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ABSTRACT

Propeller wake wash phenomena were investigated as a
means of clearing pack ice, as used during ice breaking
and ice management operations. Experiments were
performed to model the propeller wash and data were
collected to quantify the capacity of a propeller to clear
pack ice under a range of operating and environmental
conditions. The work focused on the interaction between
operating and environmental conditions using a central
composite experiment design with four factors: propeller
shaft speed, declination angle, initial ice concentration,
and distance to the ice edge. It was found that the propeller
shaft speed was the most significant factor and that
increasing propeller rotation speed increased ice clearing
most effectively. To clear ice far downstream of the
propeller, it was found that directing the propeller wash at
the water’s surface imparts more energy to the ice pieces,
causing them to travel farther.
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1 INTRODUCTION

Ships traveling in polar regions have traditionally been
outfitted with the conventional shaft and propeller
arrangement as a means of propulsion. Less conventional
propulsion systems, such as azimuthing podded
propulsors, which have the propulsor, shaft, and steering
gear housed in a single unit, enable increased vessel
maneuverability because thrust can be generated in any
direction as the propeller azimuths around a central
vertical axis. Although this technology has existed for
nearly two decades, there has been little research into the
use of azimuthing propulsors for ice management.
Assessments have been completed for iceberg
management operations off the Newfoundland coast which
evaluate the capabilities of physical management of
icebergs, including management techniques, current
practices at the time, and new developments in iceberg
management operations (Anderson et al. 1986; Crocker et
al. 1998).

Both of these papers have found that azimuthing thruster
wake was successfully used in practice for iceberg
management of small ice masses.
Full-scale ice management trials were conducted on two
vessels with azimuthing thrusters (Keinonen and Lohi
2000) and the results showed that it was possible to break
and clear ice with the propulsors’ wake and that precise
ice management could be achieved with this propulsion
system. Although this study does not specify ice coverage,
Keinon (2008a) reports that azimuthing thrusters were
able to create ice free channels in ice with thicknesses
ranging from approximately 0.10m to approximately
1.25m in 10/10th ice coverage. This study further explains
that when aided by another icebreaker to break up the ice
floes, the azimuthing thruster was able to clear up to
2.25m thick ice in 9/10ths coverage. The vessels used for
this study were a 25MW and a 15MW icebreaker,
however, the power required for ice clearing with
azimuthing thrusters is not reported. Studies that support
the use of podded propulsor wake as a means of ice
management include Nyman et al. (1999) and Keinonen
(2008b). In addition, a number of papers discuss the use of
azimuthing podded propulsors for ships operating in ice
covered waters, including Wilkman et al. (2006),
Hänninen et al. (2007), and Vocke et al. (2011).
Previous research has been conducted on the interaction
between ice and a podded propeller. This work focused on
the performance of the propeller while operating in ice
covered water (Wang et al., 2008), as well as ice contact
loads and cavitation effects on the podded propulsor (e.g.
Veitch, 1995; Akinturk et al., 2004; Wang et al. 2007;
Sampson et al. 2009). Additionally, propeller and ice
interaction has been studied in detail at model scale with
regards to the ice contact loads on propeller blades with
fairly accurate results when compared to full scale
operations (Spencer et al., 2001). A major question
previous research does not address is whether the propeller
can be used for more than just propelling the vessel. Some
ice capable ships have been designed to use azimuthing
propulsors not only for maneuverability, but as a means of
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ice management. However, there is very little information
available on how the wake wash phenomenon can be used
to clear ice.
Model scale experiments offer an effective means to
control important variables in the investigations of ice
management through the use of azimuthing propeller
wash. The focus of this study was on the interaction
between the propeller wake wash and pack ice cover with
the aim of gaining insight into the factors that affect the
effectiveness of a podded propulsor to clear ice.
2 METHODOLOGY

An experimental program was undertaken to study the
ability of a podded propulsor to clear ice under various
conditions. The factors varied were propeller shaft speed,
initial ice concentration, inclination angle of the podded
propulsor, and distance from the propeller to the ice edge.
Ice was modeled using pieces of polypropylene in order to
ensure consistency between experiment runs. Machine
vision tracking software was used to record the
movements of the ice pieces and to determine changes in
concentration. The thrust and torque were recorded for the
podded propulsor in bollard conditions, as the advance
speed was zero for each of the experiments.

