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ABSTRACT

This study presents the design and optimization of a high-
efficiency propeller for the ultra-light electric vessel
ELEKTROBOOT EINS (EB EINS). The objective is to
enhance propulsive efficiency and maximize top speed
through an integrated approach that aligns propeller, motor
and hull performance. Developed in collaboration between
Torqgeedo (electric outboards), KAEBON (lightweight boat
structures) and FRIENDSHIP SYSTEMS (parametric
modeling, CFD simulations and surrogate-based
optimization), the EB EINS features a carbon-fiber hull
powered by a 12 kW fully electric outboard motor.

A watertight, fully parametric propeller model with 12
design variables was created in CAESES, incorporating
thickness distributions compliant with ABS structural rules
and blade sections based on modified NACA66 profiles
(Brockett et al. 1966). Hydrodynamic analyses were
conducted using STAR-CCM+ for hull resistance,
OpenFOAM (RANS) for wake prediction and PanMARE
(panel code) for open-water propeller simulations, which
were validated against OpenFOAM results. From the CFD
data, a surrogate model was developed to couple hull
resistance and propeller performance, enabling thrust—
resistance matching under torque constraints.

The optimized design was manufactured and tested under
calm water conditions, reaching a top speed of 32 km/h,
more than 15% higher than the reference, demonstrating
the effectiveness of parametric, CFD-driven propeller
design for high-performance electric vessels.
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1 INTRODUCTION

The rapid development of electric propulsion technologies
has created new opportunities for small craft and
recreational vessels, particularly in the segment of ultra-
light electric boats (Gerr 1989). Compared to conventional
internal combustion propulsion (Carlton 2018), electric
drivetrains provide high torque at low rotational speeds,
quiet operation, and reduced local emissions (Man 2023).

1.1 Challenges for Ultra-Light Electric Vessels

However, the performance of an electric boat is strongly
influenced by propulsive efficiency, as the available
onboard energy is limited by battery capacity and weight.
Therefore, the propeller becomes a critical component in
maximizing endurance, range, and speed, especially for

lightweight vessels operating at moderate Froude numbers.
In ultra-light electric boats, the design challenge is
intensified by the strong coupling between hull resistance,
motor characteristics, and propeller performance. The low
displacement and small wetted surface of such vessels can
lead to comparatively low resistance levels, meaning that
even small improvements in propeller efficiency can
produce measurable gains in vessel speed or energy
consumption. At the same time, strict constraints on
propeller diameter, draft, cavitation margin and noise
require careful selection of geometry and operating point.
These considerations highlight the need for a tailored
propeller design rather than the use of standard solutions.
Commercial propellers are typically designed for
conventional speed ranges at a given motor power, whereas
an ultra-light vessel can achieve significantly higher
speeds, making a custom solution necessary.

1.2 Parametric Design and Optimization

Modern propeller design increasingly relies on parametric
modelling and numerical simulation. The use of automated
geometry generation and CFD-based performance
evaluation enables the exploration of large design spaces
and allows the designer to systematically assess the impact
of key parameters such as pitch distribution, chord
distribution, blade area ratio, rake, skew, and tip
modifications (Lungu 2019). Tip-rake concepts have been
investigated as a promising approach for improving
propulsive efficiency and controlling tip vortex strength,
which may contribute to reduced losses and improved
hydrodynamic behavior (Castro et al. 2019). Such
approaches have been demonstrated in recent industrial
and academic design studies focusing on high-efficiency
propellers for ultra-light electric craft. This paper presents
the optimization of an existing propeller, which originally
achieved a maximum speed of 27.5 km/h. The objective
was to increase the maximum speed while using the same
vessel and the same outboard motor. The propeller is
developed using a systematic design methodology that
combines parametric geometry definition with numerical
hydrodynamic assessment (Harries et al. 2018). Key
performance indicators include thrust generation, torque
demand, open-water efficiency, and suitability for
integration with the electric motor characteristics. The
results provide insights into how tailored blade geometry
can support improved propulsion performance for
lightweight electric vessels.



2 HULL SIMULATION

The EB EINS features a lightweight carbon-fiber hull with
an empty hull mass of 89 kg and a total trial displacement
of approximately 370 kg. A CFD study has been
implemented in STAR-CCM+. The drag and power curve
is then computed using STAR-CCM+ CFD simulations,
providing the resistance and corresponding required thrust
as a function of vessel speed.

