above recommendation
which is E/σf >1000 as mentioned in target values. Location of the flexural test
in the model basin is shown in Figure 35. All the above mention experiment were
performed by the testing facility personnel and also results was given by the testing
facility.

Table 6: Flexural strength Test 14 mm thick ice

Frame Beam L B H F σf

frame
σf
Avg

# position [mm] [mm] [mm] [N] [kPa] [kPa]
12* stb 70 50 16 0.42 13.7 27.6

cl 55 50 16 0.47 12.2
port 120 50 16 0.49 27.6

24 stb 97 50 16 0.44 20 20.7
cl 136 50 16 0.38 24

port 110 50 16 0.35 18
48 stb 127 50 16 0.27 16.3 22.5

cl 89 50 16 0.65 27.2
port 121 50 16 0.43 24.1

Table 7: 14mm thick ice Elastic modulus. Measured from frame #24
Hice Weight Deflection E σf E/σf
[mm] [g] [mm] [kPa] [kPa] -
16 20 0.048 69607 20.7 3363
16 50 0.126 62850 20.7 3037

Average: 66228 20.7 3200
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Table 8: Flexural strength Test 24 mm thick ice

Frame Beam L B H F σf

frame

σf
avg

# position [mm] [mm] [mm] [N] [kPa] [kPa]
12 stb 128 50 25 0.9 22.1

cl 137 50 25 1.38 36.3
port 153 70 25 1.11 23.2 27.2

24 stb 106 50 25 1.14 23.2
cl 129 50 25 0.92 22.9

port 137 50 25 0.87 23 23
42 stb 119 50 25 0.71 16.1

cl 136 52 24 0.68 18.6
port 130 51 25 0.86 21.1 18.6

Table 9: 24mm thick ice Elastic modulus. Measured from frame #24
Hice Weight Deflection E σf E/σf
[mm] [g] [mm] [kPa] [kPa] -
25 50 0.096 28259 23 1227
25 100 0.191 28655 23 1244

Average: 28457 23 1236
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Figure 35: Location and frames of flexural test and Strain modulus test
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4.2.5 Selection of Model Parameters

Bollard pull is a force exerted by marine vessels on a fixed structure at zero speed.
In model test bollard pull test are conducted at zero speed of advance. To replicate
the full-scale experiment into the model scale, the rotation rate of propellers are
required. Following the International Towing Tank Conference ITTC [2017], model
scale propeller rotation rate is calculated using Equation 13.

nS = nM√
λ

(13)

Where nS and nM are propeller revolution in full scale and model scale respec-
tively and λ is the scaling factor.

In full scale, the ship was held at zero advance speed by operating the bow
propeller, hence, the maximum power of the pods is utilized in 90◦ pod angle when
bow propeller was not operating at all. In other cases, such as pod angle of 30◦

and 60◦, bow propeller was operated to hold the ship position. Table 10 shows the
calculated values for model experiments based on the full-scale experiments results.
On the other hand, Table 11 provides the model scale actual values of propeller rpm
and operating duration of each test.

In total 9 experiments were performed. In these experiments three were performed
with 16 mm thick ice with pod angles of 30◦,60◦ and 90◦, and 6 experiments with
25mm thick ice with different pod angles. In one of the experiments time scaling was
performed that is discussed in Section 4.2.6. Further, an experiment is also carried
out with pusher configuration of the pod.
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Table 10: Calculated and selected Model scale parameters

POD Rpm_SB Rpm_PS Ice Thk Rpm_SB Rpm_PS Ice Thk Ice Thk

Angles (rpm) (rpm) (cm) (rpm) (rpm) (cm) (mm)

Exp-I

30 94.2 93.9 30.0 431.5 430.4 1.43 14.29

30 94.4 94.2 30.0 432.4 431.6 1.43 14.29

30 121.7 120.1 30.0 557.7 550.2 1.43 14.29

Exp-II

60 93.9 92.2 30.0 430.4 422.4 1.43 14.29

60 120.9 120.6 30.0 554.3 552.5 1.43 14.29

60 154.8 155.8 30.0 709.3 714.2 1.43 14.29

Exp-III

90 92.1 92.2 30.0 422.1 422.6 1.43 14.29

90 118.6 117.8 30.0 543.3 539.8 1.43 14.29

90 141.7 142.9 30.0 649.4 654.8 1.43 14.29

90 159.9 158.9 30.0 732.9 728.1 1.43 14.29

Exp-I

30 94.2 93.9 50.0 431.5 430.4 2.38 23.81

30 94.4 94.2 50.0 432.4 431.6 2.38 23.81

30 121.7 120.1 50.0 557.7 550.2 2.38 23.81

Exp-II

60 93.7 92.8 50.0 429.3 425.4 2.38 23.81

60 121.2 119.9 50.0 555.5 549.6 2.38 23.81

60 150.9 150.5 50.0 691.7 689.9 2.38 23.81

60 149.6 147.6 50.0 685.5 676.6 2.38 23.81

Exp-III

90 92.3 90.7 50.0 423.0 415.6 2.38 23.81

90 117.9 116.4 50.0 540.3 533.6 2.38 23.81

RPM values for Day-II

RPM values for Day-I

FULL SCALE MODEL SCALE
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Table 11: Actual model propeller operating parameters

