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ABSTRACT

The blockage effect of an ice mass located close to a
rotating propeller is simulated by coupling an Eulerian
CFD solver and a Lagrangian Discrete Element Method
(DEM) solver. The DEM solver models the ice mass as a
collection of particles, located near the propeller. This
Eulerian-Lagrangian solver is also coupled to a Multi Body
Dynamic (MBD) solver to handle propeller dynamics. The
simulation is performed for advance coefficients of J=0.4
and J=0.8. In order to evaluate the capabilities of the solver,
the resultant loads including hydrodynamic forces and
moments acting on the propeller as well as fluid flow
characteristics are compared to those for another case with
the same setup, but simulated using a purely Eulerian
solver where the ice mass is considered as a no-slip
boundary in the simulation. It is shown that the EulerianLagrangian solver is capable of predicting the increase of
the pressure values on the pressure side due to the presence
of ice block. Moreover, the amount of the pressure/thrust
increase is in agreement with those expected by the
Eulerian solver. The local flow studies reveal that the CFDDEM solver is also capable of discerning the velocity and
pressure fluctuations in the flow field.

load [6], the likelihood of cavitation during ice blockage
and milling [7-8], and scaling effects posed significant
limitations on experiments for the quantitative study of
propeller-ice interaction loads.
Numerical studies of the propeller-ice interaction have
been conducted to overcome the limitations of experiments
[9-11]. Yet, the studies could not fully resolve the
propeller-ice interaction due to the difficulty in dealing
with fracture and damage mechanics of brittle ice with
continuum-based methods such as finite element method
(FEM) [12,13]. Several extended versions of FEM were
developed to deal with fracture or structural failure
problems [14, 15]. Nevertheless, these methods were
mesh-based and prone to generate ill-shaped mesh forms.
Alternatively, mesh-free methods [16,17] have been
developed and showed promising results in dealing with
fracture. Among mesh-free methods, Cundall [18]
introduced discrete element method (DEM) which were
used across disciplines in a great number of different
applications including modeling the fracture [19,20]. In
DEM, the structure is treated as a bunch of particles bonded
together and the crack initiation and propagation are treated
as the progressive breakings of bonds.
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1 INTRODUCTION

Climate change has contributed to the rapid disintegration
and melting of sea ice, and with that melting comes a
change in the sea transportation prospective. The
possibility of using Northern sea routes, which connects
East Asia with Europe, may now contribute to a sizable
reduction in shipping distance and cost. However, one of
the major concerns for ships operating in icy water is the
extreme loads applied to the propulsion system due to
propeller-ice interaction.
Current literature predictions on the propeller-ice
interaction are mainly based on measurement data in full
scale [1-2] as well as model scale using a suitable ice
medium [3-5]. However, the short duration of the impact

In this paper, a coupled CFD, DEM, and MBD solver is
used to study the interaction of ice structures with an
operating propeller in a viscous flow. In this solver, the
Lagrangian DEM code solves the equations of motion for
a system of particles forming the ice block while the
Eulerian CFD code solves Naiver-Stokes equations for the
fluid flow and the MBD solver deals with the dynamic of
the propeller. The current paper focuses on the blockage
effect in which particles are fixed and particle-particle
interaction forces are excluded to evaluate the coupling of
Eulerian and Lagrangian solvers. An assessment of the
model will be provided based on comparison of the results
with those of an Eulerian model where an ice block with
no-slip boundary conditions on its walls is simulated under
the same conditions. This study will be a preliminary step
in employing Eulerian-Lagrangian solvers in modeling the
milling process and crack propagation.

𝑚𝑝 𝑑𝑢𝑝 ⁄𝑑𝑡 = 𝐹𝑝 + (𝐹𝑐 + 𝐹𝐵 + 𝐹𝑔 )

2 PROPELLER MODEL

The studies are conducted for the propeller of the KRISO
containership, developed by Korean Research Institute and
Ocean Engineering. The propeller has 5 blades and rotates
clockwise when seen from the stern. A 37.89 scaled model
with diameter of 0.0927 m was used for the simulations for
which open water measurements are available from Osaka
University [21].The rotating velocity of the propeller was
n=20 rev/s. The propeller model is shown in figure 1.

