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A B S T R A C T

Installing an energy saving device such as a pre-swirl duct (PSD) is a major investment for a ship owner and
prior to an order a reliable prediction of the energy savings is required. Currently there is no standard for
how such a prediction is to be carried out, possible alternatives are both model-scale tests in towing tanks
with associated scaling procedures, as well as methods based on computational fluid dynamics (CFD). This
paper summarizes a CFD benchmark study comparing industrial state-of-the-art ship-scale CFD predictions of
the power reduction through installation of a PSD, where the objective was to both obtain an indication on the
reliability in this kind of prediction and to gain insight into how the computational procedure affects the results.
It is a blind study, the KVLCC2, which the PSD is mounted on, has never been built and hence there is no
ship-scale data available. The 10 participants conducted in total 22 different predictions of the power reduction
with respect to a baseline case without PSD. The predicted power reductions are both positive and negative, on
average 0.4%, with a standard deviation of 1.6%-units, when not considering two predictions based on model-
scale CFD and two outliers associated with large uncertainties in the results. Among the variations present
in computational procedure, two were found to significantly influence the predictions. First, a geometrically
resolved propeller model applying sliding mesh interfaces is in average predicting a higher power reduction
with the PSD compared to simplified propeller models. The second factor with notable influence on the power
reduction prediction is the wake field prediction, which, besides numerical configuration, is affected by how
hull roughness is considered.
1. Introduction

The strive towards more fuel efficient ships is motivated by both
economic and regulatory reasons. The regulatory drive stems from the
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target of International Maritime Organization (IMO) to reduce the total
annual greenhouse gas emissions from international shipping by at least
50% by 2050 compared to 2008 (IMO, 2019). A possible approach to
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improve the energy efficiency of a ship is to equip it with an Energy
Saving Device (ESD).

The construction and function of an ESD varies widely, from those
mainly aiming to reduce the hull drag to others mostly focusing on
the propulsive efficiency (Lee et al., 2021). Other approaches, such as
sails or air lubrication, are also possible alternatives (Molland et al.,
2014). The ESD in focus in this study may be referred to as a pre-swirl
duct (PSD), which aims to improve the propulsive efficiency through
modification of the axial and tangential velocity components of the
propeller inflow, at the same time as it is generating thrust and unloads
the propeller. Several studies focusing on the performance of various
PSDs are available in the literature (Dang et al., 2012; Guiard et al.,
013; Kim et al., 2015; Nowruzi and Najafi, 2019).
Installing a PSD is a major investment for the ship owner and prior

o an order a reliable prediction of the energy savings is required.
or a PSD and similar propulsion improving devices there is currently
o standard for how such prediction shall be carried out and how
he expected power reduction should be reported. Possible alternatives
re both model-scale tests in towing tanks with associated scaling
rocedures, as well as different methods based on computational fluid
ynamics (CFD).
Model-scale tests, and model-scale CFD, are limited by their inabil-

ty to match the Reynolds number of the ship, which is practically
mpossible as Froude number similarity is normally required. This im-
lies thicker boundary layers and a larger wake on the model in relation
o that on the ship. The thicker boundary layers on the model are more
rone to separation. Additionally, the low Reynolds number may result
n laminar boundary layers on parts of the propulsion system. A PSD is
perating in the wake, and hence the differences between the model
nd ship wake field are critical for its performance. However, still
everal CFD-studies of energy saving devices are focusing on model-
cale performance, as for instance (Sakamoto et al., 2019), due to the
availability of experimental data and possibility of local flow valida-
tions. Song et al. (2020) shows for a specific ESD that its potential gain
could be of the same order of magnitude as the uncertainties caused
by scale effects, which clearly indicates its unsuitability for predictive
purposes. To account for the scale-effects the International Towing
Tank Conference (ITTC) has proposed specific scaling procedures. In
1999 they suggested a method where the PSD should be considered as
a part of the hull in the resistance and self-propulsion tests combined
with a modified scaling of the wake fraction (ITTC, 1999); the method
was however never added to the ITTC recommended procedures and
guidelines (Lee et al., 2021). Recently, a different method has been
suggested by ITTC, with another approach to obtain the ship-scale
wake fraction as well as thrust deduction factor (Lee et al., 2021). The
general validity of both methods is however still an open question.
Another approach is suggested for scaling of the Mewis duct, where
the power saving observed for the ship is assumed to be very similar
to that measured in model-scale (Guiard et al., 2013). However, this
holds under the condition that the Mewis duct geometry is adjusted
to the ship-scale flow based on differences between model and ship-
scale CFD. One more possible method to obtain a prediction of the
power reduction is to construct a wake field in model-scale that more
resembles the ship wake field, as for instance conducted in Dang et al.
(2012).