SB PS SB PS SB PS SB PS

Test 1.1 -31 31 -430 433 -559.5 548

Const.Run.Time [sec] 175 172 190 190

[min] 0:02:55 0:02:52 0:03:10 0:03:10

Test 1.2 -60.72 61 -430 432 -551 551

Const.Run.Time [sec] 160 160 156 157

[min] 0:02:40 0:02:40 0:02:36 0:02:37

Test 1.3 -89 90 -419 422 -542 541.5 -649.5 648

Const.Run.Time [sec] 152 152 123 123 123 123
[min] 0:02:32 0:02:32 0:02:03 0:02:03 0:02:03 0:02:03

Test 2.1 -90 - -420 - -539 - -720 -

Const.Run.Time [sec] 78 - 47 - 55 -

[min] 0:01:18 - 0:00:47 - 0:00:55 -

Test 2.2 -30 30 -430 431.5 -561.5 550 -701.5 702

Const.Run.Time [sec] 77 77 44 44 68 73

[min] 0:01:17 0:01:17 0:00:44 0:00:44 0:01:08 0:01:13

Test 2.3 -60 60 -430 432.5 -551.5 548 -702 701

Const.Run.Time [sec] 122 122 173 173 65 69

[min] 0:02:02 0:02:02 0:02:53 0:02:53 0:01:05 0:01:09

Test 2.4 -29.72 - -431.5 - -561 - -700 -

Const.Run.Time [sec] 175 - 152 - 64 -

[min] 0:02:55 - 0:02:32 - 0:01:04 -

Test 2.5 (Pusher) 90 - 424 - 551 - 720 -

Const.Run.Time [sec] 156 - 86 - 101 -

[min] 0:02:36 - 0:01:26 - 0:01:41 -

Test 2.5 (Puller) -90 - -419 - -542 - -720.5 - -850 -

Const.Run.Time [sec] 110 - 111 - 110 - 32 -
[min] 0:01:50 - 0:01:51 - 0:01:50 -

Day-I (14.02.2018)

Angle 

SB

Angle 

PS

RPM-I RPM-II RPM-III RPM-IV 

Day-II (15.02.2018)
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4.2.6 Propeller Thrust and Area analysis

ABB and Aker Arctic provide the rpm and thrust data of actual propeller and
model propeller respectively. Table 12, outlines the thrust and propeller rotation
values of the model propeller and ABB installed propellers. In Table 12, scaling of
model propeller is performed using Equation 13 and 14, where λ is scaling factor.
Figure 36, illustrate the plot of thrust and rpm of model and prototype propeller.
Maximum of 1.5% of the difference is observed between model thrust and original
thrust data. Moreover, model ice thickness scaling is done using Equation 15, where
day-I and day-II (Table 6 and 8) corresponds to 33 cm and 52.5 cm thick ice in
full scale respectively. Appendix C and Appendix D, present pictures of each test
and transversal position of the vessel from the side of the model basin. In some
of the cases, view of GoPro camera was restricted due to the beam of the carriage
because the camera was adjusted as vertically as possible to the plane of the ice sheet.

FF.S = λ3 FM.S (14)

HF.S = λ HM.S (15)

Table 12: Model and Full scale thrust and rpm values.
Model
RPM

Aker Arctic

Model
Thrust[N]
Aker Arctic

Scaled
RPM

Scaled
Thrust[kN]

F.S.
RPM
ABB

F.S.
Thrust[kN]

ABB
200 5.6 43.64 51.86 95 245
300 12.6 65.46 116.68 110 329
400 22.4 87.28 207.5 130 460
500 35 109.1 324 150 612
600 50.4 131 467 160 696
700 68.6 152.75 635 165 740
800 89.6 174.57 829.78 170 786

Experiment-Day-I

Thrust and open water area clearance of each experiment (Table 11) is shown in
Figures 37 - Figure 44. Considering the pod angles of 30◦, the area scaling factor
is assumed to be λ1.825; for 60◦, scaling factor is assumed to be λ1.725,and for 90◦

pod angles, the area scaling factor is considered to be λ2. Providing the model ice
thickness of 16 mm, test-1 was conducted at 30◦ pod angle and compared with the
full-scale results of 30-50 cm thick ice. The maximum difference at the beginning
of each experiment is larger in relation to full scale experiments, as model ice does
not break at the initial rotation rate of 430 rpm. After increasing the power of the
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Figure 36: Plot of Model and Full scale Thrust

propeller and reaching at the end of the experiment (Figure 37), the area on the
starboard side is 10% less compare to full-scale result, while on port side, the final
outcome of open water area is 15% more, as can be seen in Figure 37.

Figure 37: Comparison of Model and Full scale resutls, Pod angle 30◦ and ice thickness
16 mm (Model)

Starboard side of 60◦ pod angle results is not close to the full-scale trials, and
there is an increase of 22% of the model ice cleared area, that over-estimate the ice
clearance area. On the other hand, for prot side, 11% difference of ice cleared area is
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observed at the maximum power (Figure 38).

In Test 1.3(Table 11), there is no exact experimental data for 30 cm thick ice
having pod angle of 90◦, therefore, day-I Test 3 is compared between 40 cm and
10-20 cm thick ice (Figure 39). Results show a good approximation and fall between
ice thickness of 10-20 cm and 40 cm full-scale results. For 40 cm thick ice on the
starboard side at maximum thrust, a relatively larger difference is observed, tripling
the model open water area to 40 cm thick ice. Alternatively, at the same thrust
level, 10-20 cm thick ice give 1.45 times larger ice clearance area than model scale.
Port side results obtained are quite smooth where the difference between full-scale
measurements and model scale measurements is less than 14% (Figure 39).

