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a b s t r a c t

On the basis of the Computational Fluid Dynamics technique (CFD) combined with the overlap grid
method, this paper establishes a numerical simulation method to study the problem of ice-propeller
interaction in viscous flow and carries out a simulation forecast of the hydrodynamic performance of
an ice-class propeller and flow characteristics when in the proximity of milling-shape ice (i.e., an ice
block with a groove cut by a high-speed revolving propeller). We use a trimmed mesh in the entire
calculation domain and use the overlap grid method to transfer information between the domains of
propeller rotation calculation and ice-surface computing. The grid is refined in the narrow gap between
the ice and propeller to ensure the accuracy of the flow field. Comparison with the results of the
experiment reveals that the error of the hydrodynamic performance is within 5%. This confirms the
feasibility of the calculation method. In this paper, we calculate the exciting force of the propeller,
analyze the time domain of the exciting force, and obtain the curve of the frequency domain using a
Fourier transform of the time-domain curve of the exciting force. The existence of milling-shape ice
before the propeller can greatly disturb the wake flow field. Unlike in open water, the propeller bearing
capacity shows a downward trend in three stages, and fluctuating pressure is more disordered near the
ice.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

When ice breaks sailing in an ice zone, a ship's propeller will be
different than when sailing in open water. The brash ice will sink
below the hull and whisk in the front flow field, so brash ice will
interact with the propeller, and an impact load to the propeller will
be generated, but the propeller exciting forces can increase sharply
when compared the propeller milling ice working condition (Wang
et al., 2018). So, this paper focuses on the necessary research on the
exciting force of a propeller under this interference. As early as the
1960s, scholars around the world put forth the concept of propeller
exciting forces, and lots of them solve this problem by numerical
approaches. Exciting forces can be roughly divided into two parts:
bearing force and fluctuating pressure.

Starting with bearing force, Sasajima (1978) in Japan adapted a
fix quasi-steady approach to reduce the computational burden
while improving the accuracy in the bearing force. Jinming et al.,
(2003) used theoretical and experimental methods to calculate
the bearing forces and discussed the application range of the
theoretical method. Yanshou andWei (2006) used the perturbation
potential panel method to transform the propeller surface
(including blade hub and trailing vortex) into a series of discretized
hyperbolic quadrilateral panels and then solved the non-steady
numerical simulation in the time-domain by time-step iterations.
Lee et al., (2014, 2015) based on the principle of acoustic, adopted
air-filled rubber membrane and in marine propeller, and demon-
strate some approaches to reduce hull exciting pressure induced by
propeller cavitation. Sun et al. (2018); Wang et al. (2016) adopt
hybrid grid, predict the propeller unsteady bearing force of full-
scale KCS hull-propeller-rudder system in straight line navigation
and oblique flow Open access by employing RANS method and VOF
model. It is found that the propeller unsteady bearing force is
fluctuating periodically and the propeller thrust and torque fluc-
tuation coefficient peak in drift angle are greater than that in
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straight line navigation, and the negative drift angle is greater than
the positive. Dubbioso et al., (2017) investigate a twin screw pro-
peller's in-plane loads by two methods: URANS simulations and
simplified propeller theories, relationship between the motion of
model, the morphology of wake and the propeller develop loads
was assessed.

Regarding fluctuating pressure, Daquan (1980) improved the
computational model and determine the exciting sources,
including following the hull wake in the cavitation tunnel, and then
measured the fluctuating pressure in the working condition of
cavitation. Huse and Guoqiang (1982) systematically researched
the fluctuating pressure between the hull and free surface, and
presented a newmethod to estimate fluctuating pressure involving
a free surface and fixed-wall factor. Using the commercial FLUENT
software, Watanabe et al. (2003) adapted the Singhal full cavitation
model. They calculated the hydrodynamic performance of two
kinds of propellers: with and without cavitation. The fluctuating
pressure induced by the propeller and the pattern of cavitation in
the blade corresponded well with experimental results.