An alternative to model-scale testing and associated scaling pro-
cedures, to avoid the influences from Reynolds number differences
between model and ship, is the use of ship-scale CFD. The current
status of ship-scale CFD for power prediction is reviewed by Terziev
et al. (2022), were the principal bottlenecks for replacing testing and
extrapolation with ship-scale CFD are identified to be the availability
of open full-scale data, including ship geometries, and computational
power to predict the flow with sufficient accuracy. Model-scale CFD
has reached a relatively high level of maturity through the interna-
tional workshop series on CFD in Ship Hydrodynamics, held since
2

1980 (Hino et al., 2020). Currently, the only to some extent correspond-
ing workshop for ship-scale CFD is the Lloyds Register workshop held
in 2016 (Ponkratov, 2017). This workshop only included overall values
to use for validation, not any detailed flow measurements. However,
flow measurements on ships including ship geometries, possible to use
for CFD validation, are available in partly confidential data sets, as
reported by for instance Inukai et al. (2018), Sakamoto et al. (2020),
and Wakabayashi et al. (2019). There is also an industry wide research
roject ongoing to provide more ship-scale data possible to apply for
FD validation (JORES, 2019), neither this data set is presently openly
vailable. However, the next occasion of the international workshop
eries on CFD in Ship Hydrodynamics (Hino et al., 2020), is planned to
nclude a ship-scale validation case for the first time.
Despite the general lack of detailed validation data, several ship-

cale CFD studies have been conducted and published. Pereira et al.
2017) conducted computations on KVLCC2 in both model and ship-
cale and concluded that the scale-effects are larger than the numerical
ncertainties and also that the wake-fraction reduction from model to
hip-scale is clearly dependent on the selected turbulence model. Orych
t al. (2021) had access to both experimental data and ship trial
esults (confidential data) for a cargo vessel and conducted a CFD
alidation and verification exercise with the conclusion that there were
o significant differences in uncertainty levels between model and
hip-scale computations. Another study by Sun et al. (2020) compar-
ng CFD-predictions with sea trial results claimed that various free
urface treatments contributed with up to 5% uncertainty in power
rediction, and that roughness could have an up to 7% effect on the
elivered power. Similarly Niklas and Pruszko (2019) concluded that
heir ship-scale CFD results varied from −10% to +4% in relation to
ea trials data, dependent on hull roughness assumption and turbu-
ence model. The flow measurements and calculations by Sakamoto
t al. (2020) indicated the necessity to account for hull roughness
odelling. However, the scarce amount of data covering both flow
easurements and detailed hull surface characterizations, implies that
ull roughness modelling, in combination with near wall modelling and
urbulence modelling, is an aspect currently associated with high levels
f uncertainty.
The research area of ship-scale CFD is thus slowly evolving, but

ith disparate conclusions on how to prioritize the efforts and the
eliability of any single computation. However, ship-owners have an
rgent need for more reliable ESD energy saving predictions to be able
o oblige to current and upcoming regulations. This urge motivates
his study for which the objective is to compare industrial state-of-the-
rt ship-scale CFD predictions of the power reduction through a PSD
nstallation on KVLCC2. The comparisons will focus on how various
FD modelling aspects influence the power reduction prediction, which
opefully can be an aid for further ship-scale CFD development and
alidation work, indicating where efforts on improving predictions
hould be focused, as well as a useful reference for ship-owners when
eciding upon a possible ESD installation based on ship-scale CFD
redictions. The variations in computational configurations among the
enchmark submissions include, among others, choice of turbulence
odel, propeller modelling approach, consideration of superstructure
rag, and how to include hull roughness.