Figure 38: Comparison of Model and Full scale resutls, Pod angle 60◦ and ice thickness
16 mm (Model)
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Figure 39: Comparison of Model and Full scale resutls, Pod angle 90◦ and ice thickness
16 mm (Model)

Experiment-Day-II

All the experiments, other than Test 2.1 and Test 2.2 (Table 11) were conducted
with the same propeller running time as in the full-scale experiments. For the initial
two tests, time scaling was used from full-scale measurements to model scale using
Equation 16. It can be seen from Figure 40 and Figure 41 that time scaling produce
a considerable deviation from the full-scale experiments. For 90◦ pod angle (Test
2.1), only starboard side propeller was operated and the open water area of full-scale
trial was 30 times more than the model one. While in 30◦ pod angle, nearly no ice is
broken on the starboard side and on the port side.

tF.S =
√
λ tM.S (16)

60◦ pod angle open water area shows different trend on port and starboard open
water region of the ice sheet. It can be noticed from Figure 42, that initially no
breaking of ice took place in both the regions, but eventually increasing the power of
propeller leads to a much larger open water area on port side side, and smaller open
water area on the starboard side, while having the difference of 62% and 36% respec-
tively. Later in the experiment, only the starboard side is used in order to compare
the effect of side walls of the model basin. Test of 30◦ pod angle is compared with
full scale trials of 30-50 cm thick ice. As it is mentioned in Section 4.1.3, the region
of full-scale trials have the ice thickness ranging from 30 cm to 50 cm, therefore, Test
2.4 (Table 11) is compared with Test 1.1. Results of the model ice having thickness
of 25mm and 30◦ pod angle differ considerably from the full-scale trials (Figure 43).
Thus, in full scale trials, ice thickness was around 30cm, considering 30◦ pod angle.
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Figure 40: Comparison of Model and Full scale resutls, Pod angle 90◦ and ice thickness
25 mm (Model), also timed scaled

Figure 41: Comparison of Model and Full scale resutls, Pod angle 30◦ and ice thickness
25 mm (Model), also times scaled

Finally, the test was performed with 90◦ pod angle. Initially, the configuration
of S.B. pod was set to pusher type and the experiment was performed in the same
manner as the rest of the experiments. No ice was broken in a pusher configuration,
lastly, the orientation of the pods were changed to puller type and the ice cleared
area was 1.5 times less than the full-scale measurements Figure 44.
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Figure 42: Comparison of Model and Full scale resutls, Pod angle 60◦ and ice thickness
25 mm (Model)

Figure 43: Comparison of Model and Full scale resutls, Pod angle 30◦ and ice thickness
25 mm (Model)

Above mentioned area and thrust analysis are based on fewer data points, therefore,
the linear trend of open water area ca not be perfectly justified. The idea here is to
evaluate the extreme values of ice-free area between full-scale trails and model trials.
Scaling factors selected for different pod angles provide a positive approximation.
16 mm thick model ice results are much closer to full-scale trials than 25 mm thick
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Figure 44: Comparison of Model and Full scale resutls, Pod angle 90◦ and ice thickness
25 mm (Model)

model ice. This is because we only have authentic result of full scale 50 cm thick
ice at 90◦ pod angle and other angles are compared with 30 cm thick ice. Moreover,
time scaling was unable to show positive outcomes and time should not be scaled in
propeller operation.

4.2.7 Maximum Axial Distance Analysis

A key feature of studying the action of propeller jets on level ice is to determine the
extent of ice breaking by propeller jet and the region of open water area. If an ice-
breaker needs to escort a vessel larger than her own breadth, she needs either another
icebreaker or propeller jets can be utilized to wident the ice channels. The maximum
axial distance of open water is analyzed excluding the time scaled experiments. For
almost all of the model scale experiments, at the starting propeller rotational speed
of 430 rpm, no ice is broken. Propeller speed of revolution of 430 rpm corresponds to
94 rpm in full-scale trials. The maximum open water distance is measured from the
center point of the line joining two pods. Figure 45 illustrate full and model scale ex-
periments of all 30◦ pod angles. Revolution rate of propeller is scaled using Equation
13 and axial distances of model results is scaled using Equation 17. In the beginning
of the experiment, axial distance of ice clearance is comparatively large. However, by
increasing the propeller power, model scale results converge towards full scale values
showing a good estimate for 30◦ pod angles. 16 mm thick ice is compared with 30 cm
full-scale trials and difference on the starboard side and portside were 0.6% and 10.5%
respectively. Furthermore, 25 mm thick model ice is compared with 60 cm full-scale
trials, resulting in only 3% of difference at a revolution speed of greater than 120 rpm.
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LAxialF.S
= λ LAxialM.S

(17)

Figure 45: Maximum Longitudinal ice clearance at 30◦ pod angle.

60◦ pod angle results vary considerably. In all of these cases, the maximum axial
ice cleared area formed from the model test was twice as high as the full scale trials
Figure 46. 90◦ pod angles are compared with 10-20 cm thick ice, 50 cm thick ice
and 40 cm thick ice respectively, as shown in Figure 47. Region toward the port side
shows 9-14 % of difference in ice cleared area. The comparison is carried out between
10-20cm and 40cm full-scale ice. In this case, since the ice clearance distance develop
to the wall of the model basin, it can not be clearly stated that how much more ice
can be cleared at full power of pods. In the case of model ice of 25 mm thickness, 50
cm fullscale trials are the closest one resulting in 12% increase of model ice clearance
distance, as shown in Figure 47.