operation. By rotating the pod 90 degrees from the typical
ahead operating condition, the effect of the ship’s stern
shape was minimized and the smallest distance from the
propeller to the ice edge could be reduced to 0.1 m. The
azimuthing angle was not changed during the experiments
and therefore remained at the 90 degree position. Figure 1
shows the pod unit in the as-tested condition (tractor mode
with 90 degree azimuth angle) viewed from the stern and
from the port side. Figure 2 shows the model installed on
the carriage.
2.3 Experimental Facility

Experiments were performed in the 90m ice tank of the
NRC-OCRE facility, as shown in Figure 3. A 4.0 m x 10.0
m pen was created mid-tank in order to contain the ice
pieces during experimentation. The pen boundaries were
constructed using 1”1” wire mesh that extended
approximately 40 cm below the water’s surface to limit
the influence of the mesh on the propeller wake wash. The
pen dimensions were chosen based on a review of wake
studies, which found that the propeller wake diminished
within a length of 50D, where D is the propeller diameter
(Johansson et al., 2006; Situ et al. 2010). This length was
validated with preliminary tests using a 200 mm diameter
propeller operated for 15 seconds.

2.1 Experimental Podded Propulsor

The podded propulsor used for this experimental program
was designed and built by the National Research Council
of Canada’s Ocean, Coastal, and River Engineering
(OCRE) facility for research involving podded propulsors
in ice (Liu, 2006; Wang et al., 2004). The unit was
outfitted with a 200mm propeller. This pod unit contains
dynamometers on the shaft to measure thrust and torque.
Additionally, there is a six-component global
dynamometer to measure forces and moments on the pod
unit in X-, Y-, and Z-coordinates. The drive motor for the
propeller is mounted above the global dynamometer and
the propeller shaft speed is measured from this. There is
an additional motor that controls the azimuthing position
of the unit. For the purposes of this program, the pod unit
was configured to measure propeller thrust, torque, and
shaft speed, as well as the Y-component of the global
dynamometer to allow for a secondary thrust
measurement. The X- and Z-components were not
acquired because the pod unit was not azimuthing during
experiments and therefore no loads would be experienced
in those directions.
2.2 Experimental Model

Figure 1. Pod Unit in As-Tested Condition

An Arctic icebreaker model was used for these
experiments as it was built to house the podded propulsor
unit. The pod unit was installed in the port side of the ship
model and a plug was installed in the starboard pod
housing to prevent water ingress.
The ship model was installed transversely in the tank with
the propeller wake flowing down the tank length. The
podded propulsor was operated in the tractor condition, in
which the pod unit is behind the propeller during

27

level while the remainder are at the center level (0).
Experiments at the center point are repeat experiments
with all factors at the center level (0) in order to provide
an estimate of experimental error (Montgomery, 2009;
Lye, 2011).
Table 1. Factors and Corresponding Levels

Model Scale
Level

Figure 2. Arctic Icebreaker Model Installed on Carriage

Low Axial
(-2)
Low Level
(-1)
Center Level
(0)
High Level
(+1)
High Axial
(+2)

RPS
(x1)

Incline
Angle
(x2)

Distance
to Ice
Edge
(x3)

Degree
of Ice
Cover
(x4)

5.0

-2.5 deg

0.1 m

15%

7.5

0 deg

0.4 m

30%

10.0

2.5 deg

0.7 m

45%

12.5

5 deg

1.0 m

60%

15.0

7.5 deg

1.3 m

75%

Full Scale (λ = 20)
Level

Figure 3. 90 m Ice Tank at NRC-OCRE
2.4 Experimental Procedure

An experiment design process was used to develop the test
matrix and a response surface was created using the
results. This process provides a means through which one
can identify the level of significance for the tested factors,
as well as any interaction effects.
Four factors were examined to determine their
significance in ice management operations using wake
wash. These four factors are presented in Table 1 with the
corresponding levels for model and full scale. For each
experiment, the propeller was run at the desired shaft
speed for 15 seconds, which scales to just over one
minute.
For this program, a four factor, central composite,
rotatable design (CCD) was used with six center points
and no replication. This experiment setup yields 16
factorial runs, 8 axial point runs, and 6 center point runs,
totaling 30 experiments to be performed. The central
composite design requires 5 levels for each factor—low
axial, low level (-1), center level (0), high level (+1), and
high axial. For a rotatable design, the axial levels are set to
(-2) and (+2) for the low axial and high axial levels,
respectively. The factorial runs consist of experiments in
which the factors are varied between a low level (-1), a
center level (0), and a high level (+1). The axial points are
tested with only one factor at a low (-2) or high (+2) axial

