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Abstract

Following the United Nations 2030 Agenda to achieve a better and more sustainable future, there
is an interest in new energy efficiency technologies to address emissions from international mar-
itime shipping. A large portion of the available research focused on paints that reduce the fouling
and friction of the hulls of these vessels, such as hydrophobic paints. Yet, research applied to
propellers is smaller when compared to hulls. Covering the blade surface with hydrophobic paint
behavior changes the drag of the propeller and, consequently, the hydrodynamic efficiency. How-
ever, covering a blade may adversely affect the flow in certain regions, reducing the propeller
performance. This paper studies a practical application of the super-hydrophobic surface (SHS)
pattern distribution on a marine propeller using the topology optimization method to deter-
mine regions where the application of surface treatment leads to improved propeller efficiency.
The numerical method is developed to model the turbulent flow condition with the behavior of
the boundary layer that imposes the low-friction/hydrophobicity effect to predict the performance
of a coated propeller. To evaluate the proposed method, firstly, a fully covered blade is simu-
lated for several hydrophobic conditions and then the topology optimization is conducted. Despite
the SHS behavior being simplified by adopting the slip length model, the obtained optimization
results show the regions to be prioritized in order to maximize the hydrodynamic efficiency.

Keywords: Propeller, CFD, Turbulent flow, Topology Optimization, SHS

1 Introduction

In 2015, the United Nations (UN) set up a 2030
Agenda - Sustainable Development Goals, describ-
ing 17 main goals to achieve a better and more sus-
tainable future (United Nations, 2015). To address
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the goal 13: Climate Actions, 196 parties signed
the Paris Climate Agreement during COP 21 to
limit global temperature rise to well below 2 °C.
The International Maritime Organization (IMO),
a specialized agency of the United Nations, pub-
lished the relation of these goals into the maritime
field, adopting the goal to reduce the total annual
greenhouse gas emissions from international ship-
ping by at least 50% by 2050 compared to 2008
(International Maritime Organization, 2015, 2018,
2021).

Considering the goals 7: Affordable and
Clean Energy and 13: Climate Actions, Inter-
national Maritime Organization (2015) suggests
new energy efficiency technologies to address these
emissions from international shipping and the
adoption of the Energy Efficiency Design Index
(EEDI) for the design of ships, being discussed
in Longva et al (2010) on how to determine the
EEDI based on a cost-effective criterion. For sev-
eral years, shipyards and research centers in the
Naval Architecture and Ocean Engineering area
have studied the process of hull and propeller opti-
mization to improve hydrodynamic efficiency of
large vessels, obtaining high-end optimized hulls
and propellers for each application. In order to
increase the ship energy efficiency, research has
been carried out on new technological solutions,
such as the use of bubbles to reduce hull friction
(Mäkiharju and Ceccio, 2018) or the assessment of
energy efficiency of integrated electric propulsion
(Nuchturee et al, 2020).

One of the main drawbacks of these tech-
nologies is that they depend on a new design of
the vessel, being very difficult to be applied to
an existing ship. At this point, another emerg-
ing research field in which it is intended to
reduce hydrodynamic resistance and improve per-
formance is about painting hulls and propellers
with low-friction paints, such as paints that cre-
ate hydrophobic surfaces. The application of these
paints makes the hull a super-hydrophobic surface
(SHS). Thus, vessels could increase their efficiency
by just performing the proper paint maintenance
(Fu et al, 2017).

In a recent report of The International Towing
Tank Conference (2021), it is indicated an inter-
est from industry and academia in high-efficiency
vessels, by adopting frictional drag reduction
methods. Riblets and textured surfaces, compli-
ant surfaces, large-eddy breakup devices, SHS,
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Fig. 1 Classification of SHS through water drop contact
angle. Adapted from Muzenski et al (2015).

and coatings/paints are cited as passive meth-
ods to frictional drag reduction methods. Mutton
et al (2005) presented a full-scale study, through
a three-year follow-up of a vessel with and with-
out anti-foil painting on the propeller. However,
due to environmental implications, it was not pos-
sible to verify the performance difference, yet,
the authors verified that the painted propeller
presented a lower surface roughness than the pro-
peller without the paint. Korkut and Atlar (2012)
and Mutton et al (2005) conducted an experimen-
tal study on a model-scale propeller in a cavitation
tunnel comparing the observed cavitation patterns
in propellers with and without commercial paint.
A small improvement of the cavitation was veri-
fied in uniform and non-uniform (wake condition)
flows.

A super-hydrophobic surface can be defined by
the angle of a droplet free-surface resting on it
(Ou et al, 2004), as shown schematically in Fig. 1.
These surfaces are commonly known to exhibit
high repellency, being used in self-cleaning sur-
faces in several fields of engineering, from clothing
(Cho et al, 2009), glasses (Park et al, 2011), and
cementitious composites for highway applications
(Muzenski et al, 2015).

In recent years, super-hydrophobic surface
studies have intensified. Ou et al (2004) investi-
gated the effect of drag reduction in laminar flow,
comparing the numerical model with experimental
results. Voronov et al (2006, 2007, 2008) studied
the correlation of the contact angle with the slip
length, a variable that defines the hydrophobicity.
Super-hydrophobic studies were being led success-
fully for laminar flow, stimulating researchers to
start the phenomena exploration in the turbulent
flow context. Seo and Mani (2016) describes that
the main difference between the flow behavior on
SHS in laminar and turbulent regimes is the sep-
aration of scale between the length scale of the
mean velocity gradients and that of macroscopic
geometry. Min and Kim (2004) is one of the first
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works to assess the effects of SHS using direct
numerical simulation (DNS) with turbulence phe-
nomena, observing that the SHS effect reduces
the drag in the same direction of the flow and
increases it in the case of perpendicular flow. In
the maritime field, Daniello et al (2009) inves-
tigated the effect of a vessel in turbulent flows
with an experimental approach, observing a signif-
icant drag reduction by particle image velocimetry
(PIV) and direct pressure measurements. Peifer
et al (2020) conducted some preliminary experi-
ments to assess the feasibility of combining an SHS
and air layer drag reduction. Zhao et al (2021) also
conducted experiments using fluorescence correla-
tion spectroscopy to observe the velocity profiles
of SHS.