Consequently, excluding 60◦ pod angle results of maximum axial ice clearance,
overall development of ice clearance longitudinal distance for 30◦ and 90◦ angles are
within the acceptable range, providing a maximum of 14% difference on both sides.

4.2.8 Flow Over Ice Sheet and Transversal Area Expansion

Final results of each experiment are extrapolated on polar plots using length scaling
and coordinates of the ice clearance area in order to examine the contours of open
water region with full scale trials. Analysis of maximum axial ice clearance distance
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Figure 46: Maximum Longitudinal ice clearance at 60◦ pod angle.

Figure 47: Maximum Longitudinal ice clearance at 60◦ pod angle.
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has already been conducted in previous Section 4.2.7, where the polar plots describes
the maximum transversal distance and flow over the ice sheet. The ice clearance
profile of 30◦ pod angle having ice thickness of 16 mm is shown in Figure 48. Profile
of ice clearance matches moderately with full-scale contour. However, the maximum
transversal distance on the starboard side is twice the full-scale experiment and
on port side almost 1.25 times larger than the full scale trials. Flow over ice sheet
has not been identified in this case as a result of the location of the camera. 60◦

pod angle results vary enormously and cater distant values of axial and transversal
distance of ice cleared area as shown in Figure 49. 10-20 cm thick ice results are
compared with 16 mm model scale ice for 90◦ pod angles. Port side axial and oblique
distances are within 7% of range, while starboard side transversal distance gives 33%
smaller area (Figure 50). Except for 60◦ pod angle, the results of the model compare
to full-scale extrapolation agrees reasonably with difference of 7% to 33%.

Figure 48: Polar Plot comparision of 16 mm model ice and 30 cm fullscale ice
thickness at pod angel of 30◦, green color show model scale ice cleared region.

With reference to the 25 mm model ice clearance test performed on day-II, pod
angles 60◦ on portside shows 30% variation in the maximum transversal opening.
Furthermore, on the port side, a detachment of open water area is observed as shown
in Figure 51. As is apparent from Figure 51 ice is broken in an unusual way, this
might be because of the propeller jet interaction with the walls of the basin since
the pods are closed to the basin. Moreover, reversal of the flow and the kinetic
energy of the flow may have reduced its impact on the ice sheet. In addition, in
the model facility, near wall ice region is thinner in comparison to the middle of the
tank. Additionally, the flexural strength of ice on the port side was 5-6% higher
than starboard side. Pink lines in Figure 51 tells about the limit of the flow over ice
and model basin wall. Flow over the ice sheet travels towards the tank wall at full rpm.
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Figure 49: Polar Plot comparision of 16 mm model ice and 30 cm fullscale ice
thickness at pod angel of 60◦, green color show model scale ice cleared region.

Figure 50: Polar Plot comparision of 16 mm model ice and 10-20 cm fullscale ice
thickness at pod angel of 90◦, green color show model scale ice cleared region.

With thicker ice, more power is required to break the level ice. For example, 30◦

pod angle was unable to break the ice at the thrust of 411 kN, but the flow over
the ice sheet expands water transversely similar to the case of full-scale experiment.
However, the orientation and location of the flow is in different direction Figure 52.
Moreover, flow over the ice sheet is random and will be influenced by the surrounding
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Figure 51: Polar Plot comparision of 25 mm model ice and 30 cm fullscale ice
thickness at pod angel of 60◦, green color show model scale ice cleared region.

walls. Figure 53 demonstrate 90◦ pod results, where the values deviate considerably
from the full-scale experiments. Therefore, the analysis of the transversal expansion
of ice cleared area and jet are totally random having an ice thickness of 25 mm
and hence, no such trend can be followed. Contrarily, with lower ice thickness, an
approximation of 30◦ and 90◦ angles agrees reasonably well with full scale experiments.

Figure 52: Polar Plot comparision of 25 mm model ice and 50 cm fullscale ice
thickness at pod angel of 30◦, green color show model scale ice cleared region.
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Figure 53: Polar Plot comparision of 25 mm model ice and 50 cm fullscale ice
thickness at pod angel of 90◦, green color show model scale ice cleared region.
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5 Discussion
Effects of Azipods propeller jets was analyzed on level ice sheet clearance. Data was
collected using image analysis. Hugin software was used to correct the images so that
actual results can be evaluated and Schneider et al. [2012] ImageJ software is used
to extract the area and distance of ice clearance. All of the data was validated from
the final outcome of each experiment provided by Aker Arctic facility, (Appendix E).
Observation of the bottom videos (Appendix F) highlights that around 40 seconds
are required for the ice chunks that are below the ship and are interacting with
propellers to be clear away from its vicinity. This shows that, for the propellers to
generate proper thrust and jet, ice pieces need to be clear first, and this was achieve
by propeller rotation. However, it takes more than 40 seconds to completely remove
a cluster of ice fragments from pods proximity.

The digital imaging technique is cost-effective and simple to use. Setting up the
location of cameras is the challenging part and problems arises in the adjustment
of the GoPro cameras, as the complete view was obstructed in case of 30◦ and 60◦

azipods angles. Moreover, calibration of GoPro does not give good images, hence
image optimizing Hugin software is used and the results were validated to be within
2.5% of the provided model tests.

Model ice is uniform contrary to sea ice. Difference between full-scale and model
scale results could possibly be due to the variation in ice properties. Moreover, model
tank walls rebound the flow, reducing the jet velocity and ultimately the kinetic
energy of the flow. Pod tilting angle with level ice sheet or free surface is 5◦.

