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ABSTRACT

The development of the new generation of podded ice
capable vessels have benefited enormously from experimental and full-scale hydrodynamic ice research. However, despite the broad international research performed
on this topic, only a small part of the effort has been applied to the modelling of cavitation during propeller ice
interaction. Whilst ice tanks model the contact forces
with good agreement, the level and influence of cavitation
during propeller ice interaction is often only assumed due
to the inability to scale atmospheric pressure during these
experiments. This paper gives the findings of the tests
performed in the Emerson Cavitation Tunnel examining
effect of performance of a podded ice class propulsor
operating in simulated ice conditions. The paper includes
in air milling analysis, which has been neglected in previous reports on this particular investigation (e.g. Sampson
(2011)). The paper describes the decomposition of the
propulsive components into open water, blockage, in air
milling and the hydrodynamic component of the milling
load in an attempt to understand the contribution of cavitation in the phenomena. Existing full-scale trials data of
propeller ice interaction are also examined. The results
show the presence of cavitation in full scale is in keeping
with the findings of the research.
Keywords
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1 INTRODUCTION

The design and construction of ice capable vessels is
currently undergoing rapid expansion. One of the more
fundamental design changes to icebreaker propulsion is
the introduction of the ice capable podded drive on double acting ships (DAS) as reported by Sasaki et al (2004).
The DAS concept is innovative; it is capable of driving
vessels, depending upon ice class, to advance through
level ice up to 1.5 m thick, at relatively even speeds of up
to 3 knots. This continuous advance minimises propulsor
ice damage by avoiding the usual “back and ram” manoeuvre that conventional shaft driven icebreakers must
perform but exposes the drive units to different design
limitations such as lateral pod loads and bearing loads.
Podded drives in DAS mode also operate in a lowpressure wake of ice covered flows, which increases the
likelihood of cavitation during ice blockage and ice mill-

ing of the podded propeller. Under these circumstances
the effect of cavitation during milling will be an important factor for the performance and design of podded
propulsors, especially as vessels are now commonly travelling only part of their voyages in ice and the remaining
in open water where the performance of the propeller or
lack thereof becomes key.
To meet these complex design conditions of low-pressure
ice interaction, designers rely on physical model testing to
make informed design decisions. However ice research
increases the complexity of contemporary hydrodynamic
research and is often only resolved with costly and complex full-scale ice trials with the focus on expected extreme design loads. Whilst ice tanks can model a more
representative ice cover scenario, which is suitable for
resistance and self-propulsion tests, they do not accurately
scale the static pressure at the shaft line and this remains
one of the numerous assumptions associated with the
model ice tank testing. Advances continue to be made,
both in the mechanics of model ice and the ability to
measure model scale ice loading more accurately. However, despite numerous advances there is still relatively
little published work into cavitation during in model scale
properly depressurised propeller ice interaction. As these
propellers are being pushed ever harder for more extreme
ice conditions, the hydrodynamic loading together with
the fatigue / extreme loads are now key to the success of
the new generation of ice capable vessels.
Model scale propeller ice interaction is a relatively new
field hindered by the development of a suitable ice medium. One of the first successful attempts at modelling ice
blockage phenomenon was Lindroos & Bjorkestam
(1986) who used a flat plate to represent an ice blockage
and commented on the change in open water efficiency.
This work was subsequently advanced by Shpakoff &
Segrecrantz (1986) who reported a drop in propeller loading as an ice blockage was moved away from the propeller; one of the first authors to comment on proximity. A
more detailed contribution to cavitation during propeller
ice interaction was that by Walker & Bose (1995) who
studied ice blockage phenomenon in a cavitation tunnel
for open and ducted propellers. Lusnik et al. (1995)
working on the same project showed that the decrease in
blockage proximity gave an increase in thrust and torque
loading for a propeller. The work supported the findings
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by Shih & Zheng (1992) who numerically modelled the
gap effect that was observed when the ice block proximity was reduced. The gap effect was caused by the reduction in inflow velocity to the propeller and resulted in
localised accelerated flow over the propeller blades and
an increase in performance. Minchev et al. (1999) introduced the first depressurised ice tests with artificial ice
blocks in the Emerson Cavitation Tunnel of Newcastle
University; the research studied cavitation effects on an
R-Class propeller however ice proximity was also included. The work was successful and subsequently expanded
by Atlar et al. (2003) to study a DAS tanker propulsor.
Whilst the proximity effect of an ice-blocked propeller is
somewhat of an axiom of cavitation, the effect of cavitation during the proximity phase has never been fully
addressed. Whilst useful ice research on podded propulsors continues such as Wang (2007), the effect of cavitation remains remiss. To address this shortage of
knowledge a systematic series of depressurised ice tests
were performed in the Emerson Cavitation Tunnel by
Sampson (2009) for both ice blockage and ice milling
conditions; Figure 1 shows the test in progress. The analysis of this work was recently expanded using a series of
in air milling tests by Sampson (2011). This paper describes the decomposition of the propulsive components
into open water, blockage, in air milling and the hydrodynamic component of the milling load in an attempt to
understand the contribution of cavitation in the phenomena.