However, the research in SHS applied to pro-
pellers is smaller compared to hulls. The main
effect of the hydrophobic painting is the reduction
of the friction drag, varying thrust and torque. In
a marine propulsion system, this variation needs
to be designed to increase efficiency and reduce
the overall cost. Hydrophobic surfaces are usu-
ally not cheap and should be applied according to
established criteria. Other side effects may arise
with the application, which should be further
investigated.

To design the surface distribution of a super-
hydrophobic paint, the Topology Optimization
Method (TOM) is adopted. Unlike most topol-
ogy optimization applications in fluid problems
(Borrvall and Petersson, 2003; Evgrafov, 2005;
Gersborg-Hansen et al, 2005; Othmer, 2008), since
the geometry is fixed, it is more feasible to use
turbulence models easily.

Topology Optimization consists of changing
design variables to improve a cost function value.
In this work, design variables change the pres-
ence or absence of material (i.e., the presence or
absence of super-hydrophobic paint) on the blade
surface. The design procedure is illustrated in
Fig. 2.

Firstly, an initial domain is defined. Then,
the domain is discretized and divided into ele-
ments, defining nodes and degrees of freedom.
With the discretized domain, topology optimiza-
tion takes place. The flow is solved and the cost
function is computed, along with its sensitivities,
being fundamental for gradient-based optimizers
to determine the next iteration. The process con-
tinues until it reaches pre-defined stop criteria

(i): Initial domain (ii): Discretized domain (iii): Topology obtained

(iv): Post-processing(vi): Test (v): Verifying

Fig. 2 Optimization procedure for surface topology opti-
mization on a propeller blade.

that define the convergence of the material distri-
bution. After the convergence, post-processing is
performed and reevaluated numerically in a CFD
analysis mesh, verifying the results. This verifi-
cation step is essential to evaluate if the desired
objective is reached even with the post-processed
modifications. Finally, the experimental test can
be performed. This stage requires the ability to
reproduce the same hydrophobic conditions, with
pre-established models, which is not the scope of
this work.

This work has the objective of optimizing
the pattern distribution of paint with super-
hydrophobic properties on the surface of a model-
scale marine propeller, with existing defined geom-
etry, using the Topology Optimization Method,
in order to increase the hydrodynamic efficiency.
To accomplish this objective, firstly a method
for propeller CFD simulations with SHS is devel-
oped, evaluating the super-hydrophobic levels on
the hydrodynamic performance of the marine pro-
peller. Then, TOM is used to design the distribu-
tion of the super-hydrophobic painting, observing
in which blade regions it is important to prioritize
the SHS in order to maximize the hydrodynamic
efficiency.

2 Test case

The study is carried out with a Gawn-Burril
(KCA) systematic series propeller (Gawn and

Topology optimization of lowfriction painting distribution on a marine propeller
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Fig. 3 CAD representation of propeller P104 (left); and
inside of cavitation tunnel (right).

Burrill, 1957) called P104. The propeller is a 1:7
model-scale propeller that operates on a 200-ton
boat. Pictures of P104 are shown in Fig. 3 and
propeller design, in Fig. 4. It has three blades,
diameter of 0.2 m, pitch-to-diameter ratio of 0.86,
expanded area ratio of 0.50, and axis diameter of
0.038 m. Note that the propeller has a rounded
tip, smoothing out the propeller edges.

The typical propeller performance indicators
are the advance ratio J , thrust coefficient KT ,
torque coefficient KQ, and hydrodynamic effi-
ciency η0. The advance ratio J can be interpreted
as the propeller operating condition, relating the
advance velocity, associated with the vessel veloc-
ity, and the propeller rotating rate. Thrust pro-
duced by the propeller and the required torque are
usually presented in non-dimensional form, KT

and KQ.
The η0 is an important factor for the overall

ship design as it can be interpreted as the ratio of
the power needed to overcome the ship resistance
by the rotational power needed by the engine to
overcome the propeller torque. In other words,
with an increase in efficiency, it is possible to nav-
igate the ship with higher velocity or with lower
consumption. Due to this importance, the η0 is
adopted as the cost function to be optimized.
These properties are expressed as:

J =
va

nDprop
, KT =

T

ρn2D4
prop

,

KQ =
Q

ρn2D5
prop

, η0 =
Tva
2πnQ

=
J

2π

KT

KQ
.

(1)

To analyze the resulted pressure and fric-
tion distributions on the blade, it is used the
non-dimensional coefficients Cp and Cf , defined
as:

Cp =
2 p

ρv2ref
, Cf =

2 ∥τ∥
ρv2ref

,

vref =

√
v2a +

(
0.7π nDprop

)2
.

(2)

In those equations, va is the advance veloc-
ity; n, rotation rate; Dprop, propeller diameter; ρ,
fluid density; p, relative pressure; τ , shear stress;
T , thrust force; and Q, torque. In this work these
coefficients are used to better understand the
effects of the SHS coating in the blade.

3 Methods for CFD
simulations of propeller
with SHS

The numerical simulations are conducted using
the CFD software Siemens STAR-CCM+ 13
double-precision. As detailed in Siemens (2018),
the software is based on the cell-centered finite
volume method using an unstructured grid solver.
STAR-CCM+ is also used for the mesh generator
and post-processing.

3.1 Governing equations

The propeller simulations are assumed to be
incompressible fully-turbulent flow, being based
on steady-state Reynolds-averaged Navier–Stokes
(RANS). A moving reference frame (MRF)
approach (also called quasi-steady method) is used
to consider the propeller rotation in steady-state
simulation. The continuity fc and momentum
transport equations fm (Versteeg and Malalasek-
era, 2007) are given respectively by:

fc :

∮
ur · ds = 0, (3)

fm :

∮
ρu⊗ ur · ds+

∫
ρω × udΩ

+

∮
pI · ds−

∮
2 (µ+ µt)D · ds = 0,

(4)

in which ur is the relative velocity (defined as
ur = u − ω × r); u, average vector of veloc-
ity; ω, angular velocity vector; r, distance vector
between origin and material point; s, vector area;
Ω, volume control; p, average value of pressure
(included the contribution from turbulence kinetic
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Fig. 4 Profile, transverse, and expanded view of P104 propeller. Units in meter.

energy, 2/3ρk); I, identity tensor; k, turbulence
kinetic energy, µ, molecular viscosity; µt, turbu-
lent eddy viscosity; and D, strain rate tensor,
given by Eq. (5).

