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This paper presents a comparison of full-scale computational fluid dynamics (CFD) simulations with speed trial
measurements for a ro-ro vessel and a general cargo vessel. Significant work has been done on validating CFD
simulation in model scale. However, in full-scale very few publicly available studies have been conducted due to
limited access of validation data. The present study includes extensive validation and verification of both resistance, propeller open-water and self-propulsion simulations in both model and full-scale. The self-propulsion
simulations include modelling of the free surface and rotation of the 3D propeller. Full-scale resistance and
propeller open-water as well as model scale self-propulsion simulations show good agreement with towing tank
measurements and predictions. However, the full-scale self-propulsion simulations using the traditional approach of including the roughness as a point force estimated by an empirical formula significantly underestimate
the power from the speed trial measurements. By including the effect of hull and propeller roughness directly
into the CFD model, by modifying the wall functions, the discrepancy between CFD and speed trial measurements decreases significantly. This indicates that inclusion of a roughness model directly into the CFD simulation
could be a more accurate method than the traditional approach of using empirical formulas originally designed
for towing tank extrapolation.

1. Introduction
Traditionally, the performance of a ship design is predicted by
conducting towing tank experiments on a downscaled version of the
ship (model scale). The results from these towing tank tests are then
extrapolated to the scale of the actual ship (full-scale). An alternative to
testing in a towing tank is to numerically simulate the flow around the
ship using computational fluid dynamics (CFD). CFD simulations can be
performed in full-scale, eliminating scale effects and the need for extrapolation. However, a disadvantage of using CFD is the modelling
errors e.g. free surface and turbulence models.
Towing tank testing is expensive and waiting time for a slot can be
significant. Many design iterations are needed with the increasing demand for fuel efficiency from the shipowners’ contractual requirements
and from regulation such as the Energy Efficiency Design Index (EEDI)
requirements from the International Maritime Organization [1]. Testing
of multiple hull designs in the towing tank is very time-consuming and
costly since a new wooden model needs to be manufactured for each
design. When using CFD, the design can be changed very quickly in the
CAD software. It can even be done without human interaction if a fully
automated design procedure is made by coupling the CFD code with a

parametric CAD model and an optimization algorithm tool. The user
will only need to specify the design exploration space and one or
multiple objectives, such as minimum power for a speed profile or
minimum EEDI. After the optimal design has been found, the geometry
can be tested and validated in the towing tank.
Validation and verification of CFD simulations are important. Much
work has been done on validating model scale CFD simulations by
comparing with towing tank measurements, cf. e.g. Kim et al. [2],
which showed good agreement with experimental results of the research ship Kriso Container Ship (KCS). Furthermore, validation
workshops have been hosted where the participants submit CFD results
to be compared with towing tank results [3,4]. The conclusions from
these workshops are that carefully conducted CFD simulations can accurately estimate the resistance and performance of model scale ships.
The next step is validation of full-scale CFD simulations. However, very
few publicly available studies have been conducted due to limited access of validation data. A large contribution to full-scale validation is
the Lloyd’s Register (LR) workshop from 2016 [5]. The participants of
the workshop blindly submitted twenty-four sets of full-scale self-propulsion calculations. It is important to note that the LR workshop participants used a wide range of methods and some have including
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Table 1
Principal particulars of the general cargo ship.
Length p.p.
Beam
Draft
Design dead weight

LPP
B
TA/TF
DWScantling

138m
23.00m
5.6m/4.9m
16, 890DWT

resolved free surface and hull and propeller roughness modelled using a
modified wall function approach.
The paper starts with a short presentation of the studied vessels and
measurements in Sec. 2 followed by Sec. 3 describing the methods and
CFD set-up in detail. In Sec. 4, the results are presented and discussed.
Finally, conclusions are drawn in Sec. 5.
2. The studied vessel and measurements
In the present study, two vessels are studied. The main study involves an approximately 200m ro-ro vessel built by a European shipyard where six sister vessels of the same design have been built. Since
towing tank tests and speed trial test has been conducted on vessel, it
can be used to study resistance, propulsion and scale effects separately.
However, only limited data can be shared about this vessel due to
confidentiality agreements. To include an open source vessel, a secondary vessel is studied. The secondary vessel is the 138m general
cargo vessel REGAL used for the 2016 LR Workshop on Ships Scale
Hydrodynamics Computer Simulation [5]. The principal particulars of
the vessel are shown in Table 1. The REGAL vessel is to the authors’
knowledge the only case where all necessary geometry and speed trial
data are publicly available. The general cargo vessel will only be considered in Sec. 4.3.1. The geometries consist of a hull, rudders, and
propellers. The ro-ro vessel geometry also consists of appendages.

Fig. 1. Comparison of CFD results from workshop participants and speed trial
measurements for the LR workshop vessel REGAL.[5]

roughness and air resistance and some have not. The comparison of the
submitted CFD results with the speed trial measurements is shown in
Fig. 1.
As seen, some of the CFD results show good agreement with the
speed trial measurements, and some show large descrepancies.
However, in average the CFD simulations underpredict the power. In
CFD workshops in model scale [3,4], the participants in general obtain
a much more accurate power prediction. The main difference between
model-scale and full-scale is the roughness of the hull and propeller,
wind loads on the superstructure and the difference in Reynolds
number. Another comparison between full-scale CFD and speed trial
measurements of a car carrier has been conducted by Jasak et al. [6]
using an actuator disc to model the propeller showing apparent good
correspondence. For both studies [5,6], the speed trial data were for a
single ship. In the present study, the speed trial reference is based on
the average of six sister vessels. The conducted self-propulsion CFD
simulations in this study include the geometric propeller. A third fullscale validation study conducted by Mikkelsen et al. [7] showed that
full-scale CFD and towing tank predictions had similar accuracy in
prediction of the delivered power from the speed trial. However, in this
study the sea trial power measurement was obtained from an inaccurate
engine formula. The study by Sun et al. [8] compares model tank test,
CFD simulations and speed trial for a bulk carrier. Both the studies by
Mikkelsen et al. [7] and Sun et al. [8] does not resolve the surface.
Instead, a double body approach is used and a correction is added for
account for free surface effect.
When predicting the full-scale performance of a vessel, the resistance from surface roughness is very important. Even for new ships
with little or no biofouling, the paint roughness, welding seams, variation in plate thickness etc. increase the hull resistance. In the present
study, the effects of full-scale hull and propeller roughness is implemented and compared using two different approaches, and comparisons will be made. The traditional approach is using empirical
formulas to predict the roughness and apply it as a concentrated point
force. The alternative method is to account for the surface roughness by
modifying the wall functions in the turbulence model as proposed by
Cebeci and Bradshaw [9]. By modifying the wall functions, the
boundary layer thickness is increased, which increases the wake field
fraction as shown by Song et al. [10]. A validation study in model scale
by Song et al. [11] showed good agreement between the CFD with
modified wall functions and a towing tank experiment of a ship with a
rough hull. The effect of biofouling has been studies by Song et al. [12],
who using CFD studied the effect of biofouling on the self-propulsion
parameters and propulsive efficiencies. To the authors’ knowledge, the
present study is the first where speed trial measurements are compared
with full-scale CFD simulations with geometrically rotating propeller,