We first define milling-shape ice as an ice block with a groove
cut by a high-speed revolving propeller, as shown in Fig. 2. The
milling groove is highly fitted with the blade surface.

This paper will use the CFD method to calculate the propeller
exciting forces induced by the milling-shape ice, viscous fluid
mechanics and the overlapping grid method were mainly used in
the all computational process, by analyzing the propeller exciting
forces frontally induced by an ice block. The main work of this
paper can be summarized as following:

1. Calculate the thrust and torque coefficient of the propeller in
conditions of open water and ice interaction, and then compare
them with experiments and verify the accuracy of this paper's
numerical computation method.

2. Simulate the propeller exciting forces, which contain bearing
force, and fluctuation pressure, when milling-shape ice in-
fluences the propeller. Bearing force will be compared with
different advanced coefficients, and in working conditions with
and without ice blocks. Fluctuation-pressure curves will be
obtained and compared, and their development law will be
explored.

2. Overlap grid method

Steger et al. (1983) came up with the overlap grid method,
whose most outstanding feature is that it can divide a complicated
flow field domain into some simple subdomains according to re-
quirements. Each generated subdomain will exchange data to
transmit the field's information in the overlap grid (always on the
boundary of the subdomain). It offers a significant advantage when
dealing with problems in which some subdomains move relatively
greatly and generate unsteady interference.

The ultimate goal of overlapping grid is to establish the coupling
relationship of each overlapping region and providing the conve-
nience of information transmission in each calculational sub-
domain. Just as Fig.1 shown, note of grid 1 which locatedwithin the
wall of grid 2, will be deleted and labeled as “hole note”, this kind
note will not participate in the flow calculation; note adjacent to
“hole note” is called as “hole boundary note” (shown as quadrate
note in Fig. 1), and “hole boundary note” will adopt the flow field
information of grid 2 by interpolating method. Also, the boundary
notes (shown as circular note) of grid 2 will adopt flow information

of grid 1 by interpolating accordingly. Grid between “hole boundary
note” of grid 1 and boundary note of grid 2 can be regarded as
overlapping region.

3. Calculation model of iceepropeller interaction

3.1. Establishment of the geometric model

Using as a prototype the four-blade Reclass propeller of the
1200 series used on Canadian coast guard icebreakers (Ye et al.,
2017), the research group designed propeller ice-class I as a pro-
peller model with similar performance to the Reclass propeller.
The main parameters are given in Table 1.

The model ice is hexahedral and has a milling shape on certain
surfaces (see Fig. 2) (Chao et al., 2017). The ice surface near the side
of the blade has a sweeping profile that enables the leading edge of
the blade to rotate into the model ice and mill it. All lateral surfaces
have a rectangular shape. The piece of ice is placed in the flow field
in front of the propeller. The iceepropeller interaction model is
shown in Fig. 2.

This paper aims to simulate the propeller-exciting forces when
the ice is milled by the high-speed revolving propeller. It is difficult,
however, to simulate a milling working condition because it is hard
to program the impact problem in commercial CFD software. To
address this issue, we set a narrow gap (0.025D) between the ice
block's milling shape and the blade. It is an instantaneous condition
when the milling-shape ice is close to the blade. In this paper, we
ignore other working conditions and focus on the hydrodynamic
performance calculation at this exact moment. The definition of the
ice-propeller distance DA is shown in Fig. 3, where DA is the axial
distance between the blade roots and ice milling surface, and DR is
the radial distance between the center of the propeller and the ice.
The length, width, and height (LWH) of the ice are D, D, and 0.2D,
respectively, where D is the diameter of the propeller.

In the rest of this paper, DA and DR have default values of 0.025D
and 0.375D, respectively.