Time is another important factor for ice clearance. By means of extending the
duration of the propeller flow, more ice can be cleared. However, a certain limit will
reach when no ice will be cleared. Moreover, model time scaling results could not be
extrapolated to full scale results. Therefore it is recommended not to scale time in
the propeller operation. In addition, an experiment with pusher type configuration
of pod is performed, in which no breaking of level-ice is noticed.

Full-scale ice thickness measurements were calculated with surveillance video and
obtained ice thickness was assigned to the region of the experiment area. This could
vary as in one region ice thickness was in between 30-50 cm. Model scale flexural
strength ranges between 18-27 kPa and measured statistics of full-scale measurement
in Gulf of Bothnia was around 600 kPa.

Ice clearance area for 30◦ pod angle was scaled with scaling factor of λ1.825, whereas
60◦ scaling factor was λ1.725 and scaling factor for 90 ◦ was λ2. All the assumptions of
scaling area provides exceptional outcomes for 16 mm thick ice having the variation
between 10% to 22% of the full-scale trials. For 25 mm thick ice, we have exact 90◦

full-scale results, and analysis of 90◦ ice clearance area reveals 1.5 times smaller area
in model scale.
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Importance of maximum axial ice clearance distance will emerge in designing of
icebreakers since propeller jets will be utilized in the widening of the new and old
channels. From model test, axial ice clearance distance varies in between 9-15% from
full-scale trials (excluding the trials of 60◦ pod angles).
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6 Conclusion and Future Work
In the current study comparison of the full-scale and model-scale test has been made.
Effect of propeller jet is analyzed using images of the experiments. Using images and
power data, the area of ice clearance is evaluated and it is observed that ice clearance
around the ship rear vicinity depends on the power of the propeller, thickness of ice,
angle of the pod and operating time of propellers.

Overall results are satisfactory within the average limit of 20-30% and it can be
asserted that model scale ice clearance outcomes can be extrapolated to prototype
in designing an icebreaker or ice going vessels. Furthermore, a distance of the pod
from the wall should be considered in performing experiments of model ice thicker
than 16 mm. In addition, estimation of maximum axial ice clearance distance will
be beneficial in designing new ice going vessels.

As a result of less full-scale experiments, limited data is available to be analyzed.
Therefore, it will be useful to have more full-scale trials. Furthermore, to analyze the
widening of the new channel to escort Post Panamax vessels, full-scale trials will be
made to inspect the broadening of ice channel at the desired speed. In addition, the
effect of pod tilting will be studied to conclude the ice clearance area development,
based on the angle between the pod axis and free surface.
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Appendices
A Free Surface Axial Flow Velocity

%% Varying Radius of velocity
rho=1025; %kg/m^3
D=4.25; % Dia of propeller in [meters]
ct=0.3; % Thrust coefficient
rot=92; % rpm of propeller
Vo=1.59*(rot/60)*D*sqrt(ct); % Fuehrer(1977)
Rmo=D/4; %used in calculation of Vx,r and , sigma
n=0;
for z=1

n=n+2;
for x=1:13; % Zone of flow establishment

VmaxZFEps(x,1)=(Vo).*(1.51-(0.175.*(x./D))-0.46);

for r=-0.088825.*(x-62) ; % Varying profile radius of flow ...
%r=-0.088825.*(x-62)

sigma=(0.5*Rmo)+(0.075.*(x-(0.5.*D)));
VxrZFEPS(x,1)=VmaxZFEps(x).*(exp((-0.5.*((r)-Rmo).^2)./...

(sigma.^2)));%B(r,25)=r
end

end
for y=14:123 %Zone of Established flow PS

VmaxZEFps(y,1)=(Vo).*(0.964-(0.039.*(y./D))-0.344);

for q=-0.088825.*(y-62) ; % Varying radius of propeller
VxrZEFPS(y,1)=(VmaxZEFps(y)).*(exp(-22.2.*((q)./y).^2));%B(q,25)
end

end

for h=14:123 %Zone of Established flow PS
VmaxZEFps_hashhmi(h,1)=(Vo).*(0.638.*(exp(-0.097.*(h./D))));

for s=-0.088825.*(h-62) ; % Varying radius of propeller
VxrZEFPS_hashhmi(h,1)=(VmaxZEFps_hashhmi(h)).*(exp(-22.2.*(...

(s)./h).^2));
end

end
for b=14:123 %Zone of Established flow PS

VmaxZEFps_Berger(b,1)=(Vo).*((1.025.*(b./D).^(-0.6)));

for t=-0.088825.*(b-62) ; % Varying radius of propeller
VxrZEFPS_Berger(b,1)=(VmaxZEFps_Berger(b)).*(exp(-22.2.*(...