2.1. Hull
The ro-ro hull including rudders and shaft arrangements has been
provided as a 3D geometry by the shipyard. The effect of the bilge keel
is neglected in the study since it is small for this vessel. The displacement of the vessels during the speed trials condition is approximately
70% of the displacement in the design condition. All comparisons will
be conducted in sea trial condition. The vessels are sailing at a Reynolds
UL
U
number Re = PP of approximately and a Froude number Fn = gL of
PP

approximately 0.2 0.3, where U is the vessel speed, LPP is the length
between perpendiculars, ν is the kinematic viscosity of the water and g
is the gravitational acceleration.
2.2. Propeller
The geometries of the four bladed controllable pitch propellers for
the ro-ro vessel used in the towing tank test and the ones manufactured
to the actual vessels are slightly different. Both propeller designs have
been delivered as a 3D geometry by the propeller manufacturer. The
CFD simulations in model scale have been conducted with the propeller
geometry used in the towing tank. However, the full-scale CFD simulations have been conducted with the propeller geometry which is used
to manufacture the propellers to the actual vessels.
2.3. Towing tank testing
Towing tank tests of the vessel have been conducted by
Hamburgische Schiffbau-Versuchsanstalt GmbH (HSVA) in Hamburg,
Germany. The test types conducted by the towing tank are resistance
tests, propeller open-water tests and self-propulsion. The measurements
from the towing tank have been extrapolated to full-scale predictions by
HSVA using confidential in-house correlations. Only one set of towing
tank tests have been conducted for the vessel, since the hull and
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propellers are the same for the sister vessels.

viscosity, Sij =

Speed trials have been conducted for each of the six sister vessels. In
2015, IMO and ITTC released ISO15016:2015 [13], which is an updated
version of the ISO 15016:2002 standard procedure for carrying out and
correcting speed trials. The speed trials of all vessels has been conducted according to the ISO15016:2015 standard [13].
The main measurements at the speed trials are speed, propeller rate
of rotation, and the delivered power to the propeller.

µt = Cµ

This section describes the CFD set-ups developed and used in this
study. All the CFD simulations are performed in the commercial CFDcode STAR-CCM+ v.2019.1.1 from Siemens [14]. STAR-CCM+ discretizes the governing equations using an unstructured finite-volume
method. The code is widely used in the marine industry and is wellknown for its capabilities within marine applications.
In total three CFD set-ups are developed: resistance set-up, propeller
open-water set-up, and self-propulsion set-up. All set-ups are used in
both model and full-scale.
The used computational power and number of cells for calculating
one speed for the different test types can be seen in Table 2.

t

+

=

(2)

where ui is the velocity vector, t is time, p is pressure, μ is dynamic
Table 2
Number of cells and required computational cost for a single simulation. OW is
open-water. All simulations are performed on 16-core nodes (Xeon E5-2650
running at 2.60GHz)

Resistance
Propeller OW
Self-propulsion

4.4M
7.5M
10.0M

3 hours on 112 cores
30 min on 112 cores
2 days on 112 cores

) is the mean strain rate, and u

i

is the tur-

ij

(3)

(4)

xi

( ui ) = 0

(5)

w

+ (1

a

(6)

) µa

(7)

)

where ρw is the density of the water phase, ρa is the density of the air
phase and μw and μa are the corresponding dynamic viscosities.
The solver for the temporal discretization is a first-order scheme,
and the convective Courant number is kept below 1 in most of the
domain. The heave and pitch motions of the vessel are solved using the
Dynamic Fluid Body Interaction (DFBI) model in STAR-CCM+ cf. [14]
and is applied as a rigid translation and rotation of the mesh.
The convergence of the simulations has been closely monitored by
visual expectation for each simulation. This has been done to ensure
that the changes to the solution and the running-means of the results
are negligible at the end of the simulation.
The propeller thrust coefficient KT is defined as:

(1)

Comp. cost

k2

µ = µ w + (1

The governing equations of an incompressible Newtonian fluid are
the Navier-Stokes equations [15]:

No. of cells

xi

The transport equation is solved using the High-Resolution Interface
Capturing scheme [20]. The effective fluid properties are weighted
using the volume fraction:

3.1. Governing equations and CFD output

Simulation

uj

where Cμ is a combination of constants and available flow parameters.
For the propeller open-water simulations in model scale, the actual
flow on the propeller blade goes from laminar regime to transitionally
turbulent and finally to fully turbulent. The turbulence model is derived
assuming a fully turbulent flow. In order to model the influence of
transition, the Gamma ReTheta approach is used [14,18]. This adds the
two transport equations for the intermittency and transition momentum
thickness Reynolds number. The model scale propeller open-water siSST turbulence model since the transition
mulations use the k
SST .
model Gamma ReTheta only is compatible with the k
For all simulations the schemes for the convective and diffusive
terms are 2nd-order. For the resistance and self-propulsion simulations,
damping is applied on side and outlet boundaries to avoid wave reflections.
All simulations are conducted in calm water. The calm free surface
in the resistance and self-propulsion simulations is resolved using the
volume of fluid (VOF) method in STAR-CCM+ [14,19]. Hence, the
volume fraction α is assigned and evolves in time with the following
transport equation:

3. Computational fluid dynamics

uj ui )

+

where μt is the turbulent viscosity, k is the turbulent kinetic energy, and
δij is Kronecker’s delta.
In this study, besides the model scale propeller open-water simulations, the turbulent viscosity is calculated using the realisable k
turbulence model [14,17]. The k
model is a two equations model
using k and the turbulent dissipation rate ϵ [16]:

2.4.2. Power measurement and correction
The delivered power is calculated from strain gauges mounted on
the shafts. The strain gauges are of the type 3/350LE VY11S-3 by HBM.
The strain gauges are mounted for the sole purpose of the speed trial.
The mounting and power analysis have been conducted by DNV GL as a
third party.
Corrections due to wind, waves, current, water salinity, water
temperature and deviating displacement have been conducted after the
speed trial as specified in ISO15016:2015 [13].

p
+
(2µSij
xi
xj

ui
xj

2
k
3

ui uj = 2µt Sij

2.4.1. Speed measurement and corrections
The speed of the vessel during the speed trial is measured using a
GPS. From the GPS data, the ship speed over ground is calculated, and a
mean is calculated by assuming no lateral drift.
The wave height and direction were estimated by visual observations and agreed upon on the bridge during the speed trial with representatives from both captain, owner, classification society and yard.

ui
u
+ uj i =
t
xj

(

bulent fluctuating part of the velocity.
In order to close the problem the Reynolds stresses are modelled
using a linear eddy viscosity model. The linear constitutive relationship
[16] is:

2.4. Speed trial

ui
=0
xi

1
2

KT =

T
2 4
wn D

(8)

where n is the propeller rate of revolution in s 1 and D is the propeller
diameter.
The propeller torque coefficient KQ is defined as:
3
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Q
2 5
n
w D

KQ =

hull roughness. If there are no measured data, ITTC recommends using
AHR = 150µm [26].
The Bowden-Davidson correlation formula both includes the effect
of roughness and a general model-ship correlation. The formulae is
based on thrust and roughness measurements on 14 ships. Hence,
Bowden and Davidson [25] calculated the discrepancy between the sea
trial measurements and the model tank prediction using six different
form factor methods. For each form factor method, a fitted mean curve
describing the relation between the discrepancy and the measured hull
roughness was found based on the 14 measurements. A final correlation
was found as the mean of the six mean curves was found. The relation
for this final mean curve is the relation shown in Eq. 20. Townsin and
Mosaad [27] proposed the following new empirical relation which only
include the effect of roughness:

