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ABSTRACT

This study investigates the effect of rotational speed ratio
on the propulsive performance of a contra-rotating
propeller (CRP) system and proposes a Reduced Order
Modeling (ROM)-based framework for efficient rotation
ratio optimization. The propeller open-water performance
of the CRP was analyzed over a continuous range of
rotation ratios, and a surrogate model was constructed
using Proper Orthogonal Decomposition (POD) and meta-
modeling techniques. The predicted efficiency exhibited a
nonlinear dependency on rotation ratio, indicating the
existence of a distinct optimal operating condition.

Self-propulsion simulations were conducted for both the
worst and optimal rotation ratio cases under identical
numerical conditions. The optimal rotation ratio led to a
quasi-propulsive efficiency improvement of approximately
3.7% and reduced delivered power by about 3.7%
compared with the ‘worst condition’. These results
demonstrate that rotation ratio strongly influences load
sharing, wake interaction, and rotational energy recovery
between the forward and after propellers.

The findings highlight that rotation ratio is not merely a
kinematic parameter but a critical design and operational
variable governing overall CRP performance. The
proposed framework provides a practical basis for
systematic rotation ratio selection and supports the
development of adaptive rotational speed control strategies
for high-efficiency CRP propulsion systems.
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1 INTRODUCTION

The International Maritime Organization (IMO) has
progressively strengthened environmental regulations
aimed at reducing greenhouse gas (GHG) emissions from

the international shipping sector. The IMO has set long-
term targets to reduce the carbon intensity of ships by at
least 40% by 2030 compared to 2008 levels and to
significantly reduce total GHG emissions by 2050 (IMO
2023). In addition, the introduction of the Energy
Efficiency Existing Ship Index (EEXI), applicable to
existing vessels, and the Carbon Intensity Indicator (CII),
which evaluates actual operational performance, has
extended regulatory requirements beyond design
efficiency to include improvements in in-service energy
performance (IMO 2021). As a result of these increasingly
stringent environmental regulations, the demand for
technologies that enhance ship energy efficiency and
reduce fuel consumption continues to grow.

Against this regulatory background, the Contra-Rotating
Propeller (CRP) system has attracted considerable
attention as a next-generation energy-efficient propulsion
technology. A CRP system improves propulsive efficiency
by recovering the rotational energy contained in the
slipstream of the forward propeller through the after
propeller. According to Kravitz et al. (2011), a CRP system
can achieve approximately a 10% improvement in
propulsive efficiency compared with a conventional single
propeller.

However, the CRP system exhibits strong hydrodynamic
interaction between the forward and after propellers,
resulting in propulsion performance that is highly sensitive
to rotational speed ratio, advance coefficient, and loading
conditions. Paik et al. (2015) demonstrated that the after
propeller operates within a complex inflow field
characterized by the rotational component and non-
uniform velocity distribution generated by the forward
propeller. As a result, thrust and torque characteristics vary
nonlinearly depending on the combination of rotational
speeds.

These previous studies indicate that accurate prediction of




CRP performance requires consideration not only of the
individual performance of the forward and after propellers,
but also of their mutual interaction effects. Wakabayashi et
al. (2025) further reported that variations in rotational
speed significantly influence the overall propulsive
efficiency and power sharing characteristics between the
forward and after propellers, and that these changes
directly affect self-propulsion performance and required
power estimation.

The CRP system, based on its efficiency-enhancing
mechanism, has been investigated for full-scale
applications across various ship types and propulsion
configurations. Ueda et al. (2004) demonstrated, through a
full-scale case study of a high-speed passenger vessel
equipped with a Hybrid CRP—POD propulsion system, that
operational performance was improved and energy savings
were achieved. Furthermore, the ITTC Specialist
Committee on Energy Saving Methods (ITTC 2021)
identified CRP as one of the key energy-saving
technologies and recognized its important role in
improving propulsive efficiency.

On the other hand, due to the strong hydrodynamic
interaction between the forward and after propellers, the
performance of a CRP system varies significantly
depending on the rotational speed ratio and power-sharing
conditions. Therefore, determining the optimal operating
condition is crucial during both the design and operational
phases of full-scale ships.