. Organization of study

This CFD benchmark study is organized by SSPA Sweden AB and
halmers University of Technology as part of a research project ini-
iated due to the lack of standard for prediction of expected power
eduction for ESDs and how this should be reported to a customer.
ll participants were invited under the condition that they had to
articipate at their own expenses. Everyone was supplied with the
ame instructions, a description of the operating conditions and ship-
cale geometries, as well as CAD-files. It was clearly stated that the
ain aim of the study was to predict the power reduction through
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Table 1
Main particulars of KVLCC2.
Length between perpendiculars, 𝐿𝑃𝑃 [m] 320
Beam, 𝐵 [m] 58.0
Draft, 𝑇 [m] 20.8
Displacement, 𝛥 [m3] 312 784
Wetted surface area without rudder, 𝑆𝑊 [m2] 27 249
Wetted surface area of rudder, 𝑆𝑊 𝑅 [m2] 273.3
Block coefficient, 𝐶𝑏 0.8098
LCB (forward of 𝐿𝑃𝑃 ∕2) 3.499%

Table 2
Main particulars of propeller (R = propeller radius, P = pitch).
Propeller diameter, 𝐷𝑃 [m] 9.86
Hub diameter, 𝐷𝐻 [m] 1.528
Number of blades 4
Expanded blade area ratio, 𝐸𝐴𝑅 0.426
Chord length at 0.7R [m] 2.305
𝑃∕𝐷𝑃 at 0.7R 0.721
Max camber at 0.7R [m] 0.0501

the PSD installation applying CFD, i.e. with less focus on the absolute
power prediction. This implies that the minimum number of compu-
tations were two, self-propulsion with and without the PSD mounted
on the ship, but alternative CFD setups were warmly welcomed. The
details on the CFD setup, computational grids, results and a qualitative
uncertainty self-assessment were to be summarized in a provided Excel-
template. The ship has never been built and hence there is no ship-scale
data available for validation. Model-scale tests with and without the
PSD have been conducted at SSPA, however these results have not been
disclosed to any participants before the submission of the predictions.
This article is accompanied by a publicly-available data set.1 It includes
instructions as provided in the CFD benchmark study, geometries and
a compilation of details (CFD setup, computational grids, and results)
for the submitted predictions.

3. Description of geometry and operating conditions

The original KVLCC2 hull designed as a test case for CFD around
1997 is selected, which is the one used and described for instance in
the 2010 Workshop in Ship Hydrodynamics (Larsson et al., 2014). Some
minor geometrical modifications are introduced to the hull to obtain
a watertight geometry for production purposes at SSPA, which has
resulted in small differences in wetted surface area and displacement
as well as LCB (longitudinal centre of buoyancy). The main particulars
of the hull are provided in Table 1. It is in this benchmark study
ssumed that the hull is coated with a traditional anti-fouling paint
hich is applied according to instructions from paint manufacturers
nd that the measured Average Hull Roughness (AHR) can be assumed
o 100 μm. Further, the transverse projected area above the water of the
hip including superstructures (𝐴𝑇 ) is assumed to be 1200 m2 in this
tudy.
The propeller is the one applied for the model tests with and without

SD at SSPA. It is similar to the one designed by MOERI, but not exactly
he same propeller as used in previous workshops. The main particulars
f the propeller are listed in Table 2. The propeller is longitudinally
ositioned 6.4 m from the aft perpendicular, and vertically 5.992 m
bove the baseline. A side view of the hull with propeller and rudder
s shown in Fig. 1.
The PSD is designed by SSPA exclusively for this study. It is

quipped with three stator blades as shown in Fig. 2. The hull, propeller
nd rudder are identical for the case with the PSD mounted and for the
ase without PSD.