2.1 Requirements for CFD

A water-tight hull model is created in CAESES, ensuring
the absence of overlapping edges and geometric
inconsistencies (Harries 2020). The geometry is further
prepared to satisfy additional meshing requirements by
assigning different surface regions, characterized by color
coding, to allow targeted mesh discretization, as illustrated
in Figure 1. All geometry pre-processing steps, including
surface definition and region separation, are performed
automatically within CAESES prior to CFD simulation
(Harries & Abt 2019).

Figure 1: KAEBON colored hull design in CAESES

2.2 STAR-CCM+ setup

The STAR-CCM+ simulations are performed using an
overset mesh, an approach with adaptive mesh refinement
applied to the overset region and the free-surface interface,
as illustrated in Figure 2. A realizable k—¢ turbulence
model was used in the setup, with wall-function treatment
applied at a target y* =~ 70, and a symmetry boundary
condition employed to reduce computational cost (Ahmed
et al. 2023).

Total Number of Cells Overset Region: 873162

Figure 2: Overset grid

2.3 STAR-CCM+ Results
Figure 3 presents the free-surface elevation (Z-position)
and the resulting wake pattern behind the KAEBON hull at
a vessel speed of 30 km/h.

Figure 3: Visualization of free-surface elevation (Z-position)

In addition, drag force and propulsion power were
evaluated over a speed range from 25 km/h to 40 km/h (see
Figure 4). The results include the hydrodynamic resistance
expressed in Newtons and the corresponding power
demand in Watts.
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Figure 4: Speed vs Drag (N) and Power (Watt)

3 OUTBOARD SIMULATION

Following the hull simulations, an outboard simulation is
performed using OpenFOAM. The propulsion system
consists of a fully electric outboard motor with a nominal
power of 12 kW, including a combined outboard and
battery mass of approximately 60 kg. The drivetrain
incorporates a torque limiter, gearbox, and an anti-
ventilation plate with fin, all of which influence the
hydrodynamic behaviour of the flow and the propeller
inflow conditions. The OpenFOAM simulations are
conducted in an open-water enclosure to capture wake
development (see Figure 5) behind the outboard and to
quantify the added resistance as a function of vessel speed.
The computed flow field represents the pressure
distribution around the outboard motor operating in a
uniform free stream at a given speed (see Figure 6). The
results show a non-uniform pressure distribution and
localized flow acceleration in the propeller region,
characteristic of the outboard geometry and its appendages.
The wake number is subsequently calculated based on
simulation data by evaluating the local inflow velocities
along the spanwise radial positions across the propeller
disk, as depicted in Figure 7.
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Figure 5: Wake fraction distribution on the propeller disk
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Figure 6: Pressure distribution on the outboard
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4 PARAMETRIC MODEL

Before proceeding to the propeller CFD simulations, a
fully parametric model of the Torqeedo propeller was
developed in CAESES. The model includes 12 design
variables that modify the radial functions (see Figure 8),
which control the blade geometry.

4.1 Radial Functions

The propeller geometry is defined using radial functions,
as shown in Figure 8 (Kerwin 1986). One key advantage
of propeller modeling is that the geometry is naturally
described in radial cylindrical sections. Therefore, the
parameterization approach is straightforward as the
parametric model and its design variables (see Table 1) are
based on modifying the radial distribution functions of the
main geometric quantities (Arapakopoulos et al. 2019).
These functions affect either the Center Surface Modeling
(e.g., pitch, rake, skew and chord distributions) or the
Profile Configuration (e.g., camber and thickness
distributions). The diagram in the x-direction shows the
normalized radial position /R, starting from 0.2, which
corresponds to the blade root (where the hub meets the
blade), up to 1.0, which represents the blade tip.
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Figure 7: Radial distribution of circumferentially averaged
wake fractions
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Figure 8: Radial functions of the propeller blade
Table 1: Design Variables of the Parametric Model
Name Bounds Description
Chordwise pos. of
PosH 4,0.
camberPosHub [0.4,0.6] camber at the hub
. Chordwise pos. of
berPosT 0.4,0.6 .
cambertos Hip [0.4,0.6] camber at the tip
. Scale reference
camberScaling [0, 1] camber distribution
camberTip [-0.03,0.03]  Camber at the tip