Figure 1. Ice milling test showing the impact phase of
propeller ice interaction
2. IMPLMENTATION OF EXPERIMENT

The ice interaction tests were performed in the Emerson
Cavitation Tunnel (ECT); Table 1 gives the technical
specification of the facility. The ECT is a closed circuit
depressurised tunnel as shown in Figure 2; it is located
within the University of Newcastle. The ECT has a measuring section of 3.2 m x 1.2 m x 0.8 m; a contraction ratio
of 4.274:1 and is therefore considered a medium sized
facility. During recent years, numerous improvements to
the instrumentation equipment and measuring section
have taken place to increase the capabilities of the facility. In 2008, the tunnel was upgraded with the installation
of a new measuring section for more accessibility and
high speed capability, guide vanes, honeycomb and au-

tomated control system. The details of the upgrade can be
found in Atlar (2011)
The propeller and pod housing used in the experiment
was a 1:31.2 scale model from a DAS tanker – a 16 MW
azimuthing puller type podded drive, fitted with an ice
class propeller. The model propulsor was manufactured
using CNC; the propeller (P446) was manufactured in
hydronalium PA20 and anodized red, whilst the pod
housing and fin were manufactured in hard plastic. Figure
3 shows propeller P446, Table 2 gives the main particulars of the propeller.
To perform ice milling tests in the ECT a substantial test
rig was needed to withstand tremendous suction forces
whilst providing controllable ice feed rates into the propeller race. Figure 4 shows a schematic of the test-rig
setup used in the cavitation tunnel; full details of the setup
are given in Sampson et al. (2006).

Table 1. General particulars of the ECT
Test section (L x B x H)
Contraction ratio
Drive system
Main pump power
Impeller diameter
Maximum velocity
Absolute pressure range
Cavitation number range

3.10m x 1.22m x 0.81m
4.271
4 Bladed axial impeller
300 kW
1.4 m
8 m/s (15.5 knots)
7.6 kN/m2 to 106 kN/m2
0.5 (min) to 23 (max)

Figure 2. General arrangement of the ECT in 2007
Table 2. General particulars for propeller P446
Scale
Number of blades
Diameter
Pitch / diameter at r/R=0.7
Blade area ratio
Direction of rotation
Max. pod diameter
Strut chord
Strut span
Max. strut thickness

1/31.2

1/1
4

0.25mm
7.8m
0.692
0.540
Right
106.7mm
3.2m
220.7mm
6.62m
131.7mm
3.95m
51.3mm
1.54m
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Taking into account the restrictions imposed by the cavitation tunnel it was not possible to use conventional model ice such as EG/AD/S therefore a different approach
was used. Each stage of the process was first modelled in
isolation before the final milling tests were performed. In
this manner the process could be decomposed into component parts (assuming the interactions between each
component were a minimum) to start to understand the
process better. Standard open water tests were combined
with blockage tests using cast resin blocks to represent
the ice before impact; finally a Styrofoam based material
was used to simulate the milling component. The
Styrofoam was tested at Newcastle University Mechanical Engineering Laboratories and found to have a compressive strength of 170 kPa, similar to the compressive
strengths used in propeller ice contact model tests e.g.
with EG/AD/S ice. The intention of the experiment was to
model the hydrodynamic forces associated with ice interaction therefore the different failure mechanisms of uniform Styrofoam and brittle grain structured natural ice
were not considered and it was assumed that any discrepancies in the different failure mechanism did not affect
the water flow and thus the hydrodynamic components of
the experiment.
To meet the test matrix over 400 blockage tests using the
cast resin blocks were performed together with 80 ice
milling blocks and 6 in air milling blocks. The test matrix
comprised of 3 depths of cut (hi) and 4 cavitation numbers representative of full-scale milling conditions. The in
air tests were performed analogous to those by Wang et
al. (2005) to estimate the pure ice contact load without the
inclusion of any hydrodynamic properties. The test parameters are given in Table 3, whilst Figure 5 shows the
actual milling test setup.

The ice milling tests were performed as the final phase of
the propeller ice interaction experiment; they had significant hydrodynamic commonality with the earlier ice
blockage tests by Sampson et al. (2006). The previous ice
blockage tests were performed in a static condition analogous to open water tests at Reynolds numbers of approximately 1.0 x 106. The tests were non-destructive and
provided significant data over a wide range of test conditions. For the ice milling tests however, such a broad
range of parameters was not possible as each test lasted
only seconds and destroyed the test block. This aspect
imposed unavoidable limitations on the parametric variations possible during each test. In addition the ice milling
tests were performed at low J and therefore, did not satisfy the ITTC (2005) guidelines for propeller testing at Re =
1 x 105, however they were contemporary with the majority of published ice tank propeller tests, allowing useful
comparison.