(9)

The propeller open-water efficiency ηo is defined as:
o

=

JKT
2 KQ

(10)
VA
nD

where J =
is the advance ratio, and VA is the advance speed. The
delivered power P is calculated as:
(11)

P = 2 nQ
3.2. Grid convergence index

For the verification study of each CFD set-up, the discretization
error is estimated using the Grid Convergence Index (GCI) method [21]
which is based on Richardson extrapolation, cf. [22,23]. The apparent
order (p) is calculated by:

r21p
r32p

s = sgn(

32 /

=

1

2

(15)

1

(16)

1
12
ext

(17)

The GCI for the fine and medium mesh is calculated as follows using the
safety factor of 1.25 recommended by Roache [24]:

1.25e 21
= p a
r21 1

U+ =

The GCI value will be used to indicate the discretization error, since the
GCI value is a measure of the discrepancy between the computed value
and the asymptotic numerical value.
3.3. Modelling of roughness on the hull and propeller
In full-scale, the roughness on most areas of the hull and propeller
cannot be assumed smooth. The effects of hull roughness are implemented using two different approaches. One approach is to estimate
the roughness resistance using empirical formulas and apply it as a
point force in the center of gravity. The first widely used correlation
formula was proposed by Bowden and Davidson [25]:
Davidson

where CF , Bowden

Davidson

AHR
LWL

1
3

0.64 × 10

(22)

3

ln y+ + B

=

U
U

(23)

is the non-dimensional velocity in the boundary layer, κ
yU

is the non-dimenis the von Karman constant equal to 0.42, y+ =
sional normal distance to the wall, ν is the kinematic viscosity,
U = w / is the friction velocity, τw is the shear stress at the wall and
B is smooth wall log-law intercept.
The roughness elements on the surface increase the turbulence in
the boundary layer. Clauser [29] showed that the effects of surface
roughness results in a downwards shift in the velocity profile. This
downward shift is termed a ”roughness function”. Hence, for a rough
surface, the mean velocity profile can be described as:

(19)

= 105

1

where U+

(18)

1.25ea21 r21p
r21p 1

0.6 log(Re)) × 10

It should be noted that based on a questionnaire by ITTC [28], almost
no towing tanks are using the ITTC standard CA-value (Eq. 22). Instead
towing tanks are mainly using their own CA formula or the older
Bowden-Davidson formula (Eq. 20).
In the CFD simulations where the roughness resistance is empirically estimated, Eq. 21 will be used with the recommended roughness
height of 150μm. A correlation allowance CA will not be used since the
CFD simulations will be conducted in full-scale. The roughness resistance from the empirical formula is added to the ship resistance in
the force balance as a concentrated point force. Propeller roughness is
not considered when using the empirical formula.
An alternative method is to model the effects of roughness in the
CFD calculation by applying a roughness function and modify the wall
functions as proposed by Cebeci and Bradshaw [9]. In the logarithmic
region of the turbulent boundary layer, the mean velocity profile for a
smooth surface is described as:

2

12
ext

CF , Bowden

(21)

CA = (5.68

r21p 1
r21p

32
GCImedium
=

+ 0.000125

(14)

The extrapolated relative error is:

21
GCIfine

1
3

21)

(12)

1

21
eext
=

10 × Re

(13)

+ q (p )

Different error estimates can now be calculated. The approximate relative error is:

ea21 =

1
3

s
s

32 / 21

where r are refinement ratios, 32 = 3
2 , 21 = 2
1, and ϕk denotes the solution on the k-th mesh. q (p) = 0 for r = const . The extrapolated asymptotic value is calculated as:
21
ext

AHR
LWL

The correlation factor (CA) accounts for everything not included in the
extrapolation procedure, e.g. 3D-effects and scaling effects. The
Townsin formulas (ΔCF, Townsin and CA) replaced the Bowden-Davidson
formula in the ITTC-recommended procedure in 2008. The definition of
CA as formulated by ITTC [26] is:

1
p=
ln
ln(r21)

q (p ) =

CF , Townsin = 0.044

U+ =

1

ln y+ + B

U+

(24)

where
is the roughness function. There is no universal roughness
function. Normally the roughness function is determined experimentally for a given flow over a rough surface. The roughness function can
be expressed as a function of the roughness Reynolds number Rs+, which
is defined as:

U+

3

Rs+ =

(20)

Rs U

(25)

where Rs is the equivalent sand-grain roughness height. The roughness

is the correlation factor and AHR is the average
4
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function used in the present study is proposed by Demirel et al. [30],
based on the experiments by Schultz and Flack [31], and can be expressed as:

if Rs+ < 3.

0,
U+ =

ten.
Schultz et al. [38] have conducted a study where three plates were
painted with different anti-fouling paints. The plates were exposed to
an environment similar to a ship hull. The roughness height was measured before the exposure and after three and six months of exposure
and a mean roughness height up to 574μm was measured. The results
are shown in Table 3, and the roughness heights were for the areas
covered by biofouling. The surface coverage of biofilm was between
6.4% 48.2% .
A study by Usta and Korkut [39] measured five plates painted with
anti-fouling paint. The surface properties were measured using four
different measuring lengths also called ”cut-off” in the range from
0.008mm 2.5mm . Only the measurements from the 2.5mm are shown
in Table 3 since most of the other studies have a cut-off of up to 50mm.
Usta and Korkut [39] found that the length of the cut-off has an influence on the measured roughness heights with a factor of up to two.
The conclusion is similar to the study by Howell and Behrends [40],
who compared surface roughness measurements of anti-fouling coatings from different studies where the cut-off length is available. Howell
and Behrends [40] found that the factor can be even larger than two.
It is not only on the ship hull that surface roughness affects the
performance of the vessel. The propeller is also a non-smooth surface
where fouling occurs in operation. A CFD study by Owen et al. [41]
showed that roughness significantly decreases the efficiency of the
propeller. The influence of roughness on the propeller performance
explains why propeller polishing has been a widely used treatment for
many years.
Based on this literature study it is found that the peak-to-though
height Rt for a newly painted plate or ship is in the range of
2.2µm 479.1µm . This range is very wide due to the differenct types of
paint, quality of application and potential underlying imperfections
from previous paintings etc.. It is important to mention that the
Rt = 479.1µm by Utama et al. [35] is a measurement on a real ship. The
other roughness measurements are performed on painted flat plates in
the laboratory. The measurements by Utama et al. [35] are conducted
in the dry dock before the launch. From the time the newly painted ship
is launched, the ship is moored several months at the quayside for
outfitting. During these months, slime starts to develop on the hull
increasing the hull roughness. Especially in the areas near the free
surface at the side facing away from the quay. When transforming the
measurable Rt to non-measurable Rs, unfortunately no universal relation is available. The study by Adams et al. [42] showed that Rt is
approximately equal to Rs if the surface roughness is a monolayer of
closely packed spheres of uniform diameter. The relations are shown in
Table 4. Schultz [43] found that the relation between Rt and Rs is dependent on the roughness height. For a newly applied paint, Schultz
[43] found that the Rt is approximately five times larger than RS. For
very rough surfaces, Rt and Rs become equal, cf. Schultz [43]. Since the
actual roughness of the vessels on the day of the speed trial is not
available, CFD simulations are conducted using a range of roughness
heights. Based on the literature described above, the chosen roughness
heights used in the CFD simulations presented in Sec. 4.3 are
Rs = 100µm, Rs = 120µm and Rs = 150µm .The roughness of the propeller is set to Rs = 30µm for all simulations presented in Sec. 4.3.

sin

1

ln(0.26Rs+)

1

ln(0.26Rs+),

2

log(Rs+/3)
log(5)

, if 3 < Rs+ < 15.
if Rs+ > 15.