Inukai et al. (2009) investigated performance variation
through full-scale sea trials by adjusting the power-sharing
ratio between the forward and after propellers and reported
that the selected power distribution has a direct influence
on propulsive performance. These findings are consistent
with those of Paik et al. (2015), who showed that the after
propeller operates in a non-uniform, rotational inflow
induced by the forward propeller, resulting in nonlinear
variations in thrust and torque characteristics depending on
the rotational speed combination.

In recent years, the proportion of electrically propelled
ships has increased compared with conventional fuel-
driven vessels, and active research has been conducted to
exploit the capability of real-time rotational speed control
in electric propulsion systems (Hyun 2024). Unlike
conventional mechanical propulsion systems, electric
propulsion allows flexible adjustment of propeller
rotational speed in response to varying operating
conditions. When combined with a CRP system, this
capability offers significant potential for optimizing
propulsive performance through adaptive control of the
rotational speed ratio.

Despite this potential, determining the optimal rotational
speed ratio in a computationally efficient and practically
applicable manner remains a significant challenge. The
strong hydrodynamic coupling between the forward and
after propellers makes it difficult to explore the entire
design space using high-fidelity CFD simulations alone,
due to the substantial computational cost involved.

Therefore, a systematic framework is required to
efficiently explore the operating conditions of a CRP
system and to estimate the optimal rotational speed ratio
for real-time operation. In the present study, the rotational
speed ratio is defined as the rotational speed of the forward
propeller divided by that of the after propeller. This
parameter directly governs the load distribution between
the two propellers and influences the extent to which the
rotational energy generated by the forward propeller can be
recovered by the after propeller. An inappropriate
rotational speed ratio may result in inefficient swirl
recovery, unfavorable load sharing, and degradation of
overall propulsive efficiency. Therefore, selecting an
appropriate rotational speed ratio is not merely a matter of
adjusting rotational speeds, but a key design and
operational variable that significantly affects CRP
performance.

Although extensive numerical data are necessary to
achieve this objective, a fully CFD-based approach
involves substantial computational cost and practical
limitations. To overcome this constraint, the present study
constructs a database using potential-based numerical
analysis and develops a Reduced Order Modeling (ROM)-
based surrogate model to predict the optimal rotational
speed ratio efficiently. Furthermore, self-propulsion
simulations are performed for a single propeller, a baseline
CRP configuration, and a CRP operating at the ROM-
derived optimal rotational ratio. Through quantitative
comparison of the self-propulsion factors, the feasibility of
determining practical optimal operating conditions for
CRP systems is assessed.

2 Background

2.1 Numerical Methods

The present study employs two numerical approaches with
distinct roles. A potential-based method is adopted to
efficiently generate a large performance database over a
wide range of rotational speed ratios. This approach
enables systematic exploration of the design space with
significantly reduced computational cost compared with
high-fidelity CFD simulations.

High-fidelity CFD analyses are performed separately to
evaluate and validate the predicted optimal condition
through self-propulsion simulations.

2.1.1 Potential Method

In the present study, the hydrodynamic performance of the
CRP system is evaluated using the potential-flow code
developed by Paik et al. (2000). This method is based on
the Vortex Lattice Method (VLM), in which the flow is
assumed to be inviscid, irrotational, and incompressible.
Under these assumptions, the governing equation reduces
to the Laplace equation for the velocity potential. The
governing equation is expressed as follows equation (1):

V2 =0 M

Where ¢ is the velocity potential. To represent the flow
field around the blades, source panels and vortex lattice
elements were distributed over the blade surfaces. The



source strength was determined to satisfy the non-
penetration boundary condition, while the vortex strength
was adjusted to enforce the Kutta condition at the blade
trailing edge. This ensures a finite circulation at the trailing
edge and allows physically consistent prediction of the
wake vortex sheet.

2.1.2 CFD Method

In the present study, the commercial CFD solver STAR-
CCM+ (version 18.06) was employed. The governing
equations are the Reynolds-Averaged Navier—Stokes
(RANS) equations. For incompressible flow, the RANS
equations can be expressed as follows equation (2) and (3):
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where u; represents the time-averaged _velocity
component, p denotes the mean pressure, and u;u; is the
Reynolds stress term arising from velocity fluctuations.
The RANS formulation decomposes turbulent flow into
mean and fluctuating components through time averaging,
thereby significantly reducing the computational cost
while retaining the essential characteristics of ship
hydrodynamics.