Table 3. Test parameters for the experiment
Depth of cut (r/R)
Blade clearance in blockage (mm)
Milling Feed Rate (mm/s)
Tunnel speed [axial] (m/s)
Cavitation Number (σn)
Milling stroke

0.22, 0.33, 0.40
72 – 1
15
0.5 – 3.0
24 – 1
56 mm

The cavitation test parameters were set based on ECT
procedures. The dissolved-air content was held between
25 – 35 %; the cavitation number based on the rotational
velocity (n) was selected for practical convenience as
shown in Equation 1; performance coefficients are given
in Equations 2 ~ 3 and the Reynolds number is given in
Equation 4.

Figure 3. Podded ice class propeller (P446)

Figure 5. The test rig used in the experiments

Cavitation number

Figure 4. Test schematic for the experiment

Thrust coefficient
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Torque coefficient

KQ =

Q
ρn 2 D5

(3)

AE
Reynolds number

Re =

A0 nD 2
×
Z
ν

(4)

3 RESULTS AND DISCUSSION

From analysis of all aspects of the experiment a clear
description of the ice interaction process was obtained.
The description includes all aspects of the interaction
from the non-contact blockage to the full-contact milling
tests. The model however was limited to ice milling ranges of J = 0.006 0.26: The interaction began with the
test-rig positioned at 72 mm upstream of the propeller
(0.29 D). Each test therefore started from a non-uniform
flow condition with the same initial level of blockage.
With reduced proximity the wake between the ice and the
propeller became extremely chaotic and stalled. The
thrust and torque coefficients increased proportionally
with J and the level of blockage. The performance increase was due to the blades working in the top quadrant
of the propeller plane with a slower ice wake of the propeller disc which increased the local advance coefficients
and hence the lift at those sections. The performance
continued to increase for all depths of cut as the gap between the ice block and the propeller blades was reduced,
known as a ‘wall’ or ‘gap’ effect. Whilst the performance
during blockage was elevated by reduced proximity; it
was reduced with the onset of cavitation. The ice proximity dictated the level and nature of the blockage wake and
hence the level of cavitation present during blockage. The
severity of blockage loading was such that cavitation was
observed even at atmospheric pressure in model scale. A
reduction in cavitation number, gave a reduction in the
mean values of both the thrust and torque for all conditions tested. The presence of cavitation offset any performance gains for depth of cut and limited the performance
increase due to increases in J. Therefore at low cavitation
numbers the change in performance became insensitive to
changes in depth of cut. Further reductions in proximity
caused the propeller to impact the block and milling to
occur. This marked the transition from the non-contact
blockage to the full-contact milling and also the transition
between the 2 testing periods of the experiment.
As the ice block impacted the propeller, the mean performance typically dropped below the maximum non-contact
load at the X-axis impact point (Xpx). In cases where the
flow was accelerated but not cavitating (J = 0.26 0.36)
the blades appeared to momentarily stall, this was observed as a dip in the data. The torque increased above the
Xpx value due to additional contact forces, however the
thrust component fell below the Xpx value due to the
presence of cavitation. Below J = 0.26 cavitation caused
the performance to drop relative to Xpx for both thrust and
torque components, observed as a performance step in the
backbone curves. The propeller advanced into the test