(26)

A well-known problem with surface roughness is the difficulty to
describe the roughness parameters such as height, density and shape of
the roughness elements as one parameter, cf. [32]. Furthermore the
height, density and shape of the roughness elements often vary across
the surface.
Unlike describing the roughness height as the mean roughness
height Ra, root-mean-square Rrms or maximum peak-to-through height
Rt, the equivalent sand-grain roughness height Rs, which is also denoted
ks, [33] cannot be directly measured on the surface. Instead, Rs describes the influence of the surface roughness on the wall-bounded flow
and can be found experimentally using a Moody diagram or from literature values.
Lindholdt et al. [34] present an extensive literature study on biofouling on ships and experimental methods used to quantify the drag
penalty of the hull coating. They conclude that knowledge about the
relation between surface roughness and hydrodynamic drag is very
limited. However, the drag penalty from hard macro-fouling is better
understood than soft biofouling.
In the present study, the vessels are newly cleaned and painted and
hard macro-fouling is unlikely. If some areas of the ship hull get fouling
from the time between launch and speed trial, the expected type of
biofouling type will be soft. The fouling is especially expected in the
vessel side facing the sun and the area near the free surface.
Unfortunately, the exact roughness of the vessel and propeller is
unknown. This includes the height, shape, skewness and kurtosis of the
roughness elements as well as the density and distribution of these on
the hull and propeller. Since this is unknown, a literature study on the
measured roughness of newly painted ships is conducted.
Utama et al. [35] measured the surface roughness on a newly
painted ship hull using a silicone rubber surface imprint. The results of
the scanning of the imprint can be seen in Table 3. These roughness
measurements were a factor of two to three higher than the measurement by Schultz [36], who measured the roughness of different paint
types on plates. For the two silicone paints, the roughness heights are
shown in Table 3. This significant difference between roughness height
on a painted ship and a painted plate could indicate that the paint
roughness is highly dependent on the way the paint is applied. A study
by Niebles Atencio and Chernoray [37] who painted three plates with
the same paint but with different paint application quality supports
this. As seen in Table 3, the quality of the paint application has a significant influence on the paint roughness height with a factor of up to
Table 3
Comparison of measured roughness heights from various studies. Ra is the mean
roughness height, Rrms is the root-mean-square, and Rt is the maximum peak-tothrough height.
Study

Comment

Ra[μm]

Rrms[μm]

Rt[μm]

[35]
[36]
[37]

Newly painted ship
Painted plates
Optimal airless application
Poor application
Very poor application
Clean painted plate
After 3 months exposure
After 6 months exposure
Painted plates

41.3
10 19

51.9
13 23
8.5
41
85
0.5 1.2

479.1
66 142
56
214
420
2.2 4.7

[38]
[39]

0.4 1.0
443 574
98 520
1.8 4.5

2.1

5.2

8.4

Table 4
Estimated relation between measured roughness height and
equivalent sand-grain roughness height. Ra is the mean
roughness height, Rrms is the root-mean-square, Rt is the
maximum peak-to-through height and Rs is the equivalent
sand-grain roughness height [42].

18.6

5

Roughness parameter

Estimated Rs

Ra
Rrms
Rt

Rs = 5.863Ra
Rs = 3.1Rrms
Rs = 0.978Rt
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3.4. Validation and convergence test

Table 5
Boundary conditions of the CFD resistance set-up.

It is of uppermost importance to ensure the accuracy of the CFD setup before conclusions are based on the results of the set-up. In this
study, both convergence studies for verification and comparison studies
for validation are performed for each CFD set-up. The most important of
the convergence studies and comparison studies for the ro-ro vessel are
presented in the following sections.
3.4.1. CFD resistance
All resistance simulations are performed in the speed trial condition,
as described in Sec. 2.1, similar to the towing tank tests and speed trials.
Both the rudders and shafts are included. The initial CFD set-up used to
estimate the calm water resistance is an automated CFD set-up originally developed by OSK-ShipTech A/S. The set-up has been developed
further in the present study.
In the CFD resistance set-up a number of different physics models
are used to model the flow around the ship. Free surface waves are
modelled using VOF, as described in Sec. 3.1. The hull is allowed dynamic pitch and heave motions. The simulations are solved using a firstorder implicit unsteady solver.
The shape of the domain is a rectangular box. Only one half of the
twin screw ro-ro vessel is modelled since the flow is considered to be
symmetrical. A test simulation with a larger domain is conducted to
ensure that the domain is significantly large to not affect the results.
The domain can be seen in Fig. 2 and the boundary conditions can be
seen in Table 5. The top and bottom boundaries are inlets, since fluid
will flow through these when the pitch is non-zero. The volume mesh
consists of hexahedrons in a unstructured grid. The mesh is generated
using the trimmer-mesh function in STAR-CCM+. The boundary layer
mesh, also called the prism layer mesh, is used on the hull surface in
order to ensure accurate estimation of the wall shear stress within the
wall function approximation. Fifteen prism layers are used on the ship
hull and appendages. The wall y + values on the hull are mostly in the
range of 50–200. The mesh is refined in the important zones including
the free surface, transom, bulbous bow etc.. The mesh on the free surface can be seen in Fig. 3. The full-scale resistance set-up is created by
scaling up the model scale resistance set-up with the scaling factor. The
boundary layer is changed so the wall y+ is still mostly in the range of
50–200. The air resistance is calculated using the standard ITTC
method, [26], with the recommended drag coefficient of 0.8 and is
added to the ship resistance. The magnitude of the air resistance is
approximately 5 percent of the total resistance. The drag from the bow
thrusters is estimated using the method proposed by ITTC [26] and is
added to the ship resistance. The magnitude of the bow thruster drag is
approximately 1 percent of the total resistance.
For all resistance simulations, the empirical formula from Townsin
(Eq. 21) is used to estimate the roughness resistance which is applied as
a point force in the center of gravity. the propeller open-water test using
CFD is less complex than modelling the self-propulsion test because the
hull-propeller interaction is not included in the propeller open-water
set-up.
The single phase propeller open-water set-up uses two domains: a
stationary domain and a rotating domain. The two domains are connected by an interface. The shape of the stationary domain is a

Top
Hull
Inlet

Hull

Inlet
Top
Bottom
Outlet
Symmetry
Side
Hull

Velocity inlet
Velocity inlet
Velocity inlet
Pressure outlet
Symmetry plane
Slip wall
No-slip wall

Top
Inlet

Interface

Top
Outlet

Interface

Right

Left
Bottom

Bottom

Interface

Fig. 4. Domain of the CFD propeller open-water set-up for the ro-ro vessel, with
boundary names. Seen from the side (upper left and bottom) and from the front
(upper right).

rectangular cubeoid. The shape of the rotating domain is a cylinder
which is located inside the static domain and around the propeller. The
size of the rotating domain is the same as in the self-propulsion simulation. An illustration of the domains can be seen in Fig. 4 and boundary
conditions of the domains are listed in Table 6. The volume mesh in the
stationary domain consists of hexahedrons in an unstructured grid. In
the rotating domain, the mesh is polyhedral due to the complex propeller geometry. Fifteen prism layers are used on the shaft, blades and
hub. In order to better resolve the flow around the propeller, two refinement zones are used to refine the mesh in the volume around the
Table 6
Boundary conditions of the CFD propeller open-water set-up.

