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ABSTRACT

As Arctic sea ice decreases due to global warming, the
Northern Sea Route has gained attention as an alternative
to the Suez Canal for trade between Asia and Europe.
Currently, the Suez Canal route from Busan to Rotterdam
extends approximately 22,000 km, whereas the Northern
Sea Route offers approximately 32% shorter voyage
distance with reduced fuel consumption and carbon
emissions. This has also increased demand for icebreakers.
Unlike conventional vessels where reliable performance
can be estimated using long-established and validated
methods, Arctic vessels operating in ice sea require
complex performance estimation due to ice-induced
resistance. In particular, sufficient net thrust is essential for
predicting attainable speed under specific ice conditions. In
this study, the net thrust measured in model tests was
extrapolated to full-scale performance using Froude
scaling, and full-scale simulations were conducted to
validate this extrapolation method. All CFD simulations
were performed using STAR-CCM+, employing Sliding
Mesh Method (SMM) and Virtual Disk-based Body Force
Method (BFM). Comparison of scale methods showed that
the Froude scaling-based extrapolation provides
conservative net thrust estimates for all propeller rotation
methods. In ahead conditions, extrapolated results were
approximately 5-20% lower than full-scale results, while
in astern conditions, values were approximately 15-40%
lower. These results are attributed to the reduction in
frictional resistance caused by the thinner boundary layer
associated with higher Reynolds numbers.
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1 INTRODUCTION

For Arctic vessels operating in sea ice conditions, complex
performance estimation procedures are required in the
initial design stage due to ice-induced resistance. To

estimate such performance, it is necessary to obtain
information of ice resistance curve and net thrust curve,
repectively. Ice resistance curves under the given ice
conditions can generally be derived from model test results
in ice model basin, while net thrust curve can be evaluated
through CFD simulations or model test in towing tank. The
net thrust defined in this study refers to the effective thrust
component remaining after subtracting hull resistance and
other hydrodynamic losses caused by propeller-hull
interactions from the total thrust generated by the
propulsion system. When both the ice resistance curve and
the net thrust curve with respect to ship speed are given,
the achievable speed of the vessel under specific ice
conditions can be easily predicted.

In estimating the net thrust curve as a function of ship
speed, other conditions such as ice conditions are not
considered, and the effect of wave-making resistance is
neglected due to the relatively low operating speed.
Although experiments can be conducted in a towing tank,
multiple or repeated testing is impractical due to the high
cost and time constraints. For this reason, numerical
simulation methods are increasingly used to estimate net
thrust. Bekhit (2018) confirmed that model test results
under self-propulsion conditions and simulation results
applying BFM to simulate propeller rotation effects
showed similar results. Kim et al. (2021) evaluated the
feasibility of estimating net thrust for multi-pod driven
icebreakers using CFD-based BFM simulations. In that
study, net thrust estimates during astern operation were
approximately 6% higher than model test results, and net
thrust in shallow water conditions was 6-12% lower than
in deep water. Lee et al. (2021) predicted ship self-
propulsion performance in waves using RANS-based
approaches and demonstrated the applicability of
simplified propeller modeling methods for reducing
computational cost and time. Seo et al. (2022) investigated



the hydrodynamic interaction between a ship and pod
propulsors using BFM. The study used a tugboat equipped
with twin puller-pod units as the target vessel, and Inflow
Velocity Plane (IVP) and induced velocity correction were
applied when implementing BFM. The results showed that
BFM effectively predicted thrust and torque, and accuracy
in high-load conditions was improved depending on the
IVP configuration.

In this study, the net thrust was evaluated for various
propeller rotation methods, and the results extrapolated
from model scale using Froude scaling were compared
with full-scale simulation results in terms of hull resistance
to analyze how net thrust is predicted according to the
scaling method.

2 NUMERICAL METHOD

This study is an extension of the previous research by Kim
etal. (2025), and CFD simulations were performed using a
commercial code, STAR-CCM+. The main numerical
setup applied are summarized in Table 1.

Table 1: CFD simulation setup.

Items Methods
Code STAR-CCM+ Ver.15.06
Governing Equation RANS

Turbulence model Reynolds Stress Model

Pressure-Velocity

Coupling SIMPLE

Body Force Method,

Propeller Rotation Sliding Mesh Method

2.1 Target Vessel

The target vessel is an Arctic LNGC equipped with three
POD systems as its main propulsion system. Skegs are
installed forward of the port and starboard POD propulsors
to ensure course-keeping performance. The main
specifications are summarized in Table 2.

Table 2: Main particulars of the target vessel.