blocks at a rate dependent upon pitch, speed of advance
and ice feed rate. The local contact geometry of the ice
across the span of the blade resulted in different angles of
attack for different radius fractions together with a reduction in pitch angle as the distance from the hub increased.
The part of blade, which was cutting the ice, was not
generating thrust but interacting with the test block contributing to a loss in performance.
A recess was cut into the block by the leading edge of the
propeller and the blades (apart from initial contact) removed ice proportional to the slippage of the system.
Each blade therefore worked in the shadow of the blade
ahead of it, described by Kotras et al. (1985) as blade
shadowing. As the reference blade entered the ice recess
a violent vortex cavity formed between the block and the
suction side of the blade. When the blade began milling
the sheet cavitation collapsed into violent cloud and mist
cavitation. The cavitation from the reference blade impacted the previous blade and once the blade exited the
ice recess the cavitation burst causing significant levels of
noise, vibration and damage.
The hydrodynamic component in milling comprised of 3
types of loads due to: ‘regular uniform flow’ on the unobstructed blades; ‘disturbed flow’ (turbulence and separation) due to ice wake and finally ‘discontinuous flow’
around the blades in contact with the ice. In addition to
the hydrodynamic components, crushed ice blocks and
small ice pieces together with the cavitation bubbles
formed a cloud behind the propeller, which modified the
loading still further. The mean performance was reduced
on average by 10% during milling, however the dynamic
load variation (extreme values) achieved 100% variation
of the backbone curve.
Changes in depth of cut due to the ice blockage and ice
milling at low cavitation numbers did not affect the thrust
or torque performances significantly during propeller ice
interaction. The propeller loading was therefore mainly
governed by the following four factors: strength of the
cavitation in the recess, propeller advance, the hydrodynamic performance of the blades outside of the ice recess,
and the strength of the ice being milled (as shown by
Searle et al. (1999a)).
Ultimately, cavitation was the dominant factor in the
interaction even when the Reynolds numbers were below
recommended levels. The change in cavitation number
showed as much dominance in the performance of the
propeller as the J value did. Based on the above observations and analysis, the propeller ice interaction process
was complex and totally interdependent on all of its component parts. In blockage, the performance of the propeller increased with a reduction in proximity, reduction in J
value and increase in depth of cut. At lower cavitation
numbers, all of the mean values recorded in the experiment showed a reduction in performance. However despite this reduction in mean load, the dynamic nature of
the signals increased by as much as 100% of the back-
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bone (mean value) of the oscillating curve. During ice
milling the performance was offloaded due to milling by
approximately 10% but similar trends were observed for
increase in depth of cut and reduction in J. This is an
interesting finding as the thrust deduction factor commonly used for icebreaking performance prediction varies
from approximately 0.04 at J = 0.0 to a high of approximately 0.20 for J = 0.8, depending upon the pitch to diameter ratio. This result is given by Harvald (1963) and
also during over-propulsion tests of a triple screw icebreaker by DeBord et al (1981).
However under low cavitation numbers the effects of
depth of cut became insensitive on the performance due
to the level of cavitation present. The performance in
milling under correctly scaled cavitation number was
therefore dependent upon J value and cavitation number.
At all stages the interaction was violent causing damage
to both test blocks and the model propeller. A sample of a
typical milling scenario for ice class propellers is given in
Figure 6, the KT and 10KQ performance plots are given
for both the highly oscillatory raw time domain data and
the backbone curves used in the analysis. The smoothing
function selected for the analysis was based on a Loess
type filter as given by Cleveland & Devlin (1988). The
analysis focused therefore on the mean change in the
performance rather than the extreme value distribution
more commonly used for structural design and fatigue life
assessment. Figure 6 shows the change in performance
for a typical propeller ice interaction event, the distance
between ice block and propeller was reduced (left to
right) from a blockage condition to full contact milling.
The magnitude of both KT and 10KQ increased with a
reduction in ice block proximity to the propeller. However once the leading edge of the propeller blade contacted
the ice the performance experienced a sharp drop as it
entered the impact zone (outlined with a box in Figure 6).
Once the tip of the propeller had made contact with the
ice the performance began to stabilise into steady state
milling. Inclusion of the raw time domain data in the
figure also highlighted the violent oscillatory nature of the
test data especially during the milling period, important
for fatigue load assessment. The ice milling experiment
was originally designed with propeller tip penetration into
the ice block being the most significant aspect of the
interaction. However based on the findings from a block
proximity analysis given in Sampson et al. (2009) it became clear that the impact zone between the leading edge
and full tip contact of the propeller blade was a significant
part of the interaction. The drop in performance during
the impact zone was dependent upon operating condition
and varied with depth of cut. In each of the previous ECT
ice milling tests the importance of the leading edge contact had not been established and the mechanism responsible for the performance drop was not studied due to the
exploratory nature of the previous tests. To understand
this effect, Figure 7 was re-plotted from data by Atlar
(2003) to provide reference data on the general trends
observed during the interaction and to compare the findings with the current work. In Figure 7 the KT and 10KQ

are given against both time (s) and block position (XB).
Beyond the initial contact with the ice at t = 14s the KT
curve fell below the maximum blockage load for the
duration of the test as shown in red. This loss in performance was due to the presence of severe cavitation generated by the milling process, the disruption in lift generated by the blades and the mechanical offloading of the
propeller from the ice contact.