3.2. Calculation domain and its grids

This paper studies hydrodynamic performance problems
encountered in the outward flow field, so hypothetically, an infinite
outward flow field is established. We use the SST k-u turbulence
model for turbulence closure, and we argue that this boundary
(which we call the outward flow field) has no effect on the pro-
peller. The specific calculation domain and boundary definitions are
shown in Fig. 4 (a), and Fig. 4(b) shows the coordinate system of this
paper case. The calculation domain of the outward flow field is a
concentric cylinder with a propeller that contains two pieces of the
calculation domain. The first is a hexahedron that wraps around the
model ice. This area is defined as the calculation domain of the flow
field around the ice (which we call the ice flow field). The second is
a small concentric cylinder with a propeller. This area is defined as a
rotating calculation domain of the flow field around the propeller
(which we call the rotating field). The ice flow field and rotating
field partially overlap.

The ice and propeller surfaces are defined as impenetrate and
not as having a slipping wall boundary. The outward flow field
boundary does not consider a viscous effect, so it is defined as a
moving wall. The rotating field contains the propeller, so the local
coordinate system is established in the rotating field. The propeller
rotates around a negative x-axis at an angular velocity of 600 rpm.
These three areas adopt overset (overlapping grid) boundary

C. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 294e306 295



conditions.
The ice and propeller surfaces are set as three-layer grids, whose

total thickness is about 0.4 mm, to monitor the flow field of the
boundary layer. The nondimensional distance from the first layer of
the grid to the body surface y þ ranges from 10 to 100. The flow
field is set as a partial grid refinement. The grid refinement of the
ice and propeller surfaces and the management of the iceeblade

gap are shown in Fig. 5.
The grid of the entire calculation domain consists of about 13.8

million cells. The configuration of the calculation domain meshing
is shown in Fig. 6.

3.3. Analysis of mesh convergence

We chose three sets of models with different numbers of cells
(5.5 million, 13.8 million, 20.1 million) in the calculation process.
For each set of numerical mesh models, there are five ice-propeller
distances ranging from 0.005D to 0.15D. In this part of the process,
we calculate only the thrust coefficient Kt of those sets of mesh
models and compare these calculations with the experimental
results.

From Table 2, the error between computational and experi-
mental results is greatest when themesh number is 5.5million, and
the error decreases as the mesh number increases to 13.8 million,
and again to 20.1 million. This error can be explained as follows:
when the mesh increases, the number of iterations in the CFD
software increases as well, and errors in the computational process
also add up. So, it is incorrect that the higher mesh number, the
more accurate the computational results. Therefore, it will be
necessary to fit the mesh numbers in the CFD process. In this paper,
we regard a mesh number of 13.8 million as a good choice.

Fig. 1. Overset mesh of two interactional $bodies.

Fig. 2. Propeller after encountering milling-shape ice.

Table 1
Geometric parameters of ice-propellerⅠ.

Diameter (m) 0.2

Number of blades 4
Pitch ratio 0.78
Hub diameter ratio 0.3
Propeller area ratio 0.67
Rake angle (�) 10

Fig. 3. Definition of spacing between ice and propeller.
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Fig. 4. Calculation domain and coordinate system.

Fig. 5. Mesh of propeller surface and ice model.

Fig. 6. Mesh of calculation domain.

Table 2
Ktx computational result with different mesh cell numbers.

Gap distance (mm) 5.5 million 13.8 million 20.1 million Experimental result

1 0.35 0.406 0.42 0.37932
5 0.28 0.301 0.315 0.29129
10 0.24 0.264 0.27 0.25702
20 0.23 0.258 0.263 0.25596
30 0.228 0.256 0.26 0.255
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4. Analysis of iceepropeller interaction

4.1. Iceepropeller interaction test

The model test intuitively reveals the change rules of propeller
hydrodynamic loads and propeller performance under
iceepropeller interaction conditions. This method of model testing
supplements and ensures the accuracy of the existing research on
theoretical prediction and numerical simulation.