(t)./b).^2));
end
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end
end
X_Position=1:123;
X=X_Position';
V_Hamil=[VxrZFEPS(1:13,1);VxrZEFPS(14:123,1)];
V_Hashmi=[VxrZFEPS(1:13,1);VxrZEFPS_hashhmi(14:123,1)];
V_Berger=[VxrZFEPS(1:13,1);VxrZEFPS_Berger(14:123,1)];

plot(X,V_Hamil,'k',X,V_Hashmi,'m',X,V_Berger,'c');
title('Submersible Jet Flow Velocity Distribution on Free Surface');
xlabel('Distance [m]');
ylabel('Velocity [m/s]');

%% Straight jet of velocity
rho=1025; %kg/m^3
D=4.25; % Dia of propeller in [meters]
ct=0.3; % Thrust coefficient
rot=92; % rpm of propeller
Vo=1.59*(rot/60)*D*sqrt(ct); % Fuehrer(1977)
Rmo=D/4; %used in calculation of Vx,r and , sigma
n=0;
for z=1

n=n+2;
for x=1:13; % Zone of flow establishment

VmaxZFEps(x,1)=(Vo).*(1.51-(0.175.*(x./D))-0.46);

for r=5.6; % Constant radius of flow (Follows r=5.6)
sigma=(0.5*Rmo)+(0.075.*(x-(0.5.*D)));
VxrZFEPS(x,1)=VmaxZFEps(x).*(exp((-0.5.*((r)-Rmo).^2)./(...

sigma.^2)));%B(r,25)=r
end

end
for y=14:123 %Zone of Established flow PS

VmaxZEFps(y,1)=(Vo).*(0.964-(0.039.*(y./D))-0.344);

for q=5.6; % Constant radius of flow (Follows q=5.6)
VxrZEFPS(y,1)=(VmaxZEFps(y)).*(exp(-22.2.*((q)./y).^2));%B(q,25)
end

end

for h=14:123 %Zone of Established flow PS
VmaxZEFps_hashhmi(h,1)=(Vo).*(0.638.*(exp(-0.097.*(h./D))));

for s=5.6; % Constant radius of flow (Follows s=5.6)
VxrZEFPS_hashhmi(h,1)=(VmaxZEFps_hashhmi(h)).*(exp(-22.2.*(...

s)./h).^2));
end

end
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for b=14:123 %Zone of Established flow PS
VmaxZEFps_Berger(b,1)=(Vo).*((1.025.*(b./D).^(-0.6)));

for t=5.6; % Constant radius of flow (Follows t=5.6)
VxrZEFPS_Berger(b,1)=(VmaxZEFps_Berger(b)).*(exp(-22.2.*(...

(t)./b).^2));
end

end
end
X_Position=1:123;
X=X_Position';
V_Hamil=[VxrZFEPS(1:13,1);VxrZEFPS(14:123,1)];
V_Hashmi=[VxrZFEPS(1:13,1);VxrZEFPS_hashhmi(14:123,1)];
V_Berger=[VxrZFEPS(1:13,1);VxrZEFPS_Berger(14:123,1)];
hold on
plot(X,V_Hamil,'r',X,V_Hashmi,'g',X,V_Berger,'b');
legend('5^o Incline jet Hamill(1987)','5^o Incline jet Hashmi('...
'1993)','5^o Incline jet Berger(1981)','0^o Straight jet Hamill'...
'(1987)','0^o Straight jet Hashmi(1993)','0^o Straight jet Berger(1981)');



Special features

- Welded‐on metal bellows
- Nominal (rated) loads: 5 kg � 1 t
- Load cells and installation aids

made of rust‐resistant materials
- Verifiable up to 6000 divisions,

test report as per OIML R60
- Six‐wire circuit
- Optimized for parallel connection

by off‐center load compensation
- Meets EMC requirements as per

DIN EN 45501
- Options:

Ex‐protection designs as per
ATEX 95

Load cell

Z6...

D
at

a 
sh

ee
t

B1010-3.1 en 1 

15

Dimensions (in mm; 1 mm = 0.03937 inches)

A B
5...200 kg 8.2 8.2
500 kg 10.5 11.1

Z6; Nominal (rated) loads 5 kg...500 kg Z6; Nominal (rated) load 1 t
123

45
18 82

Mounting

Cable, 6‐wire, shielded,
shield on enclosure

Metal bellows

210

9.
9


31

A B


27

Cable, 6‐wire, shielded,
shield on enclosure 34 13 Metal bellows

11.1+0.1


38

-0
.1

44

Load
application

133�0.1 22�0.1
70
40

25


58


60 4020

10

21

Load application

Mounting


42

20

23
.4

Cable 5.4; 3�m long (standard version)
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B Flexural Strength Force Transducer



Specifications
Type Z6FD1 Z6FC3 Z6FC3MI Z6FC4 Z6FC6
Accuracy class to OIML R 60
Number of scale intervals (nLC)

D1
1000

C3
3000

C3/MI7.5
3000

C4
4000

C6
6000

Nominal (rated) load (Emax) kg 5; 10; 20;
50; 100;
200; 500

10; 20; 50;
100; 200;

500

50; 100;
200

20; 50; 100;
200; 500

50; 100;
200;

t 1 1 - - -
Minimum scale division (vmin) % of Emax 0.0360 0.0090 0.0066
Return of minimum dead load signal (DDR) - - 0.5Emax/

7500
- -

Nominal (rated) sensitivity (Cn) mV/V 2
Sensitivity tolerance with load appl. in spec.
direction

% +(1;-0.1) �0.051)

Temperature coefficient of sensitivity (TCS)2)
% of Cn/10 K

�0.0500 �0.0080 �0.0080 �0.0070 �0.0040
Temperature coefficient of zero signal (TK0) �0.0500 �0.0125 �0.0093 �0.0093 �0.0093
Relative reversibility error (dhy)2)

% of Cn

�0.0500 �0.0170 �0.0066 �0.0130 �0.0080
Non linearity (dlin)2) �0.0500 �0.0180 �0.0180 �0.0150 ��0.0110
Load creep (dDR) in 30 min. �0.0490 �0.0166 �0.0098 �0.0125 �0.0083
Input resistance (RLC) 