D =
1

2

[
∇u+ (∇u)

T
]
. (5)

The k − ω SST turbulence model (Menter,
1994) is adopted in this work. Tests suggest
that this turbulence model gives superior per-
formance for zero pressure gradient and adverse
pressure gradient boundary layers (Versteeg and
Malalasekera, 2007).

This turbulence model adds two extra trans-
port equations: for turbulence kinetic energy k and
specific dissipation rate ω:

∇ · (ρku) = ∇ ·
[
(µ+ σkµt)∇k

]
− ρβ∗fβ∗ωk + Pk,

∇ · (ρωu) = ∇ ·
[
(µ+ σωµt)∇ω

]
− ρβfβω

2 + Pω,

(6)

in which Pk and Pω are production terms;
fβ∗ , free-shear modification factor; fβ , vortex-
stretching modification factor; σk and σω, model
coefficients. The turbulent eddy viscosity is given
by:

µt =
a1ρk

max
(
a1ω,∥D∥F2

) (7)

in which a1 is a constant; ∥D∥, strain rate mag-
nitude; and F2, blending function. The details of
each term and its implementation are shown in
Versteeg and Malalasekera (2007) and Siemens
(2018).

3.2 Domain dimensions and
boundary conditions

Considering the three blades of the propeller, the
domain is a one-third cylinder. This simplification
is acceptable once it uses RANS equations, which
only model large eddies, and the main interest is
at the mean values of thrust and torque. This sim-
plification was used in other similar works, such
as Wang et al (2010). The dimensions and bound-
ary conditions are shown in Fig. 5. In this work,
it is adopted the values of dx = 5 and dz = 5,
the same values that were observed and compared
with experiments in previous works (Katsuno and
Dantas, 2017).

The numerical treatment for velocity inlet
boundary conditions is that the velocity is speci-
fied, the pressure gradient is zero, and turbulence
kinetic energy and specific dissipation rate are also
specified. For pressure outlet boundary condition,
velocity gradient is zero, the relative pressure is
imposed to be zero, turbulence kinetic energy and
specific dissipation rate gradients are zero. The
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Fig. 5 Domain geometry and boundary conditions, adopt-
ing dx = 5 and dz = 5.

propeller is modeled as a wall boundary condi-
tion with SHS, further described in Sec. 3.3. For
wall with slip, the normal component of velocity
is defined as zero. In both cases, pressure and tur-
bulence kinetic energy gradients are zero, and the
specific dissipation rate is defined.

The moving reference frame (MRF) is used
inside the domain to simulate the rotating effect,
and a fixed reference frame is used to define the
velocity inlet. Sánchez-Caja et al (2009) com-
pared time-accurate propeller simulations with
MRF and mixing-plane approach and concluded
that MRF approach presented better prediction
than the mixing-plane.

3.3 Low-friction modeling

In this work, low-friction is modeled by adopt-
ing an SHS model based on the slip length: a
case of Robin boundary condition in which tan-
gential velocity on the wall us is proportional to
the derivative of the fluid velocity in the normal
direction to the wall, as described in Eq. (8).

us = b
∂u

∂n
, (8)

in which us is wall surface velocity; b, the slip
length, assumed to be constant; ∂u/∂n, gradient
of velocity in the normal-surface direction.

Figure 6 shows the schematics of flow velocity
profile over an SHS. The fluid has a superficial
velocity of us = u (0) ̸= 0, appearing to slip over
the surface.

The slip length is a well-established model to
simplify the SHS behavior, being used in several
works, such as Min and Kim (2004), Daniello et al
(2009) or Seo and Mani (2016). This model has
been used in this work to model the SHS effect

SH surface

u(z)

x

z

u = u(0)s

b

Fig. 6 Schematic of apparent velocity profile due to SHS.
Adapted from Ou et al (2004).

without concerning about the microscopic effect
nor dealing with water surface tension and the air
pockets. It is not the scope of this work to study
the effects of molecular dynamics of hydrophobia.

3.4 Mesh overview

The desired meshes have the following characteris-
tics: y+ close to 1.0; represent the rounded geom-
etry of the propeller tip; and have an acceptable
quality of the mesh, especially in terms of element
aspect ratio and growing rate. Equation (9) defines
the non-dimensional number y+:

y+ =
ρU∗ y

µ
, (9)

in which, U∗ =
√

∥τ∥/ρ is the shear velocity; µ,
dynamic viscosity; and y, distance from the wall
to the mesh.

Meshes have four volumes of refinement con-
trol, shown in Fig. 7. The first two volumes, in blue
and yellow, are refinements due to propeller wake.
The third one, in red, is composed of a hollow
cylinder and a cylinder after the hub, being used to
refine the region of vortex detachment generated
mainly in the propeller tip. The last one, in green,
is a twisted cylinder that follows the propeller
edge, to model the tip flow and eddy detachment.
This refinement changes smoothly the first ele-
ment of the boundary layer, in order to maintain
y+ near to 1.0.

The same hexahedral mesh used in previ-
ous works (Katsuno and Dantas, 2017, 2022) is
adopted for the CFD analysis and to verify the
TOM results. Katsuno and Dantas (2022), using
the same mesh density and refinement volumes on
the same propeller, compares the numerical results
with experiments, showing also grid refinement
studies to estimate the numerical uncertainties.
Despite the choice for the hexahedral type for
CFD verification, a second mesh, polyhedral, is
chosen to be used in the optimization framework,

Topology optimization of lowfriction painting distribution on a marine propeller
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domain

blade

Fig. 7 Geometry of refinements (showing the complete
propeller for better illustration purposes. The actual model
consists of 1/3 of propeller) (top); section view (bottom).

