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ABSTRACT
Viscous flow simulations, utilising Computational Fluid
Dynamics (CFD), have increasingly become the standard
approach in the design and optimisation processes for pre-
dicting propeller performance. This is primarily due to the
significant influence of viscous effects on propeller per-
formance, encompassing phenomena such as tip and hub
vortices, tip vortex cavitation inception, flow separation,
and the transition from laminar to turbulent boundary lay-
ers at model-scale. Numerous studies have demonstrated
the necessity of incorporating transition modelling in CFD
to accurately determine propeller performance at model-
scale, whereas full-scale simulations can successfully rely
on two-equation turbulence models.

However, despite these advancements in CFD, the indus-
try continues to rely on a relatively simplistic procedures
to scale model test results to full-scale in order to predict
ship propeller performance. Generally, the conventional
scaling procedures focus solely on reducing sectional drag
between the model and full-scale propeller, assuming a par-
tially laminar boundary layer at model-scale. Nevertheless,
it is important to recognize that this approach oversimpli-
fies the discrepancies between laminar and turbulent pro-
peller boundary layers.

Therefore, the aim of this paper is to demonstrate that
CFD, when employing the appropriate turbulence and tran-
sition models, can accurately predict propeller performance
at model-scale, in scenarios involving partially laminar or
fully turbulent boundary layers. Consequently, the find-
ings provide additional insights on improving extrapola-
tion methods through CFD simulations, particularly when
model-scale considerations prioritize the accurate develop-
ment of turbulent boundary layers.

A Reynolds averaged Navier-Stokes solver (RANS) was
used in combination with the k-ω SST turbulence and
γ-Reθ transition model for a modern designed MARIN
stock propeller. The CFD results were compared to Ex-
perimental Fluid Dynamics (EFD) results, which involved
propellers equipped with and without innovative turbu-
lence stimulators, also known as turbulators. In addition to

comparing performance characteristics, the boundary layer
flows regimes were also examined using EFD paint test re-
sults. Furthermore, full-scale Reynolds CFD simulations
were conducted and compared to conventionally extrapo-
lated EFD results.

Excellent comparisons were achieved between EFD and
CFD for model-scale Reynolds numbers, encompassing
both uncontrolled and passively controlled boundary lay-
ers. A clear trend of Reynolds scaling was observed
for propellers with a turbulent boundary layer at model-
scale. However, this trend was not evident for pro-
pellers with laminar or partially laminar boundary layers
at model-scale, demonstrating that the relevant boundary
layer regimes should be modelled correctly.
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1 INTRODUCTION
The prediction of propeller performance is a critical task
in the design and optimization of marine propulsion sys-
tems. It involves the estimation of propeller thrust, torque,
efficiency, and other hydrodynamic characteristics across
a wide range of operational conditions, which depends on
various factors such as propeller geometry, inflow veloc-
ity, cavitation, and Reynolds number. Model-scale exper-
iments frequently serve as the foundation for this type of
research, complemented by extrapolation methods to pre-
dict the propeller performance at full-scale.

Challenges in predicting propeller performance at model-
scale are as old as the model basins themselves. In general,
all model-scale experiments are inevitably associated with
Reynolds number scaling effects, particularly when con-
sidering the presence of a laminar or transitional bound-
ary layer at model-scale, in contrast to the fully turbulent
boundary layer at the full scale. These scaling problems
were affirmed by the findings of the Propeller Committee
of the ITTC as documented by Allan et al. (1951). A com-
prehensive review of the literature on this topic is provided
by Schuiling et al. (2024).
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In general, a turbulent boundary layer significantly reduces
the performance characteristics of the propeller, in terms
of thrust reduction and increased torque. Conversely, a
laminar boundary layer at model-scale is prone to sepa-
ration under adverse pressure gradients, which as a result
also reduces the sectional lift and increases the pressure
drag. Additionally, it is important to note that the occur-
rence of flow separation is closely related to propeller de-
sign and operational condition. Some of these issues were
addressed by the Powering Performance Committee in the
report of the ITTC-1978 procedure (Aucher et al. 1978),
where it was reported that laminar flow exists over the pro-
peller blades in standard open-water tests and cover up to
approximately 40% of the blade section chord. Accord-
ing to Fagerjord and Andersen (1982) conditions to obtain
fully turbulent flow may require Reynolds numbers larger
than 5 · 106, which means an increased propeller diam-
eter and propeller rotation rate, but this is very difficult
to achieve with standard model-scale experimental tech-
niques. An alternative approach involves using turbulence
stimulators like sand-grain strips or studs near the lead-
ing edge of the blade, a concept explored by researchers
such as Tamura and Sasajima (1977). Additionally, Kuiper
(1981) and Boorsma (2000) conducted a thorough study,
including leading edge roughness, on the visualization of
the boundary layer regimes by paint test experiments. Also
Jessup (1989) analysed detailed Laser Doppler Velocime-
try (LDV) measurements of the velocity profiles for smooth
and tripped propeller blades. The main conclusion from
these studies was that the boundary layer flow on the outer
radii can be easily tripped to turbulence using leading edge
roughness, and that the extrapolation of model propeller
performance to full-scale performance could be improved
by using leading edge roughness to control the regime of
the boundary layer. However, they also found some un-
expected results and the lack of precision and accuracy of
computational tools did not allow them to figure this out in
detail. Furthermore, it proved challenging to apply them
in a well-controlled manner without changing the local ge-
ometry and reliable scale effect corrections were required.
Moreover, as stated in the ITTC-87 (1987) report, there is
also the challenging aspect to convince propeller designers,
ship owners, and builders that intentionally introducing a
purposeful efficiency loss of several percent at the model-
scale is the correct approach for making precise predictions
regarding the efficiency of the full-scale propeller. Due to
these considerations, the utilization of turbulence tripping
was not advisable at that time for model-scale testing, even
though it could potentially serve as a valuable tool for eval-
uating and understanding the impact of variations in flow
regime on model-scale propeller performance.