(4)

Here, 𝐹𝐶 , 𝐹𝐵 , and 𝐹𝑔 denote contact force between the
particles, bonding force, and gravitational force,
respectively.
To study the blockage effect, the particles are assumed to
be fixed and Eq. (4) was not solved. In future, the study
will be extended to the modeling of the milling process and
crack propagation by predicting the movement of particles.
4 CFD METHOD

Simulations are conducted using OpenFOAM RANS
solver. The coupled pressure and velocity are solved using
PISO. One equation eddy-viscosity model is utilized as the
turbulence model. Linear gradient term is computed using
Green-Gauss theorem. Second order upwind is used for
convection discretization. Local time stepping approach is
used for time discretization.
Figure 2 shows the domain sizes used for the simulations.

Figure 1. The propeller model
3 ICE MODEL

The ice is modeled as the dispersed phase containing
thousands of particles. The effects of particles on the
continuous phase are considered through the momentum
transfer between the fluid and particles:
𝜕𝛼𝑐 ⁄𝜕𝑡 + ∇ ∙ (𝛼𝑐 𝑢𝑐 ) = 0

(1)

𝜕(𝛼𝑐 𝜌𝑐 𝑢𝑐 )⁄𝜕𝑡 + ∇ ∙ (𝛼𝑐 𝜌𝑐 𝑢𝑐 𝑢𝑐 )
= −𝛼𝑐 ∇𝑃 + ∇ ∙ (𝛼𝑐 τ) + F𝑝
+ 𝛼𝑐 𝜌𝑐 g

(2)
Figure 2. Solution domain

where 𝑢𝑐 is the velocity field, τ is stress tensor, 𝐹𝑝 is the
momentum transfer, and 𝛼𝑐 and 𝜌𝑐 represent the volume
fraction and density of the continuous phase, respectively.
The volume fraction of the fluid at each cell is calculated
by
𝛼𝑐,𝑐𝑒𝑙𝑙
𝑖
= max (1 − 1⁄𝑉𝑐𝑒𝑙𝑙 ∑ 𝑓𝑐𝑒𝑙𝑙
𝑉𝑝𝑖 , 𝛼𝑚𝑖𝑛 )

(3)

∀𝑖 ∈ 𝑐𝑒𝑙𝑙

𝑖
where 𝑓𝑐𝑒𝑙𝑙
is the volume fraction of particle 𝑖 inside the
corresponding cell and 𝛼𝑚𝑖𝑛 is a value set greater than zero
to avoid the cell being fully grabbed by a particle. The
momentum transfer term represents forces exerted by the
continuous phase on particles and vice versa. It is
comprised of drag and lift forces, where drag forces include
steady state drag, pressure gradient force, virtual mass
force and basset term and lift forces are comprised of
Saffman and Magnus lift force. The drag and lift forces are
calculated based on the theoretical/empirical formulas
available in the literature [22].

After the flow field is solved, Newton’s equations of
motion will be solved for the particles to update their
location in the field:

The inlet is located 2.5D ahead from the propeller and
outlet is located about 4.5D away from the propeller, where
D is the diameter of the propeller. The diameter of the
domain is 6.5D. Boundary conditions consist of the inlet,
outlet, slip wall on the surrounding surface, and no slip wall
on the propeller.
The computational domain is discretized using a
tetrahedral grid with 14M volume elements, 200K surface
elements on the propeller. y+ ranges from 0.3 to 78 for the
wall-adjacent cells. Wall function is utilized on the walls.
The computational domain is decomposed into 48 CPUs
and the computational time was within 2304 CPUh.
Simulations are conducted for the propeller rotating at
constant velocity of n=20 rev/s. Two propeller inflow
speeds are considered, resulting the advance coefficient of
J=0.4 and J=0.8, where 𝐽 = 𝑈𝑛 ⁄ 𝐷 . For each J, three
locations of ice (D⁄10, D/4 and ∞) are considered. The
infinite distance is in fact the open water simulation
without any ice block. For the open water, the simulations
are validated against the experimental data for the two J
values used herein as well as additional J conditions.

