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ABSTRACT

Rim-driven propellers (RDPs) offer several advantages
over conventional propulsion systems, including reduced
noise and vibration and improved spatial integration.
However, its performance can deteriorate under certain
operating conditions due to flow separation on the inner
surface of the duct. To address this issue, a twofold design
strategy is proposed. First, vortex generator (VG)
installation on the duct trailing edge is adopted to delay
flow separation and enhance thrust. Second, an adjoint-
based shape optimization procedure is applied to the
propeller blades to further improve propulsive
performance. Blade-shape sensitivities with respect to
thrust are evaluated using the adjoint method, and the blade
geometry is systematically modified based on these
sensitivities to maximize thrust. Computational fluid
dynamics (CFD) simulations show that both VG-based
separation control at the duct tip and adjoint-based blade
optimization effectively suppress flow separation and
improve the thrust generated by the duct and the blades. In
the present study, we demonstrate that combining VG-
induced control of duct flow separation with adjoint-based
blade optimization provides a complementary and
effective approach to significantly enhance the overall
propulsive efficiency of a rim-driven propeller.

Keywords

Rim-driven propeller (RDP), Vortex generator (VG),
Computational fluid dynamics (CFD), Shape optimization.
1 INTRODUCTION

With increasingly stringent global environmental
regulations, the Rim-Driven Propeller (RDP) has emerged
as a next-generation electric propulsion system. By

* Corresponding author. E-mail address: htahn@ulsan.ac.kr

integrating the driving motor within the propeller rim, the
RDP configuration offers superior noise and vibration
characteristics, enhanced efficiency, and greater
installation flexibility compared to traditional shaft-driven
counterparts. While technical limitations delayed its
practical adoption following the initial proposal by Kort
(1940), recent breakthroughs in power electronics and the
shift toward integrated electric propulsion have established
the RDP as a high-efficiency alternative for modern
maritime applications (Nuchturee et al 2020).

From a hydrodynamic perspective, the RDP shares
similarities with ducted propellers, benefiting from flow
acceleration through the duct and the suppression of tip
vortices. Nevertheless, the necessity of accommodating the
motor within the rim often restricts the geometric degrees
of freedom for the duct cross-section. Furthermore, the gap
flow between the rim and the duct has been identified as a
primary source of complex flow structures and significant
viscous losses (Cao et al 2012; Cai et al 2015; Lin et al
2023; Gaggero 2023). Under specific off-design
conditions, the development of the boundary layer and
subsequent separation within the duct can lead to a
reduction in duct thrust and impaired pressure recovery,
ultimately limiting the overall propulsion efficiency.

Regarding the design of ducted and nozzle propulsors,
Kerwin et al(1987) established a fundamental analysis
framework, which has since been expanded through
potential-flow methodologies. Notably, Kim et al(2018)
developed a refined panel method for ducted propellers
with sharp trailing edges, ensuring a fully aligned wake on
both the blade and duct. These potential-flow-based
approaches have recently evolved into CFD-based duct



shape optimization for RDP applications (Zhai et al 2022).
Liu et al(2023) further demonstrated the efficacy of
sensitivity-based design by applying an adjoint-based
optimization approach to duct design. However, many of
these methodologies assume substantial geometric
flexibility, which may not be directly applicable to RDPs
due to the stringent packaging constraints of the drivetrain.

Consequently, improving RDP performance necessitates a

dual strategy: implementing flow control techniques
effective even within restricted geometries and refining the
design of rotating components. A Vortex Generator (VG)
is a prominent passive flow control device that delays
separation by enhancing boundary layer mixing and re-
energizing low-energy flow. In marine applications,
wedge-shaped VGs have been reported to increase
maximum lift and reduce cavitation noise (Brizzolara &
Calcagno 2000), and their performance in water has been
investigated with a focus on cavitation inception (Brandner
& Walker 2003).

Specifically for RDP applications, Bang et al(2026)
established the foundational baseline for this research by
demonstrating that VGs installed at the duct's trailing edge
effectively delay boundary layer separation and enhance
pressure recovery. Their steady-state RANS analysis
provided quantitative evidence of consistent thrust and
efficiency gains across the entire range of advance ratios.
The present study directly extends the framework of Bang
et al(2026) to transient regimes by employing unsteady
simulations with a sliding mesh approach to verify if these
performance trends persist under complex rotational flow
conditions. While the fidelity of the numerical trends is
cross-validated using the unsteady RANS assessment
methodologies proposed by Gaggero et al(2010), the
primary focus remains on confirming the transient
robustness of the VG-induced benefits identified in our
group's previous work. Building upon this validated VG-
integrated configuration, the present study further
incorporates an adjoint-based shape optimization to
systematically refine the blade geometry. In summary, this
research proposes a twofold design framework: (i)
validating that the performance enhancements reported by
Bang et al(2026) are consistently manifested in unsteady
simulations, and (ii) attaining further thrust enhancement
through gradient-based blade optimization within the
established VG-integrated architecture.