To improve the accuracy of propeller performance pre-
diction, several Computational Fluid Dynamics (CFD)
methods have been developed that incorporate transition-
sensitive turbulence models. These models are able to cap-
ture the onset and extent of transition, as well as the re-
sulting changes in skin-friction, pressure distribution, and
wake formation. This resulted in subsequent experiments
that included paint tests, alongside numerical simulations

carried out by various institutes. Notably, Hasuike et al.
(2017) conducted an extensive study examining propeller
boundary layers on small blade area propellers. They em-
ployed a combination of experimental paint tests and nu-
merical analyses in their investigation. The CFD simula-
tions incorporate transition modelling to ensure high mod-
elling accuracy. The findings indicated that, in both open-
water tests and self-propulsion tests, the predominant na-
ture of the boundary layer was laminar, leading to the ob-
servation of extensive laminar flow separation regions near
the trailing edge. The authors emphasized the importance
of integrating numerical tools to achieve more reliable pro-
peller performance results and the need to make an im-
provement on the scaling procedure for accurate extrapo-
lation to full-scale conditions. Lücke (2019) reported sim-
ilar observations of boundary layer flow regimes through
propeller paint tests and a CFD study, examining the flow
behaviour for various propeller designs. The CFD study
included a comparative analysis of fully turbulent and fully
laminar flows, excluding the use of a transition model. On
this basis, he concluded that it is crucial to model the accu-
rate combination of laminar and turbulent boundary layer
regimes. This is essential because the experimental results
differ from the results of simplified assumptions that con-
sider only one of the two regimes.

Moreover, Rijpkema et al. (2015) and Baltazar et al. (2021)
showed a detailed analysis of Reynolds number effect for
propeller performance predictions in open-water condi-
tions ranging from laminar flow (Re = 104) up to full-
scale (Re = 107) Reynolds numbers. Even though this
study of Baltazar et al. (2021) incorporated transition mod-
elling, a comparison with model-scale experimental results
reveals significant comparison errors, particularly for ad-
vance ratios near the design condition. Considering that the
flow over the propeller blade at model-scale Reynolds num-
bers predominantly exists in the critical Reynolds number
regime, where the transition from laminar to turbulent flow
occurs, it is likely that the disparities in performance are as-
sociated with the transition from laminar to turbulent flow
on the propeller blade. Contrarily, the standard k-ω Shear-
Stress Transport (SST) model totally fails to accurately pre-
dict laminar-to-turbulence transition, consistently showing
an early transition with a limited transition length, as noted
by Eça and Hoekstra (2008), Rijpkema et al. (2015) and
Lopes (2021).

Furthermore, Li et al. (2019) presented findings from open-
water tests conducted on three propeller designs at both low
and high model-scale Reynolds numbers. They compared
experimental results, incorporating paint tests, with numer-
ical results obtained using the Local Correlation Transition
Model (LCTM) γ transition model. At low Reynolds num-
bers, typical of the propeller’s conditions in self-propulsion
tests (SPT), laminar flow predominated for all propellers,
with observed separated flow near the trailing edge. Con-
versely, at higher Reynolds numbers as commonly used in
propeller open-water tests (POT), a mix of laminar, tran-
sitional, and turbulent flow was identified. Consequently,
extrapolating the results from model-scale conditions to
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full-scale predictions is highly depended on the conditions
tested in SPT and POT. To address this, the authors pro-
pose a 2POT procedure, involving two open-water tests.
The first is conducted at a low Reynolds number equivalent
to that in self-propulsion tests, facilitating the analysis of
SPT results. The second, at a higher Reynolds number, is
used to extrapolate open-water characteristics to full-scale
based on the ITTC-78 scaling procedure.

Similarly, Grlj et al. (2022) studied scale effects on the
open-water propeller performance for Reynolds numbers
ranging from 1.3 · 106 to 3.3 · 108. They compared experi-
mental model-scale results with numerical results using the
k-ω SST turbulence model combined with and without the
LCTM γ-Reθ transition model. From the results, it was
concluded that the scale effects on open-water character-
istics were significantly lower when the transition model
was applied, but the extrapolated model-scale values of the
open-water efficiency, using the ITTC 1978 performance
prediction method, still remains too low compared to re-
sults obtained by full-scale simulations.

The analysis of the sensitivity of inflow boundary condi-
tions has been conducted for various canonical cases by
Lopes (2021). Furthermore, Katsuno et al. (2021), Gag-
gero (2022) and Baltazar et al. (2018, 2023) have stud-
ied this sensitivity concerning open-water propeller perfor-
mance. Gaggero (2022) reported a good comparison agree-
ment between CFD and EFD results for a conventional and
an unconventional propeller design. This agreement was
achieved solely when employing the transition-sensitive
turbulence model LCTM γ-Reθ, alongside adjusting tur-
bulence parameters at the domain inlet to achieve a ref-
erence turbulence intensity of 1% at the propeller plane.
In the work of Baltazar et al. (2023), the inlet turbulence
quantities are chosen to qualitatively match the experimen-
tal transition location obtained from paint test photographs.
This study illustrates the limitations in the predictive capa-
bilities of the γ-Reθ turbulent-transition model due to this
strong dependence of the inlet turbulence quantities on the
predicted performance. An important note is that the inlet
turbulence quantities may not be realistic from a physics
point of view, but depend on the Reynolds number and the
propeller loading condition.

Another improvement of the modelling of these flow com-
plexity within model-scale rotating propellers could be ac-
complished by integrating cross-flow as a transition mech-
anism, as studied by Moran-Guerrero et al. (2018) and
Lopes et al. (2023). These studies show the potential im-
provement of model-scale performance prediction by in-
cluding cross-flow modelling. However, the added value
remains unclear at this point, primarily because there is a
deficiency in direct comparisons with paint tests.

While there has been notable advancement in transition
models, their high sensitivity poses a limitation to their ap-
plicability. And despite numerical predictions frequently
aligning with propeller performance observed in model
tests, regularly unexpected differences between experi-
mental and numerical performance predictions are found.
Additionally, the challenge persists in the extrapolation

process, which currently relies on assuming partial lami-
nar flow rather than accounting for full-scale conditions,
thereby introducing complications in the extrapolation. In
an effort to deviate from the established pattern, MARIN
conducted a comprehensive series of paint tests on vari-
ous stock propellers, subjecting them to assessments both
in the presence and absence of turbulence stimulation. The
detailed findings of this extensive experimental study in-
cluding high quality boundary layer visualisation by per-
forming paint-tests and an innovative method to stimulate
turbulence in an efficient and controllable way is reported
by Schuiling et al. (2024).