For all test conditions, the ice is modeled as a cluster of
particles as well as an actual ice block in order to evaluate
the capability of the Eulerian-Lagrangian solver. The ice
particles are distributed in a block with dimensions of
6×35×41 mm. This block is located close to one blade of
the propeller, as shown in figure 3.

5 Grid VERIFICATION AND VALIDATION

Grid verification studies are conducted using coarse,
medium and fine grids consisting of 4, 11 and 30 million
cells, respectively. The value of average cell sizes is
reduced by a factor of 𝑟𝑘 = √2 from coarse to medium and
medium to fine grids and simulations are conducted for the
open water condition at J=0.4 to compare thrust and torque
values. The comparison shows monotonic convergence for
values of 𝐾𝑇 with 𝑅𝑘 = 0.5 and the order of accuracy of
𝑝𝑘 = 2.00 [23], which is very close to the order of
accuracy of discretization schemes utilized in this study.
The grid uncertainty 𝑈𝑔 for 𝐾𝑇 is found to be quite small,
~1%. For 𝐾𝑄 , monotonic divergence is observed and
uncertainty could not be evaluated. Additionally, the
values of predicted thrust, torque and efficiency for all
three grids are compared with the experimental data, as
listed in table 2. It can be seen that the average of all error
values decrease from coarse to medium and medium to fine
grids.
Figure 4 demonstrates a comparison between experimental
and simulation results versus advance coefficient for openwater simulation. The simulations are conducted using the
fine grid.
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Figure 3. Region covered by ice: a) Actual block and b)
Particles
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Figure 4. Thrust and torque coefficients and efficiency
versus advance coefficient

Table 1 shows the CFD test matrix.
Table 1. CFD test matrix
Case

J = 0.4

J = 0.8

Block

𝑥𝑖𝑐𝑒
= 𝐷⁄10 , 𝐷/4, ∞

𝑥𝑖𝑐𝑒
= 𝐷⁄10 , 𝐷/4, ∞

Particles

𝑥𝑖𝑐𝑒
= 𝐷⁄10 , 𝐷/4, ∞

𝑥𝑖𝑐𝑒
= 𝐷⁄10 , 𝐷/4, ∞

As details provide in table 2, the average values of the
absolute error for thrust, torque and efficiency over all
cases with various J are 1.27%, 5.17% and 6.13%
respectively, with overall average error of 4.19%, which
shows a fair agreement between the value computed by
simulation and those of the experiment.

Table 2. Error of simulation – absolute values
𝑲𝑻

𝟏𝟎 × 𝑲𝑸

𝜼𝟎

CFD

Exp.

Error

CFD

Exp.

Error

CFD

Exp.

Error

Average
of error
values

0.1

0.4720

0.458

3.06%

0.697

0.698

0.11%

0.108

0.104

3.60%

2.26%

0.2

0.425

0.412

3.18%

0.635

0.641

0.93%

0.213

0.205

3.95%

2.69%

0.4

0.321

0.316

1.66%

0.500

0.518

3.47%

0.409

0.388

5.40%

3.51%

0.6

0.213

0.213

0.25%

0.361

0.384

5.76%

0.563

0.528

6.70%

4.24%

0.7

0.158

0.158

0.10%

0.293

0.313

6.28%

0.601

0.564

6.55%

4.31%

0.75

0.130

0.13

0.13%

0.258

0.276

6.38%

0.601

0.564

6.64%

4.38%

0.8

0.101

0.102

0.24%

0.222

0.238

6.60%

0.583

0.545

6.98%

4.61%

0.9

0.042

0.044

3.05%

0.142

0.161

11.38%

0.429

0.394

8.79%

7.74%

Coarse – 0.4

0.312

0.316

1.27%

0.487

0.487

5.92%

0.413

0.388

5.15%

4.13%

Medium – 0.4

0.318

0.316

0.6%

0.492

0.493

4.88%

0.412

0.388

5.67%

3.7%

6.13%

4.19%

J

Ave. (fine
grid)