Items Unit Description
LOA m Approx. 300.0
Beam m 48.8
Td m 11.7
Propulsion Type - Triple (3) PODs
Propeller Diameter m 6.0
Appendages ) Twin V?/Ifsg Lnoflgont of
Scale Ratio - 33.3333

2.2 Computational Domain and Boundary Condition

The computational domain was nondimensionalized based
on the ship length (LBP) and set to 3.0L in width, 4.0L in
length, and 1.0L in depth, as shown in Figure 1. Since the
target vessel operates at relatively low speeds in ice region,
the Froude number is sufficiently low, resulting in
negligible wave-making resistance. Therefore, the free
surface effect was not considered, and only the submerged
region below the design draft was modeled. For boundary
conditions, Dirichlet boundary condition for velocity was
applied at the upstream and lateral planes, and pressure
outlet and symmetry condition were given at the
downstream side, and at the top & bottom planes,

respectively.
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Figure 1: Computational domain and boundary conditions.

2.3 Grid System

In this study, an unstructured grid system was used as
shown in Figure 2, and refined grids were applied around
the POD to accurately simulate the inflow. Wall functions
were applied to analyze the boundary layer and achieve an
efficient grid system, with y;* set to 40. This grid system
corresponds to the case where the BFM was applied, and
the total number of grids including three POD systems was
approximately 7.5 million cells. Through model test in the
SSMB (Samsung Ship Model Basin), the resultant net
thrust data and POW data of propeller on POD system in
model scale were obtained and applied in this study.

Figure 2: Grid system.



3 ESTIMATIONS OF NET THRSUT AT MODEL SCALE
To obtain the resultant net thrust curve in full scale,
numerical simulations including the effect of propeller on
propulsor were carried out in model scale, at first. In
general, the model scale results were extrapolated to full
scale using Froude scaling, as recommended in the ITTC
guidelines (2017), as expressed in Equation (1).

Ny Ps
NS = — TS = TM_A3
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Ps Ps
Qs = QM_/14 TNet,S = TNet,M_/13
Pm Pm

3.1 Estimation of Net Thrust Using BFM

In the previous research by Kim et al. (2025), numerical
simulations were performed to determine the appropriate
IVP location for applying BFM based on model test results,
and the calculation conditions are presented in Table 3. The
comparison of net thrust from model test and CFD
simulation at various I\VVP positions are presented in Figure
4. The results indicate that as the IVP moves further from
the propeller's operating position toward the skeg, the
calculated net thrust increases. This occurs because the
decelerated flow near the skeg leads to a lower advance
ratio, which subsequently enhances propeller thrust.
Considering the difference between the model test results
and the flow characteristics at the propeller operating
position, the IVP was located at a distance of 0.8D from
the propeller. As presented in Figure 3, multiple inflow
velocity planes were defined in the region between the
propeller operating position and the skeg, where the skeg
is located upstream of the propeller in the ahead operating
condition.

Table 3: Simulation cases with various IVVP positions.

Speed Inflow Velocity Plane

(knots) RPS Position
20% of Prop Dia.
40% of Prop Dia.
41 67 8l 107 -
0.1,3,6,9 11,12 13 60% of Prop Dia.

80% of Prop Dia.
100% of Prop Dia.

<1

Figure 3: Position of inflow velocity measurement planes.
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Figure 4: Comparison of net thrust between M/T and CFD
at various VP positions.

3.1.1 Net thrust under different operating conditions

The net thrust according to ship speed at the defined 1VP
under ahead conditions is compared with model test results
in Table 4. The BFM predicted net thrust with an error of
approximately 4%, which is comparable to the magnitude
reported in the previous study of Kim et al. (2021) and is
considered acceptable. For astern operating conditions,
numerical analysis was performed using the same IVP
location, and the results are presented in Table 5. The net
thrust under astern operation was approximately 15-20%
lower than that under ahead operation. As shown in Figure
5, the difference in net thrust according to operating
direction is due to the increase in frictional resistance
caused by the flow discharged from the propeller directly
impacting the hull under astern operating conditions,
which led to a reduction of net thrust.

Table 4: Comparison of net thrust (M/T, BFM).

Speed Net thrust by Net thrust by BFM /
(knots) M/T BFM M/T
0.1 100.0 % 97.45 % -2.55%
3.0 90.91 % 86.72 % -4.61 %
6.0 78.70 % 74.58 % -5.23%
9.0 62.22 % 61.48 % -1.18 %
Table 5: Comparison of net thrust
(Ahead Condition, Astern Condition).
Speed Net thrust Net thrust Ahead
under ahead under astern
(knots) o i /Astern
condition condition
0.1 97.45 % 85.41 % 14.12 %
3.0 86.72 % 75.00 % 15.66 %
6.0 74.58 % 64.25 % 16.07 %
9.0 61.48 % 50.72 % 21.23 %
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Figure 5: Comparison of skin friction coefficient distribution
on hull surface (Left: ahead cond., Right: astern cond.).