This paper focuses on a comparative analysis between ex-
perimental results obtained with uncontrolled and passively
controlled boundary layers and those derived from CFD.
The CFD considers scenarios both with and without the in-
clusion of transition modelling. These advancements in ex-
perimental and numerical techniques are expected to yield
more consistent model test results and enhance the reliabil-
ity of extrapolation predictions.

2 METHODOLOGY

2.1 ReFRESCO
ReFRESCO (www.marin.nl) is a CFD software package,
developed at the Maritime Research Institute Netherlands
(MARIN) in collaboration with several universities and
partners. It solves unsteady (in)compressible viscous flows
based on the Navier-Stokes equations, complemented with
turbulence models and volume-fraction transport equations
for different phases. The equations are discretized us-
ing a finite-volume approach of the continuity and mo-
mentum equations written in conservative integral form.
The solver uses a collocated, cell-centred variable arrange-
ment and a face-based approach that enables the use of
unstructured, body-fitted computational meshes with arbi-
trary polyhedral cells. Picard linearisation is applied and
segregated or coupled approaches are available with mass
conservation ensured using a SIMPLE-like algorithm and
a pressure-weighted interpolation technique to avoid spu-
rious oscillations. For turbulence modelling different tur-
bulence models are available depending on the application
at hand. Mesh handling techniques such as moving, slid-
ing, deforming and overset-meshes are available, as well as
automatic mesh refinement and coarsening. The six-DoF
rigid-body motion is being solved within the code and full
fluid-structure interaction (FSI) with flexible-body motion
is also possible. Lastly, coupling to external codes is made
possible for propeller models (RANS-BEM coupling), fast-
time simulation tools (MARIN’s time-domain simulation
framework XMF) and wave generation potential flow codes
(OceanWave3D, SWASH, REEF3D). Thorough code veri-
fication is performed for all releases of ReFRESCO.
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2.2 Turbulence and transition models
This study includes only one turbulence model and one
transition model, both selected from prior research within
this specific field of turbulence and transition modelling
(e.g. Eça et al. 2023a, Baltazar et al. 2023, Lopes et al.
2022).

The turbulence model employed in this study is the well-
known k-ω SST two-equation eddy-viscosity model devel-
oped by Menter et al. (2003). This model is based on a
blend between the k-ω and k-ϵ turbulence models to com-
bine the best properties of both models and is therefore a
popular choice of turbulence model for many maritime en-
gineering applications. Details on the transport equations,
model constants, blending and damping functions are given
in Menter et al. (2003).

This turbulence model can be combined with the γ-Reθ
LCTM transition model as developed by Langtry and
Menter (2009), which is also incorporated in this study.
This transition model includes two additional transport
equations, one for the intermittency γ and the second
one for the transition onset momentum-thickness Reynolds
number R̃eθt.

The integration of the transition model with the k-ω SST
turbulence model involves adjusting the production (Pk)
and dissipation (Dk) terms in the turbulence kinetic energy
transport equation. The terms of the SST turbulence model
are given by

Pk,SST = min
(
µtS

2, 10Dk

)
,

Dk,SST = β∗ρkω.
(1)

The transition model calculates an effective intermittency
denoted as γeff , incorporating an additional formulation
γsep to handle separation induced transition. The change
of the production and dissipation terms incorporating γeff
becomes

Pk = γeffPk,SST ,

Dk = min(max(γeff , 0.1), 1.0)Dk,SST .
(2)

Suppressing the production of turbulent kinetic energy re-
sults in the development of a laminar boundary layer, until
a critical Reynolds number Reθc which dictates the start of
transition by increasing the intermittency to one. From that
location a fully turbulent boundary layer will be obtained.
The length of the transition region and the transition onset
location are defined by empirical correlations.

2.3 Propeller geometry
A modern designed MARIN stock propeller was consid-
ered for the present study. In the publication by Schuiling
et al. (2024), this propeller is identified as Propeller-B. The
main propeller particulars are listed in Table 1. The diame-
ter D in millimetres, dimensionless chord length c0.7R/D
and pitch ratio P/D(0.7R) at radii r = 0.7R, with R be-
ing the propeller radius. Furthermore the blade-area ratio
is designated by Ae/Ao and the number of blades by Z.

Table 1: Characteristics of the test-case propeller

Pr
op

el
le

r Diameter D 300 mm
Number of blades Z 5
Chord at 0.7R c0.7R/D 0.279
Pitch P0.7R/D 1.045
Expanded Area Ratio Ae/Ao 0.636

The propeller operating conditions are defined by the ad-
vance condition and the characteristic propeller Reynolds
number given by

J =
Va

nD
, (3)

Re =
ρ c0.7R V0.7R

µ
. (4)

Here, Va is the propeller advance speed, ρ the density and
µ the dynamic viscosity of the fluid. It is common to define
the dimensionless propeller characteristic at r/R = 0.7,
therefore the reference velocity for the Reynolds number is
defined by

V0.7R =

√
V 2
a + (0.7 π n D)

2
. (5)

The open-water characteristics are quantified using the
thrust coefficient (KT ), the torque coefficient (KQ), and
the open-water efficiency (ηo). These are defined by the
respective formulas:

KT =
T

ρn2D4
, (6)

KQ =
Q

ρn2D5
, (7)

ηo =
JKT

2πKQ
. (8)

Here, T and Q are the obtained propeller thrust and torque,
respectively.