350...480

Output resistance (R0) 356 �0.2 356 �0.12
Reference voltage (Uref) V

5
Nominal supply voltage range (Bu) 0.5...12
Insulation resistance (Ris) G � 5
Nominal ambient temperature range (BT)

oC
-10...+40

Operating temperature range (Btu) -30...+70
Storage temperature range (Btl) -50...+85
Limit load (EL)

% of Emax
150

Breaking load (Ed) �300

Nominal (rated) load kg 5 10 20 50 100 200 500 1000
Relative permissible oscillatory stress % of Emax 100 100 100 100 100 100 70 100
Nominal (rated) displacement (snom) approx. mm 0.24 0.3 0.29 0.27 0.31 0.39 0.6 0.55
Weight, (G) approx. kg 0.5 0.5 0.5 0.5 0.5 0.5 0.5 2.3
Degree of protection (IP) as per EN60529
(IEC529)

IP 68  (tougher test conditions: 1 m water column;�100 h�)

Material: Measuring body
Bellows
Cable inlet gland
Cable sheath

Stainless steel 3)

Stainless steel 3)

Stainless steel / Viton
PVC

1) For load cell Z6FC3/10kg: � �0.1 %.
2) The values for linearity deviation, relative reversibility error and temperature effect on sensitivity are typical values. The sum of these values is

within the cumulative error limits laid down by OIML R60.
3) As per EN 10088-1

Options:
Ex‐protection designs as per ATEX 95: � II 2 G EEx ia IIC T4 or T6 (Zone 1) *)

� II 3 G EEx nA II T6 (Zone 2)
� II 2 D IP68 T80C (Zone 21) *)
� II 3 D IP68 T80C (Zone 22 for non‐conductive dust)
*)  with EC type examination certificate

(white)

(black)
(gray)

Excitation voltage (+)
(green)
(red)

(stranded
wire)

Excitation voltage (-)
Sense lead (-)

Measurement signal (+)

(blue)
Sense lead (+)
Measurement signal (-)
Cable shield connected
to enclosure ground

Cable assignment
(6‐wire configuration)

With this cable assignment, the
output voltage at the measuring
amplifier is positive when the
transducer is loaded.
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Installation aids, not included in scope of delivery (Dimensions (in mm; 1 mm = 0.03937 inches))
Note: All installation aids are made of non‐rusting material. The rubber parts of the ZEL are made of

chloroprene rubber.

Oscillating loading foot ZFP for nominal (rated) loads 5 kg...200 kg

H
ei

gh
t a

dj
us

ta
bl

e Direction of load

Steel

 60

69
 ..

. 7
5

 50 
Rubber

Z6/ZFP/200kg

Knuckle eye ZGWR (maintenance‐free) for nominal (rated)
loads 5 kg...1 t Force feedback ZRR for nominal (rated) loads 

5 kg ... 200 kgScrew and washer
are included in the scope of delivery

Z6/.../ZGWR

A
N

H
W

M

F

K
J SW

L

G

B
D

F1
G1

E1

a

G2
F2

w

E2

M1

M1

H
D

D

H

Z6/200kg/ZRR

Nominal
(rated)
load

ZGWR A B D F G H � J � K L M SW W N

5�...200 �kg Z6/200kg/ZGWR 16 8H7 24 36 48 9 12.5 16 5 M8 14 12 46

500 �kg Z6/1t/ZGWR 20 10H7 28 43 57 10.5 15 19 6.5 M10 17 14 53

1� t Z6/1t/ZGWR 20 10H7 28 43 57 10.5 15 19 6.5 M10 17 14 55.5

Nominal
(rated) load

ZRR D E1 E2 F1 F2 G1 G2 H M1 a w Depth

5�...200 �kg Z6/200kg/ZRR 16 30 30 65 85 46 77 M8 M8x30 80 �1.1 123 15

Nominal
(rated) load

Cone, conical pan ZK � C D E � U X

5�...200 �kg Z6/200kg/ZK 15 16 21 8.1-0.05 26

500 �kg Z6/1t/ZK 18 24 32 11-0.05 34

1� t Z6/1t/ZK 18 24 32 11-0.05 36.5

B1010-3.1 en HBM3
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Oscillating loading foot PCX for nominal (rated) loads 5 kg... 500 kg (Z6/PCX/500kg); 
1 set comprising 4 pieces Z6/PCX/500kg

AF = Across Flats

Angle: max. �5

Ø60
Ø50

69
 ..

. 7
5

Pos. 1, AF13
Pos. 2, AF17

64
 ..

. 7
0

Pos. 3, AF17
10

Spacer

* Tightening torque MA: 23 Nm (200 kg); 45 Nm (500 kg)
Gap A: In a load cell loaded with the nominal (rated) load, 

there should be a gap width 0.05 mm

15
31 66

10
0

65

14

155
200

22.5

Base plate / Mounting set for nominal (rated) loads 5 kg (Z6/ZPU/200kg) ... 500 kg (Z6/ZPU/500kg)

View from below

Gap A

79 82�0.1

*

Load application (Z6/...kg/ZPL;  Z6/...kg/ZEL ; Z6/...kg/ZK)

Pendulum bearing ZPL for nominal (rated) loads 5 kg...1 t

Z6/200kg/ZPL
Z6/500kg/ZPL
Z17/2t/ZPL (for 500 kg, large and 1 t nominal (rated) load

2 dust protection rings
included in ZPL scope of delivery

Fastening screw
included in ZPL scope of delivery

C
M

D
U
O

H

E F
T

Nominal
(rated)
load

Pendulum
bearing ZPL

� C D H M � O T E F � U FR*
(% of the

load)

smax**
(mm)