Side

Symmetry
Bottom

Boundary condition

Fig. 3. Close-up of mesh on the free surface for resistance simulation seen from
top.

Top
Outlet

Name of boundary

Bottom

Fig. 2. Domain of the resistance set-up and self-propulsion, with boundary
names. Thin line is the free surface. Seen from starboard side (left) and from the
front (right).
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Name of boundary

Boundary condition

Inlet
Outlet
Top
Bottom
Left
Right
Interface
Shaft, Blades, Hub

Velocity inlet
Pressure outlet
Symmetry plane
Symmetry plane
Symmetry plane
Symmetry plane
Internal interface
No-slip wall

Applied Ocean Research 99 (2020) 102162

H. Mikkelsen and J.H. Walther

propeller. In model scale, the rotation rate and advance speed of the
propeller in the CFD simulation are equal to the rate of rotation and
advance speed used in the towing tank. In full-scale, the rotation rate
and advance speed of the propeller is set similar to what the actual ship
will experience. The propeller movement can be modelled using two
different methods: the moving reference frame method (MRF) or the
sliding mesh (SM).
The MRF method works by changing the reference system from a
stationary coordinate system to a rotating coordinate system moving
with a constant rotational velocity. This is also called a ”frozen rotor”
approach. SM works by rotating the propeller geometry and surrounding cylindrical mesh region in increments at each new time step.
The rotational cylindrical mesh region has a sliding interface to the
surrounding stationary mesh. This method requires more computational time, but is a better model of the actual propeller physics compared to the MRF method. The SM method models the hull-propeller
interaction while the MRF method does not. Since there is no hull in the
propeller open-water simulations, the MRF method is used.
In model scale, the Gamma ReTheta transition model (see Sec. 3.1)
is used to estimate the laminar to turbulent transition on the propeller.
In full-scale, the transition model is not used since the flow is assumed
fully turbulent due to the high Reynolds number. On the inlet boundary
condition, the turbulence intensity is set to 1%, and the turbulent
viscosity ratio is set to one.
The propeller open-water CFD set-up uses wall functions, and the y
+ values on the propeller are mostly in the range of 100–250 in the
full-scale simulations. In model scale the y+ values on the propeller are
mostly below one, which is required when using the transition model.

Table 7
Boundary conditions of the CFD self-propulsion set-up.

3.4.2. CFD self-propulsion
The self-propulsion set-up is created by combining the verified and
validated resistance CFD set-up with the verified and validated propeller open-water CFD set-up. As in the propeller open-water set-up, the
domain consists of two domains. The mesh in the stationary domain
consists of hexahedrons in an unstructured grid. In the rotating domain,
the mesh is polyhedral cells. Using two separate meshes allows mesh
settings from the resistance set-up to be used for the static domain and
mesh options from the propeller open-water set-up to be used for the
rotating domain. The static domain can be seen in Fig. 2. Isotropic mesh
refinement zones are used in the self-propulsion set-up to better resolve
the flow between the hull and propeller. The mesh near the aft ship can
be seen in Fig. 5. The boundary conditions of the domains can be seen
in Table 7. The rotating domain and the interface can be seen in Fig. 5
where the mesh is polyhedral. All self-propulsion simulations are conducted in speed trial condition, and only half of the twin screw ship is
simulated since the flow is considered symmetric. The resolved flow

Name of boundary

Boundary condition

Inlet
Bottom
Outlet
Top
Symmetry
Port Side
Interface
Hull and propeller

Velocity inlet
Velocity inlet
Pressure outlet
Velocity inlet
Symmetry plane
Slip wall
Internal interface
No-slip wall

Fig. 6. Vorticity downstream of the ro-ro vessel propeller in a self-propulsion
simulation.

around the propeller is illustrated in Fig. 6.
As in the resistance CFD set-up, the free surface is resolved using the
VOF method. An illustration of the wave elevation in a self-propulsion
simulation is shown in Fig. 7.
The dynamic pitch and heave are calculated in a separate simple
self-propulsion simulation where the propeller is modelled using an
actuator disc, and the hull and propeller are free to heave and pitch.
The actuator disc is a simplified axis-symmetric model of the propeller.
The actuator disc accelerates the flow over the disc area based in the
propeller open-water characteristics. The presence of the actuator disc
creates a pressure distribution in the aft ship required to accurately
estimate the dynamic heave and pitch. The thrust from the actuator disc
is added as a concentrated force on the shaft. The dynamic pitch and
heave from this simplified self-propulsion simulation are used as fixed
in the self-propulsion simulation with the geometrically rotating propeller. The self-propulsion simulation using the actuator disc only requires a fraction of the computational cost of the self-propulsion simulation with the sliding mesh approach.
For the self-propulsion simulations a combination of transient MRF
and SM is used for increased computational efficiency. For 200 physical
seconds, corresponding to approximately 400 propeller revolutions, the
propeller is modelled using MRF to efficiently develop the flow around
the ship and free surface. For the first 100 seconds, the time step is
equal to the time step used for the resistance simulations. For the next
100 seconds a finer time step is used. After 200 seconds of using the
MRF approach, the SM approach is used for the remaining part of the
simulation. The SM uses a time step corresponding to two degrees of
propeller rotation.
The rate of revolution of the propeller is changed using a p-controller until a force balance is obtained in the sailing direction within

Fig. 5. Side view of self-propulsion mesh in shaft plane of the ro-ro vessel.
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Fig. 7. Wave elevation from full-scale self-propulsion simulation of the ro-ro vessel in speed trial condition at Fn = 0.268

0.5%, which is half the 1% tolerance recommended by ITTC [44]. The
force balance is taken in the direction parallel to the shaft axis. The drag
from the bow thruster and wind loads is also included in the force
balance.
The model scale CFD self-propulsion set-up is carried out using the
same principle with the exact same tow rope force as used by the
towing tank. The full-scale self-propulsion set-up is created by scaling
up the model scale self-propulsion set-up according to the scaling
factor. The prism layers are changed so the wall y + is mostly in the
range of 30–200 on the hull and propeller. The force balance in fullscale is slightly different from model scale since the effect from air
resistance and roughness on the hull and propeller is included. The two
different approaches of including the roughness on the hull and propeller are explained in Sec. 3.3.
For the self-propulsion simulations using the Townsin roughness
allowance (Eq. 21), the force balance is including the total drag on the
ship, the propeller thrust, the empirically estimated wind and bow
thruster resistance and the empirically estimated roughness resistance.
The results of these simulations can be seen in Sec. 4.2. The total drag is
found by integrating the pressure and shear distribution on all ship
surfaces besides the propeller. When roughness is included using
modified wall functions, the force balance only includes the total drag
on the ship, the propeller thrust and the empirically estimated wind
resistance and the bow thruster drag. The results of these simulations
are shown in Sec. 4.3.
All power results for the ro-ro vessel are presented as delivered
power as a percentage of Maximum Continuous Rating (MCR).
Therefore, the loss in gears and shaft bearings are not included. This is
considered reasonable, since the power is measured aft of the gear
during the speed trial.