1 https://figshare.com/projects/Ship-Scale_CFD_Benchmark_Study_of_a_Pre-
wirl_Duct_on_KVLCC2/133095
3

The operating conditions are assumed to be optimal sea trial con-
ditions, i.e. no currents, waves or wind to account for. The speed of
the vessel applied in the CFD benchmark study is 15.0 knots, and
not 15.5 knots as commonly used for KVLCC2 in workshops. 15 knots
corresponds to a Reynolds number (Re) based on 𝐿𝑃𝑃 of 2.3 ⋅ 109 and
Froude number (Fn) of 0.138. Salt water is assumed, with a water
temperature of 20 ◦C, and air temperature 15 ◦C.

. Summary of submitted CFD-computations

In total 13 different organizations participated in the study, mainly
niversities and research institutes/ship-model basin organizations, but
lso one organization related to a software supplier and one indepen-
ent CFD consultant firm. A few of them collaborated so the total
umber of participants should rather be counted as 10. The sub-
itted results are obtained through the use of eight different CFD
oftware: STAR-CCM+, FreSCo+, FINE/Marine, HELYX, OpenFOAM,
aViiX, NAGISA and SHIPFLOW. In total 22 different predictions of
he power reduction through a PSD installation on KVLCC2 are done.
All predictions are based on ship-scale CFD, except from two which

re model-scale CFD results extrapolated to ship-scale using scaling
rocedures.

.1. CFD setup

All submissions are based on the Reynolds-Averaged Navier–Stokes
RANS) equations. Turbulence is modelled using a variety of one- and
wo-equation turbulence models, namely: SST 𝑘 − 𝜔, SST 𝑘 − 𝜔 with
QCR and curvature correction, 𝑘−𝜔 (Wilcox), 𝑘− 𝜀, Spalart–Allmaras,
LEASM 𝑘 − 𝜔, EASM-BSL with curvature correction, and EASM. The
most frequently used model is the ordinary SST 𝑘 − 𝜔 model which is
applied in 12 out of 22 submissions.

The free surface is discretized using the Volume-of-fluid (VOF)
method in seven submissions. For the remaining 15 submissions the
setup is simplified using a symmetry plane instead of the free surface,
commonly referred to as a double-body model.

Free sinkage and trim is allowed for in six of the submissions,
while one submission is based on sinkage and trim results obtained
in a simplified setup. The predicted sinkage and trim of the ship has
a relatively low variation between submissions, and is also similar
between the PSD and reference cases, for all submissions except from
one outlier with significant difference in sinkage and trim between
the cases. Except for the outlier, the predicted sinkage are all in the
span 0.28–0.34 m and the trim predictions varies between −0.09◦ and
−0.125◦ (defined as positive when bow is up).

The detailed superstructure of the ship is not known, only the
assumed transverse projected area. 13 of the submissions account for
air resistance using a correlation which results in air resistance of 1.3–
2.4% of the total resistance of the ship, with a majority of the results
within the upper range. Eight of the submissions do not account for
air resistance. One submission tries to model the air resistance using a
simplified superstructure, which results in a lower resistance than that
obtained using the correlations.

To account for the hull surface conditions as outlined in Section 3,
hull roughness is modelled in nine of the submissions using a variety
of roughness functions and equivalent sand grain roughness heights.
Seven of the submissions account for the additional resistance the
roughness implies through a correlation, but do not model it in CFD,
hence no influence on the boundary layers are accounted for. Six of the
submissions do not account for the hull roughness at all.

The propeller is geometrically represented using sliding mesh in-
terfaces in 10 of the submitted predictions. The other submissions are
based on simplified propeller models. The ones applied, as described by
each participant, are: a lifting line method, a hybrid lifting line/surface
method (Yamazaki model), a boundary element method (BEM), a body
force model combined with propeller open water curve, and a potential

https://figshare.com/projects/Ship-Scale_CFD_Benchmark_Study_of_a_Pre-Swirl_Duct_on_KVLCC2/133095
https://figshare.com/projects/Ship-Scale_CFD_Benchmark_Study_of_a_Pre-Swirl_Duct_on_KVLCC2/133095
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Fig. 1. KVLCC2 hull with propeller and rudder.
Fig. 2. Pre-swirl duct (PSD) applied within this study.
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theory-based infinite-bladed propeller model. In one submission the
propeller is geometrically represented but with the motion modelled
using a moving reference frame (MRF). Amongst the submissions using
sliding mesh interfaces it is most common to obtain thrust-resistance
balance through manual variation of the rotation rate or to apply
load variation (British method) and determine the operating point by
interpolation. For the simplified propeller models it is most common
with an automatic adjustment of the rotation rate.