Table 1 Comparative between volumetric meshes.

Name Polyhedral Hexahedral
Number of elements 8.39× 105 3.71× 106

Elements on blade 3.69× 104 9.61× 104

Acceptable volume change 100% 99.997%
Acceptable element quality 100% 100%

following the STAR-CCM+ recommendations for
adjoint solver (Siemens, 2018). Moreover, it is
easier to ensure good quality with few elements
when a polyhedral mesh is adopted. The face of
the polyhedral mesh in contact with the blade is
adopted as the optimization mesh. Therefore, the
elements in which the optimization can change
the design variables are the same as the faces of
the volumetric mesh elements that contact the
propeller blade. Comparing the chosen hexahe-
dral and polyhedral meshes, Tab. 1 indicates some
particular comparatives.

Figure 8 compares the elements on the blade
and Fig. 9, the volume of elements, which is
possible to observe the effect of the volumes of
refinement control on the element sizes.

Figure 10 shows that the rounded tip feature
is represented on both meshes. There is attention
that the last elements of prism layer dimensions
are similar to its adjacent elements, ensuring good
volume growth. For this, the scalar value element
volume change, which describes the ratio between
the element volume and its largest adjacent one,
was observed. The value of 1.0 indicates an ele-
ment that has the same volume as its adjacent
one, and it is the ideal value. According to the
software developer, values below 0.01 indicate bad
elements.

-113.98×10 -91.58×10 -86.31×10 -62.51×10 -41.0×10

Area [m²]
-121.0×10

Fig. 8 Comparative between hexahedral (left) and poly-
hedral (right) meshes on the propeller blade, showing the
face of the volumetric mesh elements. The right figure also
represents the optimization mesh.

0.0 -152.89×10 -121.16×10 -104.62×10 -71.85×10 -57.41×10

Volume [m³]

Fig. 9 Comparative of element volumes between hexahe-
dral (left) and polyhedral (right) meshes.

0.01 0.025119 0.063096 0.15849 0.39811 1.0

Volume change [-]

Fig. 10 Detail of mesh at propeller tip for the hexahedral
(left) and polyhedral (right) meshes.
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Section 3.6 compares the obtained results from
each mesh.

3.5 Physical model and numerical
setup

Simulations are conducted in a steady-state
model, using the Reynolds-averaged Navier-Stokes
(RANS) equations with the k − ω SST tur-
bulence model (Menter, 1994). Segregated flow
model is adopted for the hexahedral mesh, fol-
lowing the same numerical setup used in previous
works (Katsuno and Dantas, 2017, 2022). Couple
flow model is adopted for the primal and adjoint
solvers in the optimization framework, following
the recommendation of Siemens (2018). In both
approaches, it is used second-order convection
scheme for RANS and SST transport equations.

The segregated solver uses less memory
(Siemens, 2018) and is used as the primary
method for this work. Coupled solver has the
advantage of robustness for solving flows with
dominant source terms, such as rotation, and is
used for optimization problems, since the adjoint
module is available with the coupled solver.

Water is considered incompressible, density is
998.16 kg/m3 and the dynamic viscosity, 1.0016×
10−3 Pa s. Turbulence intensity is set to 1%, the
same value measured at the IPT (Institute for
Technological Research) Cavitation Tunnel using
particle image velocimetry in the condition with-
out the propeller. Turbulent length scale is set as
0.005 m, 7% of characteristic length, defined as
the chord on the 70% of propeller radius.

3.6 Segregated and coupled solvers
comparison

In order to evaluate the performance of the candi-
date meshes, one operation condition is simulated
at J = 0.57: advance velocity of 3.029m/s and
rotation velocity of 1608RPM, without hydropho-
bic condition.

Fig. 11 shows the Cp distribution and Fig. 12,
the Cf distribution.

Although it produces different values of hydro-
dynamic coefficients, note that the distribution is
roughly similar in both cases of Cf and Cp.

The visual comparison is also conducted by
using the Q-criterion, defined by:

Suction side Pressure side

Polyhedral Hexahedral Polyhedral Hexahedral

-0.5

Cp

0.025 -0.025

Cp

0.25

Fig. 11 Comparative of Cp between polyhedral and hex-
ahedral meshes.

Suction side Pressure side

Polyhedral Hexahedral Polyhedral Hexahedral

-71.0×10

Cf

-12.0×10

Fig. 12 Comparative of Cf between polyhedral and hex-
ahedral meshes.

Qcrit =
1

2

(
∥Ω∥2 −∥D∥2

)
, (10)

in which Ω is the vorticity tensor. In other words,
Q-criterion highlights vorticities that have small
deformation (Jeong and Hussain, 1995). In this
sense, boundary layer regions are penalized by the
Q-criterion.

Figure 13 shows the Q-criterion iso-surface in
the hexahedral and polyhedral meshes. Present-
ing larger elements, the polyhedral mesh dissipates
the vorticity generated by the propeller in a
shorter distance, when compared to the hexahe-
dral mesh, being perceptible by the length of the
iso-surface.

It is concluded that using the polyhedral mesh
into the optimization framework is acceptable
since the distribution of Cp and Cf are reasonably
similar to the results from the hexahedral mesh, so
it should lead to a similar optimized design. Sub-
sequently, the topology of SHS distribution must
be mapped to the hexahedral mesh in order to
obtain the hydrodynamic coefficients in the same
numerical model that was previously compared
with experiments, allowing a fair comparison in
other conditions.

Topology optimization of lowfriction painting distribution on a marine propeller
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Fig. 13 Q-criterion iso-surface of 200 s−2 using the hex-
ahedral (top) and polyhedral (bottom) meshes.

4 Optimization formulation

4.1 Material model and surface
constraint

From a Topology Optimization point of view, the
hydrophobic level is represented by the slip length
value within the range [0; b]. Pseudo-density ρ̂ is a
function from 0.0 to 1.0 that correlates the range
of slip length [0; b]. Thus, zero pseudo-density
results in b = 0 and pseudo-density of 1.0 results
in b = b.