Fig. 8. Corrected speed trial measurement for the six ro-ro vessels including
mean curve.

choice would be a power regression of the form Pd = aFnb where a and b
are constants and PD is the delivered power in percentage of MCR. In
classical fluid mechanics, the power is proportional with the speed to
power of three. However, for ship resistance b is not constant and
mostly higher than three. Without the consideration of humps and
hollows, b is increasing when the ship speed is increasing, due to the
wave generation. However, in this study, a and b are considered constant in the limited speed range. The fitted mean curve valid for the
speed range Fn = 0.22 0.27 is found to be PD = 0.228Fn3.560 . The R2value of the fit is 0.9981. Most of the corrected speed trial measurements are within 3% of the mean curve, as seen in Fig. 8. It is very
satisfactory with such a low scatter of the data points considering
construction tolerances and measurements uncertainties when building
and testing six 200m sister vessels. This indicates that the accuracy of
the speed trial data is high and therefore a good reference for the validation study.
In order to validate the three different CFD set-ups in both model
and full-scale in systematic steps, a more detailed set of accurate data is
required. A full set of towing tank measurements and predictions is a
good data set for this purpose. More details on the towing tank testing
are found in Sec. 2.3. However, before these data are used, the full-scale
towing tank prediction is compared with the mean speed trial curve.
The discrepancy is within 1 percent for all speeds as seen in Table 8.
This is considered very good and within the uncertainty of both the
prediction and the speed trials. It should be noted that HSVA have used
their own confidential correction formula for roughness and not the one
recommended by ITTC. This excellent agreement indicates that the
towing tank measurements and predictions are a good data set for validating the different CFD set-ups.

4. Results and discussion
In the following sections, the results of the speed trial measurements
for the ro-ro vessel will be presented followed by a comparison with the
towing tank prediction. Afterwards the CFD set-ups will be verified and
validated, and finally the full-scale self-propulsion CFD results will be
compared with the speed trial results. Only Sec. 4.3.1 presents results
on the general cargo vessel. All other sections present results of the roro vessel.
4.1. Speed trial measurements and comparison with towing tank prediction
The speed trial results provided by the shipyard are the measured
values corrected for wind and current. The procedures of the speed trial
and corrections are briefly described in Sec. 2.4. The results of the
corrected delivered power as function of Froude number from the speed
trials of the six sister vessels are shown in Fig. 8. It is challenging to
choose a regression type to fit the results to a mean curve. The obvious
8
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Table 8
Discrepancy of ro-ro vessel full-scale self-propulsion results
from speed trial compared to towing tank prediction.

Table 10
Discrepancy of ro-ro vessel full-scale total resistance from
CFD compared to towing tank prediction.

Froude number

Delivered power

Froude number

0.222
0.245
0.268

0.9%
0.1%
0.5%

0.222
0.245
0.268

4.2. CFD with emperical roughness

r21
r32
ϕ1
ϕ2
ϕ3
p

21
ext
21
ea
21
eext

4.2.1. Verification and validation of the resistance simulations
The mesh convergence study of the resistance set-up, described in
Sec. 3.4.1, is conducted at the lowest Froude number, because a lower
Froude number gives shorter distance between the generated waves.
The shorter the distance is, the finer mesh is required. Conversely, the
time step convergence study is conducted at the highest Froude number
since simulations at higher speeds have the highest Courant number.
The spatial and temporal discretization error is estimated using the GCI
method described in Sec. 3.2. The summery is presented in Table 9. It
can be seen that the spatial and temporal GCIs for the medium mesh is
1.3% and 0.3% respectively. Both are within the uncertainty of the
model test experiments and are therefore considered acceptable. Resistance simulations are conducted using the medium mesh and
medium time step and the total resistance coefficients are compared
with extrapolated towing tank results in Table 10. The comparison with
extrapolated towing tanks results shows good agreement with underestimation in total resistance in CFD of up to 2.5% compared to towing
tank extrapolation.

GCI 21
fine
32
GCImedium

Table 9
Estimation of spatial and temporal discretization error in total resistance
coefficient for full-scale resistance simulations of the ro-ro vessel.

r21
r32
ϕ1
ϕ2
ϕ3
p

21
ext
ea21
21
eext

GCI 21
fine
32
GCImedium

1.49
1.55
0.002056
0.002074
0.002224
4.73
0.002053

2
2
0.002723
0.002718
0.002698
1.9
0.002725

0.889%

0.194%

0.158%

0.071%

0.197%

0.089%

1.309%

0.330%

KT

KQ

ETA0

1.33
1.35
0.3090
0.3073
0.3047
1.1994
0.3131

1.33
1.35
0.0512
0.0510
0.0509
0.8036
0.0516

1.33
1.35
0.5769
0.5749
0.5717
1.4485
0.5806

0.555%

0.218%

0.337%

1.324%

0.828%

0.647%

1.677%

1.044%

0.813%

2.370%

1.316%

1.235%

report of the port and starboard propeller was up to 4%. It is known that
exact pitch setting of the model scale propeller is subject to some uncertainty. To study the sensitivity of pitch setting, a sensitivity study is
conducted and it is found that 1 degree of pitch changes the thrust and
torque with up to 15% and the efficiency with up to 4%. For both model
and full-scale, the model scale propeller open-water CFD results are
compared with the measured towing tank results in Table 12. The
discrepancy in the propeller open-water characteristics between towing
tank measurements and CFD is less than 5.5% for the advance ratio of
approximately 0.86 where the propeller is operating. At the lower advance ratio where the propeller is normally not operating thrust and
torque are overestimated with up to 10.1% and efficiency with up to
3.5%.
The results for the full-scale mesh convergence study show that the
spatial GCIs for thrust, torque and efficiency are lower than 1.0% for
the medium mesh, cf. Table 13. It is therefore decided to use the
medium mesh. When comparing the full-scale propeller open-water
CFD results with the towing tank predictions, as shown in Table 14, is is
seen that the discrepancy in the propeller open-water efficiency is less
than 1% for the advance ratio of approximately 0.86 where the propeller is operating. The thrust and torque are overestimated with up to
6.3% at these advance ratios. At the lower advance ratio where the
propeller is normally not operating, thrust and torque are overestimated with up to 7.9%, and the propeller open-water efficiency is
overestimated with up to 1.2%.

4.2.2. Verification and validation of propeller open-water simulations
The result of the convergence study of the model scale propeller
open-water CFD set-up shown in Table 11. It is seen that the spatial
GCIs for thrust, torque and efficiency are lower than 2.5% for the
medium mesh. It is therefore decided to use the medium mesh in the
comparison studies. The exact uncertainty from the propeller openwater towing tank test is unknown. However, the difference between
the measured propeller open-water characteristics in the towing tank

Temporal

2.5%
1.9%
1.5%

Table 11
Estimation of spatial discretization error for model scale propeller open-water
simulation of the ro-ro vessel.

The following sections present the validation and results of the resistance, propeller open-water and self-propulsion CFD simulations. All
results in Sec. 4.2 have been submitted to the shipyard without knowing
the towing tank measurement and predictions and sea trial results.
After the submission of the CFD results, the shipyard shared the full
towing tank report with the authors. In this section, the hull roughness
is estimated using the empirical Townsin formula (Eq. 21) and applied
in the center of gravity as discussed in Sec. 3.3. Roughness on the
propeller is not considered in this section.