2 GEOMETRY CONFIGURATION

This section defines the geometric configuration of the
RDP and the VG-equipped model utilized for numerical
analysis. The baseline geometry for this study is founded
on the specifications established by Bang et al(2026),
which provide a comprehensive account of the design
rationale and the derivation process. The fundamental
structure was initially developed by integrating a rim with
a blade design based on the standard Ka 4-70 propeller.
Subsequent refinements involved a slight extension and
adjustment of the blade sections to eliminate the central
hub while maintaining the original pitch characteristics.
The resulting hubless rotor assembly, comprising the

Figure 1: Geometry of the RDP with VGs.

blades and the rim, serves as the primary analysis model
for this research. The complete geometric arrangement
including the stationary duct is illustrated in Figure 1.

A total of 16 VGs were distributed circumferentially with
equal spacing on the outer surface of the duct, with their
trailing edges aligned immediately upstream of the
separation onset identified on the baseline duct by Bang et
al(2026) via wall-normal velocity profiles and LIC-based
surface streamlines. This axial placement allows the
streamwise vortices shed from the VGs to enter the
boundary layer before the adverse pressure gradient near
the downstream end becomes critical, while the
circumferential count of 16, corresponding to an angular
pitch of 22.5°, reflects the trade-off between cumulative
momentum injection and azimuthal wake overlap reported
in the same reference. Table 1 summarizes the principal
geometric parameters.

Table 1: Principal particulars of the RDP model.

Particulars Value
Propulsor type Ka 4-70

Expanded area ratio (m) 0.7
Propeller Pitch ratio (m) 1.2
Propeller diameter (m) 0.3
Rim diameter (m) 0.31

Duct inner diameter (m) 0.313

Duct outer diameter (m) 0.354




3 SIMULATION METHODOLOGY

This chapter outlines the numerical procedure for
evaluating the RDP and VG-integrated models. The
simulations were performed using a Reynolds-Averaged
Navier—Stokes (RANS) framework based on the
assumption of incompressible flow. The following sections
detail the governing equations, the adjoint-based
optimization approach, and the specific computational
setup and numerical schemes.

3.1 Governing Equations

The flow is assumed to be incompressible and Newtonian.
The governing equations consist of the RANS and the
continuity equation, written as:
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Where V; denotes the mean velocity component, X;
represents the spatial coordinate in the i-direction, t is the
time, P is the mean pressure, and f; denotes the body force
per unit volume. The Reynolds-stress term resulting from
the averaging process is closed via the Boussinesq
hypothesis. This introduces the eddy viscosity v, which is
determined through the selected turbulence model.

3.2 Adjoint-based Optimization

For propulsion systems characterized by intricate
geometries, design variables are extensively distributed
across the entire surface. Consequently, traditional
gradient evaluation methods that require repeated
simulations for each individual variable lead to an
exponential increase in computational demands. In
contrast, adjoint-based optimization facilitates the efficient
calculation of shape sensitivities relative to a defined
objective function by executing an additional adjoint
solution following the primal flow field calculation. This
methodology ensures superior computational economy for
large-scale shape optimization problems involving
numerous design parameters.

To augment the thrust of the RDP, the adjoint solver within
STAR-CCM+ was employed to evaluate sensitivities
under steady-state conditions via a Moving Reference
Frame approach. The adjoint analysis is founded on the
Lagrange multiplier method where the governing
equations serve as constraints. This allows for the
determination of how infinitesimal shape modifications
influence the objective function, provided in the form of a
sensitivity field, without the need for redundant flow field
recalculations. The derived sensitivity data, specifically the
components normal to the blade surface, were utilized to
direct the geometric deformation.

The geometric update was executed through surface
morphing on the blades based on the calculated sensitivity
distribution. This deformation was strategically localized
to maintain mesh quality within acceptable limits. Such a
technique offers high numerical efficacy by enabling
continuous deformation of both surface and volume
meshes without requiring re-meshing during the

optimization cycles. Throughout the iterative process, the
magnitude of deformation was controlled by adjusting the
step size, and a smoothing filter was applied to ensure
robust convergence by preventing localized grid
distortions.