4.2. Computational grid

The grids are constructed using seven different software: STAR-
CCM+, HEXPRESS, helyxHexMesh, snappyHexMesh, Pointwise, UP-
GRID, and SHIPFLOW. The majority of the grids are unstructured,
except for three submissions which apply structured grids.

All submissions, except from two, apply wall functions, where one of
the submissions resolving the boundary layers is simulating the ship at
model-scale. The total number of cells and average y+ on the hull below
the water surface is shown for all submissions in Fig. 3. Both numbers
varies widely between the submissions. No obvious correlations of the
total number of cells to the free-surface modelling approach, propeller
modelling approach or boundary layer resolution are noted. Amongst
the submissions based on ship-scale CFD the mean number of cells is
19 million (median = 15 million) and the median value for y+ equals
200. With regards to the boundary layer resolution, for the submissions
based on ship-scale CFD, it is most common to apply a total thickness
of the prism layers on the hull of 0.3–0.5% of 𝐿𝑃𝑃 , two submission
apply a lower value and three a higher (for the submissions applying
structured grids this factor is not relevant). The applied expansion ratio
between the prism layers in the boundary layer varies between 1.2 and
1.5.

The number of cells within the propeller domain and average y+ on
the propeller is shown for all submissions with a geometrically resolved
propeller applying sliding mesh interfaces in Fig. 4. A large variation
is noted for both these variables amongst the submissions.

4.3. Computational cost

All participants have estimated the time for delivery of prognosis,
counted from when the complete geometry and list of operating condi-
tions are obtained. The estimations varies between two days and two
4

months, but with the majority claiming approximately one week. The t
total required time for delivery of the prognosis is amongst other factors
dependent on availability of computational resources and required
number of core-hours. The total required core-hours, i.e. for both the
reference case and the case with PSD, are shown in Fig. 5. Except from
two outliers the requirements varies between 450 and 15 400 core-
hours, with a median value of 4000 core-hours. The predictions based
on sliding mesh generally requires more computational resources, how-
ever there is a large variation. This variation is partially related to
the required number of propeller revolutions at the final rotation rate,
which varies between 5 and 600, with a median value of 24 revolutions.

5. Comparison of results

The main aim is to predict the power reduction through the PSD
installation, hence less effort could be dedicated to the absolute power
prediction. In Fig. 6 the power difference between the case with PSD
nd the reference case is plotted against the predicted power for the
eference case. For each result it is indicated if the power prediction is
onsidered as a representative power prediction by the user, in other
ords if the setup had been the same if the main aim was to predict the
bsolute power. The power differences are presented in relative terms,
nd defined so that a negative difference implies a power reduction
ith the PSD. Except from two outliers at about −10% and +10%, the
redicted power difference through installing the PSD varies between
2.9% to +3.4%. The two outliers can be explained by large differences
n sinkage and trim, as described in Section 4, and difficulties in
btaining thrust-resistance equilibrium, respectively. Due to the large
ncertainties associated with these outliers, they will not be included
n the further analysis of the results. Neither will the two submissions
ased on model-scale CFD be included in the remaining analyses, since
he detailed CFD results are not comparable and additional uncertain-
ies due to the scaling procedures are included. The average predicted
ower difference, with the outliers and model-scale results excluded, is
0.4% with a standard deviation of 1.6%-units.
Fig. 6 illustrates also a relatively large spread in the predicted

ower, even when only the predictions that are considered represen-
ative by each user are taken into account. The mean predicted power
mongst the predictions considered representative is 17 724 kW, with
standard deviation of 2 026 kW, corresponding to 11% in relative
erms.
That the PSD is not working properly, which is indicated by the