Figure 6. Test results for the depth of cut study at σn =
4.0

Figure 7. Test results for the depth of cut study at σn =
4.1
The 10KQ curve exhibited a very different trend and increased above the maximum blockage load for the full
duration of the milling test. This increase is shown in
green on the figure and was consistent with the increase
in 10KQ due to the physical ice contact during milling.
Most of the test data presented by Atlar et al. (2003) experienced a sharp drop in performance once the blades
came into contact with an ice block, suggesting that it was
a function of the interaction. Atlar et al. (2003) suggested
the drop in performance could be to poor data sample
rate, however based on the systematic observations and
trends from the blockage test the effect is much more
likely to be a combined hydrodynamic / mechanical contact effect. The dip was generated from 2 possible scenarios, first an ice block pushes against the propeller
during milling, effectively offloading the dynamometer
shaft; this effect would be proportional to feed rate. A
faster feed rate would cause the torque load to increase
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and the thrust to drop, however both terms dropped by
similar amounts. The severity of the dip systematically
changed with advance coefficient, reducing from J = 0.26
to J = 0.0. This supports the idea that the performance
loss was a hydrodynamic effect.
To support this observation, Figure 8 and Figure 9 are
taken from the depth of cut study for J = 0.12 and σn =
1.6. In Figure 8 the impact zone for each condition has
been highlighted. The initial leading edge contact was
clearly defined and began earlier for the larger depth of
cut cases, the tip contact point was unclear due to the
level of cavitation however each occurred at block position XB = 92 mm. The depth of cut effect in the figure
was seen as an increase in non-contact performance before the damage zone. However as ice milling began, the
change in depth of cut did not cause a change in performance for KT, this was due to the violent level of cloud
cavitation present in the recess. In Figure 9 the 10KQ data
shows a similar performance increase in the non-contact
condition to KT, however in the ice recess there was a
proportional increase in 10KQ relative to depth of cut
caused by the presence of the ice torque. Also shown in
Figure 8 and Figure 9 is the equivalent open water result.
For KT plot, the milling load fell below that of the open
water load, this was due to the excessive levels of localised cavitation present between block and propeller.
However despite the levels of cavitation, the ice torque
load was sufficient to prevent the 10KQ curve from falling
below the open water curve.

into a more sustained but still violent milling and ice
discharge system. Analysis of the video and audio files
recorded during the experiment revealed an audible
`whoosh' sound as the blades struck the ice coupled with
a burst of violent cloud cavitation and ice debris in the
wake that varied for each hi condition, in keeping with a
performance drop.

Figure 9. Test results for the depth of cut study at 10KQ
J = 0.12 σn = 1.6

Figure 10. Sequential cavitation images for ice milling
at J = 0.26 and σn = 1.3

Figure 8. Test results for the depth of cut study at KT J
= 0.12 σn = 1.6
The performance drop as the blade made contact with the
ice was actually indicative of the blade stalling or experiencing severe flow disruption. The root cause of this
blade stalling is only too clear when considering Figure
10, which shows the violent cavitation patterns recorded
for a single milling event. The impact point therefore,
represented the most violent and audible part of the ice
interaction, the cavitation that had built up around the
blades in close proximity to the ice became violent cloud
cavitation combined with ice debris around the podded
drive. Very quickly the ice impact stabilised and settled

The results of the experiments in this paper can be used to
study equivalent full-scale data for similar recognisable
performance trends. For example in full-scale ice trials it
is commonplace to record shaft loads for a given time
period and analyse the data for propeller ice interactions.
Often the data is pure hydrodynamic non-contact propeller loads, however when an ice event occurs this data
creates load spikes in the time trace, which needs identification and assessment.
A common method adopted in such events is to take a
Fast Fourier transform (FFT) of the time signal such as
Browne (1998). A similar approach was taken on the
experimental data to begin to understand and calibrate an
FFT model. In this regard an FFT was taken for a complete ice event including approach, blockage, impact and
milling. Figure 11 and Figure 12 show the KT and 10KQ
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plots for J = 0.26 that have been overlaid with a global
FFT plot. Additional FFT sub-plots are included for
piecewise signal decomposition of blockage, impact and
milling.
For the KT signal in Figure 11 there were 2 main frequencies, the first at the blade rate frequency (118 Hz) and the
second at twice the blade rate frequency (236 Hz). Decomposition showed that the blockage phase exhibited a
frequency twice the blade rate frequency consistent with
an entry and exit load as the blade passed behind an ice
blockage. However as impact and steady state milling
occurred, additional harmonics developed for the blade
rate frequency due to ice contact and another higher frequency possible related to cavitation. Analysis of the
10KQ signal in Figure 12 showed a similar trend to KT.
The global FFT analysis of the 10KQ signal showed a
single large spike corresponding to the blade rate frequency. During the decomposition of the blockage impact
and milling no additional frequencies were detected, this
was consistent as the hydrodynamic and ice torque loads
were all dependent upon the blade rate. The decomposition found the ice milling frequencies to be the dominant
component of the 10KQ signal, consistent with the ice
torque load. A detailed spectral analysis of the milling
test was not possible using the current setup, this remains
an anecdotal study to decompose the loading further.