Figure 1: Example of the surface grid, inner and outer do-
mains

2.4 Numerical setup
All simulations were performed using the frozen rotor
approach combined with non-conformal interfaces. This
means that only the inner-domain is solved by using the ab-
solute velocity formulation where the equations are solved
in the rotational reference frame, but written in the earth-
fixed reference frame.
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Figure 2: Estimated numerical uncertainty based on grid refinement for model-scale Reynolds numbers at high loading condi-
tion J = 0.3

Table 2: Grid information showing grid refinement ratio ri,
total number of cells Ncells, number of faces on a single blade
surface Nfaces and the average distance in wall coordinates
y+

Grid ri Ncells Nfaces y+

G1 1.0 101,498,180 74,140 0.37
G2 1.1 76,869,152 61,360 0.42
G3 1.4 40,691,006 39,424 0.51
G4 1.8 18,004,238 22,320 0.68
G5 2.2 10,905,730 15,580 0.83
G6 3.6 2,819,196 5,724 1.43
FS - 25,756,766 28,272 0.1

In order to analyse the numerical uncertainty, a set of
nearly-geometrically similar grids was generated for this
propeller. The numerical domain is divided into two cylin-
drical shaped sub-domains, as illustrated by Figure 1. The
inner domain is a multi block-structured (GridPro) grid
in the vicinity of the propeller, with a diameter and total
length of 3.5 and 2.5 times the propeller diameter (D), re-
spectively. The outer domain is an unstructured (Hexpress)
grid with both diameter and total length equal to 20D.

For the model-scale Reynolds numbers the grids range
from approximately 3 to 100 million cells, indicated by G6
to G1, respectively. More details are given in Table 2, in-
cluding the grid refinement ratio ri, the number of faces
on a single blade surface Nfaces, and the average of the
dimensionless distance in wall coordinates y+. These av-
eraged values correspond to the simulations using the k-ω
SST turbulence model at the design advance condition for
the high model-scale Reynolds number of 7 · 105.

For the full-scale simulations the same grid topology is
used, but the wall-normal refinement is adapted from
model-scale to full-scale Reynolds numbers, to ensure

y+ < 1 for all Reynolds number regimes. Therefore, the
boundary-layer is fully resolved and no wall functions are
used. The full-scale grid is indicated by FS in Table 2. The
averaged y+ value corresponds to the simulation at the de-
sign condition based on a full-scale Reynolds number of
1 · 107.

3 RESULTS

3.1 Numerical uncertainty estimation
Prior to the comparison of the model-scale RANS predic-
tions with the experimental data, a thorough examination
of the numerical uncertainties inherent in the simulations
is performed for this propeller, which involved the results
of the open-water performance in terms of thrust coeffi-
cient (KT ), torque coefficient (KQ) and efficiency coeffi-
cient (ηo).

The main goal of the solution verification exercises is to
check the consistency of the results obtained by the k-ω
SST model without and with the γ-Reθ LCTM transition
model. This provides useful information about the tur-
bulence modelling performance. The validation exercises
are not performed strictly in compliance with the ASME
V&V20 Standard (ASME 2009) due to the lack of the ex-
perimental uncertainties for these quantities. Nonetheless,
the comparison with the results offers a quantitative anal-
ysis. Although the numerical analysis covers the entire
range of advance conditions 0.3 > J > 1.05, our fo-
cus in this context will be towards the examination of two
separate conditions: a high loading condition (J = 0.3)
and the design point (J = 0.8). The conclusions drawn
from these conditions represent all advance conditions in-
between. The propeller rotation rates vary from n = 400
to 800 rpm, corresponding to a Reynolds number range
(Re0.7R) from 3.3 · 105 to 7.0 · 105. A summary of these
conditions is presented in Table 3.
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Figure 3: Estimated numerical uncertainty based on grid refinement for model-scale Reynolds numbers at high loading condi-
tion J = 0.8

Table 3: Operating conditions for the numerical uncertainty
estimation

Propeller Reynolds Numbers
Conditions low Re high Re

Re [-] 3.3 · 105 6.7 · 105
J=0.3 Va [m/s] 0.6 1.2

n [rpm] 400 800
Re [-] 3.5 · 105 7.0 · 105

J=0.8 Va [m/s] 1.6 3.2
n [rpm] 400 800

The numerical uncertainties are estimated for all quanti-
ties of interest using the numerical uncertainty procedure
as proposed in Eça and Hoekstra (2014), which is based on
spatial grid refinement. The grid refinement ratio, or rela-
tive step size, is indicated by ri in Table 2 is defined by

ri =
hi

h1
=

(
(N1)cells
(Ni)cells

)1/3

=

(
(N1)faces
(Ni)faces

)1/2

. (9)

Given that the grids comprise both a multi-block structured
propeller grid and an unstructured grid for the outer do-
main, determining the grid refinement ratio is best achieved
by evaluating either the cell count of the multi-block struc-
tured grid or the number of faces on a single blade. This
is due to the challenging nature of precisely controlling the
refinement areas of the unstructured grid of the outer do-
main.

All simulations were executed in double-precision, thereby
assuming that the impact of round-off errors on numerical
uncertainty is negligible. The iterative convergence crite-
ria required an L2 value for the normalized residual of all
transport equations below 10−6. This criterion ensures that

the primary source of numerical uncertainty is the contri-
bution from the discretisation error.

The basics of the estimation of the discretisation error starts
with a power series expansion of a quantity of interest Φ as
a function of the grid refinement ratio ri.

Φi = Φ0 + αrpx

i (10)

Where Φ0 is the estimate of the exact solution, α is a con-
stant related to the grid and px is the observed order of grid
convergence. Equation 10 is solved in the least-squares
sense and alternative power series expansions with fixed
exponents are used if there is anomalous behaviour, i.e. ap-
parent non-monotonic convergence or unreliable values of
px. In any case, the discretisation error ϵ is obtained from

ϵ = Φi − Φ0 (11)

and the numerical uncertainty Unum is determined by

Unum = Fs|ϵ|, (12)

where Fs represents a safety factor that depends on the
standard deviation of the least-squares fit. A comprehen-
sive explanation of the methodology, along with example
results, is provided in Eça et al. (2023c).

The estimated numerical uncertainty for the coefficients
KT , KQ and ηo, at the advance conditions J = 0.3 and
J = 0.8, are presented in Figure 2 and Figure 3. Both
figures contain six plots of the CFD results by employing
either the LCTM γ-Reθ transition model or the k-ω SST
turbulence model. The top row represents the low Reynolds
number, while the higher Reynolds number is given in the
bottom row. The fits that estimate the exact solution of the
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quantities of interest are based on the data of the five finest
grids, leaving out the coarsest grid (ri = 3.6) results. The
results are presented using symbols and error bars, with the
legend specifying the uncertainty (U ) of the finest grid and
indicating the order of the fit (p).