In the present study, the Shear Stress Transport (SST) k—w
turbulence model was employed. The SST k—w model is a
two-equation eddy-viscosity model based on the transport
equations for turbulent kinetic energy k and specific
dissipation rate w . By incorporating the shear stress
transport concept, the model improves the prediction
capability under adverse pressure gradients and flow
separation conditions. In particular, the SST k—w model
provides relatively stable convergence and reliable
predictive performance in flow fields characterized by
strong velocity gradients and intense vortical structures
induced by propeller rotation.

In the present study, the computational mesh was
constructed to maintain Y* ~ 1 on both the hull and
propeller surfaces, enabling direct resolution of the
boundary layer without the use of wall functions. This
wall-resolved approach allows more accurate prediction of
hull-propeller interaction effects and blade surface
pressure distributions. To ensure consistency in
performance comparison, the same SST k—w turbulence
model and identical near-wall treatment strategy were
applied throughout the resistance, Propeller Open-Water
(POW), and self-propulsion simulations. This consistent
numerical framework enables reliable and objective
comparison of the relative propulsive performance
between the single propeller and the CRP system.

2.1.3 Nondimensionalization of the CRP System
The open-water characteristics of the CRP system were
nondimensionalized following the approach proposed by

Van Manen (1968). In this method, the CRP is treated as a
single equivalent propulsor, and the nondimensional
coefficients are defined based on the forward propeller
diameter and rotational speed.

The advance coefficient of the CRP system is defined as
equation (4):
Va
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where V, is the advance velocity, n¢ is the rotational speed
of the forward propeller, and Dy is the diameter of the
forward propeller.

The thrust and torque coefficients are defined as equation
(5) and (6):
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where Ty and T, denote the thrust generated by the forward
and after propellers, respectively. Similarly, @ and Q,
represent the torque of the forward and after propellers.
The symbols ng and n, indicate the rotational speeds of
the forward and after propellers, respectively, and D is the
diameter of the forward propeller. The fluid density is
denoted by p.

Using the above definitions, the CRP system can be
expressed in terms of equivalent thrust and torque
referenced to the forward propeller rotational speed. The
equivalent total thrust and torque are written as equation
(7) and (8):

Ty=T+ T, ™
na

Q= QO + —2Q, ®)
Ny

Based on this formulation, the wake fraction w, thrust
deduction factor t, relative rotative efficiency 1y, hull
efficiency 1y, and quasi-propulsive efficiency 71, were
evaluated using the equivalent thrust and torque of the CRP
system rather than individual propeller contributions.

3 Target Model and Simulation Condition

3.1 Target Ship

The target vessel considered in this study is the KVLCC2,
a benchmark hull form designed by the Korea Research
Institute of Ships and Ocean Engineering (KRISO) for
hydrodynamic performance evaluation of a VLCC tanker.
The model scale ratio was set to 1:58. The principal
particulars of the vessel are summarized in Table 1, and its
geometry is shown in Figure 1.



Table 1: Principal Particulars of KVLCC2

Full Scale Model scale
Fn 0.142
Design speed 7.974 m/s 1.047 m/s
Lpp 320m 5.517m
B 58m 1.000m
D 30m 0.517m
T 20.8m 0.359m
S 27467.3m? 8.165m?
Scale ratio 1 58

Figure 1: Geometry of the KVLCC2 Reference Hull

3.2 Target Propeller

3.2.1 Single Propeller

The target propeller is KP458, which is the conventional
single propeller designed for the KVLCC2 hull. The
propeller has a diameter of 9.86 m and consists of four
blades. The principal particulars of the propeller are listed
in Table 2, and its geometry is shown in Figure 2.

Table 2: Principal Particulars of the KP458 Reference

Propeller
Full Scale
Diameter 9.86 m
No. of blades 4
Hub ratio 0.155
P/D (0.7R) 0.72
EAR 0.431
Section NACA66
Rotation RH

3.2.2 Contra-Rotating Propeller
f W

Figure 2: Geometry of the KP458 Reference Propeller

Based on the reference single propeller KP458, a CRP
system was designed to achieve an equivalent loading
condition by maintaining the same power ratio. To ensure
comparable load distribution, both the forward and after
propellers were configured with three blades. The power
ratio between the forward and after propellers was set to
6:4.

The diameter ratio between the forward and after propellers
was selected as 0.8, and the remaining design parameters
were determined to maintain consistent non-dimensional
characteristics with the reference propeller. The principal
particulars of the developed CRP system are summarized
in Table 3, and the geometry is presented in Figure 3.