It is required to penalize intermediate values to
allow an interpretation: although it is possible to
have a surface covered by several slip lengths, it is
studied the application of a painting that imposes
a super-hydrophobic behavior. This painting is
assumed to apply the same value of slip length.
In this sense, it is important to have extremized
values of ρ̂, which can be interpreted in the real
world as to where to apply or not the painting.

Based on Rozvany et al (1992), which pro-
poses the solid isotropic material with penaliza-
tion (SIMP) model, the following material model
is defined with a penalization factor q in the
pseudo-density to avoid intermediate values:

b (ρ̂) = bρ̂q. (11)

The partial derivative of slip length with
respect to (w.r.t.) the pseudo-density is:

∂b

∂ρ̂
= b q ρ̂q−1. (12)

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

b 
[m

]

10 -4

q = 0.5 q = 1 q = 2 q = 3

Fig. 14 SIMP-based model example for b = 1 × 10−4 m
and several penalization factors q.

It is possible to observe the effect of penaliza-
tion w.r.t. values of pseudo-densities in Fig. 14.
This penalization bias intermediate values for
some extreme values of b.

Another approach that extremizes values of
pseudo-density ρ̂ is to restrict the sum of ρ̂ in the
design domain. This procedure is done in several
fluid topology optimization works, as described
in Bendsøe and Kikuchi (1988) and applied in
Gersborg-Hansen et al (2005); Pingen and Maute
(2010); Romero and Silva (2014); Dilgen et al
(2018). The formulation for the surface-average
value of pseudo-density is:

ĝ =

∫
Θ
ρ̂dA∫

Θ
dA

discret
=⇒

∑
f ρ̂Af∑
f Af

, (13)

in which Θ is the design surface, and the subscript
f , discretized faces of Θ.

4.2 Low-friction implementation

The boundary condition for modeling hydropho-
bicity is not natively implemented in the CFD
software. The tangential velocity can not be
directly determined, since using Eq. (8) changes
the shear stress, which leads to a different tan-
gential velocity, requiring an iterative process.
Because of this, an artifice is made to impose a
wall with tangential velocity based on Eq. (8):
to obtain convergence, the equation had to be
relaxed. Also, based on the proposed SIMP-based
model in Eq. (11), the numerical implementa-
tion of the boundary condition for the tangential
velocity on the propeller blade considering the
pseudo-density is:

Topology optimization of lowfriction painting distribution on a marine propeller
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u [i] = a

(
bρ̂q

∂u [i]

∂n

)
+(1− a)

(
< u [i...i− 5] >

)
.

(14)
in which u [i] is the imposed boundary condition
of tangential velocity; a, an under-relaxation fac-
tor and < u [i...i− 5] > is the mean value of u in
the last 5 iterations. SHS in simulation is set as
wall boundary condition, so the turbulent bound-
ary layer of the k − ω SST is still modeled. It
is noted that hydrophobic simulations are more
unstable than conventional ones. The convergence
is obtained with low values of under-relaxation
factor (e.g.: for simulations with b = 1 × 10−3 m,
an under-relaxation factor of a = 6 × 10−4 was
adopted), which requires more iterations than
usual simulations without SHS to obtain a general
convergence.

4.3 Cost function formulation

The cost function is the maximization of pro-
peller efficiency η0, Eq. (1). To obtain the partial
derivative of propeller efficiency w.r.t. slip length,
consider the cost function C:

C = η0 =
T va
2π nQ

. (15)

In Eq. (15), only T and Q are dependent of
b. Other variables are assumed as constants. The
adopted numerical model (see Sec. 3.5) calculates
T and Q as:

T =
∑
Θ

[(
pI− 2 (µ+ µt)D

)
· s
]
· ea, (16)

Q =
∑
Θ

[
r×

(
pI− 2 (µ+ µt)D

)
· s
]
· ea, (17)

in which ea is the unit vector aligned with advance
velocity (and propeller axis); and r, distance vec-
tor between the propeller axis and the element
location.

To solve the gradient of the strain rate ten-
sor D on a wall for the presented problem,
Siemens (2018) describes the numerical implemen-
tation, which is also differentiated and explained
in details in Katsuno et al (2020). Close to the
wall, the turbulence kinetic energy is close to zero,

SHS

Near-wall
elements

uc

us

Θ
||s||

n

d

Γ

Fig. 15 Schema of near-wall elements and the velocities.

and consequently, the turbulent viscosity ratio
is also close to zero, allowing the approximation
µ+µt ≈ µ. Considering a representation of a mesh
element that contacts with the design surface, as
shown in Fig. 15, the numerical expression to solve
the dot product of D and s can be written as:

∑
Θ

2µD · s =⇒
∑
Θ

µ
∂u

∂n
∥s∥ =⇒ µ

uc − us

d
∥s∥ ,

(18)
in which uc is the velocity at cell center; d, dis-
tance vector between the face and cell center; and
us, velocity on the face (given by Eq. (8) for SHS).
Therefore, considering the pseudo-density, us can
be written as:

us = b
∂u

∂n
= b

τ

µ
= bρ̂q

τ

µ
. (19)

4.4 Discrete adjoint formulation

Consider a system of partial differential equation
(PDE) given by Eq. (20), in which q is the output
of PDE solution (in this case, q is an array with
pressure and velocities that satisfies Navier-Stokes
equations). The vector f is composed by the Con-
tinuity fc (given by Eq. (3)), and Navier-Stokes
residuals fm (given by Eq. (4)). Therefore:

f
(
q (ρ̂) , ρ̂

)
=

[
fc
fm

]
= 0. (20)

Consider a cost function C
(
q (ρ̂) , ρ̂

)
with the

same input parameters. By deriving the cost func-
tion and applying the chain rule:

dC

dρ̂
=

∂C

∂q

dq

dρ̂
+

∂C

∂ρ̂
. (21)

The ∂C/∂ρ̂ term in Eq. (21) can be easily
determined since the cost function expression is

Topology optimization of lowfriction painting distribution on a marine propeller
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well-defined. The difficulty consists in obtaining
the implicit part, which is obtained by deriving
the system of PDE in Eq. (20) with the chain rule:

df

dρ̂
=

∂f

∂q

dq

dρ̂
+

∂f

∂ρ̂
= 0. (22)