Our research group conducted a series of tests of propeller hy-
drodynamic loads under iceepropeller interaction conditions in a
large-scale circulating water channel at Harbin Engineering Uni-
versity (as shown in Fig. 7), adopting propeller ice-class I as its
model (shown in Fig. 2 before). This test supports and verifies the
feasibility and accuracy of the numerical simulation method of ship
propellers in icy regions.

4.2. Verification of calculation method

The comparison of test results and computational results of Kt
and 10Kq in varying proximities of ice are shown in Fig. 8. It is
evident that the viscous flow calculation results based on the
overlap gridmethod exhibit the same trend as the test results. From
the curves in Fig. 8, when the spacing between the ice and blade is
less than 0.05D, then KT and 10 KQ increase significantly, and KT and
10 KQ are much bigger than the spacing in open-water conditions.
This result mainly is due to the boundary effect that occurs when
the ice is close to the blade at certain extents. The increasing flow
velocity between the ice and blade and enlarging unsteady inter-
ference eventually cause an increase in thrust and torque. When
spacing is larger, however, KT and 10 KQ basically remain stable and
are greater than in open-water conditions, but they do exhibit a
slight increasing trend as distance decreases. The blockage effect of
ice on the flow field in front of the propeller reduces inflow velocity
so that the propeller is working under conditions of lower inflow
velocity.

As shown in Fig. 8, when the iceepropeller spacing is more than
0.015D, the method used in this paper has greater prediction ac-
curacy. The calculation error is less than 5%, so we can regard this
method as meeting the demands of practical engineering. Predic-
tion error increases somewhat, when the iceepropeller spacing is
less than 0.0015D. The simplified handling of the boundary layer
used by the viscous flow calculation and the quality and density of
the grid between the ice and propeller will significantly influence
the ability to capture the details of the flow field and transfer data
in the region. Generally, a CFD calculation based on the overlap grid

method has great applicability and prediction precision for solving
iceepropeller interaction problems.

4.3. Unsteady propeller exciting forces

4.3.1. Bearing forces
As stated in section 3.1, the working condition of this paper is

the instant when the propeller nearly goes into the milling ice and
an exciting force is obtained. In other words, the long, steady pro-
cess imitates a single moment in an unsteady process. Thus, the
distance between the ice and propeller is so narrow at 0.02D that it
can be viewed as that moment. We select three working conditions,
J¼ 0.2, 0.4, and 0.6, in the computational process; after a “long”
time, the interaction between the ice and propeller can be viewed
as a periodic process. So, to save working time, only a few steady
“long” periods are chosen for analysis. We will calculate six bearing
force components in the unsteady working condition.

In the process of nondimensionalizing the propeller's thrust and
torque, we find that the thrust and torque coefficients in the Yand Z
directions are small quantities when compared with the co-
efficients in the X direction. So, we will emphasize the analysis of
the development law of Ktx and 10 Kqx. Their variation tendency
remains the same regardless of the working conditions (J¼ 0.2,
J¼ 0.4, and J¼ 0.6), so one working condition is sufficient to ex-
press the development tendency. Fig. 9 shows time domain curves
of Ktx and 10 Kqx when J¼ 0.2.

This paper adopts ice-propeller I, which has four blades to
calculate. Thus, from Fig. 9, we can see that the period of the key
blade is four times the propeller's period. In the rotation process,
the bearing forces increase remarkably when any one of its blades
rotates through the high-wake zone, so the ice-blockage effect is
the same as the single-peak wake effect. Comparing the thrust and
torque of the key blade with the whole propeller, their maxima and
minima will appear in the same rotation position. Thus, we can
conclude that any blade that rotates into the high-wake zone will
play a leading role in increasing the thrust and torque of the whole
propeller.

The water flows in the positive X direction, so the thrust co-
efficients Kty in the Y direction and Ktz in the Z direction will
obviously be much less than Ktx, this can be reflected in Fig. 10.