Figure 11. FFT ice interaction analysis for KT

Figure 12. FFT ice interaction analysis for 10KQ

To explain the response of the propeller thrust and torque
to the changing ice conditions, closer inspection was
given to the nature and characteristics of the propeller
hydrodynamics during ice conditions. Many researchers
such as Kotras et al. (1985) and Searle et al. (1999a)
describe resultant ice load models using arbitrary 2D
section vector plots. Remiss from each of these methods
was the influence of hydrodynamic components (blockage and proximity effects) and cavitation loads during the
interaction. It is therefore a generalisation to relate ice
loading to a 2D section to describe a global hydrodynamic model. Whilst this analogy of the resultant force position on the blade has provided a useful explanation of the
ice related loading, it does not consider cavitation. It was
therefore possible to start to update this method to include
the effect of cavitation.
As with many modern fixed pitch propellers, the tip of the
propeller used in the experiment was offloaded with a
reduction in pitch ratio at high radius fraction. With the
introduction of different local section geometry, the pitch
distribution ensured that the angle of attack was different
at each radius fraction with larger attack angles closer to
the hub than the tip. Therefore with the introduction of an
ice piece at the top of the propeller disc, a similar pitch
distribution was also present in the ice recess with the
more positive elements located at the lower part of the
recess and the less positive, or even negative elements, in
the recess near the top of the ice recess described by
Searle et al. (1999b). This effect was noticeable in the
experiments with the depth of cut = 0.22 r/R condition,
which had a small attack angle and therefore showed only
a small sensitivity to milling depth of cut.
Searle et al. (1999b) also gave a description of the ice
related loads for a range of J, and related them to 2D
sections as shown in Figure 13. Searle et al. (1999b)
showed it was possible for the resultant load change from
the pressure side under normal loading to the leading
edge and even suction side loading; this was used to explain ice performance relative to a benchmark open water
condition. As with the current work, Searle et al. (1999b)
provided uniform flow results with the findings of the ice
milling test at kinematically similar conditions. Depending upon the location of the milling performance curve
with respect to the open water curve, the location of the
resultant ice load was the only component identified as
being responsible for changes in the level of ice milling
performance. This works well if the resultant ice load
were the dominant load as in an ice tank, and no significant hydrodynamic interaction was present between ice
and propeller. In light of the experimental findings of this
paper, the effect of cavitation cannot be ignored for highly loaded conditions of low advance coefficient tests such
as are common during full scale ice milling.
Therefore based on the findings of the ice cavitation tests
it was possible to extend the resultant ice load scenario to
include hydrodynamic effects. The Searle model used the
resultant ice load to describe the change in milling load
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above or below an equivalent open water load. The loading was given for thrust and torque and a similar approach
is given here. The open water load was a useful comparison, however the imposition of ice changed the loading
not only for the blades in way of the ice block but also for
the ice-free blades too. This was observed from the
change in cavitation loading of the blades outside the
recess when the depth of cut was changed and also when
the feed rate was changed. The propeller showed tip vortex breakdown from stable to unstable filament for the
ice-free blades as a result of the blade in contact with the
ice.
Applying the approach by Searle et al. (1999b) to atmospheric ice tank results works well, however it is not valid
in a cavitation tunnel as the development of cavitation
changes the interaction significantly. Despite this Searle
et al. (1999b) related the entire loss in performance to the
resultant ice load. In this paper the correlation of uniform
and non-uniform flow results was extended to include the
hydrodynamic contribution relating to the development of
cavitation.
The first change in propeller performance was shown
systematically from the test as being a non-contact hydrodynamic load or proximity effect; this was shown to decay by approximately 10 % after ice impact (backbone
curve). However even when the propeller was ice milling, part of the load was a hydrodynamic proximity effect
which increased the performance. This effect varied with
the pitch and geometry of the sections that were in contact
with the ice. The pressure side of the propeller experienced the resultant ice load which, increased the thrust
and torque loads shown in tile (a) of Figure 13.

Figure 13. Resultant load diagram by Searle et al.
(1999b)
As the ice load moved closer to the leading edge due to
pitch unloading of the blade, there was a torque load but
the thrust load becomes insignificant (i.e. zero local lift)