3.2 Estimation of Net Thrust Using SMM

The BFM showed a reasonable agreement with model test
results within 4% error in net thrust. However, the virtual
disk approach has inherent limitations due to propeller
approximation. To overcome these limitations, the SMM
was applied to directly resolve the actual rotational motion
of the propeller. To apply the SMM, the computational
domain was divided into rotating and non-rotating regions,
with a total of approximately 12 million grid cells. Since
the SMM requires higher computational cost, numerical
simulations were performed at a reduced range of rps
conditions, as presented in Table 6.

Table 6: Simulation cases with SMM.

Speed (knots) 0.1 3.0 6.0 9.0
RPS 6, 10, 12

3.2.1 Net thrust under different operating conditions

When applying the SMM, the net thrust as a function of
ship speed showed close agreement with the model test
results across the entire range. This is because the SMM
directly models the propeller geometry, which allows for
proper consideration of not only the propulsion
performance but also the interaction between the POD
body and hull due to propeller rotation, achieving more
accurate results compared to the simplified virtual disk
approach. As shown in Table 7, the SMM maintained
differences within approximately 1%, demonstrating
improved accuracy compared to the BFM.

Table 7: Comparison of net thrust between SMM and M/T.

Speed Net thrust by Net thrust by SMM /

(knots) SMM M/T M/T
0.1 100.6 % 100.0 % 0.60 %
3.0 90.75 % 90.91 % -0.17 %
6.0 78.11% 78.70 % -0.75 %
9.0 63.60 % 62.22 % 2.22%

As shown in Table 8, the difference between SMM and
BFM results under astern operating conditions was reduced
to approximately 1%. This is because the thrust gain from
modeling the actual blades is compensated by the increased
frictional resistance due to the propeller rotation effect.

Table 8: Comparison of net thrust between SMM and BFM.

Speed Net thrust by Net thrust by SMM /

(knots) SMM BFM BFM
0.1 86.20 % 85.41 % 0.93%
3.0 75.15 % 75.00 % 0.20 %
6.0 63.79 % 64.25 % -0.72 %
9.0 49.09 % 50.72 % -3.22%

4 ESTIMATIONS OF NET THRSUT AT FULL SCALE

In this section, direct full-scale numerical simulations were
performed and compared with the full-scale extrapolation
results based on the ITTC guidelines (2017). The Reynolds
number of a target vessel is 5.11 x 10° in model scale and
8.97 x 10% in full scale, respectively. Figure 6 presents the
computational grid systems employed for both model scale
and full scale simulations.

Figure 6: Boundary layer mesh configuration
Left: model scale, Right: full scale.
The conventional Froude scaling method, which maintains
geometric and Froude number similarity between model
and full scale, has inherent limitations in accounting for
these Reynolds number effects. The numerical simulations
were performed under the same conditions as the model
tests, except for the bollard condition. To efficiently
simulate viscous effects under high Reynolds number
conditions, the y1* value was maintained at approximately
400 in the numerical simulations. This difference in
Reynolds number directly affects the boundary layer
characteristics. At model scale, the viscous sublayer
occupies a larger proportion of the boundary layer,
resulting in more pronounced viscous effects on the overall
flow field. In contrast, at full scale with significantly higher
Reynolds numbers, the boundary layer becomes
considerably thinner relative to the ship dimensions. As a
result, as the Reynolds number increases, the influence of



viscous forces decreases, thereby reducing the relative
contribution of viscous effects to total resistance and
propulsive performance.

4.1 Scaling Method Comparison Under Ahead
Condition

The results extrapolated from model scale using Froude
scaling and the results from direct full-scale simulations
under ahead operating conditions are presented in Figure 7
and Table 9. The results show that when direct simulations
were performed at full scale, the net thrust was
approximately 5-20% higher than the values extrapolated
to full-scale performance using Froude scaling. This
suggests that the higher Reynolds number at full scale
reduces hull resistance, consequently leading to an increase

in net thrust.
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Figure 7: Net thrust under ahead conditions.

Table 9: Net thrust ratio: Full scale/Froude scaling.