redicted power differences which varies around zero, could be par-

ially explained by regions of unfavourable flow separation on the PSD
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Fig. 3. Total number of cells and average y+ for all submissions.
Fig. 4. Total number of cells within the propeller domain and average y+ on propeller for sliding mesh submissions.
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indicating an unsatisfying alignment of the stators, as shown in Fig. 7.
specially this is noted at the root of the stators.
Even if it is not the main objective of this study, it is interesting to

ompare the ship-scale CFD predictions with the model-scale test results
rom SSPA. Extrapolated to ship-scale, using the ITTC 1978 (ITTC,
017) methods (ITTC, 1999), the model-scale tests predict a power
eduction of 4.4%, i.e. significantly more than the ship-scale CFD
redictions. Further, the model-scale tests predict the power for the
eference case to 16 858 kW, i.e. within one standard deviation from
he mean predicted power amongst the CFD submissions.
In Fig. 8, the power difference is plotted against the propeller

hrust difference for the data set without outliers and results based on
odel-scale CFD. There seems to be a correlation between the power
5

ifference and propeller thrust difference, which seems reasonable; a p
reduced propeller thrust implies that it is unloaded by the PSD which
generates thrust. A reduced propeller thrust most probably also implies
a reduced torque, which together with the rotation rate defines the
power. On the other hand, when the PSD installation creates additional
drag and the propeller needs to produce more thrust, an increment
in power is noted if the increment in torque dominates over rotation
rate differences. Additionally, Fig. 9 shows the power difference against
the rotation rate difference, also for the data set without outliers and
predictions based on model-scale CFD.

In Figs. 8 and 9 the predictions obtained using a geometrically
esolved propeller with sliding mesh interfaces are marked. There is an
ndication that the predictions applying a geometrically resolved pro-
eller in general implies a better performance of the PSD. The average

redicted power difference for the subset using sliding mesh interfaces
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A

Fig. 5. Total required number of core-hours in relation to the total number of cells for all submissions.
Fig. 6. Power difference against absolute power for the reference case.
is −1.2% with a standard deviation of 1.0%-units. For the predictions
using various simplified propeller models the average predicted power
difference is +0.3% with a standard deviation of 1.6%-units. Since
large differences between the simplified propeller models are expected,
and due to the fact that the results are influenced by other modelling
aspects, a simple explanation to this observation cannot be put forward
and further studies are necessary. However, a possible theory may be
related to the simplified propeller models representativeness at off-
design conditions. Fig. 10 illustrates the torque for one blade around
a revolution as obtained in a submission predicting a power difference
of −2.6%. The PSD is redirecting the flow and increasing the blade
torque, hence the angle of attack, especially when the blade is lightly
loaded; the stators are located approximately at 60◦, 255◦ and 300◦.
simplified propeller model which is not fully representative at light
6

load (i.e. high advance ratio), may over- or underestimate the efficiency
of the propeller at these locations. If it would be so that the simplified
propeller models applied in this study, to the largest extent are overesti-
mating the propeller efficiency at light load, the propeller will not suffer
as much in the reference case as a resolved propeller would indicate.
Hence, the gain of adding a PSD would be lower, or even negative, as
noted from the results. Additionally, simplified propeller models may
lack in their ability to resolve the temporal fluctuating flow behind the
stators, which may impact the possibility to accurately represent the
propulsion system performance with a PSD included. It is worth to note
that in a comparison in model-scale with a pre-duct without stators on
the JBC test case (Hino et al., 2020), a similar trend for geometrically

resolved propellers versus simplified propeller models was not seen.
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Fig. 7. Iso-surface of negative axial velocity (left) and streamlines on PSD (right) illustrating the flow separation for a submission predicting a 0.2% power increment with the
PSD.
Fig. 8. Power difference against propeller thrust difference.
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Fig. 8 also indicates the predictions applying the ordinary SST
−𝜔 model, these results show a better correlation between thrust and
ower difference. The three main outliers in this plot are based on 𝑘−𝜔
(Wilcox), EASM and Spalart–Allmaras. This indicates that the choice of
turbulence model matters, even if there is no obvious correlation to the
predicted power reduction.

