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Abstract

Marine toroidal propellers have recently attracted considerable attention in marine propulsion systems due
to their potential to improve hydredynamic performance by eliminating conventional blade tips and reducing
tip vortex intensity. In this study, the effect of spacing ratio on the hydrodynamic performance of a marine
toroidal propeller was numerically investigated, and the optimal spacing ratio was determined through
optimization. Numerical simulations were performed using computational fluid dynamics in STAR-CCM+,
while optimization was conducted using=a-genetic algorithm. The toroidal propellers were generated based on
the KP505 reference propeller using an innovativesgeometrical approach. Six different spacing ratios were
examined under various advance coefficientss” Thrust coefficient, torque coefficient, and efficiency were
considered as objective functions for performance/evaluation and optimization. Results showed that the thrust
coefficient exhibited decreasing, nonlinear, and increasing trends at low, medium, and high advance
coefficients, respectively. The optimal spacing ratio was'0.2641, corresponding to maximum efficiency of
45.35%. Comparative analyses revealed that the optimized toroidal propeller increased thrust by up to 26% at
an advance coefficient of 0.8 and improved efficiency by 7.84% at an advance coefficient of 1. Flow field
analyses also indicated improved pressure distribution and higher wake velocity behind the optimized

propeller.
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1. Introduction

In recent years, toroidal propellers have emerged as a
promising alternative to conventional propellers due to
their.unique closed-loop blade geometry. By connecting
the bladetips and eliminating the free tip region,
toroidal propellers can substantially weaken tip vortex
structures and.modify the wake flow characteristics [1].
Several« recent ), studies have investigated the
hydrodynamic and"acoustic characteristics of toroidal
propellers [2, 3].% Numerical and experimental
investigations _have ‘demonstrated that toroidal
propellers are capable of .reducing vortex intensity,
modifying wake structures,, and improving thrust
generation under _certain operating conditions. In
addition, some studies have reported reductions in
hydrodynamic noise and cavitation“intensity due to the
suppression of concentrated tip vortices. Despite these
advantages, the complex geometry of taroidal propellers
introduces additional viscous losses, and complicated
flow interactions, which may negatively: affect-propeller
efficiency in some operating conditions: Therefore,
understanding the relationship between geometrical
parameters and hydrodynamic performance remains an
important research challenge.

In the present study, the effect of spacing ratio on the
hydrodynamic performance of a marine toroidal
propeller is  numerically  investigated  using
computational fluid dynamics simulations. The toroidal
propeller geometry is developed based on the KP505
reference propeller through an innovative geometrical
generation approach. Numerical simulations are
performed in the STAR-CCM+ environment under
several advance coefficients and spacing ratio
configurations. Furthermore, a genetic algorithm is
employed to determine the optimal spacing ratio
corresponding to the best hydrodynamic performance.
Thrust coefficient, torque coefficient, and propeller
efficiency are selected as the principal performance
indicators. Finally, the hydrodynamic performance of
the optimized toroidal propeller is compared with that of
the conventional KP505 propeller, and detailed flow
field analyses are conducted to investigate the physical
mechanisms governing the observed performance
characteristics.

2. Methodology

In the present study, the geometry of the toroidal
propeller was developed based on the KP505 reference
propeller. To investigate the influence of geometrical
spacing on the hydrodynamic performance, several
toroidal propeller configurations with different spacing

ratios were generated and analyzed. The spacing ratio
was defined as the relative axial distance between the
forward and aft sections of the toroidal blade structure.
Six different spacing ratios were considered in the
numerical simulations to evaluate their effects on thrust
generation, torque characteristics, efficiency, and wake
flow behavior. The numerical simulations were
performed using the commercial computational fluid
dynamics software STAR-CCM+. A three-dimensional
computational domain was generated to simulate the
open-water performance of the propellers. The
computational domain consisted of two primary regions,
including a stationary outer region and a rotating
cylindrical region surrounding the propeller. The
numerical simulations were conducted under steady-
state conditions using the Reynolds-Averaged Navier—
Stokes equations. Turbulence effects were modeled
using the Shear Stress Transport k—» turbulence model
due to its capability in accurately predicting adverse
pressure gradients and near-wall flow behavior in
marine hydrodynamic applications. In the numerical
simulations of present study, the Navier-Stokes
equations were used in the form of continuity and
RANS equations. Also SST k- turbulent model is
used for these simulations.

The simulations were performed for several advance
coefficients to evaluate the hydrodynamic performance
of” the toroidal propellers under different operating
conditions. The numerical model was validated through
comparison with available experimental data for the
KP505reference propeller. Hydrodynamics coefficient
of propeller used according equations (1) to (4) [4].
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A genetic algorithm was employed to ‘determine the
optimal spacing ratio corresponding to the best
hydrodynamic performance of the toroidal propeller.
The optimization procedure was integrated with the
numerical simulation results to  investigate _the
relationship between spacing ratio and propeller
performance parameters.