Fig. 11 shows the time-development law of Ktx, 10Kqx, Kty,
10Kqy, Ktz, and 10 Kqz with different J, and the dash lines are their
average values. From Fig. 11, we can know that with the increase of J
from 0.2 to 0.6, Ktx and 10Kqx will decrease, this trend can be
consulted from the characteristic curves of open-water propeller;
while with the increase of J, Kty, 10Kqy, Ktz and 10Kqz will increase
too, from the velocity triangle in the blade's r-Radius section
(Fig. 12), we can see when J or VA increase, ak will decrease, so dLt
(the projection of dL) will increase, and obvious dLt is direction to
Kty or Ktz. The average value of each curve in Fig. 11 were drawn as
Table 3, and further, a bar chart was drawn in Fig. 13 according to
Table 3 here we can see that with the increasement of J, 10Kqy and
10Kqz will increase too, this is because the blocking effect of ice will
be intensified, therefore the imbalance of up-down and right-left
flow field in Fig. 14 were enhance, so the side moment increased.
What's more, Kty and Ktz are very small when compared with Ktx,
but if see from the point of side torque, 10Kqy and 10Kqz is very
considerable, and the variation trend of 10Kqz with increasement
of J is very distinct.

Fig. 14 is the ice-propeller side view, and the rotation direction is
shown. Fig. 15 shows the thrust and torque development law of a
single blade in a period. The load-change tendency of a blade can be
divided into two parts consisting of an increase in the front part
followed by a decrease in the latter part. From the divide of Fig. 15,
the blade is first located beside the ice-flow region, and then theFig. 7. Horizontal circulating water channel.
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Fig. 8. Comparison of thrust and torque coefficient with varying proximity.

Fig. 9. Unsteady calculation results of bearing capacity.

Fig. 10. J¼ 0.2 Comparison of Torque coefficient.
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thrust and torque of the blade will increase sharply and reach a
peak when the blade rotates into the flow region. The thrust and
torquewill maintain or fluctuate along the peak for a time, and then
they will decline quickly because the blade starts to roll out of the

ice-flow region. In the third stage of Fig. 15, the thrust and torque
decline rate will not be as sharp as in the second phase, and both
will become relatively gentle. From the final decrease stage in
Fig. 15, it can be explained that when the key blade rotates out of

Fig. 11. Time domain change image of Ktx、Ktz、10Kqx and 10Kqz.
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the ice-flow region, a latter blade will rotate into this region. This
rotation will cause great disturbance in the flow field, influencing
thrust and torque. Finally, the former blade rotates away from the
ice block, causing few disturbances to the flow field, and the thrust
and torque will continue to decrease sharply to minima. The latter
blade then will the take the place of the former blade in the initial
position; thus, the entire sequence occurs periodically. Therefore,
the bearing forces of the propeller will show a three-stage decline,
demonstrating a remarkable difference between this paper's case
and open-water working conditions.

When the J¼ 0.2, we use FFT with the thrust coefficients Ktx,
Kty, and Ktz and torque coefficients 10 Kqx, 10 Kqy, and 10 Kqz.
Fig. 16 (a) shows the frequency domain curve of Ktx after FFT, and
Fig. 16 (b) is the corresponding curve for 10 Kqx. From Fig. 16, we
see that a higher-order fluctuation peak of blade frequency (BPF),
such as 2BPF or 3BPF, is still too large to be ignored, unlikewhen the

iceepropeller distance is large at which time the blade frequency-
fold peak declines sharply. We know there are ice-blocking effects,
and these effects may cause an unbalanced force in the propeller,
increasing high frequency-fold peaks.

All the thrust coefficients Ktx, Kty, and Ktz, and torque co-
efficients 10 Kqx, 10 Kqy, and 10 Kqz will use FFT for three J. We
obtain the blade frequency-fold peaks, which are listed in Table 4.