3.3 Computational Setup

Three-dimensional CFD simulations were conducted to
evaluate the rotational flow characteristics and propulsive
performance of the RDP. The overall computational
domain and the summary of boundary conditions are
illustrated in Figure 2. The domain extent was defined as
4D for the inlet, 10D for the outlet, and 5D for the lateral
boundary relative to the propeller diameter D. These
dimensions were selected to minimize boundary
interference on the flow structures surrounding the rotor. A
no-slip wall condition was applied to both the RDP
surfaces and the duct walls. The outer boundary of the
domain was assigned a slip-wall condition to eliminate
shear stress and minimize viscous effects at the far field.
The inlet was configured with a uniform inflow condition
corresponding to the target advance ratio, while the outlet
utilized a pressure-based condition to allow for natural
flow discharge. The rotation was defined in the counter-
clockwise direction.
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Figure 2: Computational domain and boundary conditions.

The numerical analysis was performed using the
commercial finite-volume code STAR-CCM+ version
2410. To achieve closure of the turbulence terms, the kA~
SST model proposed by Menter (2009) was adopted. This
model leverages the strengths of &—w formulations near the
wall for precise boundary layer and shear stress estimation,
while transitioning to k—¢ model in the far field to provide
stable predictions in complex flows involving pressure
gradients and vortex structures. Pressure-velocity coupling
was managed via the SIMPLE algorithm to satisfy the
continuity requirement for incompressible flow. Second-
order accuracy schemes were applied to both convective
and diffusive terms to ensure a balance between stability
and precision. The grid system corresponds to the medium-
density mesh of approximately 8.46 million cells from the
spatial grid convergence study by Bang et al(2026),



conducted under the same solver and turbulence closure
with three systematically refined meshes; the fine-to-
medium GCI was 0.30% for Ky and 0.01% for Ky, both
below 1%. The spatial distribution and near-wall resolution
of the generated mesh are presented in Figure 3. Prism
layers are deployed on all no-slip surfaces with the near-
wall spacing adjusted to a target y* of approximately 50.

4 RESULTS

4.1 Validation of Steady-state Results via Unsteady-
state Simulation

In the analysis of rotating body flows such as those
observed in RDP systems, the relative velocity, pressure
field, and vortex structures fluctuate over time as the blades
rotate. Consequently, accurate modeling of the interaction
between the rotating and stationary domains is essential.
Failure to sufficiently incorporate these interactions may
result in distorted predictions of wake development, tip
vortex configurations, and resultant torque or thrust, which
ultimately compromises the reliability of open-water
performance curves. It is therefore necessary to employ
numerical techniques based on rotating frames to precisely
reflect the effects of the rotating components.

()

Figure 3: Computational mesh used in the simulations. (a)
mesh distribution on cross-sectional plane. (b) detailed view
of the surface mesh generated on the RDP.

Two prominent methodologies for implementing these
effects are the Moving Reference Frame (MRF) approach
and the Sliding Mesh technique. While both methods
incorporate relative motion into the flow analysis, the MRF
approach assumes a steady-state time-averaged flow field,

whereas the Sliding Mesh technique involves physical
rotation of the mesh to solve for unsteady flow. Previous
studies have reported that these two approaches yield
similar trends when predicting the open-water performance
of propellers under uniform inflow conditions. For
instance, Kim et al(2014) applied both methodologies to a
podded propeller and demonstrated that the variations in
thrust and torque coefficients across various advance ratios
were reasonably reproduced in alignment with
experimental data. To verify the reliability of the steady-
state results obtained via the MRF approach in the
preceding work by Bang et al(2026), the present study
conducted additional unsteady simulations using the
Sliding Mesh technique to evaluate the consistency in
performance predictions between the two methods.

The open-water condition is defined by the advance ratio,
denoted as J, as follows:

_Va 3
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Where V, represents the advance velocity, ndenotes the
rotational speed in revolutions per second, and D is the
propeller diameter. Within this computational framework,
V, coincides with the prescribed uniform inflow velocity
Uy . The resulting thrust and torque are summarized as the
following non-dimensional coefficients:
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Where T and Q refer to the thrust and torque, respectively,
and p represents the fluid density.