shown in tile (b). This was observed in the performance
plot as there would always be a proportionally larger
torque load than for the thrust, relative to the open water
curve. It would also be possible for the ice load to move
around to the suction side completely and cause a loss in
thrust or a negative load depending on local pitch / geometry and the ice feed rate, this would commonly occur at
high J testing; with the results given most of the resultant
load was on the pressure side shown in tile (c). In addition
to the contact loads the removal of the ice pieces or ice
spall also contributed to an increase in performance due
to their viscous nature. Finally each section was prone to
the development of cavitation and had been seen occurred
on nearly every test. Whilst it is possible that in an ice
tank the resultant force could move around the back of the
blade, shown in tile (d), and cause the ice performance to
fall below the open water (high J), the loading for the
current low J tests was far more complicated as the contact and hydrodynamic loads were so inter-related. Indeed
Jusilla & Koskinen (1989a) and Jusilla & Koskinen
(1989b) reported that in some full scale measurements
lasting over a full winter season the blade bending load
effective on the back side of the blade was found actually
to give the maximum loads and being quite frequent,
especially at low or negative angles of attack. However,
under ice tank experimental conditions J = 0 was also
achieved by a reduction in carriage velocity, therefore
feed rate was small and for a working propeller ice removal per blade pass was also very small. So the resultant
flow may enter in on the pressure side at a large angle
however the ice is being rapidly milled for such a low
feed rate and the resultant load is on the leading edge,
which is a favourable scenario.
It is also noteworthy that in the research by Sampson
(2009) cavitation was shown to remove the effect of
depth of cut and be as influential as J value on the level of
performance. Therefore comparisons of changes in depth
of cut at low J for cavitation tunnel tests are not a suitable
method to describe the relationship between milling and
open water as they become insensitive. Therefore for the
results presented here the change in cavitation number
showed a far clearer picture and this differed from
Searle’s approach. Whilst depth of cut was closely tied in
with the ice strength and advance coefficient influencing
performance, changes in cavitation number for constant
depth of cut showed more clearly the change in hydrodynamic effects.
Using an equivalent open water curve as the benchmark a
series of milling tests were examined over a range of
cavitation numbers as shown in Figure 14.
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Figure 14. Mean Milling load at J = 0.26 and DOC = 0.33 r/R for σn = 3.0 (row 1), σn = 2.1 (row 2), σn = 1.6 (row
3) and σn = 1.1 (row 4)
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The results were constructed from the mean milling load
taken at XB = 0.12 m and J = 0.26. For the high cavitation
number (row 1), the milling load consisted of the resultant
load acting on or close to the pressure side of the blade.
The pitch distribution of the model propeller was small
and so little tip offload occurred. The resultant ice load
was considered the same for each consecutive J value.
The increase above the open water condition had a contact component, which was larger for the torque than for
the thrust. In addition to the contact load, the proximity
load and viscous spall ejected added to the performance
increase. With a reduction in cavitation number to σn =
2.0 (row 2) the performance for the thrust above the open
water benchmark halved with the equivalent torque component also dropping by a smaller margin. The only
change in the experimental set-up was a reduction in
cavitation number, which caused the flow breakdown
effects. This was again more sensitive to the thrust and
the results reflected this. A reduction in cavitation number
to σn = 1.6 (row 3) resulted in the performance at each
depth of cut condition becoming concurrent.
The ice load for this condition had not changed however
the thrust performance during milling was comparable to
the open water performance, whilst the torque load still
showed an increase in performance due to ice contact.
A final reduction to σn = 1.1 (row 4) resulted in the thrust
reducing in magnitude, well below the open water
benchmark with the torque component showing the same
equivalent performance as the open water condition. Any
positive contribution in loading due to proximity effect or
ice contact had been offset by the influence of cavitation.
The developed cavitation also affected the other blades
not in the recess, generating more tip vortex and cloud
cavitation on the other ice free blades. For this propeller
the trend of the milling performance curve was similar to
the open water curve. For the torque at σn = 1.1 (row 4),
the performance in milling was the same as the performance in open water.
The presence of cavitation had again offloaded the propeller in the recess. Therefore whilst the resultant ice load
model works well in an ice tank, in this paper, the cavitation effects were by far the more influential on the change
in load for representative milling conditions and additional terms are required even for a basic comparative analysis.
The ice and cavitation loads referred to above were
classed as inseparable hydrodynamic loading as reported
by Wang (2007). Further assessment of the loading required require knowledge of the ice-only load from in-air
testing of the ice milling and also the interaction loads
(such as inertia, added mass and fluid damping) together
with the loss in performance due to cavitation as given in
Newbury et al. (1994). From this last combination of
contributing factors to the force decomposition it was
possible to measure the ice milling load in isolation. The
data for this analysis was gathered in a follow-up study to
the main body of research conducted by Sampson (2011).
The test set-up was identical to the previous blockage and

milling tests except the dynamometer / test rig / tunnel lid
were not fastened in place but operated on their test stand
in air. This approach has been reported before, such as
Wang (2005) who conducted similar tests in an ice tank.
However given the ice sheet was floating during the tests
by Wang (2005) and that the dynamometer was pushed
down into the ice sheet to meet the required depth of cut
some deflection of the ice sheet occurred. For the
Styrofoam blocks in this research, this was not a problem
and each run was very repeatable, if not messy. Several
blocks were used to match the most common feed rate of
15 mm/s at 1770 rpm and 2000 rpm with the depth of cut
kept constant at 0.33 r/R and 0.4 r/R. Figure 15 shows the
test set-up for the in air condition following a run and
Figure 16 shows one of the in-air milling tests in progress.
A sample of the results for the in-air milling tests are
given in Figure 17 for the thrust and Figure 18 for the
torque. Like the conventional propeller ice interaction
loads the curves are instantly recognisable as a loss of
thrust from the ice block offloading the propeller shaft
and an increase in torque due to the mechanical ice contact loads. Despite the aerodynamic (loading) effects, the
loading in these figures is primarily a consequence of the
contact load.