We know from Table 4 that no matter the thrust or torque, their
components in the Yand Z directions are no longer small relative to
the X direction, so the ice propeller's strength in these three di-
rections is more demanding. When the J increase, the frequency
and frequency-fold peaks will decline in the X direction and in-
crease in the Yand Z directions, which is consistent with the change
laws of thrust and torque coefficients in the time domain. This
result also can be explained by the attack angle between the pro-
peller section and flow.

4.3.2. Propeller-induced fluctuating pressure
There are four monitoring points, P1, P2, P3, and P4, in the

propeller disk. As Fig. 17 shows, their respective coordinates are (0,

Fig. 12. Velocity triangle diagram of leaf profile.

Table 3
Average of each bearing forces.

J Ktx Kty Ktz 10Kqx 10Kqy 10Kqz

0.2 0.35994 0.04283 0.01283 0.43976 0.07601 0.34363
0.4 0.28757 0.04826 0.01519 0.37346 0.10005 0.39543
0.6 0.23143 0.0554 0.02557 0.31839 0.11008 0.50532

Fig. 13. Average values of each bearing forces.

Fig. 14. Blade location.
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0.15m, 0), (0, 0, �0.15m), (0, �0.15m, 0), and (0, 0, 0.15m).
The rotation period of an ice class propeller is 0.1 s. It has four

blades, so the theoretical period of propeller-induced fluctuating
pressure is 0.025 s. The computational case adopted in this paper
will converge after about 0.3 s. For convenience, we select only two
periods (1.5 s and 1.55 s) for analysis. In the process of non-
dimensionalizing fluctuating pressure, we use the formula Kpi ¼

Pi
rn2D2, where Pi is the fluctuating pressure of point i (i¼ 1 to 4), r is

fluid density, n is propeller rotation speed, and D is diameter. In the
following part, fluctuating pressure will be called for short KP.

To better compare the milling-shape ice working condition and
the open-water propeller, their fluctuating pressure curves in four
points are drawn in Fig. 18. The solid and dotted lines, respectively,
represent the open-water working condition and the milling-shape
ice propeller. Their computational parameters are almost the same
when we select J¼ 0.4 for both conditions. Their difference is
shown as the shaded part in Fig. 18. From these four pictures, weFig. 15. Ktx and 10 Kqx change of key blade.

Fig. 16. Ktx and 10 Kqx curves in frequency domain when J¼ 0.2.

Table 4
Leaf frequencies of bearing force component coefficient at each advance.

J BPF 2 BPF 3 BPF 4 BPF

Ktx 0.2 0.03388 0.0077 0.01276 0.0017
0.4 0.024444 0.00537 0.00808 0.00257
0.6 0.03167 0.00446 0.00167 0.00233

Kty 0.2 0.00819 0.00194 0.00291 0.00128
0.4 0.00922 0.0036 0.00175 0.000427
0.6 0.01575 0.00326 0.00203 0.000375

Ktz 0.2 0.01794 0.00232 0.00301 0.000511
0.4 0.00735 0.00268 0.00215 0.00046
0.6 0.02135 0.00255 0.00155 0.000652