In general, it can be concluded that the results obtained
with the LCTM γ-Reθ transition model exhibit a more pro-
nounced influence from spatial resolution. This can be at-
tributed to the transition from laminar to a turbulent bound-
ary layer, indicating that the resolution in the flow direction
is highly sensitive to such changes. Nevertheless, the ma-
jority of the results exhibit a consistent convergence toward
the results obtained with the fine grid, displaying either a
monotonic trend or, in some cases, a linear fit. The nu-
merical uncertainties are minimal, with U < 0.5% across
all conditions, indicating that increasing the spatial refine-
ment even more is not required by the selected quantities
of interest and flow conditions.

The numerical uncertainty estimation performed in this
study focused exclusively on model-scale Reynolds num-
bers, with and without transition modelling. Due to com-
putational considerations, the decision was made not to per-
form a similar analysis for full-scale Reynolds numbers.

Recent publications of benchmark cases at full-scale
Reynolds numbers indicate a less pronounced sensitivity
of the turbulence models on the estimated numerical un-
certainties (Eça et al. 2023a, 2023b).

3.2 Transitional flow
As stated in the introduction, transition models exhibit high
sensitivity to turbulence quantities within the flow field.
The reason is that within the transport equations that are
being solved, empirical correlations are calculated that use
local quantities. An example is the turbulence intensity Tu
which is used in the transition onset momentum-thickness
Reynolds number. These local turbulence quantities orig-
inate from the inflow boundary conditions and are influ-
enced by the settings used to control the turbulence decay.
The substantial comparison error observed for the LCTM
γ-Reθ model as found in previous studies highlighted in
the introduction, points towards a strong reliance on local
turbulence quantities, especially at design conditions where
frictional losses are more pronounced.

This raises a crucial question regarding the selection of in-
let values when applying the LCTM transition model. This
consideration becomes particularly significant due to the
pronounced decay in turbulence quantities by the under-
lying k-ω SST turbulence model in the case of a uniform
flow. As reported by Lopes (2021), the majority of sim-
ulations including LCTM transition models use unrealis-
tic high values for the inlet eddy-viscosity ratio in order
to reduce the decay of turbulence intensity, but this may
also affect the laminar regime. Therefore, a different ap-
proach was adopted such that the transport equations for k
and ω are solved without the dissipation terms (Lopes et al.
2022). This controlled decay of turbulence quantities acts
as a ’frozen’ region, extending from the inlet to a specific
point in front of the propeller.

Suction side Pressure side

1.0%

1.2%

1.35%

1.5%

2.0%

EFD

Figure 4: Limiting streamlines and intermittency gradient
(contour) on the suction and pressure sides for different in-
let turbulence quantities of the LCTM model for J = 0.8 at
800 rpm. The bottom row shows paint-test results (EFD) for
the same open-water condition (Re = 7 · 105)
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Based on experience from previous studies, e.g. by Baltazar
et al. (2023), this decay control ends at a distance equiv-
alent to half the propeller’s diameter from the propeller
plane. Addressing this involves the analysis of the sensi-
tivity of the flow conditions at the inlet, ensuring agree-
ment of the results with open-water experiments. In order
to facilitate a comprehensive comparison that includes not
only open-water performance characteristics, but also the
boundary layer flow regime, paint test experiments were
conducted at MARIN. The methodology for visualizing the
boundary layer condition is described in detail by Schuiling
et al. (2024).

To mimic the same from the CFD simulations, one of the
options to identify and visualise the laminar, transitional,
and turbulent boundary-layer regime is to plot the limit-
ing streamlines like the paint streaks from paint-tests. The
transition location itself can be detected from the change in
the orientation of the limiting streamlines due to the strong
increase of local skin-friction. However, this change is of-
ten not very abrupt and therefore the intermittency of the
transition model is used as well. The intermittency is con-
strained by a lower limit of 0.02, which is sufficiently small
to minimize the generation of turbulence kinetic energy and
maintain the laminar state of the boundary layer. If transi-
tion occurs, the intermittency rapidly rises to one. There-
fore, the magnitude of the intermittency gradient serves as
a reliable indicator for identifying the onset of transition.

The results for the design condition at 800 rpm are pre-
sented in Figure 4. In these simulations, the turbulence in-
tensity (Tu) of the inflow boundary condition is altered,
ranging from 1% to 2%, together with a constant value for
the eddy-viscosity ratio of µt/µ = 25. The option to con-
trol the decay of the turbulence quantities is activated.

The dark contour colour signifies the presence of lami-
nar flow starting from the leading edge, while the change
in contour indicated boundary layer transition or laminar
separation. In case of transition the highlighted limiting
streamlines shift from a radially directed flow towards a
more circumferentially directed flow. In case of laminar
separation a distinct detachment line is observed.

Clearly visible from the top figures to the bottom is the al-
teration of the laminar boundary layer regime due to the in-
creased turbulence intensity. At Tu = 1% and Tu = 1.2%,
the boundary layer state predominantly remains laminar on
both the suction and pressure sides, with only a slight ini-
tiation of transition observed on the pressure side for lower
radii, due to laminar flow separation. In the next stage,
Tu = 1.35%, the suction side exhibits transition near 70%
of the chord for radii r/R > 0.7, while laminar flow sep-
aration persists for radii r/R < 0.7. On the pressure side,
there is an expansion of the region with turbulent flow.
Hence, the transition to turbulence is observed at approxi-
mately 70% of the chord length and extends evenly across
the entire trailing edge. The enlargement of areas featuring
turbulent flow continues into the final stage at Tu = 2.0%
and is expected to expand further with continued increases
in turbulence intensity. This directly indicates the sensi-
tivity of modern transition models in general and the diffi-

culties in determining boundary conditions and turbulence
decay control. Through a visual comparison, it becomes
evident that the EFD paint-test results align most closely
with the CFD results obtained at a turbulence intensity of
1.35%.