Rearranging the terms:

dq

dρ̂
= −

(
∂f

∂q

)−1
∂f

∂ρ̂
. (23)

The adjoint vector λ is defined by inserting the
obtained expression into Eq. (21):

dC

dρ̂
= − ∂C

∂q

(
∂f

∂q

)−1

︸ ︷︷ ︸
λ

∂f

∂ρ̂
+

∂C

∂ρ̂
. (24)

Finally, the sensitivity of the cost function C
w.r.t. ρ̂ is:

dC

dρ̂
= −λ · ∂f

∂ρ̂
+

∂C

∂ρ̂
. (25)

In this work, the pseudo-density ρ̂ is related to
the slip length b, as expressed in Eq. (11). There-
fore, Eq. (25) can be rewritten to consider this
relation:

dC

dρ̂
= −λ · ∂f

∂b

∂b

∂ρ̂
+

∂C

∂b

∂b

∂ρ̂
. (26)

The adjoint solution vector λ is obtained using
the adjoint flow solver. More details on the numer-
ical approach of how to obtain the adjoint vector
with feasible computational cost are described in
Siemens (2018).

To obtain the derivative of residuals with
respect to slip length ∂f/∂b, consider the mesh
element representation shown in Fig. 15. This ele-
ment, with volume Ω, is formed with two surface
groups: Θ, in full contact with a design surface
(in which can be an SHS); and Γ, the remaining
surfaces, that are in contact with other mesh ele-
ments. By applying the Continuity, Eq. (3), and
Navier-Stokes equations, Eq. (4), in this near-wall
element:

fc =

∫
Γ

ur · ds+
∫
Θ

ur · ds, (27)

fm =

∫
ρω × udΩ+

∫
Γ

ρu⊗ ur · ds

+

∫
Θ

ρu⊗ ur · ds+
∫
Γ

pI · ds

+

∫
Θ

pI · ds−
∫
Γ

2 (µ+ µt)D · ds

−
∫
Θ

2 (µ+ µt)D · ds.

(28)

Note that only Θ surface has a dependency of
b in the formulation. Also, even though it is an
SHS, the impermeability condition is maintained.
So, the convective term in Θ is zero. Thus, to
emphasize terms that has b dependency, fc and fm
equations are reduced to:

fc = [...], (29)

fm = −
∫
Θ

2 (µ+ µt)D · ds+ [...]. (30)

In other words, fc has no explicit dependency
of b. It implies that only fm influences the implicit
part of sensitivity calculation. Considering the
numerical expression of the strain rate tensor for
SHS in Eq. (18), and the us expression in Eq. (19),
the derivative yields:

∂f

∂b
=


0

A

d
τ

 . (31)

To obtain the derivative of the cost function
with respect to slip length ∂C/∂b, the quocient
rule is applied:

∂C

∂b
=

va
2πnQ2

(
Q
∂T

∂b
− T

∂Q

∂b

)
. (32)

The derivative of thrust and torque can be
obtained based on the differentiated expression of
strain rate tensor for SHS, Eq. (18) and Eq.(19):

∂T

∂b
= −A

d
τ · ea, (33)

∂Q

∂b
=

(
r×−A

d
τ

)
· ea. (34)

4.5 Summary of the optimization
formulation

In this work, the objective is to increase the hydro-
dynamic efficiency of a marine propeller η0 at a

Topology optimization of lowfriction painting distribution on a marine propeller
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Fig. 16 Topology optimization flowchart.

defined advance ratio. For a standard commercial
ship, in general, the propeller is designed specifi-
cally for one operating condition, as most of the
ship’s operation time is carried sailing at a sin-
gle speed. Therefore, the optimization problem
focuses only on one operating condition, J = 0.7
and n = 1600 RPM, which is a condition close to
the maximum hydrodynamic efficiency.

The formal formulation of the optimization
problem is defined in Eq. (35):

Max
ρ̂

C = η0

such that ĝ (ρ̂) =

∫
Θ
ρ̂dA∫

Θ
dA

≤ ĝ∗

0 ≤ ρ̂ ≤ 1

(35)

in which C is the cost function and ĝ∗, surface
average limit.

5 Numerical implementation

5.1 Optimization flowchart

The optimization flowchart is schematically
described in Fig. 16.

The steps to run the optimization require first
defining an initial material distribution. Then, the
primal problem is solved using the CFD to get
the hydrodynamics of the propeller under the SHS
condition.

With the primal problem solved, the cost func-
tion and other properties can be evaluated. If the
stopping criteria of the optimizer are not achieved,
it is moved to the adjoint CFD simulation by using

the same polyhedral mesh as the primal prob-
lem. The primal solution is frozen, and the adjoint
problem is conducted.

With the sensitivity information, the opti-
mizer calculates the next design distribution of
hydrophobic material. The process is repeated
until it reaches the convergence criteria.

5.2 Optimizer, primal and adjoint
solver

This work uses the Interior Point Optimizer
(IPOPT) package (Wächter and Biegler, 2006),
which is an internal point optimization algorithm.
The IPOPT software applies a primal-dual barrier
method that solves a sequence of barrier prob-
lems. The complete procedure and mathematical
background can be found in its reference.

The same CFD software for the primal and
adjoint solver, STAR-CCM+ 13 with double-
precision, is chosen, avoiding the need for external
communications between two different software
and extensive data exchange from a typically large
number of elements from CFD simulation. STAR-
CCM+ contains the pre-processing, solver, and
post-processing tools in the same environment,
including the adjoint module if the primal problem
is solved using the coupled-flow approach. How-
ever, the problem can be adapted without further
modifications to any software, especially if it has
an adjoint module.

6 Results of hydrophobic
simulations

With a defined method for propeller simula-
tion, a numerical analysis based on RANS CFD
software is done to study the behavior of the
boundary layer flow with the condition that
imposes the low-friction / hydrophobic effect in
a fully-covered super-hydrophobic propeller (Kat-
suno et al, 2018). This section aims to estimate
the gain of performance in propellers, guiding the
definitions and restrictions that should be looked
for the topology optimization. The simulations
are carried out with the hexahedral mesh at a
rotational speed of n = 1600 RPM.