10 Kqx 0.2 0.03002 0.0098 0.01234 0.00318
0.4 0.02299 0.00611 0.0074 0.00355
0.6 0.02958 0.00514 0.00165 0.0029

10 Kqy 0.2 0.16295 0.01927 0.01351 0.00632
0.4 0.14419 0.03763 0.01042 0.00218
0.6 0.20665 0.03759 0.00892 0.00357

10 Kqz 0.2 0.09637 0.01132 0.03365 0.00663
0.4 0.08694 0.01219 0.0206 0.0082
0.6 0.13464 0.00227 0.01453 0.00843

Fig. 17. Position of fluctuating pressure monitoring points.
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Fig. 18. Contrast between milling-shape ice and open-water working condition.
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see that P3 and P1, respectively, have the minimum and maximum
shadows, in P1 point, their difference value of KP can even reach up
to 27 times of open-water working condition; while in P3 point,
different value of KP always keep in a small quality. If ranked
different value of KP from large to small, we have P1>P4>P2>P3.
Note that in the crest and trough of the solid line, the corresponding
dotted line will vary sharply at all four points. The curve for the
milling-shape ice working condition has a sudden change in the
rotation phase positions of 0�, 90�, 180�, and 270�, all correspond-
ing to the blade rotating in the center of the ice block, illustrating
that ice interacts strongly with the propeller and that the gap be-
tween the ice and propeller play an especially important role. The
fluctuating pressure curves of points P2 and P4 are also remarkable
in that the shaded part of P2 is always below the solid line whereas
P4 is above it. Thus, we can conclude that the ice block will have a
different influence on P2 and P4, with P2 and P4 obtaining negative
and positive speed increments, respectively. There may be a low-
pressure area in the gap between ice and propeller, accelerating
P2 and decelerating P4.

In the research of fluctuating pressure, the frequency-domain
development law is also important. So, the fluctuating pressure
curve of open-water and themilling-shape ice propeller are used in
an FFT. In Fig. 19, the frequency domains of the two working con-
ditions are drawn separately for clarity. More small peaks are
generated between blade frequencies in milling-shape ice, and the
peaks do not strictly rank from high to low as in the open-water
condition.

To better compare these differences, the frequency-domain
curves of four points are drawn together in histogram in Fig. 20.

In Fig. 20, the black bar refers to the open-water working con-
dition and the red bar refers tomilling-shape ice of paper case. Four
points are listed independently. The difference between the black
and red bars shows the difference caused by an ice block in the
frequency domain. The four points P1 to P4 vary significantly in the
frequency domain. P1 has the maximum BPF. It can reach to even
twice the open-water working condition, so the region over the ice
block will suffer a greater effect compared to open-water condi-
tions. The P2 and P3 curves develop much more similarly, which
can be explained by the fact that they are on the left side of the
propeller, which rotates clockwise, and they see little influence in
the flow field compared with P1 and P4. Point P4 is unusual in the

frequency-domain curve because it has a maximum peak in 5BPF.
In other words, a high-frequency fluctuating pressure component
exists that frequently affects the P4 region.

The propeller-induced fluctuating pressure will generally show
an irregular change curve because of the existence of the milling-
shape ice. A high-frequency fluctuating pressure component will
be near the ice region, which will harm the hull in realistic
propeller-hull configurations, and the resonance phenomenon can
easily occur in certain circumstances. This merits attention during
the design of the ice breaker and its propeller.

5. Conclusions

This paper uses the overlap grid method to study the exciting
force induced by the propeller after milling-shape ice. Our con-
clusions follow:

1. The computational results in this paper are achieved by a
calculating viscous flowmethod based on an overlap grid, and it
accords well with experimental results, showing that this
method is suitable and reliable in solving the problem of the
interaction between ice and propeller.

2. The existence of a milling-shape ice block very close to a blade
will greatly influence the induced-velocity field and increase the
thrust and torque. Most of the propeller thrust and torque in the
X direction is caused by the blade rotating into the ice-block-
interference region.

3. A three-stage downtrend is a significant characteristic in the
interaction between milling-shape ice and a propeller-induced
exciting force. This is caused by the time difference between
blades rotate into ice region. In this paper, we say that a four-
blade propeller will have a three-stage downtrend, but it is
easy to expand this trend when the blade number is five, six, or
even seven, although there will be a more complicated down-
trend and period. This is worth researching in the future.

4. The existence of ice will cause great differences in the fluctu-
ating pressure in different positions around the propeller. When
there is clockwise rotation, the fluctuating pressure changes
greatly near points P1 and P4.

5. The ice will greatly influence fluctuating pressure in the fre-
quency domain, in which it can add more high-frequency
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Fig. 19. Frequency domain curves of paper case and open water in P1 point.
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components. So, attention should be paid to avoid resonance in
the hull when designing an ice breaker and its propeller.