Speed (knots) BFM ratio SMM ratio
3.0 2.15% 6.77 %
6.0 8.22 % 12.82 %
9.0 17.19% 21.57 %
4.2 Scaling Method Comparison Under Astern

Condition

Similar to the ahead operating conditions, higher net thrust
was evaluated for all ship speeds under astern operating
conditions, and the results are presented in Figure 8 and
Table 10. However, the difference between the Froude
scaling results and the full-scale simulation results was
larger compared to the ahead operating conditions, with the
difference in net thrust under astern operating conditions
ranging from approximately 10-40%.
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Figure 8: Net thrust under astern conditions.

Table 10: Net thrust ratio: full scale/Froude scaling.

Speed (knots) BFM ratio SMM ratio
3.0 10.79 % 15.71 %
6.0 16.35 % 23.47 %
9.0 29.62 % 38.11%

4.3 Analysis of Difference by Scaling Method

From the previous numerical simulation results, it was
confirmed that the direct full-scale simulation results were
evaluated to be higher than the results extrapolated using
Froude scaling, regardless of the operating direction. These
results are attributed to the influence of frictional resistance
changes due to Reynolds number variations, and Figure 9
presents the ratio of hull frictional resistance according to
the scaling method at given ship speeds. From Figure 9, the
resistance component due to friction shows a consistent
trend across all propeller rotational speed conditions
regardless of operating direction and was confirmed to be
approximately 50% lower than the Froude scaling results
at given ship speeds. The reason for this lower evaluation
of frictional resistance in direct full-scale simulations is
that, as mentioned previously, the boundary layer at full
scale becomes relatively thinner, which maintains the flow
velocity near the wall at a higher value compared to model
scale. This results in a lower velocity gradient near the wall
and consequently reduces momentum loss due to friction.

Such Reynolds number effects lead to a significant
reduction in frictional resistance at full scale.
Consequently, the reduced hull resistance results in a
higher predicted net thrust. These results demonstrate that
the estimation of full-scale performance can vary
significantly depending on how the scale method is
applied, and indicate that the conventional Froude scaling
approach evaluates net thrust conservatively, as it does not
fully account for viscous effects. Although the pressure
resistance also showed a tendency to partially decrease
similar to the frictional resistance, the reduction in
frictional resistance was the dominant factor.
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Figure 9: Shear-force ratio (Full scale / Froude scale)
by operating direction.

4.3.1 Additional influence according to scaling method

It was confirmed that the reduction in hull frictional
resistance due to boundary layer effects at full scale leads
to a decrease in hull resistance, which affects the net thrust.
However, these changes in momentum loss can also
modify the wake structure generated by the skeg, thereby
affecting the velocity field entering the IVP in the
application of BFM, which may influence the thrust
component. Therefore, the differences in velocity field
according to the scaling method were compared under
ahead operating conditions at 6 knots and 10 rps, and the
results are presented in Figure 10.

Figure 10: Comparison of inflow velocity distribution
Left: model scale, Right: Full scale (ahead condition).

The results show that the wake generated by the skeg at full
scale has higher velocities and a more uniform distribution
than at model scale. At model scale, a thick boundary layer
develops along the skeg surface, which creates a wide wake
with low momentum. As a result, the inflow becomes
highly non-uniform, with broad low-velocity regions. In
contrast, at full scale, the boundary layer is thinner and the
wake becomes narrower with a smaller velocity deficit.
The low-velocity regions are greatly reduced, and the
velocity vectors are more aligned and consistent. Because
viscous losses are lower at full scale, pressure recovery
improves and momentum is better maintained in the stern
flow. This leads to a higher mean inflow velocity and a
more uniform inflow at the I\VVP inlet plane. These changes
in inflow distribution affect thrust performance. In
particular, the higher and more uniform inflow at full scale
increases the propeller advance coefficient, which reduces
thrust and torque and changes the propulsive efficiency.
These effects are presented in Figures 11-12 as the ratios
of thrust and torque for each scaling method.
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Figure 11: Scaling effects on thrust under simulation cases.
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Figure 12: Scaling effects on torque under simulation cases.

As shown in Figures 11-12, the full-scale simulations
produce lower thrust and torque because the IVP samples
a relatively faster incoming flow. However, the magnitude
of this reduction is small compared to the increase in net
thrust resulting from the decrease in frictional resistance at
full scale. Therefore, the overall impact on the net thrust is
not significant. Similarly, the same comparison was
conducted under astern operating conditions, and the
results are presented in Figure 13.



Figure 13: Comparison of inflow velocity distribution
Left: model scale, Right: full scale (astern condition).