Suction side Pressure side

CFD

EFD

Figure 5: Limiting streamlines and intermittency gradient
(contour) on the suction and pressure of the LCTM model for
J = 0.8 at 400 rpm, compared to paint-test results for the
same open-water condition (Re = 3.5 · 105)

Similar settings for turbulence inflow conditions were em-
ployed for the low model-scale Reynolds number. A visual
comparison of the limiting streamlines for this condition
is presented in Figure 5. The experimental paint-test re-
sults reveal a substantial area of laminar flow separation.
This characteristic is similarly observed in the correspond-
ing CFD simulations.

3.3 Fully turbulent flow
In light of the drawbacks associated with using the transi-
tion modelling, as discussed in the previous section, turbu-
lence models such as the k-ω SST already exhibit high reli-
ability in solving turbulent flows, characterized by minimal
sensitivity to boundary conditions. It is for example well
known that the k-ω SST turbulence model predicts transi-
tion at low Reynolds numbers in the order of 104 (Eça and
Hoekstra, 2008). Therefore, comparisons with EFD lead to
the need to efficiently implement turbulence stimulation on
the propeller blades in model testing. Fortunately, this is
now possible by using an innovative method proposed by
Schuiling et al. (2024), which is inspired by the zigzag strip
concept and is characterized by minimal additional drag
and enhanced repeatability in testing.

Default settings are applied for the k-ω SST, which means
an inflow turbulence intensity Tu = 1%, an eddy-viscosity
ratio µt/µ = 1, and no necessity for controlling turbulence
decay from the inlet. The CFD results at design condi-
tion for the low and high model-scale Reynolds numbers
are compared to the same EFD conditions including turbu-
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lence stimulation in the experiments. These are illustrated
in Figure 6 and Figure 7.

Suction side Pressure side

CFD

EFD

Figure 6: Limiting streamlines on the suction and pressure
side with the SST model for J = 0.8 at 400 rpm, com-
pared to paint-test results for the same open-water condition
(Re = 3.5 · 105)

Suction side Pressure side

CFD

EFD

Figure 7: Limiting streamlines on the suction and pressure
side with the SST model for J = 0.8 at 800 rpm, com-
pared to paint-test results for the same open-water condition
(Re = 7 · 105)

The CFD results reveal a boundary layer that is predom-
inantly turbulent on both the suction and pressure sides.
There is only a relatively small region of flow separation
near the trailing edge for low radii (r/R < 0.4), which is
attributed to the adverse pressure gradient in this area. This

region is significantly smaller than that observed in simu-
lations which include transition modelling.

The EFD results, including the turbulators at the lead-
ing edge, also clearly show a change of the paint pat-
terns, which demonstrate successful tripping of the bound-
ary layer on both the suction and pressure sides.

The positioning of the turbulators down the chord at the
lower radii is especially beneficial for propellers with a
high thickness-to-chord ratio near the hub. This ensures
that the turbulators are not located in the stagnation region
and therefore maintain their effectiveness in tripping the
laminar boundary layer. An example showing this is pre-
sented in Schuiling et al. (2024).

3.4 Open-water characteristics
With a high level of confidence regarding the boundary
layer regime over the propeller blade for both transition and
turbulent test conditions, the performance characteristics
for both model-scale Reynolds conditions are illustrated by
the open-water diagram in Figure 8. The upper figure il-
lustrates the low model-scale Reynolds number, while the
lower figure depicts the high model-scale Reynolds num-
ber. The design condition J = 0.8 is indicated by the ver-
tical dashed line.
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Figure 8: Open-water diagram for 400 rpm (top) and 800 rpm
(bottom). The lines show CFD results for both the LCTM and
SST model, and the EFD results with and without turbulators

The first observation to be made is that the agreement level
for identical boundary layer regimes is significantly higher
than the difference observed between distinct boundary
layer regimes. The comparison between the LCTM γ-Reθ
transition model (displayed in black) and the k-ω SST tur-
bulence model (displayed in yellow), shows an absolute
difference ∆ηo of about 5% at the design condition. Also
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the relative thrust coefficient KT differs with values from
6% to 10%, similar to the observations from the experi-
ments (Schuiling et al. 2024). Comparatively smaller dis-
crepancies are found in the comparison between identi-
cal boundary layer regimes. The results from the base-
line propeller EFD without turbulators (displayed in pur-
ple) shows good agreement with the CFD results that in-
clude the LCTM transition model (displayed in black). To
provide a comprehensive view, the results of the open-
water efficiency with a slightly increased turbulence in-
tensity (Tu = 2%) are also presented (represented by the
dashed grey lines).

In general the comparison difference in open-water effi-
ciency between the LCTM results (Tu = 1.35%) with the
EFD results is minimal. At the design condition J = 0.8
an absolute difference ∆ηo is found of 0.35% for 800 rpm
and 0.45% for 400 rpm. The relative difference in the com-
plete advance range 0 < J < 0.8 is less than 0.6%, for
both Reynolds numbers. Additionally, the relative compar-
ison difference for KT and KQ at the advance coefficients
0.3 < J < 0.6 is less than 2%, reaching a maximum value
of approximately 6% around the design condition. Fur-
thermore, the results of the increased turbulence intensity
Tu = 2% with respect to Tu = 1.35% primarily leads to
a decrease of KT ranging from 1% to 3%, especially for
the high model-scale Reynolds number, while KQ remains
relatively consistent. At the design condition J = 0.8, this
results in an absolute efficiency decrease of 1.8% for 800
rpm, whereas there is only a minor change of 0.3% for 400
rpm.

Moreover, the CFD results with the SST turbulence model
(displayed in yellow) demonstrate an even better corre-
spondence with EFD results of the propeller including tur-
bulators near the leading edge (displayed in blue). The ab-
solute comparison difference in open-water efficiency ηo
is approximately 1% over the complete advance coefficient
range and the relative comparison difference for KT and
KQ is smaller than 3%. This level of agreement highlights
the reliability and accuracy of the CFD simulations in cap-
turing the turbulent flow conditions, thereby strengthening
the overall agreement of CFD with the experimental data.

3.5 Flow details
Numerical methods present a substantial advantage com-
pared to experiments, as they enable a more straightfor-
ward and detailed examination of flow characteristics. To
understand how the boundary layer regime affects the re-
sulting thrust and torque, a visual representation of the con-
tributions of pressure and wall shear stress to these results
is generated and analysed, with particular attention to the
variations arising from differences in boundary layer status.