Table 3: Principal Particulars of the Designed CRP System

Forward Prop. After Prop.
Diameter 9.86 m 7.89m
No. of blades 3 3
Hub ratio 0.155 0.155
P/D (0.7R) 0.72 1.03
EAR 0.259 0.269
Section NACA66 NACA66
Rotation RH LH
Power 14,488 kW 9,658 kW
po_l
- { - ~—

Figure 3: Geometry of the Designed CRP System



3.3 Simulation Condition

3.3.1 Resistance
The computational domain and boundary conditions
employed in the resistance simulations are illustrated in
Figure 4. To ensure consistency with the subsequent self-
propulsion analysis, full-scale geometry without symmetry
was considered.
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Figure 4: Computational Domain and Boundary Conditions

The near-wall mesh was constructed to maintain Y+ ~ 1lon
the hull surface, enabling wall-resolved boundary layer
computation. The total number of cells was approximately
6 million.

3.3.2 Propeller Open Water Test

For the Propeller open-water (POW) simulations, identical
boundary conditions were applied to both the single
propeller and the CRP configuration, as illustrated in
Figure 5.
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Figure 5: Computational Domain for Single Propeller Open-
Water Simulation

The single propeller case consisted of approximately 3
million cells. For the CRP configuration, the same mesh
topology was maintained to ensure consistency, however,
the grid density between the forward and after propellers
was refined to accurately resolve the inter-propeller flow
interaction. As a result, the total cell count for the CRP case
was approximately 5 million. The near-wall mesh on the
propeller surfaces was constructed to maintain Y+ ~ 1,
enabling direct resolution of the boundary layer.

3.4 Validation

3.4.1 Resistance

To assess the reliability of the applied CFD methodology,
the numerical results were compared with available
experimental data (Guo et al. 2012). As summarized in

Table 4, the numerical predictions show good agreement

with the experimental measurements, exhibiting
comparable trends and consistent performance
characteristics.

Table 4: Validation of Resistance Results compared with
Experimental Data

EFD CFD(Present)  Diff (%)
Rtm(N) 18.20 17.81 -2.11
Trim(deg) 0.126 0.131 3.84
Sinkage(m) 0.0064 0.0056 -12.22
Present
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Figure 6: Validation of Axial Velocity in Nominal Wake
Plane with Reference CFD Results

In addition, the predicted axial velocity in the nominal
wake plane of the KVLCC2 hull was compared with the
results reported by Yang et al. (2011), as shown in Figure
6. The present simulation reproduces a similar wake
pattern and axial velocity distribution, showing good
qualitative agreement with the reference study.

3.4.2 Propeller Open Water Test (Single Propeller)

In the present study, the propeller open-water performance
of the single propeller KP458 was computed. The predicted
results were compared with the experimental data from
National Maritime Research Institute (NMRI) and the CFD
results reported by Jang et al. (2019).

Table 5: Validation of KP458 Open-Water Performance
with Experimental Data

EFD CFD(Present) Diff (%)
: Kr 10K, Kr 10K, Kr 10K,
03 0.199 0.234 0200 0.229 0.39 -1.90
0.4 0.163 0.201 0.162 0.197 -097 -1.87
0.5 0.117 0.161 0.122 0.161 3.59 -0.05
0.6 0.076 0.125 0.080 0.122 549 -2.51
The present numerical results show overall good

agreement with the experimental data within the advance



coefficient range of 0.3—0.6. Both the thrust coefficient and
torque coefficient were predicted within approximately 5%
of the experimental measurements for most operating
conditions, indicating a comparable level of accuracy.

Furthermore, the overall trend and error level are consistent
with the CFD results reported by Jang et al. (2019),
confirming that the present numerical approach provides
sufficient reliability for propeller performance prediction
(Figure 7).
Table 6: Comparison of KP458 Open-Water Performance
with CFD Results

Jang et al. CFD(Present) Diff (%)
J
Ky 10K, Ky 10K, Ky 10K,
03 0.197 0.23 0200 0.229 152 -043
0.4 - - 0.162 0.197 - -
0.5 0.118 0.163 0.122 0.161 3.59 -0.05
0.6 - - 0.080 0.122 - -
) — N e |
0.35 0.40 0.]45 0.50 0.55 0.60
4-EFD_Ky #-EFD_10K, #-EFD_TNo

#-Jangetal Mo
-#-Present_Tlo

Figure 7: Validation of KP458 Open-Water Performance
with Experimental Data
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3.4.3 Propeller Open Water Test (CRP)

The propeller open-water performance of the CRP
configuration was further evaluated and validated against
the results obtained from the potential-based analysis.