Low Axial
(-2)
Low Level
(-1)
Center Point
(0)
High Level
(+1)
High Axial
(+2)

RPM

Incline
Angle

Distance
to Ice
Edge

Degree
of Ice
Cover

67.1

-2.5 deg

2m

15%

100.6

0 deg

8m

30%

134.2

2.5 deg

14 m

45%

167.7

5 deg

20 m

60%

201.2

7.5 deg

26 m

75%

3 DISCUSSION OF RESULTS
3.1 Viscous Scaling Effects

When considering viscous effects, Verhey (1983) states
that if the propeller Reynolds number, Reprop, is greater
than 7.104x104 and the flow Reynolds number, Reflow, is
greater than 3.103x103, then the scaling effects due to
viscosity are negligible. This method of determining
viscous scale effects has been used in a number of recent
studies involving propeller wake decay (Situ et al. 2010;
Lam et al. 2010; Lam et al. 2011). The Reynolds numbers
are determined as shown in Equations 1 and 2.
Reprop
Reflow

n Dp Lm

(1)


Dp V0

(2)
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In these equations, n is propeller shaft speed, Dp is the
propeller diameter, ν is the viscosity, Lm is a length term
dependent on blade area ratio (Blaauw & van de Kaa,
1978), and V0 is the efflux velocity, or the maximum
velocity at the propeller face (Fuehrer & Romisch, 1977).
Lm and V0 are calculated as shown in Equations 3 and 4,
where β is the blade area ratio, N is the blade number, Dh
is the hub diameter, and Ct is the propeller thrust
coefficient.
Dh  
 
 Dp   2 N  1 

Dp  
 

Lm

V0

where n is propeller rotation speed, Q is propeller torque,
and ηs is the shaft transmission efficiency.
Pd

2 n Q s

(5)

1

(3)

1.59n Dp  Ct

(4)

The Reynolds numbers for both the propeller and flow
were calculated for each rotational speed. These results are
presented in Table 2. The flow Reynolds numbers are all
greater than Verhey’s value of 3.103x103. The Reynolds
numbers due to the propeller are larger than Verhey’s
value of 7.104x104 except at the two lowest rotational
speeds. The flow Reynolds number is considered more
significant than the propeller Reynolds number (Blaauw &
van de Kaa, 1978; Verhey, 1983; Hamill & Johnston,
1993; McGarvey, 1996; Hamill, et al., 2004).
Table 2. Viscous Scaling Effects
RPS

Reprop

Reflow

5

3.95E+04

1.15E+05

7.5

5.92E+04

1.72E+05

10

7.89E+04

2.30E+05

12.5

9.87E+04

2.87E+05

15

1.18E+05

3.45E+05

3.2 Pod Unit Analysis

Figure 4. Model Scale Bollard Pull Data
3.3 Ice Concentration Analysis

The measured response was the change in ice
concentration for specified areas in the ice field. Custom
software, developed by NRC-CNRC OCRE, was used to
calculate ice concentrations for the video acquired during
each test. For each video, a mask must be placed on the
video image such that bright areas are white and the
remainder of the image is black. The software then counts
the pixels that are white and divides by the total pixels in
the image to yield the ice concentration. The image
contrast can be adjusted to eliminate reflections from
being included in the white pixels.
In the response surface analysis, four areas were defined
that spanned the ice pen. Figure 5 provides a visualization
of the areas used in the analysis. In the actual analysis,
each rectangle was dimensioned as 0.65 m  4 m. The end
boundary of Area 4 was not defined at the actual pen
boundary because it was known that ice would accumulate
at the back of the pen. Because of this, it was possible for
ice to clear beyond Area 4.

Measurements from the pod unit included thrust, torque,
and shaft speed. The bollard condition data are presented
in model scale in Figure 4. The propeller torque is
multiplied by a factor of 10 in order to graph thrust and
torque on the same scale. The Y-component of the global
dynamometer was sampled as a redundancy to thrust. The
variation at higher propeller shaft speeds likely
corresponds to the dynamometer placement. The thrust
dynamometer is located at the hub and is therefore
measuring direct thrust from the propeller. The global
dynamometer, however, is housed within the model
causing flow over the hull and resistance on the pod unit
strut to affect the loads measured by the global
dynamometer.
Delivered power was calculated assuming a shaft
transmission efficiency of 1.0 (Kerwin and Hadler, 2010;
Hadler, 2011). The equation is shown in Equation 5,