Change the angle

deltaAoATip [-5% 5°] of attack at the tip

. Shift the reference
deltaPitch [-0.05, 0.05] pitch distribution
shiftMaxChord [-0.1, 0.1] Shift max. chord

skewTip [0, 0.25] Add skew at the tip

. Chordwise pos. of

thicknessPosHub  [0.4, 0.525] thickness at the hub
. . Chordwise pos. of
thicknessPosTip [0.4,0.6] thickness at the tip
tipRake [-0.05,0.05] Add rake at the tip

trRange [0.01,0025]  Regionofthe

tipRake effect

The parametric model allowed for a non-zero camber at the
tip in order to investigate whether adding camber to a raked
tip could beneficially contract or widen the flow.

4.1.1 Pitch Distribution

The pitch distribution is a key parameter for this type of
propeller, as it controls the effective angle of attack relative
to the actual incoming flow. The reference pitch
distribution was therefore adjusted to match the extracted
wake number shown in Figure 7. In this way, the radial
loading distribution is already well aligned with the actual
inflow conditions, and the optimization primarily focuses
on adjusting the overall pitch level rather than
fundamentally reshaping the radial distribution. By
reducing the pitch toward the hub, the effective angle of
attack can be kept approximately constant along the blade
span. Similarly, in the tip region (particularly for a raked
tip) the local loading influences the contraction or
expansion of the slipstream. In this context, it is important
to emphasize that the governing quantity is not the
geometric pitch itself, but the effective angle of attack with
respect to the local inflow. This is one of the reasons for
employing the Center Surface Modeling approach, which
allows direct control of the blade orientation relative to the
actual flow field. The baseline pitch distribution of the new
propeller design is P/D = 1.467 (root), 1.636 (r/R =
0.7), and 1.625 (tip).

4.2 Propeller Design Workflow
The propeller design workflow comprises the following
steps:

4.2.1 Center Surface Modeling

The center surface (see Figure 9) is derived from
fundamental propeller geometry parameters, including
pitch, rake, skew and chord length at each spanwise
position. It can be interpreted as the surface formed by
connecting the nose-tail lines of the blade sections along
the spanwise direction. This approach simplifies the
modeling of unconventional designs, such as tip-rake and
highly skewed propellers and overcomes the limitations of
purely cylindrical section definitions. The center surface
serves as the geometric reference for generating the blade
and does not include any camber.

Figure 9: Center & Blade Surface

4.2.2 Profile Configuration

The thickness and camber distribution are defined at each
spanwise position. Based on these definitions, each profile
is created and offset normal to the center surface to loft the
full blade geometry (shown in semi-transparent silver in
Figure 9). The blue color represents the suction side, while
the red color represents the pressure side, clearly
distinguishing the blade surfaces from the center surface.
The profile definition is based on a modified NACA66
section (see Figure 10). The thickness distribution follows
ABS rules and a minimum trailing-edge thickness is
enforced. In the chordwise direction, the thickness

S

Figure 10: Camber & Thickness Distribution of the Profile

distribution is shown in blue and the camber distribution in
green (see Figure 10).

4.2.3 Propeller Solid

The final solid model is generated by applying tip closure
and a variable-radius fillet at the blade—hub connection.
The blade—hub fillet is defined using a variable radius to
ensure a smooth geometric transition and to reduce stress
concentrations in the root region. As a rule of thumb, the
fillet radius is typically chosen as approximately 2/3 of the
local profile thickness at the root on the pressure side and
1/3 on the suction side (see Figure 11). This asymmetric
definition accounts for the tensile stresses typically

Figure 11: Variable Radius Fillet



occurring on the pressure side, which are critical for the
expected failure mode, and thus improves structural
reliability while maintaining hydrodynamic performance.

The implemented tip-closure workflow enables the
creation of smooth and geometrically consistent tip shapes,
including advanced tip-rake designs (Andersen et al.
2005). A minimum tip thickness is enforced to ensure

Figure 12: Blade Tip Closure

manufacturability and structural integrity. The light blue
lines in Figure 12 represent the control polygon of the
blade and tip surface.