Table 7: Comparison of CRP Open-Water Performance
Between CFD and Potential-Based Results

J Potential n, CFD n, Diff (%)
0.3 0.411 0.412 0.12
0.4 0.527 0.525 -0.48
0.5 0.624 0.606 -2.88
0.6 0.677 0.651 -3.91

As shown in Table 7 and Figure 8, the CFD and potential-
based results exhibit good agreement, with the difference
in propeller open-water efficiency remaining within
approximately 5%.
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Figure 8: Comparison of CRP Open-Water Performance
Between CFE and Potential-Based Results

This level of discrepancy indicates that the potential-flow
method provides sufficiently reliable predictions for CRP
open-water performance. Therefore, the potential-based
results used for constructing the large-scale performance
database can be considered to possess adequate accuracy
for subsequent surrogate modeling.

3.4.4 Self-Propulsion

The self-propulsion simulations were performed at the
design speed by iteratively adjusting the propeller
rotational speed until equilibrium between the hull
resistance and the propeller thrust was achieved.

The self-propulsion condition is defined based on the thrust
equilibrium condition expressed as equation 9:

T = Ry + Fpo )

where T denotes the total propeller thrust, R represents
the total hull resistance at the design speed, and Fp,
denotes the additional drag force associated with the
propulsion system.

In the present study, the self-propulsion simulation for the
single propeller was conducted using the Virtual Disk (VD)
method instead of directly resolving the rotating blades. In
this approach, the propulsive effect was represented as a
body force distribution applied within the propeller region.

For the CRP configuration, both the forward and after
propellers were directly modeled using a rotating reference
frame to capture the interaction between the two propellers.

At the design speed, the rotational speed assigned to the
virtual disk or to the propellers was iteratively adjusted
until the generated thrust balanced the total hull resistance.
Through this procedure, the self-propulsion point
satisfying the thrust equilibrium condition was determined.

The resulting self-propulsion factors are summarized in
Table 8.



Table 8: Comparison of Self-Propulsion Factors with
Reference Results

Kim et al. Lee et al. Present

t 0.190 0.194 0.204
Wi, 0.443 0.425 0.452
W 0.305 0.323 0.342
MR 1.009 1.022 1.029
Nh 1.165 1.191 1.209
Mo 0.620 0.549 0.556
Np 0.726 0.669 0.692

To assess the validity of the VD-based self-propulsion
analysis applied in this study, the results were compared
with previous research. Kim et al. (2001) conducted self-
propulsion experiments for the same benchmark hull,
providing experimental reference data.

Lee et al. (2013) compared self-propulsion simulations
performed using the VD method with those obtained by
directly resolving the rotating propeller blades,
demonstrating that the VD approach can reasonably predict
self-propulsion factors with acceptable accuracy. Based on
these prior findings, the reliability of the present VD-based
self-propulsion methodology is supported.

Lee et al (2021)

Present
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Figure 9: Nominal Wake Comparison with Reference
Results

In addition, the computed nominal wake distribution of the
KVLCC2 hull was compared with the CFD results reported
by Lee et al. (2021), as shown in Figure 9. The present
results exhibit a similar overall wake structure and low-
velocity region, indicating good agreement with the
reference data.

Together, these comparisons confirm the validity of the
numerical framework adopted in the present study for both
self-propulsion prediction and wake field evaluation.

4 Surrogate Model

4.1 Reduced Order Model (ROM)

4.1.1 Motivation

The performance of a CRP system is highly sensitive to the
rotational speed ratio, particularly in terms of propeller
open-water efficiency. However, performing high-fidelity

CFD simulations for all possible rotational speed
combinations is computationally  expensive and
impractical.

To address this limitation, a Reduced Order Modeling
(ROM)-based surrogate model was developed to predict
propeller performance over a continuous range of
rotational speed ratios using a limited set of potential-based
simulation data. This approach enables efficient
exploration of the design space while maintaining
reasonable predictive accuracy.