1.27%

5.17%

5 RESULTS AND DISCUSSION

Results of the simulation including forces and moments
acting on the propeller and contours representing local flow
variables for various cases are provided. Forces and
moments include thrust and torque on the propeller and
local flow variables include mean, Root Mean Square
(RMS) and Fast Fourier Transform (FFT) for velocity and
pressure. To investigate the local flow, the average of
velocity and pressure fields (mean) along with their RMS
are computed for two complete rotation of the propeller.
These revolutions correspond to the last two revolutions of
the propeller occurred after the solution converged. RMS
is calculated based on Eq. (5):
𝑅𝑀𝑆(𝑢)𝑖 = √∑(𝑢𝑖 − 𝑢̅)2

(5)

These values are interpolated from the field solutions on a
slice located between the propeller and ice (𝑥 = 𝐷/6) with
a uniform square grid comprised of 6400 nodes to retain

the accuracy. Fast Fourier Transform (FFT) is calculated
for a set of data generated within every 3 degrees of
propeller’s rotation for two complete rotations on 6400
nodes of the aforementioned square grid.
Figure 5 depicts values of thrust and torque coefficients for
the two cases versus distance of ice from the propeller,
where the limit shows the results for the open-water
simulation. For both cases, integral variables decrease as
the distance between the ice and propeller increases. It can
be inferred that the CFD-DEM-MBD solver can
successfully predict both the trend of variations and the
values. The differences between computations of the
integral variables by the two solvers are provided in table
3. Table 3 shows the Eulerian-Lagrangian solver
predictions are about 4.93% different from the values
obtained by the Eulerian solver. The predictions for thrust
values is more accurate compared to torque.

KT,x - actual block
10xKQ,x - actual block
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10xKQ,x - particles
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Figure 5. Comparison of integral variables values versus ice block distance from the propeller for various cases

The effect of presence of an ice block is reflected by
dominance of positive pressure values on the pressure side
for actual block and particles cases. Figures 6 (a) and 6 (b)
show that the distribution is almost the same for the two
cases. Based on this comparison, it can be inferred that the
Eulerian-Lagrangian solver is capable of predicting the
correct location of maximum pressure caused by the ice
effects, as well as its magnitude. Comparison of these two
with Figure 6 (c) shows that the ice mass adds a significant
amount to the pressure on all blades, apart from those close
to its location. The open water case demonstrates more
negative pressure on the suction side and less positive
pressure on the pressure side, comparing to cases with the
ice block.

Table 3. Deviation of the CFD-DEM-MBD solver
Differences of 𝒌𝑻

Case

Differences of 𝒌𝑸

J=0.4, x=D/10

-0.55%

-5.70%

J=0.4, x=D/4

-1.76%

-6.70%

J=0.8, x=D/10

4.95%

-3.00%

J=0.8, x=D/4

-5.24%

-11.54%

Average

3.12%

6.74%

The instantaneous pressure distribution on the suction side
pressure side of the propeller for J=0.8 with the ice block
located at 𝑥 = 𝐷/4 from the propeller is shown in figure 6.

(c)

(a)

(b)

(c)

Figure 6. Instantaneous pressure distribution on propeller’s suction side (top) and pressure side (bottom) for a) Actual block,
b) Particles and c) Open-water cases

Figure 7 shows the mean velocity on a plane between
propeller and ice for J=0.4 and 0.8 with the ice block
located at 𝑥 = 𝐷/4 from the propeller. For the case with
the actual ice block, the effect of blockage is visible at the
location of ice shown by dashed lines, where the value of

velocity abruptly reduces. The case with particles
successfully predicts the effect of blockage. However, the
size of the region with the reduced velocity is overpredicted.