This paper aims to simulate the exciting force under the inter-
action of milling-shape ice close to a propeller. This can be regarded
as a transient process when the propeller is in milling-shape ice,
paving the way for research on propellereice milling.

Acknowledgment

The research was financially supported by the National Natural
Science Foundation of China (Grant NO.51679052, 51639004) and
the Defense Industrial Technology Development Program (Grant
NO. JCKY2016604B001) and The Natural Science Foundation of
Heilongjiang Province of China (Grant NO. E2018026).

References

Chao, W., Sheng-xia, S., Xin, C., Li-yu, Y., 2017. Numerical simulation of

hydrodynamic performance of ice class propeller in blocked flow-using over-
lapping grids method. Ocean Eng. 141, 418e426.

Daquan, Chen, 1980. Measurement methods of propeller induced exciting Vibration
forees (pressure fluctuation). J. Sssri 2 (002) (in chinese).

Dubbioso, G., Muscari, R., Ortolani, F., Di Mascio, A., 2017. Analysis of propeller
bearing loads by CFD. Part I: straight ahead and steady turning maneuvers.
Ocean Eng. 130, 241e259.

Huse, E., Guoqiang, W., 1982. Cavitation-induced excitation forces on the hull. Trans.
- Soc. Nav. Archit. Mar. Eng. 90, 85e109.

Jinming, Y., Ying, X., Youwen, P., 2003. Analysis of prediction method of forces
exerted on propeller bearing. Ship Eng. 3, 004.

Lee, J.H., Park, H.G., Kim, J.H., Lee, K.J., Seo, J.S., 2014. Reduction of propeller cavi-
tation induced hull exciting pressure by a reflected wave from air-bubble layer.
Ocean Eng. 77, 23e32.

Lee, J.H., Lee, K.J., Park, H.G., Kim, J.H., 2015. Possibility of air-filled rubber mem-
brane for reducing hull exciting pressure induced by propeller cavitation. Ocean
Eng. 103, 160e170.

Sasajima, T., 1978. Usefulness of Quasi-steady Approach for Estimation of Propeller
Bearing Forces.

Steger, J.L., Dougherty, F.C., Benek, J.A., 1983. A Chimera Grid scheme.[multiple
Overset Body-conforming Mesh System for Finite Difference Adaptation to
Complex Aircraft Configurations].

Sun, S., Li, L., Wang, C., Zhang, H., 2018. Numerical prediction analysis of propeller
exciting force for hullepropellererudder system in oblique flow. Int. J. Nav.
Architect. Mar. Eng. 10 (1), 69e84.

Fig. 20. Frequency domain of each BPF in two working conditions.

C. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 294e306 305



Wang, C., Sun, S., Li, L., Ye, L., 2016. Numerical prediction analysis of propeller
bearing force for full-scale hullepropellererudder system. Int. J. Naval Archi-
tect. Ocean Eng. 8 (6), 589e601.

Wang, C., Xiong, W.P., Chang, X., Ye, L.Y., Li, X., 2018. Analysis of variable working
conditions for propeller-ice interaction. Ocean Eng. 156, 277e293.

Watanabe, T., Kawamura, T., Takekoshi, Y., Maeda, M., Rhee, S.H., 2003, November.
Simulation of steady and unsteady cavitation on a marine propeller using a

RANS CFD code. In: Proceedings of the Fifth International Symposium on
Cavitation, Osaka, Japan.

Yanshou, T., Wei, H., 2006. Calculation of unsteady shaft forces of propeller. J. Ship
Ocean Eng. 2, 42e46.

Ye, L.Y., Wang, C., Chang, X., Zhang, H.Y., 2017. Propeller-ice contact modeling with
peridynamics. Ocean Eng. 139, 54e64.

C. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 294e306306