4.1.2 Snapshot Matrix

In the present study, training data was generated by
discretizing the rotational speed ratio of the CRP system at
uniform intervals. For each rotational speed ratio, the
advance coefficient was evaluated at 21 discrete points.

For each output variable, an independent snapshot matrix
was constructed. The snapshot matrix is defined as follows
equation 10:

Y = [3’1r}’2»}’3; ---:yn] € Rmxn (10)

The dimension m X nrepresents the size of the dataset,
where m corresponds to the number of advanced
coefficient sampling points and n denotes the number of
rotational speed ratio cases.

CRP_7, L' m

CRP_K;

=
Figure 10: Construction of snapshot matrices for CRP

performance data

4.1.3 Dimension Reduction Based on POD
Singular Value Decomposition (SVD) was performed on
the constructed snapshot matrix.
K 52
=L > 099

n 2 =
i=10i

an

When extracting the dominant modes through SVD, the
cumulative energy ratio was evaluated, and the minimum
number of modes k satisfying equation 11 was selected.
Through this procedure, a reduced-order representation
capable of explaining more than 99% of the original
training data was constructed.



Using the selected modes ¢;, the performance vector can
be approximated as follows equation 12:

k
Yy = ) Wi az
i=1

where, ¢; denotes the i dominant mode, and w;(x)
represents the modal weight corresponding to the rotational
speed ratio x.

k<m
/\IX1 +/Mx+---+JV|X =)
Wy (x) W, (x) W (x)

CRP_1no
Figure 11: POD-based dimensional reduction process

4.1.4 Meta-Modeling for Modal Weight Prediction

Although the dominant modes of the propeller open-water
efficiency were extracted through POD, prediction of
performance at unseen rotational speed ratios requires
approximating the modal weights w; (x) as functions of the
input variable (rotational speed ratio). Therefore, a meta-
model was constructed to predict modal weights.

In this study, four different meta-modeling techniques
were applied and comparatively evaluated. First, the
Kriging (KRG) method, which probabilistically model
correlations among data points, was employed. Second, the
Radial Basis Function interpolation (RBFi) method, known
for its strong interpolation capability between training
points, was applied. Third, Radial Basis Function
regression (RBFr), a regression-based approach that
accounts for noise in the data, was utilized. Finally, a
Polynomial Regression (PR) model based on polynomial
approximation was considered.

For each output variable (K7, 10Ky, and 1), independent
meta-models were constructed. The predictive accuracy of
each model was quantitatively evaluated by calculating the
Root Mean Square Error (RMSE) using the test dataset.

Table 9: RMSE results of surrogate models

Method RMSE
KRG  0.000431
RBFi  0.000444
K RBFr  0.000325
PR 0.00029
KRG  0.000619
10K, RBFi  0.000727
RBFr  0.000684
PR 0.000731
KRG  0.00102
RBFi  0.001328
o RBFr  0.00124

PR 0.003362

As shown in Table 9, the Polynomial Regression model
exhibited the lowest RMSE for K; and was therefore
selected as the final model for thrust prediction. For 10K,
and 1, the Kriging model demonstrated the best predictive
performance.

Accordingly, the optimal meta-model was selected
independently for each output variable, and the final ROM-
based predictive model was constructed by combining the
best-performing models.

5 Results and Discussion

5.1 Surrogate Model Response and Identification of
Rotation Ratio

g Vs Rotation Ratio (J = 0.6)

R
0.6 0.8 1 1.2 14 1.6
Rotation Ratio

Figure 12: Variation of propeller open-water efficiency with
rotational speed ratio (J = 0.6)

Using the ROM-based predictive model, the propeller
open-water efficiency distribution of the CRP system was
evaluated over the trained range of rotational speed ratios.

Figure 12 presents the response curve of the propeller
open-water efficiency as a function of the rotational speed
ratio. The predicted results indicate that 1, exhibits a
nonlinear distribution with respect to the rotational ratio,
reaching a maximum value at a specific condition. As the
rotational speed ratio increases, 7, rises sharply, attains its
peak around 1.1, and then gradually decreases beyond this
point. Based on this distribution, the optimal and worst
rotational speed ratios were identified as 1.1 and 0.7,
respectively.

To investigate whether the difference in 7, translates into
meaningful  variation in  actual  self-propulsion
performance, self-propulsion simulations were conducted
for both the optimal and worst rotational speed ratio
conditions. The results were compared in terms of quasi-
propulsive efficiency.