Prior to comparing the steady and unsteady results, a
sensitivity analysis for the time step, At, was performed, as
this parameter directly influences numerical stability and
temporal discretization accuracy. The Grid Convergence
Index (GCI) method proposed by Roache (1998) was
utilized to quantify temporal discretization uncertainty,
with a refinement ratio of 2. Numerical stability was further
ensured by confirming adherence to the Courant—
Friedrichs—Lewy (CFL) condition, and the representative
grid size was determined according to the procedure
suggested by Celik et al(2008). On the spatial baseline
established in Section 3.3, the time-step sensitivity analysis
was conducted at an advance ratio of 0.6, and the results
are summarized in Table 2.

The analysis revealed that the thrust coefficient exhibited
highly stable convergence behavior across all tested time
steps, with GCI values of 0.22% and 0.13%. For the torque
coefficient, although the absolute differences across time
steps were minimal, the relative sensitivity reached 0.70%
and 1.05% owing to the small magnitude of K,. Overall,
sufficient convergence relative to the time step was
secured. Considering both computational accuracy and
efficiency, the representative time step for the sliding mesh
simulations was selected as the medium time-step case.



Table 2: Discretization uncertainty analysis based on GCI
for time step sensitivity at an advance ratio of 0.6.

GCI (%)
At(s) CFL Ky K,
2e-4  0.0563 04332 00719 - -
le-4 00281 04337 0.0716 02162 0.7003
5e-5  0.0141 04340 0.0714 0.1296 1.0475

Following the selection of the time step, Sliding Mesh
simulations were executed, and the time-averaged thrust
and torque coefficients were extracted once a periodic
steady state was established. These values were compared
with the results derived from the MRF approach across the
entire range of advance ratios from 0.2 to 1.0. The
coefficients for each ratio were organized into open-water
curves to directly contrast the trends of the two numerical
approaches. Furthermore, Figure 4a presents the steady-
state results reported by Bang et al(2026), while Figure 4b
illustrates the time-averaged results from the unsteady
simulations performed in this study. The comparison
confirms that the trends of the performance curves are
remarkably consistent across all advance ratios. This
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Figure 4: Comparison of open-water performance curves
obtained using MRF and Sliding mesh simulations. (a)
Steady-state simulation (Bang et al 2026). (b) Unsteady-state
simulation.

indicates that for the RDP under uniform inflow
conditions, the MRF approach 1is sufficient for
characterizing the rotating flow from the perspective of
time-averaged performance prediction. This observation is
qualitatively consistent with the findings of Kim et
al(2014) regarding the similarity of the two approaches
under uniform inflow. Consequently, these results validate
the appropriateness of the MRF approach for the
subsequent blade shape optimization procedure, which
requires repetitive computations.

4.2 Blade Shape Optimization

The blade shape optimization in this study was executed
utilizing the adjoint method, with the primary objective of
enhancing the thrust performance of the RDP. The
comprehensive structure of the optimization loop is
illustrated in Figure 5. Initially, a RANS-based flow
analysis was conducted on the baseline geometry to
establish the primal flow field, which served as the basis
for defining the objective function related to thrust. An
adjoint analysis was then performed to derive the
sensitivity of the objective function with respect to
infinitesimal surface modifications, providing the optimal
direction and relative magnitude of surface deformation as
input to the subsequent mesh morphing stage.

Initial RDP Design
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Figure 5: Flowchart of the adjoint-based blade shape
optimization loop implemented for the RDP.

Following each geometric update, the identical numerical
procedure was repeated to monitor the progression of the
objective function. Convergence was deemed achieved
when the wvariations became sufficiently marginal,
exhibiting a characteristic trend where significant
improvements in the initial iterations gradually plateaued,
as depicted in Figure 6.

Figure 7 compares the baseline and finally optimized blade
configurations. Consistent with the localized morphing
strategy described in Section 3.2, the resulting
modifications manifest as incremental adjustments at
specific spanwise locations rather than a large-scale
deformation of the entire blade.
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Figure 6: Convergence history of blade thrust over
optimization iterations using the adjoint method.
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Figure 7: Geometric comparison of the blade between the
baseline design and the optimized design obtained via
adjoint optimization.

The performance variation is quantified by relative
changes of the blade thrust, torque, and open-water
efficiency, each referenced to the corresponding baseline
value, and denoted as AT, AQ, and An,,, respectively. Here,
the open-water efficiency n, = (J/2m) X (KT / KQ) is
determined directly from the dimensional thrust and torque
at a fixed advance ratio. Table 3 summarizes these
quantities. AT remains positive across all operating points,
while AQ transitions from near neutrality at low J to
progressive reduction at high J, reaching —1.26% at ] =
0.8. The integrated metric Az, is positive at all four
conditions, confirming a consistent improvement in
efficiency.