Figure 5. Example of Analysis Areas
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The measured response for each defined area was the
change in concentration. The change in concentration was
not normalized as a percent change so that the initial ice
concentration could be identified as a significant factor,
where applicable, in the analysis. In the analysis, the
response for Area 1 is denoted as YR1; the response for
Area 2 is denoted as YR2; the response for Area 3 is
denoted as YR3; the response for Area 4 is denoted as YR4.
In Area 1, closest to the propeller, there is a significant
lack of fit in the analysis of variance model, indicating a
high residual value. The residual is the difference between
the observed response and the predicted response using the
regression model (Montgomery, 2009). The high residual
value seen in Area 1 is most likely due to the water
circulation near the pod unit. The expansion of the wake
plume in this area caused ice pieces that were cleared to
recirculate back into the area later in the test. Therefore,
the changes in concentration were not consistent for this
area, resulting in a significant lack of fit for the model.
In the analysis of Areas 2 and 3, it was determined that
propeller shaft speed and initial ice concentration were
significant factors in the analysis of variance model at the
95% confidence level. For Area 2, a square root
transformation of the data was used to satisfy the equal
variance assumption. The transformation is determined
using a power function, in which the standard deviation is
equal to the mean raised to a certain power, α. By
transforming the data by a value of 1-α, the data are scaled
to satisfy the equal variance assumption. While the lack of
fit is not significant for Area 2, the relatively high F-value,
which is a ratio of the lack of fit variance to the pure error
variance, of 3.37 suggests that there are somewhat
inconsistent changes in concentration, as seen in Area 1. It
would seem the recirculation of ice pieces influences the
change in concentrations, however, the influence is most
pronounced in Area 1. The resulting prediction equations
for Area 2 are given in Equation 6 in terms of propeller
shaft speed and Equation 7 in terms of delivered power.
In these equations, YR2 is the change in concentration for
Area 2, x1 is the propeller shaft speed (RPS), x4 is the
initial ice concentration (%), and x1p is the delivered
power.
YR2 1.18  0.37 x1  0.06 x4
YR2 1.06  8.67x1p  0.06x4

(6)
(7)

In the analysis of Area 3, it was determined that no data
transformation was necessary to satisfy the equal variance
assumption. As mentioned above, the propeller shaft speed
and initial ice concentration were determined to be
significant at the 95% confidence level. The resulting
prediction equation in terms of actual factors is given in
Equation 8 and it is shown in Equation 9 in terms of
delivered power. In these equations, YR2 is the change in
concentration for Area 2, x1 is the propeller shaft speed

(RPS), x4 is the initial ice concentration (%), and x1p is the
delivered power.
YR3
YR3

53.1  5.66 x1  0.55 x4
18.4  134.2x1p  0.55x4

(8)
(9)

Like Area 3, no transformation was necessary for the fit of
data in Area 4. At the 95% confidence level, it was found
that propeller shaft speed and model inclination angle
were significant. The resulting prediction equation in
terms of actual factors is given in Equation 10 and it is
shown in Equation 11 in terms of delivered power. In
these equations, YR2 is the change in concentration for
Area 2, x1 is the propeller shaft speed (RPS), x2 is the angle
of inclinations (deg), and x1p is the delivered power.
YR4 66.8  6.85 x1  2.0 x2
YR4 24.8  162.2 x1p  2.0x2

(6)
(8)

When using an analysis of variance model, three
assumptions are made. First is that the data follow a
normal distribution; second is that the variances are equal
for each sample; and third is that the experiment is
performed randomly. In order to verify the assumptions, it
is necessary to analyze the residuals. A normal plot of the
residuals that follows a straight line fit verifies that the
data are normally distributed. A plot of residuals against
predicted values must be uniformly scattered and a plot of
the residual against the run number must have no trend in
order to validate that the experiments were performed
randomly and that the assumption of equal variances is
valid. For each of the three responses, the assumptions
were validated by analyzing the residuals in the above
mentioned plots.
The three dimensional response surfaces are shown Figure
6. The plot for the Area 2 response is given in Figure 6-a,
Area 3 in Figure 6-b, and Area 4 in Figure 6-c. The two
dimensional contour plot is visible at the bottom of each
figure for each plot. The contour plots are developed by
holding two factors constant while varying the remaining
two. Since it was determined that only two factors were
significant for each area, those factors were varied over
the range from the -1 level to the +1 level, while the two
non-significant factors were held constant at their center
point values. For Areas 2 and 3, the range of change in
concentration was from 0% to a maximum of
approximately 50%. For Area 4, the range of change in
concentration was from -20%, indicating that ice
accumulated rather than cleared, to a maximum change in
concentration of approximately 30%.
4 CONCLUSIONS