5.2 Self-Propulsion Comparison Based on Quasi-
Propulsive Efficiency

Self-propulsion simulations were conducted for the worst
rotational speed ratio (0.7) and the optimal rotational speed
ratio (1.1), where the rotational speed ratio denotes the
ratio of the forward propeller rotational speed to that of the
after propeller. These conditions were identified based on
the propeller efficiency 1. The resulting self-propulsion



factors and quasi-propulsive efficiency were compared to
evaluate the influence of rotational speed ratio on overall
propulsion performance.

Table 10 summarizes the calculated self-propulsion factors

and efficiency indices for the two rotational speed ratio
conditions.

Table 10: Comparison of Self-Propulsion Performance
Between the Worst and Optimal Conditions

CRP-Worst CRP-Optimal
Rotation Ratio 0.7 1.1

t 0.199 0.207
W 0.276 0.272
Nr 1.000 1.000
Ny 1.108 1.100
No 0.579 0.589
Np 0.613 0.636

Worst Condition

Optimal Condition

Figure 13: Axial Velocity Distribution Behind the After
Propeller Between the Worst and Optimal Conditions

Worst Condition Optimal Condition
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i <-0.3

Figure 14: Comparison of Pressure Coefficient Distribution
on the Hull and Propeller Blades

Since the comparative analysis was conducted using the
same hull form with variations only in the propeller
rotational speed ratio, the hull-propeller interaction
coefficients remained nearly unchanged between the two
conditions. As summarized in Table 10, both the thrust
deduction factor and effective wake fraction showed only
marginal differences. In addition, the axial wake
distributions behind the after propeller exhibited generally

similar patterns, as shown in Figure 13 and 14, although
slight differences in the wake recovery behavior were
observed depending on the rotational speed distribution.
Consequently, the variation in overall propulsive
efficiency is considered to originate primarily from
differences in the propeller open-water performance rather
than from hull-related interaction effects.

From the perspective of rotational speed distribution, the
‘worst condition’ corresponds to a case where the after
propeller rotates faster than the forward propeller, whereas
in the ‘optimal condition’, the forward propeller rotates
faster. This redistribution of rotational speed influences the
recovery of rotational energy and the load-sharing
characteristics between the two propellers. In a CRP
system, the forward propeller generates axial thrust while
inducing a rotational wake, and the after propeller is
intended to recover this residual rotational energy.
However, when the rotational speed of the after propeller
becomes excessively high relative to the forward propeller,
as in the ‘worst condition’, the load-sharing mechanism
becomes less effective, resulting in less efficient recovery
of the upstream rotational flow. This tendency is
considered to contribute to the deterioration of the
propeller open-water efficiency 1, and consequently the
overall propulsive efficiency np.

Figure 15: Comparison of Axial Vorticity Structures
Around the CRP System Between the Worst and Optimal
Conditions

Figure 15 illustrates the axial vorticity distribution around
the CRP system under the two rotational ratio conditions.
In the ‘optimal condition’, the vortex structures generated
by the forward propeller are more axially aligned and
exhibit a relatively concentrated core region. In contrast,
the ‘worst condition’ shows more diffused and irregular
vortex structures, indicating less efficient rotational energy
recovery.
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Figure 16: Comparison of Pressure Coefficient Distribution
on the Suction Side of the Propeller Blades
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Figure 17: Comparison of Pressure Coefficient Distribution
on the Pressure Side of the Propeller Blades

Figure 16 and 17 compares the pressure distribution on the
blade surfaces of the forward and after propellers under the
‘worst condition’ and the ‘optimal condition’. In both
conditions, distinct pressure differences were formed
between the pressure side and suction side, however,
differences in blade loading distribution characteristics
were observed depending on the rotational speed ratio.

Under the ‘worst condition’, a strong low-pressure region
was particularly observed near the blade tip and leading-
edge region on the suction side of the after propeller,
accompanied by pronounced local pressure concentration.
This indicates that excessive hydrodynamic loading was
concentrated in specific regions of the after propeller,
suggesting inefficient load-sharing between the forward
and after propellers. Such non-uniform loading distribution
may strengthen the tip vortex and rotational flow,
potentially leading to additional wake losses.