Topology optimization of lowfriction painting distribution on a marine propeller
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Fig. 17 Open water diagram with hydrophobic painting
fully covering the blades.

6.1 Open water diagram

Figure 17 shows the open water diagram, pre-
senting thrust, torque, and the hydrodynamic
efficiency for several slip lengths and advance
ratios.

It is observed a gain in efficiency, especially
for values above b = 1 × 10−6 m and not signifi-
cant gains for values above b = 1×10−4 m. These
results are due to the increase in KQ, slowing the
efficiency gain.

To further study these conditions, two oper-
ating conditions are analyzed in more detail: low
(J = 0.3) and high (J = 0.7) advance ratios.

6.2 Skin friction and pressure
coefficient analysis

Figure 18 shows the streamlines of skin friction
coefficient on the suction and pressure sides for
J = 0.3; and Fig. 19, for J = 0.7. A detachment
in the streamlines is noted as the hydrophobic-
ity increases, especially in the upper region of the
propeller on both suction and pressure sides.

Figure 20 shows the pressure coefficient dis-
tribution on the suction and pressure side for
J = 0.3. An increase in suction can be noted as
the effect of hydrophobicity increases, especially
in the upper region of the propeller.

Figure 21 shows the pressure coefficient dis-
tribution for J = 0.7. It is noted an increase in
suction and pressure in regions close to the trailing
edge.
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Fig. 18 Skin-friction coefficient Cf , varying slip length b,
for J = 0.3.
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Fig. 19 Skin-friction coefficient Cf , varying slip length b,
for J = 0.7.

6.3 Propeller efficiency - Cp trade-off

It can be observed from Fig. 17 that efficiency
does not appear to significant increase from b =
1 × 10−4 m to b = 1 × 10−3 m. However, observ-
ing Fig. 20 and Fig. 21, there is an increase in the
suction pressure for these values of b. It motivates
to analyze the trade-off between the skin-friction
drag reduction due to SHS presence, an expected
result, and the increase of suction pressure (reduc-
tion of absolute pressure), which is important as
it may lead to cavitation inception. An analysis
with intermediate values of b are performed (b =
1× 10−6, 1× 10−5, 8× 10−5, 1× 10−4, 2× 10−4,
4 × 10−4, 6 × 10−4, 8 × 10−4, and 1 × 10−3 m).
The values are compared in terms of propeller effi-
ciency η0 and surface fraction of blade suction-side
that presents Cp less than −0.2, named pCp. Two
advance ratio are studied, J = 0.3 and J = 0.7.
The results are shown in Fig. 22.

Topology optimization of lowfriction painting distribution on a marine propeller
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Fig. 20 Pressure coefficient Cp, varying slip length b, for
J = 0.3.
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Fig. 21 Pressure coefficient Cp, varying slip length b, for
J = 0.7.

It can be noted that in both J cases there
is not a strictly increase relationship of propeller
efficiency and pCp fraction, even for J = 0.7, in
which this fraction is below 10%. Therefore, with
the assumptions made for modeling the SHS over
a propeller, it can conclude with the preliminary
results that high values of b are not recommended,
once there is a limit of efficiency gain and higher
values induce a higher surface fraction of low Cp.
The results motivated the approach to apply the
TOM to determine regions of the propeller surface
that must turn to an SHS to improve a given cost
function and observe its limits.

7 Topology optimization of
painting distribution

This section applies TOM to increase the hydro-
dynamic efficiency of the propeller by defining
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Fig. 22 Hydrodynamic efficiency η0 in function of the
fraction of suction side with Cp < −0.2, named pCp, for
J = 0.3 (top) and J = 0.7 (bottom); and scalar figures of
the Cp distribution on the suction face.

SHS regions on the blade, in which the maximum
amount of paint is limited.

The topology optimization results are pre-
sented and discussed. As part of the procedure,
the results are post-processed to get paint distri-
bution. Since the adopted mesh is designed to be
used only inside the optimization framework, the
topology solution is transposed to the hexahedral
mesh. Finally, the results are compared with no-
SHS and full-SHS conditions, with the hexahedral
mesh.

7.1 Optimization of SHS
distribution

Katsuno et al (2020) observed that the maxi-
mum slip length b does not significantly change
the topology of SHS distribution. Thus, it is
expected not having an exact value of b does not
significantly impact the obtained topology from
optimization. It is chosen the b = 1 × 10−4 m
and penalization q = 4.0. Three optimizations are
conducted changing the value of ĝ∗. The initial
condition is ρ̂ = 0.1 in whole surface. Figure 23
shows the optimization process along the iter-
ations, showing the cost function η0 and the
constraint ĝ for ĝ∗ = 0.3, 0.5, 0.7.

Topology optimization of lowfriction painting distribution on a marine propeller
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Fig. 23 Propeller efficiency η0 and surface-average value of pseudo-density ĝ along with optimization iterations for ĝ∗ =
0.3, 0.5, and 0.7.

The results must be post-processed in order
to indicate which regions should be covered with
super-hydrophobic painting. This post-processing
is done by applying a filter-like process: all val-
ues of pseudo-density above a threshold are equal
to one and all below are equal to zero. The
threshold is chosen such that it still satisfies
the surface constraint ĝ. Figure 24, Fig. 25 and
Fig. 26 show topology optimization solutions and
the post-processing results after treatment proce-
dures for cases of ĝ∗ = 0.3, 0.5, 0.7, respectively.
The obtained value of the threshold is around 0.5
for all cases, which was expected as it was adopted
the SIMP-based material with a penalization of
q = 4.0.

7.2 Hexahedral mesh comparison

The post-processed topology obtained after opti-
mization is mapped to the hexahedral mesh
using nearest-neighbor (closest point) interpola-
tion from cell-centered data of polyhedral mesh
topology. Getting hydrodynamic performance val-
ues using the same hexahedral mesh makes it
possible to perform a fair comparison of the gain of
hydrodynamic efficiency between a propeller with-
out any SHS, with topology optimized and full-
SHS. Figure 27 shows the post-processed topology
using the polyhedral mesh and the mapping result
on the hexahedral mesh.