5�...200 �kg Z6/200kg/ZPL 20-0.2 45 89+0.6
‐0.8

M8 30 6.5 17 9 20D10 2.8 3.5

500 �kg Z6/500kg/ZPL 20-0.2 45 89+0.6
‐0.8

M8 30 6.5 17 9 20D10 2.8 3.5

1� t Z17/2t/ZPL 30-0.1 60 126.5 M10 46 8 22 14 30D10 2 7.5

* FR: Force feedback in N, with 1 mm lateral displacement
** smax: Maximum perm. lat. displacement with nominal (rated) loading

B1010-3.1 e nHBM 4
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Rubber‐metal bearing ZEL for nominal (rated) loads
5 kg...200 kg

For nominal (rated) loads 1 t

For nominal (rated)
load 500 t

A
B

FH

Z6/200kg/ZEL

C

D

E

G

K

H F

Z6/1t/ZEL

C
D

LE

A

B

Z6/1t/ZEL

A

F

C
D

LE

H

B

M
N

P R

Screws offset
by 35�

Correct installation position of the rubber‐metal bearing

Nominal
(rated)
load

ZEL A B C D E F G H K L M N P R FR* smax**

5...200 �kg Z6/200kg/ZEL 75 M12 12 40 79 �1.3 18.5 M8 SW17 19 - - - - - 163 3

500� kg Z6/1t/ZEL 80 M10 10 39 105
+2.1
-2.2

26 - SW27 - 20 120 100 9 60 400 4.5

1 t Z6/1t/ZEL 80 M10 10 39 117 +2.1
‐2.2

26 - SW27 - 20 120 100 9 60 400 4.5

* FR: Force feedback in N, with 1 mm lateral displacement
** smax: in mm, Maximum perm. lat. displacement with nominal (rated) loading
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Test-I SB Distance from 

wall  

Test-I PS Distance from wall 

430 rpm 3.26[m] 433 rpm 3.6[m] 

  

560 rpm 548 rpm 
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C Location of Model ship and Pictures of open
water area. Day-I



Test-II SB Distance from wall  Test-II PS Distance from wall 

430 rpm 3.26[m] 430 rpm 3.6[m] 

 
 

551 rpm 551 rpm 

  

77



Test-I SB Distance from 

wall  

Test-I PS Distance from wall 

430 rpm 3.26[m] 433 rpm 3.6[m] 

  

560 rpm 548 rpm 
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Test-III SB Distance from wall  Test-III PS Distance from wall 

420 rpm 3.26[m] 422 rpm 3.6[m] 

 

 

542 rpm 542 rpm 
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649.5 rpm 648 rpm 

 
 

730 rpm 730 rpm 
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Test-I SB Distance from wall 

420 rpm 0.8  [m] 

 

540 rpm 

 

540 rpm 
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D Location of Model ship and Pictures of open
water area. Day-II



Test-II SB Distance from wall  Test-II PS Distance from 

wall 

430 rpm 3.26[m] 431 rpm 3.6[m] 

  

561 rpm 550 rpm 
 

  

702 rpm 702 rpm 
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Test-III SB Distance from 

wall  

Test-III PS Distance from wall 

430 rpm 3.26[m] 432 rpm 3.6[m] 

  

551 rpm 548 rpm 
 

  

702 rpm 700 rpm 
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Test-IV SB Distance from wall 

431.5 rpm 0.8  [m] 

 

561 rpm 

 

700 rpm 
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Test-VI SB Distance from wall 

420 rpm 6.06  [m] 

 

542 rpm 

 

720 rpm 
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ICE-FREE AREA MEASUREMENTS 14.2.-15.2.2018 

 

The measurements of the ice-free areas of each test are presented in table 1 below. 

Measurements are calculated from each test picture, see figures 1-8. Small ice pieces 

are subtracted, and calculated total ice-free area is presented as black while the fast ice 

is white in test pictures. 

 

Ice free area measurements for each test in model scale 

Test 
Ice free area  

in m.sc 

# m2 

1.1 13.543 

1.2 8.967 

1.3 11.947 

2.1 0.554 

2.2 0.179 

2.3 9.384 

2.4 4.435 

2.5 9.634 
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E Ice Free Area at the end of each experiment



   
  

 

Test 1.1 

 

  

Figure 1. Test 1.1. Original picture on left and calculated ice-free area on right side. 
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Test 1.2 

  

Figure 2. Test 1.2. Original picture on left and calculated ice-free area on right side. 
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Test 1.3 

  

Figure 3. Test 1.3. Original picture on left and calculated ice-free area on right side. 
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Test 2.1 

  

Figure 4. Test 2.1. Original picture on left and calculated ice-free area on right side. 
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Test 2.2 

  

Figure 5. Test 2.2. Original picture on left and calculated ice-free area on right side. 
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Test 2.3 

 

Figure 6. Test 2.3. Original picture on left and calculated ice-free area on right side. 
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Test 2.4 

  

Figure 7. Test 2.4. Original picture on left and calculated ice-free area on right side. 
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Test 2.5 

  

Figure 8. Test 2.5. Original picture on left and calculated ice-free area on right side. 
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1 Sec 

5 Sec 
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F Bottom Video of Model Test Showing Ice Chunks
Clearance Time



10 Sec 

15 Sec 

96



20 Sec 

25 Sec 
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30 Sec 

35 Sec 

98



 

40 Sec 
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