Spatial

Total resistance

4.2.3. Verification and validation of self-propulsion simulations
The medium mesh and time step at the self-propulsion CFD set-up
Table 12
Discrepancy of ro-ro vessel model scale propeller open-water characteristics
from CFD compared to towing tank prediction.

9

Advance ratio

Thrust coefficient

Torque coefficient

Open-water efficiency

0.5
0.6
0.7
0.8
0.9
1.0

10.1%
9.7%
8.3%
5.4%
3.7%
2.6%

8.5%
6.8%
4.6%
2.1%
0.9%
0.4%

1.4%
2.7%
3.5%
3.3%
2.8%
3.0%
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Table 13
Estimation of spatial discretization error for full-scale propeller open-water simulation of the ro-ro vessel.
KT

KQ

ETA0

r21
r32
ϕ1
ϕ2
ϕ3
p

1.4687
1.3214
0.3269
0.3255
0.3237
1.9227
0.3281

1.4687
1.3214
0.0552
0.0551
0.0552
4.2094
0.0552

1.4687
1.3214
0.5656
0.5637
0.5605
2.6369
0.5667

ea21

0.413%

0.078%

0.336%

0.376%

0.019%

0.191%

0.472%

0.024%

0.239%

0.988%

0.121%

0.658%

21
ext

21
eext

GCI 21
fine
32
GCImedium

Table 17
Estimation of spatial and temporal discretization error in delivered power for
full-scale self-propulsion simulations of the ro-ro vessel.

Thrust coefficient

Torque coefficient

Open-water efficiency

0.5
0.6
0.7
0.8
0.9
1.0

7.8%
7.9%
7.4%
6.3%
5.3%
5.3%

7.1%
6.8%
6.2%
5.5%
5.2%
5.3%

0.6%
1.0%
1.2%
0.8%
0.1%
0.1%

Temporal

r21
r32
ϕ1
ϕ2
ϕ3
p

1.1613
1.2070
112.7
113.1
113.4
3.6029
112.1

1.5000
2.0000
107.8
107.2
106.8
4.3142
107.9

ea21

0.342%

0.544%

0.481%

0.114%

0.599%

0.143%

1.026%

0.824%

21
ext

21
eext

GCI 21
fine
32
GCImedium

Mean thrust

Mean torque

0.222
0.245
0.268

0.4%
1.3%
3.2%

0.8%
0.1%
0.0%

Propeller RPM

1.6%
1.5%
1.5%

1.306
1.411
26.239
25.802
32.256
7.9549
26.299

2.000
2.000
25.438
25.390
25.039
2.88
25.445

ea21

1.668%

0.188%

0.226%

0.030%

0.283%

0.037%

2.369%

0.272%

GCI 21
fine
32
GCImedium

achieved advance ratio for the three self-propulsion points is approximately 0.86.
Mesh and time step convergence studies have also been conducted
in full-scale as seen in Table 17. The temporal CGI is 0.3% when using
the medium time step corresponding to two degrees or propeller rotation. For the medium mesh the spatial CGI is 2.4%. As shown in Table 2,
each self-propulsion simulation takes approximately two days on 112
cores using the medium mesh. For the fine mesh the spatial GCI is 0.3%,
but the required computational effort is impractically large for this
study. Therefore, is has been decided to use the medium mesh and
medium time step corresponding to two degrees of propeller rotation
for the full-scale self-propulsion simulations.
The comparison between the full-scale CFD simulations and the
towing tank prediction is shown in Table 18. As seen all parameters are
significantly underestimated when using the traditional approach with
the roughness allowance by Townsin (Eq. 21). This is surprising since the
agreement between CFD and model tank for the previous simulations
including full-scale resistance and model scale self-propulsion has been
good. There are multiple contributors to the observed discrepancy. In
RANS turbulence
terms of modelling errors, the use of realisable k
modelling can influence the results. A turbulence model sensitivity study
is conducted by changing the turbulence model to k
SST. This
changed the power with 2.7% (not shown). Modelling the wind resistance using the ITTC recommended procedure is another source of
error. However, since the wind resistance account for less than 7% of the
total resistance, any uncertainty of the wind resistance will only have a
marginal effect on the estimated power. The temporal and spatial discretization error is also present and is attempted quantified in the GCI
study to 2.4% and 0.3% respectively. Furthermore, the ”to-be-built” hull
and propeller geometry used in the CFD simulations are not identical to
real ship. Lastly, the sea trial measurements do also have uncertainties.
However, the sea trial results from the six sister vessels presented in
Fig. 8 showed that by using the mean of these the contribution from
building tolerances and sea trial measurements becomes small. So none
of these contributes can explain the large discrepancies in full-scale.

Table 16
Discrepancy of ro-ro vessel model scale self-propulsion results from CFD compared to towing tank measurements.
Froude number

r21
r32
ϕ1
ϕ2
ϕ3
p

21
eext

Table 15
Estimation of spatial and temporal discretization error in delivered power for
model scale self-propulsion simulations of the ro-ro vessel.
Spatial

Temporal

21
ext

Table 14
Discrepancy of ro-ro vessel full-scale propeller open-water characteristics from
CFD compared to towing tank prediction.
Advance ratio

Spatial

Delivered power

2.4%
1.6%
1.5%

4.3. Inclusion of roughness using wall functions

corresponds to the medium mesh and time step from the resistance CFD
set-up and propeller open-water CFD set-up. Table 15 shows that the
spatial and temporal GCI for delivered power for model scale self-propulsion simulations each is approximately 1% for the medium mesh and
time step, which is acceptable. Therefore, it is decided to use the
medium mesh and medium time step corresponding to two degrees of
propeller rotation in the following calculation. The self-propulsion CFD
results in model scale have been compared with the towing tank measurements and a very good agreement is found. A general underestimation is observed with a maximum discrepancy of 3.2% for both
thrust, torque, RPM and delivered power as presented in Table 16. The

If the surface roughness of the hull and propeller is included in the
Table 18
Discrepancy of ro-ro vessel full-scale self-propulsion results from CFD compared
towing tank prediction.
Froude number
0.222
0.245
0.268

10

Mean thrust

2.9%
4.4%
4.1%

Mean torque

6.6%
5.5%
3.1%

Propeller RPM

6.1%
5.9%
5.5%

Delivered power

12.2%
11.1%
8.4%
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Fig. 9. Discrepancy of the ro-ro vessel CFD results compared to delivered power
from speed trials as function of hull roughness height.