The individual contribution of dimensionless force (CF )
and moment (CM ) of skin-friction (f ) and pressure (p) on
propeller thrust and torque is calculated as follows:

C⃗Ff
=

τ⃗w
1/2ρV 2

ref

C⃗Fp =
p · n⃗f

1/2ρV 2
ref

(13)

C⃗Mf
=

τ⃗w × r⃗
1/2ρV 2

refR

C⃗Mp
=

(p · n⃗f )× r⃗
1/2ρV 2

refR

(14)

With for each boundary face, p the local pressure, τ⃗w the
local wall shear stress vector, n⃗f surface normal vector and
r⃗ the position vector with respect to the origin.

The skin-friction contribution, acting as a negative thrust,
is visualised in Figure 9 by the component of skin-friction
directed in the axial direction (x), therefore indicated as
CFf,x

. Due to the fully turbulent nature of the boundary
layer in the SST results, there is a strong increase in fric-
tional resistance in contrast to the laminar boundary layer
observed in the LCTM results. The effect is particularly
pronounced at higher radii, where local velocity increases.
Positive values in the regions near the trailing edge indicate
the presence of boundary layer flow separation that does
not re-attach.

The contribution of the pressure, acting as positive thrust,
is also visualised in Figure 9 showing only the axial di-
rected part indicated by CFp,x

. The surface distribution is
highly comparable between both CFD results, but the SST
results show slightly lower positive levels, leading to an
overall decrease in thrust. This can be explained by the tur-
bulent nature of the boundary-layer that leads to a signifi-
cant increase of the displacement thickness when compared
to the laminar case. As a consequence, the effect of the
boundary-layer on the curvature of the outer flow stream-
lines is more pronounced for the turbulent flow, which jus-
tifies the changes of the pressure on the blade surface and
thus a decrease of the generated thrust.

This analysis is also extended to examine the contribu-
tions of skin-friction and pressure on the resulting required
torque, which is visualised in Figure 9, indicated as CMf,x

and CMp,x , respectively. Positive values indicate an in-
crease in required torque, whereas a negative value reduces
the required torque. Again, the increased skin-friction re-
sulting from the turbulent nature of the boundary layer is
clearly evident in the SST results, thereby increasing the
torque. But conversely, when comparing the LCTM results
for the pressure contribution, it reveals a higher required
torque for laminar flow. This counteracting effect due to
the flow regime of the boundary layer creates great uncer-
tainty when the transition location shifts or flow separation
occurs.
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SST

LCTM

SST
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Figure 9: Surface distribution of the individual contribution of skin-friction and pressure on total thrust for the design condi-
tion J = 0.8 at 400 rpm (Re = 3.5 · 105)
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Figure 10 illustrates the local differences between the two
models, being ∆ = SST − LCTM. In the upper figure,
the blue regions highlight areas predominantly influenced
by the laminar boundary layer and flow separation in the
LCTM simulation. Notice a substantial region on the suc-
tion side, including the flow separation near the trailing
edge, which is in favour of the resulting thrust.

Conversely, the extensive flow separation region results in
an increase of torque for the LCTM solution, as depicted
in the lower figure. This is due to an increase of sectional
pressure drag due to flow separation. On the other hand,
the effect of the turbulent boundary layer contributes to an
increase of torque for SST. This underlines the difficulty in
managing cancelling terms that are both hard to anticipate
and challenging to incorporate into an extrapolation pro-
cess for predicting full-scale performance. This challenge
is particularly pronounced when these terms exhibit high
sensitivity to the operating regime of the boundary layer,
as is the case with transitional flows.

Thrust

Torque

Figure 10: Surface distribution of the difference between the
obtained SST minus LCTM results for the design condition
J = 0.8 at 400 rpm (Re = 3.5 · 105)

3.6 Full-scale propeller performance
Simulations are conducted for full-scale Reynolds num-
bers, ranging from 5 · 106 to 8 · 107. The conditions are
established using a scale factor λ = 35, and the associated
full-scale advance velocity and propeller rotation rate are
provided by Table 4. Like the model-scale simulations, de-
fault settings are applied for the k-ω SST, which in this case
are an inflow turbulence intensity Tu = 5% and an eddy-
viscosity ratio µt/µ = 10. The grid is further refined in
the normal direction to the wall, such that for the near-wall
cells y+ < 1 for all Reynolds numbers. This means that the
boundary layer is fully resolved without wall-functions.
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Figure 11: Limiting streamlines of the flow on the suction side
of the propeller at J = 0.5 (left) and J = 0.8 (right) for
different Reynolds numbers

Table 4: Propeller conditions for full-scale CFD simulations
based on the geometrical scale-factor λ = 35

Propeller Reynolds Numbers
Conditions

Re [-] 5 · 106 1 · 107 4 · 107 8 · 107
J=0.8 VS [knots] 1.3 2.5 10 20

n [rpm] 4.7 9.3 36.7 73.5

In Figure 11 the limiting streamlines of the flow on suc-
tion side of the propeller are presented for three Reynolds
numbers at J = 0.5 and design condition J = 0.8. From
the figures it can be concluded that with an increase in
Reynolds number the limiting streamlines become more
circumferentially directed, due to the higher shear-stress
component. The difference is most pronounced near the
trailing edge. Additionally, the small regions with existing
flow separation at the lower radii near the trailing edge dis-
appear with the increase of the Reynolds number. Apart
from these minor visual differences in the behaviour of the
turbulent boundary layer, there are no other distinctions in
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the boundary layer regime observed between the model and
the full-scale Reynolds numbers.

The full-scale performance results are presented by the
open-water diagram in Figure 12. Scaling from model-
scale Reynolds numbers (displayed in black) to an increas-
ing Reynolds number at full-scale (displayed in purple,
yellow, blue, and green) primarily affects the thrust coef-
ficients, while the torque coefficients experience minimal
change. Hence, an increase in the Reynolds number leads
to an overall improvement in open-water efficiency. This
phenomenon is illustrated by Figure 13 for the results at the
design condition J = 0.8. The picture depicts the variation
of the quantities of interest with respect to the fully turbu-
lent model-scale results at 800 rpm (Re = 7 · 105). Both
the thrust coefficient KT and propeller efficiency ηo show
an increase up to 10% and 6.4%, respectively, whereas the
changes in torque coefficient KQ are smaller than 0.4%.