For astern operating conditions, unlike ahead operating
conditions, the influence of the wake generated by the hull
and skeg is minimal compared to ahead conditions.
Therefore, the velocity field distribution at the I'VP under
astern conditions shows nearly identical characteristics
between model scale and full scale. From this analysis, it
can be seen that the influence of Reynolds number
according to the scaling method may affect propeller
operating performance under ahead operating conditions.
In relation to this, Jang et al(2024) reported on the
influence of induced velocity correction when applying
IVP in their study on hydrodynamic interaction between a
ship and a podded propeller using BFM. From this
analysis, since differences in the velocity field at the IVP
occur depending on the scaling method under ahead
operating conditions affected by hull appendages, this
implies that appropriate consideration should be given
when applying the induced velocity correction.

4.4 Analysis of Scaling Effect Difference by Operating
Direction

The difference in viscous resistance according to the scale
method results in an increase in net thrust when directly
calculating at full scale, due to the approximately 50%
reduction in frictional resistance under both ahead and
astern operating conditions. However, the increase in net
thrust was greater under astern operating conditions
compared to ahead operating conditions. As shown in
Figure 5, this difference originates from the variation in
wake interference depending on the propulsor operating
direction. Under astern operating conditions, the flow
discharged toward the hull direction causes a larger
proportion of frictional resistance in the total hull
resistance, and consequently, even though frictional
resistance decreases at a similar ratio as in ahead operating
conditions, it leads to approximately 10% greater increase
in net thrust. To compare this difference in frictional
resistance characteristics according to the operating
direction, the frictional resistance distribution on the hull
bottom surface for each operating direction according to
the scaling method was compared in Figures 14-15.

For ahead operating conditions (Figure 14), when
comparing the results directly calculated at full scale with
the results applying Froude scaling, no significant
difference is observed in the distribution pattern, but

overall lower frictional resistance can be confirmed. This
is because under ahead operating conditions, the flow
discharged from the propulsor is directed toward the stern
of the hull, limiting the area that directly affects the hull
surface.

Skin Friction Coefficient

Figure 14: Skin-friction coefficient comparison under ahead
condition (Left: model, Right: full scale).

In contrast, under astern operating conditions (Figure 15),
frictional resistance is significantly reduced in full-scale
results compared to Froude scaling results. This is because
during astern operation, the flow discharged from the
propulsor is directed toward the hull, consequently forming
a wider region where frictional resistance becomes
significant. These results indicate that frictional resistance
accounts for a larger proportion of the hull resistance
components under astern operating conditions and
confirms that the benefit of frictional resistance reduction
according to the scaling method has a greater effect under
astern operating conditions, resulting in a larger increase in
net thrust.

Skin Friction Coefficient

Figure 15: Skin-friction coefficient comparison under astern
condition (Left: model, Right: full scale).



5 CONCLUSION

In this study, numerical simulations were performed at
model scale using various propeller rotation methods
(BFM, SMM) to predict the net thrust of an icebreaking
LNG carrier for Arctic route operations. The results
extrapolated using Froude scaling were compared with
direct full-scale simulation results to analyze the net thrust
prediction characteristics according to the scaling method.

The extrapolated results using Froude scaling were found
to conservatively estimate the net thrust compared to direct
full-scale simulation results, with values approximately 5-
20% lower under ahead operating conditions and
approximately 10-40% lower under astern operating
conditions. These differences are attributed to the
reduction in frictional resistance due to Reynolds number
variations. At full scale, the boundary layer becomes
relatively thinner, maintaining higher flow velocity near
the wall and reducing momentum loss due to friction,
resulting in approximately 50% reduction in frictional
resistance at full scale regardless of operating direction.

Subsequently, analysis of the scaling effect difference by
operating direction revealed that, although similar
frictional resistance reduction ratios were observed, the
difference in net thrust was greater under astern operating
conditions. This is because under astern operating
conditions, the flow discharged toward the hull direction
causes a larger proportion of frictional resistance, resulting
in a greater benefit from frictional resistance reduction
according to the scaling method. Furthermore, since the
velocity field at the I\VVP directly affects thrust calculation
when applying BFM, the velocity field differences at the
IVP according to the scaling method were compared.
Under ahead operating conditions, differences in velocity
field distribution occur depending on the scale because the
wake generated by the skeg and hull affects the flow
entering the IVP. In contrast, under astern operating
conditions, the flow entering the IVVP is minimally affected
by the wake from the hull and skeg, resulting in nearly
identical velocity field distribution characteristics between
model scale and full scale. However, the influence of
frictional resistance was found to be the dominant factor in
causing the difference in net thrust according to the scaling
method.

These results demonstrate that the conventional Froude
scaling approach evaluates net thrust conservatively due to

its inability to adequately reflect viscous effects and
indicate that the estimation of full-scale performance can
vary significantly depending on how the scaling method is
applied.
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