5 PROPELLER SIMULATIONS

After completing the modeling phase, the propeller
simulations were carried out using panMARE (Bauer &
Abdel-Maksoud 2012). The simulation workflow was fully
automated through coupling with CAESES, enabling
parametric geometry generation, solver execution and
post-processing.

5.1 panMARE Panel Method

Open-water simulations were conducted using panMARE,
a Boundary Element Method (BEM) code developed at
TUHH (Santos et al. 2017). The code computes the
generated thrust and required torque of the propeller,
allowing the construction of the open-water characteristics
over a range of advance coefficients J (Yu et al. 2013). The
panMARE version used in this work incorporates a sheet
cavitation model (Fine 1992), enabling the prediction of
cavitation area A4, and the identification of cavitating
regions on the blade surface.

5.2 Validation of panMARE

A systematic validation was performed using the PPTC
propeller, for which experimental data are available
(Newman 2018). The panMARE results were compared
with both experiments and viscous CFD simulations
conducted in OpenFOAM over a range of advance
coefficients J =06 to 14 (see Figure 13)
(Papakonstantinou et al. 2019). As expected, panMARE
shows deviations in off-design operating conditions due to
the neglect of viscosity effects. At higher angles of attack,
the boundary layer thickens and viscous losses increase,

leading to an overestimation of efficiency in the inviscid
BEM approach (Kerwin et al. 1987). However, since the
present study focuses on maximizing speed, the analysis is
concentrated near the peak of the efficiency curve, where
panMARE predictions are in good agreement with both
experimental data and OpenFOAM results (Xiao &
Cinnella 2019). It should be noted that panMARE setup
slightly overestimates the generated thrust. This systematic
deviation is accounted for during the surrogate model
development.
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Figure 13: Systematic Open-Water Tests with PPTC

5.3 Design of Experiments

The analysis focuses on post-processing, which includes
the visualization of the polynomial regression model and a
correlation analysis of the 12 design variables. As a rule of
thumb, a reliable surrogate model typically requires at least
five times the number of design variables; therefore, the
available 64 samples provide a sufficient basis for the 12-
dimensional design space. The Sobol sequence is an
efficient sampling method for uniformly exploring the
design space (Bratley & Fox 1988). For each design,
simulations were performed at three operating speeds of
30, 32.5, and 35 km/h in order to approximate the open-
water characteristics within the relevant advance
coefficient (J) range. At each speed, the thrust coefficient,
torque coefficient, and propeller efficiency were
calculated. This results in nine output parameters for each
design.

5.3.1 Correlations and Regression Analysis

The results are summarized in a matrix with 12 rows
representing the design variables and 9 columns
representing the performance outputs (see Figure 14). This
matrix presents the correlation and regression analysis,
illustrating how each output is influenced by each design
variable. A color map is used to visualize the relationships.
Bluish colors indicate a negative correlation, meaning that
as the design variable increases, the corresponding output
decreases. Reddish colors indicate a positive correlation,
meaning that an increase in the design variable leads to an
increase in the output. Greenish colors indicate little or no
correlation. The color scale reflects both the magnitude and
direction of these relationships.
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Figure 14: Correlations & Regression Analysis

From the correlation analysis it is immediately evident that
deltaPitch 1is the most influential parameter, as it
significantly alters the blade angle of attack. However, the
tip loading via camber position and effective angle of
attack, as well as the position of maximum chord also show
distinct characteristic trends.

5.4 Surrogate Model Optimization

After generating the dataset and the open-water diagram
for each design, a surrogate model was developed
(Arapakopoulos). The objective was to evaluate thrust and
torque as functions of vessel speed at maximum RPM. The
generated thrust was matched with the total resistance
curve obtained from the STAR-CCM+ simulations, which
includes hull resistance, additional outboard resistance,
and a margin to account for wind effects (Birk 2019). A
torque constraint was imposed to ensure feasibility with
respect to the motor limits. The optimization objective was
to maximize vessel speed under the torque constraint and
available maximum power output. The optimized design
achieved a maximum speed of Vmx = 32.3 km/h. The
optimal propeller design is shown in Figure 15. By
examining the optimal values and visually inspecting the
geometry, the new design appears more aggressive,
incorporating additional tip rake, increased skew, and a
higher pitch distribution (Tadros et al. 2018).
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Figure 15: Optimal Propeller Design