3. Result and Discussion

The obtained results were compared with those of the
conventional KP505 propeller in terms of thrust



coefficient, torque coefficient, efficiency, and flow field
characteristics. At low advance coefficients, increasing
the spacing ratio generally resulted in a reduction in
thrust coefficient. In the intermediate advance
coefficient range, the thrust coefficient exhibited
nonlinear hehavior with respect to the spacing ratio. At
high advance coefficients, increasing the spacing ratio
produced a_naticeable increase in thrust coefficient.
Comparative analyses indicated that the toroidal
propeller, prior to optimization, achieved approximately
15% higher thrust coefficient than the KP505 reference
propellerat an advance coefficient of 0.8. Following the
optimization<process, the optimized toroidal propeller
increased thrust by approximately 26% at the same
operating condition.Despite, the increase in torque
coefficient, ~ the® optimized “toroidal  propeller
demonstrated favorable efficiencyscharacteristics under
specific operating conditions. The maximum efficiency
of the optimized toroidal propeller reached 45.35% at
the optimal spacing ratio of 0.2641. A “significant
observation of the present study:was thesimprovement in
propeller efficiency at high advance coefficients. At an
advance coefficient of 1.0, the optimized toroidal
propeller exhibited approximately . 7.84% _higher
efficiency compared with the KP505.«reference
propeller. This behavior indicates that the toroidal
propeller performs more effectively under high-speed
operating conditions where the adverse effects of flow
interference are reduced and the suppression of tip
vortices becomes more beneficial (Figure 1).
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Figure 1: Propeller efficiency changes versus spacing ratio
for various advance ratios

Pressure coefficient distributions further demonstrated
the hydrodynamic advantages of the optimized toroidal
configuration. The pressure field around the toroidal
blades showed smoother pressure gradients and reduced
low-pressure concentration regions near the blade tips.
This behavior indicates a lower tendency for cavitation
inception and improved pressure recovery around the
propeller surfaces (Figure 2).
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Figure 2: Comparison of pressure coefficint for a) The
optimal toroidal propeller and b) The KP505 propeller

4. Conclusion

In this study, the effect of spacing ratio on the
hydrodynamic performance of a marine toroidal
propeller was numerically investigated using CFD and a
genetic algorithm optimization approach. The results
demonstrated that the spacing ratio significantly affects
thrust generation, torque characteristics, efficiency, and
wake flow behavior. The optimization process identified
an optimal spacing ratio of 0.2641, corresponding to a
maximum efficiency of 45.35%. Comparative analyses
showed that the optimized toroidal propeller increased
thrust by up to 26% at an advance coefficient of 0.8 and
improved efficiency by 7.84% at an advance coefficient
of 1.0 compared with the KP505 reference propeller.
Flow field also indicated improved wake uniformity,
reduced vortex intensity, and smoother pressure
distributions around the toroidal blades, suggesting
enhanced hydrodynamic performance and reduced
cavitation tendency. Overall, the findings confirm the
potential of spacing ratio optimization for improving the
performance of marine toroidal propellers, particularly
under-high-speed operating conditions.
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Fig 5: Generated mesh for the simulations of the present research
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Table 3: Grid independence. study-for the present research
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Table 4: Simulation settings of the present study
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Fig 10 : Changes in thrust coefficient versus spacing ratio for variousiadvance ratios
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Fig 11: Contour plots of velocity variations aroundithe propeller at different spacing ratios: a) 0.2, b) 0.28, and c) 0.36, at
an'advance ratio of 0.8
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Fig 12: Changes in torque coefficient versus spacing ratio at various advance ratios for the toroidal propeller
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Fig 13: Propeller efficiency changeswersus spacing ratio for various advance ratios
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Fig 14: 3D contour plot of efficiency changes versus advance ratio and spacingtratio for the toroidal propeller
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Table 6: Comparison of toroidal propeller efficiency in optimal and other states
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Numerical Optimization of Spacing Ratio in Marine
Toroidal Propeller Using CFD and Genetic Algorithm
and Comparison with Conventional KP505 Propeller
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ABSTRACT
The use of toroidal propellers in marine propulsion systems has been considered. In this study, the effect of

spacing ratio variations on toroidalspropeller performance is numerically investigated, and the optimal spacing
ratio is determined through_optimization. Numerical simulations were conducted in STAR-CCM+, while
optimization was performed using a genetic algorithm. The toroidal propellers were generated based on the
KP505 reference propeller. Numerical analyses were carried out for six spacing ratios. Results indicated that the
thrust coefficient exhibits a decreasingtrendsat low advance ratios, a nonlinear trend at moderate ratios, and an
increasing trend at high ratios as spacing increasess The thrust coefficient of the toroidal propeller, before
optimization and in the best case at a pitch ratiosof 0.8, was 15 percent higher than that of KP505. The optimal
spacing ratio was 0.2641, corresponding to maximum efficiency of 45.35%. Further comparison revealed that the
optimized toroidal propeller delivers up to 26% higher<thrust at an advance ratio of 0.8 than KP505, while
efficiency increases by 7.84% at an advance ratio of 1.0. Flow analysis showed that increased wake velocity and
improved pressure distribution generated by the optimized toroidal propeller contribute to enhanced thrust and
reduced cavitation.
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Numerical study, Toroidal propeller, Spacing ratio, Optimization, KP505 propeller
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