CFD simulation by modifying the wall functions, as described in
Sec. 3.4.2, the discrepancy is significantly reduced, cf. Fig. 9. For the
two lowest speeds the discrepancies between the delivered power from
CFD and mean speed trial curve are within 4% for equivalent sand grain
roughness heights between 100μm–150μm. These discrepancies are
significantly smaller than the up to 12.2% found when using the
Townsin roughness allowance. For the Froude number equal to 0.268,
the delivered power is overestimated by 4.2% when Rs = 100µm and by
9.6% when Rs = 150µm . The discrepancies for the two lowest speeds
are very similar, but the discrepancies for the larger speed is higher.
This speed dependence is also seen in Table 18, where there is almost
3% difference in the delivered power discrepancy between Fn = 0.245
and Fn = 0.268. The reason for this gap is due to the unwanted flow
around the aft part of the ship as shown in Fig. 10b. Fig. 10b shows that
the flow is much worse seen from a hydrodynamic point of view
compared to the flow in model scale as shown in Fig. 10a. When
comparing the wave elevation at the aft part in a model scale selfpropulsion simulation (not shown) and a full scale resistance simulation
(not shown), it is seen that the the wave elevation is very similar. This is
as expected when having identical Froude number. However, in fullscale self-propulsion the propeller is rotating at a much higher Reynolds
number affecting the flow field near the propeller. At the lower speeds
Fn = 0.222 and Fn = 0.245, is flow is much smoother (not shown). This
is believed to be the reason for the significant speed dependence at the
highest speed (Fn = 0.268) in full scale cf. Table 18 and Fig. 9 and not in
model scale cf. Table 16. This shows that the influence of the propeller
Reynolds number can affect the wave elevation near the aft, if the water
line comes close to the propeller. This is the case at the very light sea
trial condition. It is important to note that the ship is not likely to sail at
such a light condition at this very high speed other than at the sea trial.
The Rs+ is approximately 10–60 on both the hull and propeller as seen in
Figs. 11 and 12. Thus, the Rs+ is smaller than the wall y+ in all cells.
This is done in order to avoid under-prediction of the frictional resistance as discussed by Eca and Hoekstra [45].
These results indicate that modelling of the roughness using modified wall functions can significantly improve the accuracy of the fullscale CFD prediction compared to the traditional approach.

Fig. 10. Wave elevation non-dimensionalized with length between perpendiculars at aft seen from top. The hull and propellers are smooth for all shown
conditions.

Fig. 1. It can be seen that the scatter of the CFD results are increasing
when the RPM is increasing. Since the scatter at Fn = 0.182 is quite
large, only the speed range of Fn = 0.140 –0.168 is considered in this
study. It can be seen that CFD results from some participants are very
similar to the speed trial measurements and some are far off. The host of
the workshop calculated a mean curve of the CFD results showing that
the CFD simulations are under-predicting the power with up to 11.7%.
This is consistent with the CFD results for ro-ro vessel, when using the
empirical Townsin roughness approach.
By using the self-propulsion set-up described in Sec. 3.4.2, CFD
calculations have been conducted for the three fixed speeds Fn = 0.140,
Fn = 154, and Fn = 0.168. The mesh validated for the ro-ro vessel has
been adapted to the REGAL vessel, and a mesh convergence study was
conducted for the vessel showing a smaller spatial discretization error
than for the ro-ro vessel cf. Table 17. A time step corresponding to two
degrees of propeller rotation is used for the general cargo vessel. Since
the vessel only has one propeller, both sides of the vessel are included in

4.3.1. LR workshop vessel
To test the method of including the roughness by changing the wall
functions, a second vessel is studied. For the second vessel the rate of
revolution of the propeller was predefined by the LR workshop and the
workshop participants submitted, among other results, the speed and
power, without knowing the measured speed and power. The comparison of the CFD calculations and speed trial measurements are shown in
11

Applied Ocean Research 99 (2020) 102162

H. Mikkelsen and J.H. Walther

Fig. 11. RS+ (top) and wall y+ (bottom) on the wetted surface of the ro-ro vessel with RS = 120µm at Fn = 0.245 .

the CFD simulations. The discrepancies between the speed trial measurement and both the CFD from the LR Workshop participants and
CFD conducted by the authors using the Townsin empirical roughness
are shown in Table 19. It is seen that the results of the present CFD
simulations using the empirical Townsin roughness approach provide
results similar to the LR Workshop mean curve. In both cases the power
is underestimated by 10–14%.
CFD simulations are now conducted for the general cargo vessel,
where the roughness is taken into account using the modified wall
functions. Unfortunately, the roughness of the hull and propeller is
unknown. It is assumed that the roughness of the propeller is
Rs = 30µm . Three different hull roughness heights are tested in the
range of Rs = 100µm –150μm based on the literature study presented in
Sec. 3.3. The discrepancies between the CFD results and speed trial
measurement are shown in Fig. 13. Using this approach the power is
underestimated with 6.1–11.1% for Rs = 100µm and with 3.1 0.1% for
Rs = 150µm . These discrepancies are generally smaller than when using
the empirical Townsin roughness approach. The speed dependence
tendency is clearly seen in Fig. 13. For the lowest to highest speed there
is an approximately 5 percentage points off-set. The monotonic behaviour of the speed dependence for the general cargo vessel is not observed for the ro-ro vessel in Fig. 9. The offset of approximately 5
percentage points is believed to come from other uncertainty contributors that roughness as discussed in Sec. 4.2.3.
The larger underestimation of for the general cargo vessel than for
the ro-ro vessel could indicate that the surface roughness of the general
cargo vessel is larger than for the ro-ro vessels, even though the ro-ro
vessels have been in the water longer time before the speed trial. Since
the general cargo vessel is an older vessel with multiple previous dry
dockings in its history, the paint roughness is potentially higher as seen
in Table 3 where the results from Atencio and Chernoray [37] show that
old underlying roughness accumulated from many dry dockings can
have a large impact on the roughness height. However, it is important
to remember that modelling of roughness is only one of the discrepancy
contributors. The trend of higher accuracy when including the

Table 19
Discrepancy in delivered power between LR speed trial measurements and CFD
calculations both from LR workshop mean curve and present CFD results using
the ITTC roughness.
Froude number
LR workshop mean
Present CFD results

0.140

11.7%
13.8%

0.154

10.5%
12.4%

0.168

11.1%
13.1%

Fig. 13. Discrepancy of CFD results compared to delivered power from speed
trials as function of hull roughness height for the LR workshop vessel REGAL.

roughness of the hull and propeller instead of using the Townsin
roughness allowance is similar for both the low block ro-ro vessel and
the high block general cargo vessel. This gives the clear indication that
including the roughness by modifying the wall functions can significantly improve the accuracy of the CFD simulation.

Fig. 12. RS+ (left) and wall y+ (right) on the ro-ro vessel propeller with RS = 30µm at Fn = 0.245 .
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A full-scale self-propulsion CFD set-up with free surface and rotating
propeller has been developed and verified and validated in systematic
steps in order to ensure accuracy. The reference in full-scale was the
mean speed/power curve from speed trials of the six sister vessels. The
scatter of the speed trials was small with most of the measurements
within 3% of the mean curve. The towing tank prediction of the delivered power in full-scale was within 1% of the speed trial for all
speeds. Due to this excellent accuracy of the towing tank prediction, the
towing tank measurements and predictions were used to validate the
CFD set-up in systematic steps. The discrepancies for resistance, propeller open-water and model scale self-propulsion CFD simulations
were found to be within the model test uncertainty. However, for the
full-scale self-propulsion simulation, the delivered power from CFD was
underestimated with 8–12% compared to the speed trial measurements
when the roughness was estimated using the standard empirical formula by Townsin and applied as a point force in the center of gravity.
By including a roughness model directly into the self-propulsion simulation using a modifying wall function approach, the discrepancy
was significantly reduced. The same conclusions were found for a
general cargo vessel where the geometry and speed trial data are
publicly available. Unfortunately, the exact roughness of the surface of
the two vessels was unknown. Based on a literature study on roughness
measurements on newly painted ships, a range of sand-grain equivalent
roughness heights of 100–150μm was tested for both vessels resulting in
significantly reduced discrepancies to the speed trial measurements for
both cases. This indicates that using a roughness model directly into the
CFD simulation is more accurate than the traditional method using
empirical formulas designed for towing tanks.
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