7.3 Comparative with no-SHS and
full-SHS

Finally, from the mapped topology solution, the
results can be compared with no-SHS and full-
SHS conditions using the same hexahedral mesh.

Figure 28 shows the hydrodynamic efficiency com-
parison.

The general topologies obtained from the opti-
mization process are regions covered at the pro-
peller tip and extending toward the center. It is
also possible to observe the presence of SHS, in
smaller quantities, in the region close to the axis.
Also, it can be observed that the starting radius of
the painting is different between suction and pres-
sure surfaces. These results also endorse the choice
of topology optimization, since such generality of
design would be very complicated in other types
of optimization methods.

Using a simple post-processing approach that
adopts a threshold value to interpret elements
with and without SHS painting could generate
some jaggy results, as observed in the topology
of the suction side of ĝ∗ = 0.3 case, especially
on the center of the painted area, which is not
pronounced in the other cases. The results sug-
gest a tendency of painting the top edge of the
propeller and some parts above the central region
of the blade. Observing the results of J = 0.7
in Fig. 19, it is possible to notice some noisy
streamlines close to the top of the propeller as the
slip length increases, which may indicate a possi-
ble region with flow separation and instability in
this region. Based on the results of flow separa-
tion observed in previous papers (see, for example,
Fig. 30 in Katsuno et al (2020)), it is concluded
that the optimizer avoids filling with SHS regions
that may present some adverse pressure gradient
(which leads to the flow separation and recircu-
lation) because it may increase drag. Being close
to the edge of the propeller, a region with high
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Fig. 24 Topology evolution along optimization iterations for ĝ∗ = 0.3.
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Fig. 25 Topology evolution along optimization iterations for ĝ∗ = 0.5.

vorticity may expect to have some flow separa-
tion. Adding this effect to the optimization mesh
discretization, which is coarser in the blade cen-
ter, helps to explain this behavior in the results.
Yet, even with the jaggy topology, the results are
helpful to indicate which regions to prioritize SHS
painting, being possible to have smoother results
with a different post-processing procedure.

As stated, the objective of this work does not
intend to investigate the modeling or practical
manufacture of SHS, but to use a well-known
model and apply it to a topology optimization
problem in a turbulent flow. Because of this, it is
chosen to impose a paint constraint to understand
which regions should be prioritized. In this way,
it is possible to observe the growth of regions in
which the optimizer chooses to prioritize, show-
ing where are the critical regions on the blade. By
studying three cases by varying the surface con-
straint, it is observed that, for this propeller, the

tip should be prioritized and, in smaller quantities,
regions near the axis.

In this problem, the cost function is defined as
being only the hydrodynamic efficiency. If it would
be considered other factors, such as the cost of
painting, a maximum trade-off point could appear
without a painting limitation. Methods for creat-
ing an SHS can vary from a sprayable painting to
a corrosion-controlled process on a propeller sur-
face to create micro-surface elevations and traps
small air pockets. In any case, it is reasonable
to consider that the cost of creating an SHS is
proportional to the area. As this linear function
would be well-defined, obtaining the value and
its derivative would be easy to be implemented.
Other improvements on the cost function could be
including the consequences of increasing the pro-
peller efficiency, such take into account the price
of engine fuel.
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meshes, for ĝ∗ = 0.5.

8 Conclusions

This work presented the study of the hydrody-
namic implication of the low-friction painting in a
marine propeller. It is focused on the consequences
on the hydrodynamic performance, whereas the
hydrodynamic of the low-friction was simplified
by the slip length model. Results with propeller
showed that an increase in slip length is not always
followed by an increase in the hydrodynamic effi-
ciency, presenting an efficiency gain limit. From
this limit, the efficiency no longer increases with
hydrophobicity, but the area of low pressure con-
tinues to grow. In the propeller topology opti-
mization study, three surface constraint cases are
performed. For this propeller, a tendency can be
observed to prioritize the distribution of SHS on
the propeller tip and, in a smaller quantity, on
regions near the axis. Also, the suction surface is
prioritized over the pressure surface.

It is expected that this work could stimulate
future researches in this approach of the energy-
saving devices, collaborating to the EEDI of ships,
to the reduction of greenhouse gases, and promot-
ing a more sustainable future. The development in
this work, in which topology optimization on the
surface is applied, can be extrapolated to other

applications. An example could be the rough-
ness distribution, in order to change the transi-
tion point using a laminar-turbulent transitional
model. Inducing a transition may be interesting to
control the cavitation inception, even if the perfor-
mance is degraded, which is critical for submarine
applications, for example.

More details about the numerical model set-
up and details of experimental campaign and tests
of the propeller without SHS can also be found
in Katsuno (2020). For future works, it is inter-
esting to validate the super-hydrophobic model
by comparing it with experimental results: for
this, it recommends applying a super-hydrophobic
treatment using a painting or some mechanical
approach, since the turbulent condition of the pro-
peller can be harsh for painting. The feasibility
of conducting a controlled corrosion treatment to
obtain a hydrophobic surface by electrolysis can
be evaluated.

Topology optimization of lowfriction painting distribution on a marine propeller
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Fig. 28 Propeller efficiency η0 in function of surface constrain adopted in optimization process and comparison with no-
SHS (ĝ = 0) and full-SHS (ĝ = 1).
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Replication of results. With the presented
procedures, it is expected to be possible to apply
the formulation in other CFD or optimizer soft-
ware: Fig. 4 describes the dimensions and infor-
mation on how to replicate the adopted propeller.
Section 3.2 presents all the dimensions to recreate
the domain for CFD simulations and the adopted
boundary conditions. Section 3.4 describes all
adopted volumes of refinement to obtain the same
mesh topologies. Section 3.5 shows the CFD set-
up, as the value for some constants, such as
the density and viscosity. Section 5 describes the
optimization flowchart. The framework of com-
munication between the CFD and the optimizer
is the same as previous work, described in the

Replication of results section in Katsuno et al
(2020).
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