Table 2: Design Variables of the Optimal Design

Name Optimal Value

camberPosHub 0.562
camberPosTip 0.413
camberScaling 0.874
camberTip 0.008

deltaAoATip -3.686°
deltaPitch 0.047
shiftMaxChord -0.084
skewTip 0.194
thicknessPosHub 0.414
thicknessPosTip 0.402
tipRake -0.021
trRange 0.013

6 FIELD TEST

The propeller was manufactured (see Figure 16) from
aluminum alloy EN AW-7075, which is structurally
suitable and easy to machine. This makes it well suited for
a prototype, although it would not typically be selected for
a final production product. The material properties
considered in the structural design, in accordance with the
applied ABS-based thickness rules, are summarized in
Table 3. Following manufacturing, the propeller was tested
under ideal conditions at Chiemsee (calm water, no wind)
and achieved a steady maximum speed of 32.1 km/h (see
Figure 17). This is within 0.6% of the predicted value and
represents a performance improvement of more than 15%
compared to the previous design.

Table 3: Properties of EN AW-7075

Property Value
Young’s Modulus 72000 MPa
Yield Strength (Rp0.2) = 485 MPa
Tensile Strength (Rm) > 540 MPa
Density 2800 kg/m?

Figure 16: Propeller Installed on the Electric Motor
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Figure 17: Boat Speed (km/h) During Field Testing

In Figure 18, the EB Eins hull can be seen in operation
during the field test.

Figure 18: EB Eins hull in operation during the field test

7 DISCUSSION

The present study demonstrates that a fully integrated,
parametric, and CFD-driven design methodology can
significantly enhance the propulsion performance of ultra-
light electric vessels. By systematically coupling hull
resistance, wake prediction and propeller open-water
characteristics through a surrogate model framework, the
propeller geometry was tailored precisely to the operating
conditions of the EB EINS platform.

7.1 Optimized Propeller Characteristics

The results show that the pitch distribution exhibits the
strongest correlation with thrust and torque, highlighting
its critical role in matching the propeller to the available
motor torque, power, and RPM. However, pitch alone does
not dominate propulsive efficiency. While an appropriate
pitch setting is essential for ensuring proper loading at the
target operating point, the achieved efficiency results from
the combined effect of all design variables. The correlation
analysis indicates that parameters such as camber, skew,
and tip modifications contribute in combination to the
overall performance, even if their individual correlations
are lower within the explored design space. This finding is
consistent with classical propeller theory, where optimal
loading distribution is essential for achieving high
propulsive efficiency. The optimized geometry results in a
more highly loaded propeller, with an adjusted pitch level
to achieve the required torque at maximum RPM, along
with additional skew and refined tip-rake modifications to
ensure high efficiency at the target operating point. The
introduction of tip rake and skew contributes to improved
load distribution, while maintaining structural feasibility
through ABS-compliant thickness constraints and
controlled fillet radii. The enforced minimum trailing-edge
and tip thickness ensured manufacturability and structural
integrity without compromising hydrodynamic
performance.

7.2 Performance Outcomes

Although panMARE is based on an inviscid BEM
formulation and therefore slightly overestimates thrust
under certain operating conditions, validation against
OpenFOAM and experimental PPTC data demonstrated
good agreement near the peak efficiency region. Since the
optimization objective focused on maximum speed close to
this operating region, the selected approach was considered
sufficiently accurate. Remaining systematic deviations
were accounted for during surrogate model development.
The final field test results showed a maximum speed of
32.1 km/h, which is very close to the predicted optimized
value of 32.3 km/h. This small deviation confirms the
reliability of the coupled numerical workflow and validates
the overall design methodology. The achieved
performance improvement of more than 15% compared to
the reference propeller highlights the effectiveness of
tailored propeller optimization for electric propulsion
systems. Overall, the study underlines the importance of
treating hull, motor and propeller as a coupled system,
particularly for ultra-light electric vessels where small
hydrodynamic improvements translate directly into
measurable gains in top speed and energy efficiency.
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