The regions closest to the pod unit were the most turbulent
as the wake plume expanded outward from the propeller.
Because of this, ice pieces that cleared during the initial
stages of the experiment recirculated back into Areas 1
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and 2, causing scattered changes in concentration. The
effect was most obvious in Area 1, where the lack of fit
for the data in the analysis of variance model was
significant. This means that the results resemble noise and
this is a result of the scattered changes in concentration.
Although there was a similar effect due to recirculation of
ice pieces in Area 2, the influence was less than in Area 1.
The lack of fit was determined to be insignificant;
however, the relatively high F-value of 3.37 means that
the lack of fit variance is higher than the pure error
variance.
The analysis of Areas 2 and 3 showed that propeller shaft
speed and initial ice concentration were significant factors.
The coefficients of the Area 2 prediction equations
(Equation 6 and Equation 7) are small when compared to
those of Area 3 (Equation 8 and Equation 9). This is likely
due to the scattered changes in concentration, as described
above. In both equations, the coefficient for the propeller
shaft speed is greater than that of the initial ice
concentration. This reveals that the propeller shaft speed,
or propeller power, has the largest effect on how well the
ice is cleared. In both regions, the 3D contour plots show
that at the 60% initial ice concentration, approximately
half of the ice was cleared away at 7.5 RPS and nearly all
of the ice was cleared away at 12.5 RPS when the podded
propulsor unit was run at speed for 15 seconds model
scale. A similar result is seen when analyzing the 30%
concentration: the change in concentration at the lower
shaft speed is about half of the initial concentration and
nearly all of the ice is cleared at the higher shaft speed.
It was interesting to find that for Area 4, the model
inclination angle was significant, as well as the propeller
shaft speed. It is evident from the 3D contour plot and
from observation of the experiments that for low propeller
rotation speeds, there is a negative change in
concentration. The low propeller rotation speeds
correspond to less energy into the ice field, meaning that
ice pieces will travel at slow speeds and quickly lose
momentum through collisions with other ice pieces.
Because of this, as the ice pieces were cleared from the
regions closest to the propeller, the slow speed and loss of
momentum caused them to stop in Area 4, causing the ice
concentration to increase rather than decrease. At the
higher propeller speed values, the energy input into the
wake was higher, allowing the ice to clear out of Area 4
rather than accumulate. From the 3D contour plot in
Figure 6, one can observe that increasing the inclination
angle of the model increased the ability of the propeller
wash to clear ice by about 10% for the full range of
propeller rotation speeds. By increasing the inclination
angle of the model, the propeller wash is directed more
toward the water’s surface. This is believed to have
directed the strongest and fastest flow toward the ice
pieces, which increased the velocity and momentum of the
ice pieces, rather than directing it below the water’s
surface. This increased velocity and momentum caused the
ice pieces to travel beyond Area 4 rather than accumulate.

The distance between the propeller and ice edge was not
found to be a significant factor for the range investigated.
From the results of these experiments, it would seem that
the position of the ice edge relative to the ZFE and ZEF
has little effect on the ice clearing ability. It should be
noted that the recirculation of ice pieces seen in Area 1
and 2, as explained above, may have decreased if larger
distances between the propeller and ice edge had been
tested. By increasing the distance, the turbulent region of
the wake would have been in an ice free zone. Therefore,
positioning the ice edge in the ZEF may result in more
uniform clearing of all areas since there will be less
recirculation of ice pieces near the ice edge.
Although dynamic azimuthing angle was not studied, it is
believed that this factor may aid in reducing the
recirculation of ice pieces in the areas closest to the
propeller. It is expected that the length of the ice free
channel would be consistent with the non-azimuthing
experiments but the width of the ice free channel could be
expanded by using dynamic azimuthing to effectively
“sweep” the ice pieces away from the channel. Future
experiments could investigate the influence of this factor
on the ability to clear ice.
The results of the analysis show that the propeller rotation
speed is the most significant factor in using propeller wash
as a means of ice management. While high rotation speeds
can effectively clear ice with low initial concentrations,
the high speeds were also found to effectively clear the
higher initial ice concentrations. It was also found that to
effectively clear regions far downstream of the propeller,
directing the propeller wash toward the water’s surface
transfers more kinetic energy into the ice pieces, causing
them to carry their momentum farther downstream.
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