The PSD operates in the wake of the ship, and hence the size and
appearance of the wake field may have a strong influence on the PSD
performance. A quantitative measurement of the wake is troublesome
for self-propulsion cases due to the disturbance and induced flow by
the propeller. To obtain a measure correlating with the size of the
wake field, the fact that the wake is dependent on the thickness of the
boundary layers along the hull is used. The boundary layer thickness
is in turn related to the wall shear stress, which correlates with the
friction velocity, 𝑢∗,

𝑢∗ =
√

𝜏𝑤 =
𝑦+𝜈

, (1)
7

𝜌 𝑦 t
here 𝜏𝑤 is the wall shear stress, 𝜌 the density, 𝜈 is the kinematic
viscosity and 𝑦 the height of the near wall cell. The friction velocity
naturally varies along the hull, so instead a simplified measure is
applied to obtain comparable values between the submissions. The
indication of the friction velocity magnitude is here based on average
y+ on the hull below water surface in combination with the near
all cell height at mid-ship. The predicted power difference is plotted
gainst this variable representing the wall shear stress in Fig. 11, the
ubmission applying wall resolved grids is not included. As expected, a
igher wall shear stress is generally noted for the submissions including
hull roughness model, but a large variation is noted. One participant
as investigated the influence of hull roughness through the use of
he same CFD setup, applying a simplified propeller model, with and
ithout a hull roughness model. These results are indicated in Fig. 11.
he difference between those two predictions is similar to the vague
rend noted amongst the other predictions: an increased wall shear
tress implies a better performance of the PSD. There are two outliers

o this vague trend: the first one predicting a power difference of above
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Fig. 9. Power difference against rotation rate difference.
Fig. 10. Torque for one blade around a revolution for one of the submissions.
3% is based on a simplified propeller model; the second one does
not show a benefit with the PSD installed, despite in general a very
high wall shear stress. The reasons behind the second prediction is
not fully understood, it is based on sliding mesh interfaces and applies
the ordinary SST 𝑘 − 𝜔 model. There is further scatter in the corre-
lation between the indication of the friction velocity and the power
difference, which may be attributed to for instance propeller modelling
approach. However, despite this and the relatively few computations
compared, the results indicate a dependency between the wake field
and the PSD performance. The result is not unexpected, considering
both general model-scale test experience as well as the prediction for
this configuration based on operation in the larger model-scale wake of
8

4.4% power reduction. It highlights the importance of an accurate and
relevant wake field prediction for ship-scale CFD, which puts the light
on the uncertainties related to hull roughness modelling.

The dependency of the power reduction prediction on other vari-
ables, including free surface modelling approach and grid resolution
does not show any trends based on this limited set of predictions with
large variations in CFD setups between the participants. Further, as
indicated in Fig. 6 the predicted power difference does not seem to
have any notable correlation with the absolute power within the span
predicted within this study. This implies that factors influencing the
load to a minor extent, such as accounting for hull roughness only
through its additional resistance or accounting for the air resistance,
play a minor role.
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Fig. 11. Power difference against an indication of the friction velocity (𝑢∗) magnitude.
6. Comments on prediction uncertainties

The predicted power gain as described in Section 5 is around zero,
the average for the whole set of predictions 0.4% with a standard
deviation of 1.6%-units and for the subset only including the predic-
tions applying sliding mesh interfaces on average 1.2% with a standard
deviation of 1.0%-units.

Each participant was asked to list all uncertainties related to their
predictions, and assess the influence of this method/assumption on the
final energy saving prediction. 10 out of the 22 submissions include
such an uncertainty description. Six of the 10 estimates included un-
certainties rated as ‘‘high’’, which was predefined as factors which may
influence the power saving prediction with ±50%, defined as that an
power reduction of 1%, might as well represent a 1.5 or 0.5% power re-
duction. The most common uncertainties rated as ‘‘high’’ were propeller
modelling approach and spatial discretization. Based on the variations
in predicted power reduction, it also seems like the propeller modelling
approach may have a large influence on the results. Interesting to note
is that only four submissions brought up the hull roughness modelling
as an uncertainty in their modelling at all, of which two assessed it
as a moderate uncertainty and two as a low uncertainty. Considering
the dependency of the power reduction against the wall shear stress,
as illustrated in Fig. 11, it seems like a majority of the participants
underestimate the importance of the wake field prediction and hull
roughness modelling. Another important remark based on the self-
assessed uncertainties is that they in general are low in relation to the
standard deviation of the predicted power gains.