In contrast, under the ‘optimal condition’, the pressure
distribution on the after propeller became smoother and
relatively more uniform along the blade span direction. In
particular, the localized low-pressure concentration was
reduced, indicating that the blade loading was more stably
distributed over the entire blade surface. Therefore, under
the ‘optimal condition’, the excessive local loading on the
after propeller was alleviated, and the interaction between
the forward and after propellers was improved, resulting in
enhanced overall propulsive efficiency.
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Figure 18: Comparison of Axial Vorticity Evolution Between
Worst and Optimal Conditions

To quantitatively compare the wake vortex strength
generated by the CRP system, the area-averaged absolute
axial vorticity was evaluated on wake planes located at

various downstream positions normalized by the propeller
diameter (x/D). As summarized in Figure 18, the ‘optimal
condition’ exhibited a more rapid decay of axial vorticity
compared to the ‘worst condition’. In particular, the
difference became more pronounced in the downstream
region, indicating that the rotational flow and vortex
structures generated by the propeller dissipated more
efficiently under the ‘optimal condition’.
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Figure 19: Comparison of Axial Vorticity Distribution
Behind the After Propeller

Overall, the wake characteristics shown in Figure 19
indicate that the ‘optimal condition’ promotes a more
stable axial flow development downstream of the propeller
system and a faster dissipation of rotational flow structures
compared with the ‘worst condition’. The spatial location
and alignment of the dominant vortex cores further suggest
that the optimized rotational speed ratio enhances the
rotational energy recovery mechanism of the CRP system,
which is consistent with the improved propulsive
efficiency observed in the self-propulsion analysis.
Consequently, improper selection of the rotational speed
ratio can disrupt the intended energy recovery process of
the CRP system, leading to degradation in propeller
efficiency.



As a result, under the ‘optimal condition’, the thrust
deduction factor decreased, and the propeller efficiency
improved compared with the ‘worst condition’. Owing to
these combined effects, the quasi-propulsive efficiency
increased significantly, with the ‘optimal condition’
showing approximately a 3.7% improvement in propulsion
efficiency relative to the ‘worst condition’.

In addition, the delivered power at model scale, Py, was
calculated as 15.091W for the ‘worst condition’ and
14.531W for the ‘optimal condition’. This corresponds to
a power reduction of approximately 3.7% under the
optimal rotational speed ratio.

These results quantitatively demonstrate that the selection
of rotational speed ratio is not merely an operational
parameter, but a key design variable that directly
contributes to practical energy savings in CRP systems.

6 Conclusions

In this study, the influence of rotational speed ratio on the
propulsion performance of a CRP system was investigated,
and a ROM-based surrogate model was developed to
efficiently identify the optimal rotational speed ratio. By
applying Proper Orthogonal Decomposition, the dominant
modes of the CRP open-water performance curves were
extracted, and the corresponding modal weights were
approximated using meta-models to construct a continuous
surrogate model over the rotational speed ratio domain.
The optimal meta-model for each output variable was
selected based on RMSE comparisons using test data,
ensuring high prediction accuracy.

The ROM-based prediction results showed that the
propeller efficiency 1, varies nonlinearly with rotational
speed ratio at the design advance coefficient and attains a
maximum value at a specific rotational speed ratio. This
variation was found to be closely related to the rotational
energy recovery characteristics and load-sharing
interaction between the forward and after propellers.

Self-propulsion simulations conducted at the identified
rotational speed ratios demonstrated that the quasi-
propulsive efficiency increased by approximately 3.7%
from the ‘worst condition’ to the ‘optimal condition’. In
terms of delivered power, the ‘optimal condition’ achieved
approximately 3.7% lower power consumption compared
with the ‘worst condition’. These results quantitatively
confirm that a rotational speed ratio selected based on
propeller efficiency can lead to meaningful performance
improvements under actual self-propulsion conditions.

Overall, the rotational speed ratio in a CRP system is not
merely a simple speed ratio, but a critical design and
operational parameter that governs propeller interaction,
load distribution, and rotational energy recovery. The
present results demonstrate that variations in rotational
speed ratio significantly influence propeller interaction,
self-propulsion characteristics, and overall propulsion
efficiency, ultimately resulting in substantial power
savings. Therefore, systematic analysis and optimal
determination of rotational speed ratio under varying
operating conditions are essential for the performance

optimization of CRP propulsion systems. Future work will
focus on extending the proposed ROM framework to off-
design operating conditions and varying sea states for
practical CRP operation analysis.
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