Figure 15. Test set-up for the in-air milling test

Figure 16. An in-air milling test in progress
Based on the above, as the mechanical properties of the
model ice used were constant at 170 kPa, only the hydrodynamic loading (assumed 100% cavitation) remained
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once the other parts of the experiment were removed from
a typical milling result. That is milling load less the open
water, in air and blockage load. This now allows a quantitative analysis of the results to be performed to estimate
the effect of cavitation. A sample of the data was analysed
based on the findings of the mean loads for a milling test
at J = 0.26, DOC = 0.33 r/R and σv = 3.2 & 1.1. Owing to
the limited input data, the mean torque component was
used in the analysis as an estimate of the ice load.

Figure 19. Cavitation pie chart J = 0.26, χc = 0.33
σv = 3.2 (Left), σv = 1.1 (Right)
Table 4: Load components for ice milling as a percentage of the milling load

Figure 17. Thrust load from in air milling

Component
Open Water
Blockage
Ice
Cavitation
Inseparable hydrodynamic

σv = 3.2
77.6 %
10 %
3.2 %
0%
8.5 %

σv = 1.1
77.6 %
0.4 %
3.2 %
10.3 %
8.5 %

To reinforce the value of the current research a sample
from a relatively recent ice trial is given in Figure 20.
Like Figure 7 the torque and thrust contributions have
been coloured green and red respectively. Once the ice
impacted the propeller the resulting curves are analogous,
the torque shows an increase above the open water condition attributed to ice contact and the thrust shows the
same characteristic drop which has been shown to consist
of mechanical and hydrodynamic (cavitation) loads. The
results of this study are therefore able to start to develop
better ice contact models for performance, and more importantly to understand what contributes to the highly
oscillatory distributions of the thrust and torque.

Figure 18. Torque load from in air milling
Assessment of the torque load shows that the peak value
recorded during this condition was 10KQ = 0.30 and the
equivalent open water value for the same condition was
77.6% of this load, the maximum blockage load at Xpx
was 10%; there was no cavitation present; the ice loads
were 3.2% and the inseparable load due to hydrodynamic
effects was 8.5%. Finally, the cavitation number was
reduced to σn = 1.1, it was assumed that the ice load and
proximity effect were independent the performance loss
from the pure hydrodynamic component due to cavitation
was approximately 10% as shown in Figure 19 and Table
4.

Figure 20. Full-scale propeller ice impact
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4 CONCLUSIONS

A series of innovative series of depressurised propeller
ice interaction experiments have been performed for the
first time in a cavitation tunnel. This paper reported on
the further analysis of the earlier findings of the depth of
cut study for the ice milling phase of the experiment.
Samples of the results are introduced to highlight performance changes due to depth of cut and also the level of
cavitation present. Based on the analysis it was found
that:
•
•

•

•

•

•

•

Propeller ice interaction was highly dependent
upon operating conditions and cavitation.
From the limited study presented the KT and
10KQ experienced a performance dip as the leading edge began to make contact with the ice, the
impact zone was therefore important.
For the double acting mode condition (J = 0.26)
it was common for KT to drop below the maximum proximity value due to the level of cavitation developed in the ice recess. Conversely it
was common for the 10KQ load to exceed the
maximum proximity value due to additional ice
torque forces. Both of these findings were closely related to the level and severity of cavitation
present.
During ice milling the KT loads became insensitive to changes in depth of cut at low cavitation
numbers. The 10KQ results showed performance
relative to depth of cut however at low cavitation
numbers this dependency was also removed.
A cursory FFT analysis of the ice interaction
event data found the KT load to be proportional
to twice the blade rate frequency due to shock
entry/exit loads behind the ice block. For 10KQ
the FFT analysis showed the data to be proportional to the blade rate frequency with the component due to the milling load being the most
dominant term.
The in air milling analysis component of the experiment showed valuable contribution in further
decomposition of the ice milling loads. Further
systematic work is needed in this area.
Greater relevance should be given to the effect of
cavitation during propeller ice interaction research in particular the dramatic increase in unsteady and highly oscillatory loading caused by
it.
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