7. Conclusions

The 10 participants, including 13 separate organizations, in this
ship-scale CFD benchmark study conducted in total 22 different predic-
tions of the power reduction through a PSD installation on KVLCC2. The
predicted power reduction is varying around zero, on average 0.4%,
with a standard deviation of 1.6%-units, if not considering two predic-
tions based on model-scale CFD and two outliers associated with large
uncertainties in the results. A majority of the predictions were obtained
using commercially useful methods in terms of cost and delivery time,
9

claiming approximately one week for delivery of prognosis, counted
from that the complete geometry and list of operating conditions are
obtained.

From this comparative study, two factors could be observed to influ-
ence the predicted power reduction: the propeller modelling approach
as well as the boundary layer/wake field prediction. A geometrically
resolved propeller model applying sliding mesh interfaces to simulate
the propeller motion is, based on the set of submitted results, in general
predicting a higher power reduction with the PSD compared to simpli-
fied propeller models. The reason behind this observation is not fully
understood, but a possible theory may be that the representativeness
of the simplified propeller models is lower at off-design conditions and
although the propeller operates at the design point, each individual
blade will experience a large variety of operating conditions during
one revolution. This shows on the importance of applying the same
propeller models when comparing alternatives, and also indicates that
comparisons of ESD alternatives with different working principles may
be sensitive to the propeller modelling approach. An indication of the
boundary layer thickness is in this study obtained indirectly through
a measure indicating the relative magnitude of the wall shear stress.
This variable shows a vague correlation towards the predicted power
reduction, where thicker boundary layers gives higher power savings.
Factors influencing the wall shear stress are mainly the hull roughness
modelling, but also the turbulence model and its near wall modelling.

Hull roughness modelling is a modelling aspect currently associated
with high levels of uncertainty, due to scarce amount of data covering
both flow measurements and detailed hull surface characterizations on
ships. In this study nine out of 22 predictions account for the hull
roughness in the CFD setup, using a variety of roughness functions
and equivalent sand grain roughness heights, with a varying impact on
the wall shear stress. This is also an aspect of highest importance for
the ship-owners as it indicates that the PSD performance is dependent
on the fouling rate and general hull surface condition of the ship.
Further, it indicates that the PSD performance most probably varies in
the period between two dry dockings, as a function of the wake field
alteration.

Factors with no obvious correlation to the predicted power reduc-
tion based on the set of submitted results include free surface modelling
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approach, grid resolution and propeller loading (i.e. absolute power).
It is however very important to keep in mind that this observation
is based on a limited set of predictions with large variations in CFD
setups between the participants. The absolute power seems not to
correlate with the predicted power reduction. This implies that factors
influencing the load negligibly, such as accounting for hull roughness
only through an additional resistance or air resistance, play a minor
role. The fact that several factors do not show a correlation with the
predicted power reduction raises the question of the necessity to in-
clude these in the CFD-model. To exclude modelling of for instance the
free-surface, super-structure drag or hull motions, is always associated
with a risk since it may have an influence on the results for the specific
case studied. On the other hand, all introduced modelling may also
imply additional uncertainties when comparing two similar cases. This
is clearly illustrated by one of the outliers in this study, where the
results are heavily influenced by differences in predicted sinkage and
trim.

For future studies, to increase the general maturity and trustwor-
thiness of ship-scale CFD, the importance of flow-field measurements
in combination with detailed hull surface characterizations on ships is
emphasized. This could hopefully facilitate a development within the
field of hull roughness modelling for ship-scale CFD which is required.
The influence of the selection between alternative propeller models still
needs further work, particularly with their applicability to a wide range
of operational conditions. While it is attractive, especially for design
optimization to use a lower computational cost approach, this cannot
be at the expense of failing to resolve the physics of the performance
gain associated with an ESD.
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