These conclusions are in contrast to the trends observed for
the model-scale experimental and simulation results that
account for transitional effects. Those results showed a
pronounced shift in torque coefficient due to changes of the
boundary layer regime that are strongly dependent on the
evaluated Reynolds condition. Also, this significant effect
on the thrust coefficient is not included when extrapolating
model-scale results to full-scale predictions using the ITTC
1978 Propeller Performance Prediction Method. This is il-
lustrated by the extrapolated open-water performance pre-
dictions in Figure 12. Here, the standard ITTC 1978 pro-
peller extrapolation formulas are applied to the model-scale
results at 800 rpm, based on the fully turbulent SST (dis-
played in grey) and the laminar-turbulent transition LCTM
simulations (displayed in red). Both results show an in-
crease in thrust coefficient and efficiency but also a de-
crease in torque coefficient. It is important to note that
the current CFD simulations do not account for the effects
of blade surface roughness, as they do for the extrapolated
values within the ITTC procedure.
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Figure 12: Open-water diagram for a range of Reynolds num-
bers and extrapolated performance prediction based on the
ITTC’78 procedure

The comparison at design condition J = 0.8 is illustrated
in Figure 13. The relative increase of the thrust coefficient
∆KT due to the extrapolation method is approximately
0.6%, whereas the torque coefficient ∆KQ exhibits a re-

duction of 2.3%. This results in an absolute increase of the
open-water efficiency of only 2.0%, as displayed in grey.
The same applies to the LCTM results, leading to an ab-
solute efficiency difference of 6.9% compared to the fully
turbulent SST model-scale results, as displayed in red. This
distinctly highlights the significantly larger scaling impact
of the extrapolation method on KQ compared to KT , in
contrast to the earlier observed trend across a range of full-
scale Reynolds numbers.

As illustrated in this paper, the laminar boundary layer ob-
served at model-scale tends to separate under adverse pres-
sure gradients, leading to flow separation near the trailing
edge of the propeller. Additionally, a shift in the onset of
the laminar boundary layer transition is observed for differ-
ent Reynolds numbers. These aspects are tough to realise in
Reynolds scaling procedures, prompting the question of the
practicality of scaling these effects, especially given their
sensitivity to propeller design. Fortunately, both issues
are mitigated by introducing a turbulent boundary layer at
model-scale, resulting in attached flow, mirroring the be-
haviour observed at full-scale conditions. Therefore, it is
required to further research the potential development of
a propeller performance extrapolation methodology, based
on Reynolds scaling and derived from thorough model and
full-scale CFD simulations. This improves the uncertainty
of full-scale propeller performance predictions when the
extrapolation procedure is applied to model-scale experi-
ments where the propeller, equipped with turbulators, en-
counters a turbulence boundary layer at the model-scale
Reynolds number.

4 CONCLUSIONS
This study offers insights into the application of a turbu-
lence model with or without transition model for open-
water propeller simulations, in comparison to experimental
results including visualization of the flow through paint-
tests. From the results, it can be concluded that it is possi-
ble to accurately predict the performance of an open-water
propeller at model-scale, including the effect of transition
and flow separation, using the LCTM γ-Reθ transition
model. However, small discrepancies between experiments
and simulations can only be achieved if the onset of tran-
sition and possible flow separation is known a priori. The
assessment of the physical boundary layer regime is evalu-
ated by experimental paint tests that clearly indicate the oc-
currences of transition and flow separation. These findings
are compared with numerical skin-friction flow lines. The
onset of transition, predicted by the LCTM γ-Reθ model,
highly depends on the inflow boundary condition and the
decay of turbulence. Tuning these boundary conditions
and utilizing a turbulence decay control method is highly
recommended. Nevertheless, given the presence of these
uncertainties of the boundary layer regime in transitional
flows, it becomes questionable whether an accurate predic-
tion of the propeller performance from such a model-scale
problem to full-scale is possible.

Therefore a feasible alternative is demonstrated, since the
CFD results performed with the k-ω SST turbulence model
provide a very good comparison with the open-water ex-
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Figure 13: Reynolds scaling effect on the propeller performance at design condition J = 0.8 with respect to the model-scale
Reynolds number (Re = 7 · 105)

periments. These experiments were performed with turbu-
lators at the leading edge to trip the boundary layer in a con-
trolled manner. The discrepancy between experiments and
simulations (comparison error) in open-water efficiency ηo
is approximately 1% and the comparison errors for KT and
KQ are smaller than 3%. The numerical uncertainties, as
determined through a grid refinement study, were found to
be smaller than the comparison errors, with U < 0.5%
across all conditions. This indicates a high level of confi-
dence in the results of the simulations.

The conclusions drawn from the results of the Reynolds
number range, from model to full-scale, indicate that there
are only slight differences in the boundary layer regime.
Reynolds scaling primarily impacts on the thrust coeffi-
cients, up to 10%, while the torque coefficients experience
minimal change, smaller than 0.5%. Hence, an increase in
the Reynolds number leads to an overall improvement in
open-water efficiency ηo up to 6%.

The difference between model and full-scale results, due to
Reynolds scaling, requires further investigation. This re-
search should explore the feasibility of developing a new
propeller performance extrapolation procedure from exten-
sive model and full-scale CFD simulations, enabling its ap-
plication in model-scale experiments where the propeller,
equipped with turbulators, exhibits a turbulence boundary
layer at the model-scale Reynolds number.

In this study, the primary emphasis was placed on the de-
sign condition, as the relative impact of viscous losses is
most pronounced under these circumstances. Furthermore,
the propeller efficiency at design condition is usually the
most important measure of the propeller performance for
propulsion prediction.

In conclusion, this research enhances the understanding
of boundary layer behaviour in model and full-scale pro-
pellers. These insights are essential for improving model-
test accuracy and to enhance the accuracy of full-scale per-
formance predictions, with as end goal to design more effi-
cient marine propulsion systems.
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