Particles

Block

Block

(a)

Particles

(b)

Figure 7. Mean velocity distribution on a plane between propeller and ice for a) J=0.4 and b) J=0.8

RMS of the velocity demonstrates the level of the
unsteadiness in the flow field which is shown in figure 8.
The case with an actual ice block strongly reduces the
fluctuation in the middle of the region between the ice and
propeller whereas the unsteadiness increases at the tip of
the block due to the strong vortex structures in that region.
The case with particles successfully predicts the velocity

Block

Particles

fluctuations at most regions as well as the location and
magnitude of minimum and maximum fluctuations. It
should be noted that the velocity fluctuations are very
different with open water case (not shown herein), where
maximum velocity fluctuations occur near the hub and the
level of unsteadiness uniformly reduces as distance from
the hub increases.

Block

Particles

(a)
(b)
Figure 8. RMS of velocity contour on a plane between propeller and ice for a) J=0.4 and b) J=0.8

Figure 9 demonstrates mean pressure contours. Both block
and particle cases show very similar patterns; pressure
values are asymmetric and almost uniform at a certain
distance around the location of ice. The pressure increase
is due to the significant reduction in the mean propeller
outflow speed at the location close to the ice block (see
Figure 7). The pressure RMS contours shown in figure 10

Block

(a)

Particles

also confirms that the Eulerian-Lagrangian solver can
recognize pressure fluctuations in the flow field with
maximum unsteadiness close to the hub and the ice mass
tip. The location of maximum unsteadiness is correlated
with the turbulence structures formed due to the blockage
effects, as shown later.

Block

(b)

Particles

Figure 9. Mean pressure distribution on a plane between propeller and ice for a) J=0.4 and b) J=0.8

Particles

Block

Particles

Block

(b)

(a)

Figure 10. RMS of pressure contour on a plane between propeller and ice for a) J=0.4 and b) J=0.8

The amplitudes of velocity oscillations at the rotating
frequency of the whole propeller (𝜔 = 125.7 rad/s) and
one blade (𝜔 = 628.3 rad/s) are computed at a section
between the propeller and ice, using Fast Fourier transform
(FFT) and plotted in figures 11 and 12. At both frequencies,
the open-water case has relatively symmetric distribution
(not shown here). The presence of ice block alters this
symmetric distribution caused by turbulence effects
originated from the flow over the ice mass (see figure 13).
The FFT analysis and studies on vortical structures suggest

Block

(a)

Particles

that the case simulated by particles is capable of predicting
amplitudes of velocity oscillations at high frequency (blade
frequency) as well as location of turbulence structures
around the propeller hub and the ice mass, but it does not
accurately predict the low frequency oscillations.
Nevertheless, only high frequency oscillations have
significant contribution to the overall velocity unsteadiness
RMS (figure 8). This can be confirmed by the strong
correlation between the contours shown in figures 12 and
8.

Block

(b)

Particles

Figure 11. Amplitudes of velocity oscillations at 𝝎 = 𝟏𝟐𝟓. 𝟕 rad/s on a plane between propeller and for a) J=0.4 and b) J=0.8
Block

Particles

(a)

Block

Particles

(b)

Figure 12. Amplitudes of velocity oscillations at 𝝎 = 𝟔𝟐𝟖. 𝟑 rad/s on a plane between propeller and ice for a) J=0.4 and b)
J=0.8

(a)
(b)
(c)
Figure 13. Vortical structures at J=0.8 for a) Actual block, b) Particles and c) Open-water
6 CONCLUSION

The blockage effect of an ice block located close to a
rotating propeller simulated using an Eulerian-Lagrangian
solver and compared to a similar case solved by an Eulerian
model. Various results of the simulation such as thrust and
torque as well as mean, RMS and FFT of velocity and
pressure for these two cases compared to each other. The
integral variables predicted by the model in which the ice
block is simulated with particles are about 4.93% different
from the values obtained for the actual block case modeled
by the Eulerian solver and the trends are similar. The local
flow variables were plotted on a plane between the
propeller and ice. Local flow investigation showed strong
propeller and ice interaction. It was shown that the
Eulerian-Lagrangian solver provides a reasonable
qualitative and quantitative computation of velocity and
pressure distributions and fluctuations as well as turbulent
structures in the solution domain, based on a comparison
with Eulerian solver predictions for the actual block.
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