Combining the spatial GCI of 0.30% from Bang et al(2026)
with the temporal GCI of 0.13-0.22% from Table 2 in a
root-sum-square sense yields a thrust uncertainty bound of
approximately 0.37%, which is exceeded by AT at every
operating point in Table 3 and confirms that the reported
gains are attributable to the shape refinement rather than to
discretization noise. The widening of An, with increasing
J reflects the lower blade loading at high J, which admits
simultaneous thrust gain and torque reduction, in

qualitative agreement with the pressure redistribution
discussed below.

Table 3: Comparison of blade thrust, torque, and open-
water efficiency between the baseline and adjoint-optimized
designs at four representative advance ratios. An, denotes
the baseline-referenced relative change in efficiency.

] Model T (N) Q (Nm) Ang (%)
Baseline 1850.54 119.03 -
Optimized  1863.58 118.87 0.85
04 Baseline 1702.30 111.36 -
Optimized  1712.61 111.40 0.57
Baseline 1468.53 100.27 -
06 Optimized  1482.23 99.85 1.36
Baseline 1151.56 84.33 -
08 Optimized  1160.05 83.27 2.02
To quantitatively assess the influence of shape
optimization on blade loading, surface pressure

distributions were compared at the representative operating
condition of ] = 0.6. Figure 8 presents the results observed
on the pressure side, where the optimized design exhibits
more distinct regions of high pressure, most notably near
the leading and trailing edges, than the baseline design.
Relatively lower-pressure zones appear in the adjacent
areas, resulting in steeper local pressure gradients. These
features suggest that the adjoint-based shape update alters
the pressure-side pressure level and spatial distribution in
a manner that increases the pressure-load contribution.

Figure 9 illustrates the pressure distribution on the suction
side. While the baseline design maintains relatively smooth
and continuous contour patterns, the optimized design
displays a partial rearrangement of the contours and a
redistribution of regions characterized by low pressure. In
particular, the contours in some sections shift toward
higher pressure levels, indicating a subtle modification of
the transition between the high- and low-pressure regions
observed in the baseline design. Overall, the optimized
design modifies the pressure differential between the two
blade surfaces through the reinforcement of high-pressure
regions on the pressure side and the redistribution of the
pressure field on the suction side. This change facilitates
an increase in effective loading and is qualitatively
consistent with the trends in thrust and efficiency reported
in Table 3.

5 CONCLUSIONS

This study established the reliability of steady-state
analysis for an RDP equipped with vortex generators
(VGs) placed immediately upstream of the baseline
separation onset, and subsequently executed blade shape
optimization using the adjoint method. Unsteady
simulations employing the sliding mesh technique
confirmed that the trends in open-water performance
predicted across a range of advance ratios qualitatively
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Figure 8: Pressure-side surface pressure distribution at an
advance ratio of 0.6. (a) Baseline and (b) Optimized.

aligned with the results obtained from the moving
reference frame. This consistency validates the
applicability of the steady-state approach for evaluating
time-averaged performance metrics.

Surface sensitivities with respect to the objective function,
specifically thrust, were evaluated through adjoint analysis
and incorporated into iterative shape updates via mesh
morphing. Throughout the optimization cycles, thrust
performance exhibited stable convergence behavior with
progressive improvements. Under the current evaluation
conditions at advance ratios from 0.2 to 0.8, optimized
design exhibited increased thrust at every operating point
and reduced torque at the higher advance ratios, resulting
in a consistent improvement in open-water efficiency.
Furthermore, a comparison of surface pressure
distributions at an advance ratio of 0.6 revealed that the
optimized design effectively redistributes the pressure

(b)

Figure 9: Suction-side surface pressure distribution at an
advance ratio of 0.6. (a) Baseline and (b) Optimized.

across both blade surfaces, which directly influences the
generation of effective loading.

Overall, the analysis and optimization framework
established in this research demonstrates the capability to
refine RDP designs for improved performance while
maintaining both computational efficiency and physical
fidelity, even under complex rotating-flow conditions.
These findings provide a robust foundation for extending
the optimization scope to other key components, such as
the rim and the duct, in future investigations. In addition,
the open-water curves obtained in the present study
indicate that the VG-integrated configuration can operate
at a slightly higher advance ratio for a given thrust level,
which suggests potential reductions in torque and shaft
power under equal-thrust matching with the hull.
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