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ABSTRACT

This paper presents the results of CFD simulations with the
benchmark container ship MOERI KCS, using the two
approaches – a coupled viscous/potential method that
involves iterative solution done with RANS and panel
method, and a fully unsteady RANS method where the free
surface effects are accounted approximately. Putting the
main focus on CFD validation against the experimental
data and comparison between the methods, in the present
study we address model scale conditions.
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1 INTRODUCTION

While at the early design stages one has to rely on
systematic experience, empirical methods or conduct
model tests to do ship performance prediction, it is now
becoming more and more common to involve CFD
methods for the final check of the design and for solving
optimization problems where alterations in hull and
propeller designs are required. CFD methods allow for the
simulation of the whole system ship-propulsor including
all significant mechanisms that influence its performance
such as turbulence, free surface, interaction effects and
cavitation. These methods can be applied directly to full
scale, and they can be used in scale effect studies.
In the present paper we discuss the results obtained with
the two numerical approaches to the analysis of ship and
propeller under self-propulsion condition. The first
approach is referred as the iterative viscous/potential
coupled method, since it implies an iterative solution where
a RANS method is employed to solve the viscous flow
around ship hull, and a panel method is employed to solve
the potential flow around propeller. The two
aforementioned solutions are linked through an actuator
disk model that represents propeller effect in the RANS
solution. The second approach is referred as the fully
unsteady RANS method, since it solves directly the viscous
flow around ship hull and propeller, where unsteady
interaction between the stationary and rotating parts of the
flow is resolved by the sliding mesh technique. In the first
method, the free surface effects are modelled directly,
while in the second method the free surface is not
modelled, but the effect of wave making on ship resistance

is accounted for approximately, based on the results of
towing simulations. Due to the simplifications made both
methods are suitable for engineering calculations as they
require moderate computer resources. For the validation
studies, the case of the MOERI KCS container ship is
chosen. This case represents one of the most complete
experimental datasets regarding hull-propeller interaction,
and it is repeatedly used in CFD validation studies (Larsson
et al. 2010). The detailed results of validation and
verification studies with the methods of choice have been
described in one of the earlier papers by the author
(Krasilnikov, 2012), and herewith we will only present
their main findings, while the main focus will be put on the
comparison at self-propulsion condition.
2 CHOICE OF THE METHODS

The most accurate approach to resolve propeller-hull
interaction is to model the whole system in viscous fluid,
in the presence of a free surface. By doing so, one
addresses all significant physical mechanisms that
influence hydrodynamic characteristics of propeller and
hull, including the effect of Reynolds number (scale
effect), wave making, trim/sinkage and interaction. The
problem is to be solved as time-dependent, due to the
presence of free surface of unknown geometry, as well as
due to the interaction between the stationary parts (hull,
rudder) and rotating parts (propeller). Such a complete
formulation is however very expensive, because of the long
simulation time, which is necessary to achieve a converged
free surface pattern, and small time step required, in order
to resolve unsteady interaction between the hull and
propeller by the sliding mesh method.
There are two possible ways to simplify the problem. The
first one is to represent the effect of realistic propeller in
viscous flow by an adequate model that does not require
the sliding mesh solution. Such a model would imply a
certain distribution of momentum sources (or body forces)
over specified fluid region whose effect on the flow is
equivalent, under the assumptions made, to the effect of
propeller. This approach forms the basis for so-called
coupled (or hybrid) method. Different versions of the
coupled method are known to be implemented. In the
simpler versions, one uses circumferentially averaged or
non-averaged distribution of momentum sources over a
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cylindrical region of finite thickness known as an actuator
disk (Starke et al. 2010), (Krasilnikov, 2012).
Alternatively, actuator disk can be represented by a thin
circular interface (FAN) that carries specified distributions
of pressure jump and swirl (Krasilnikov et al. 2006, 2007).
In these formulations, an actuator disk is identical to the
infinite-bladed propeller model. More sophisticated
models attempt to include the effect of finite number of
blades in the RANS solution by using the distribution of
non-averaged body forces over rotating cell volumes
occupied by propeller blades (Kerwin et al. 1997),
(Wöckner et al. 2011). Forces and moments acting on
propeller can be obtained from various sources, the most
common of which is a potential propeller code. The
coupled solution is then performed in an iterative fashion,
where the hull solver and propeller solver exchange with
information in terms of effective inflow (hull on propeller)
and body forces (propeller on hull flow). For this reason,
such an approach can be referred as the iterative
viscous/potential coupled method, and this is the first
method of choice in the present study.
In the aforementioned coupled methods we make
simplifying assumptions regarding the unsteadiness due to
hull-propeller interaction. In the second, alternative way
we disregard the unsteadiness due to free surface, which is
replaced in the solution by a symmetry plane, but instead
model directly the interaction between realistic propeller
and ship hull. If the self-propulsion point is known, and the
effect of free surface on propeller characteristics is deemed
secondary, this method can be used to perform the analysis
of propeller behind ship hull in viscous flow. In those
cases, where the self-propulsion point is of interest, one
should make additional assumptions regarding ship
resistance due to wave-making. Assuming that the
propeller has minor effect on wave-making resistance, the
latter can be obtained from the comparison of total
resistance obtained from towing simulations with and
without free surface. This assumption will be more valid
for lower speed conditions and less valid for higher speed
conditions.
Adequate modeling of flow turbulence is of great
importance for the accuracy of hull-propeller simulations.
In spite of significant limitations put on the resolved range
of turbulence scales, the RANS method still remains the
only feasible option in routine engineering and research
analyses, since more advanced turbulence modeling
concepts such as DES and LES are associated with great
computation expense. Our experience with hull and
propeller analyses suggested the use of the SST k-
turbulence model as the main model in the present work.
However, the effect of turbulence model on prediction of
ship towing resistance and resolution of wake field was
investigated separately.
It is most common to assume in the RANS computations
that the flow is fully turbulent. This assumption does not
raise big concerns in the simulation of propeller behind
ship hull, since the wake field in which propeller operates
is highly turbulent at both the full scale and model scale

Reynolds numbers. However, if an open water propeller
simulation is done in model scale, then the validity of the
above assumption may appear questionable. Indeed, there
is both experimental and numerical evidence that the flow
around propeller in model scale may contain laminar and
transition regions whose extent is dependent on test
conditions and blade geometry (Müller et al. 2009). This
conclusion is also supported by the results of CFD/EFD
comparisons done in the present work. The use of
turbulence models that account for laminar-turbulent
transition (Menter et al. 2006) is therefore currently
investigated in regard with open water propeller simulation
in model scale. Notwithstanding the importance of the
aforementioned problem of transient flow regime, all open
water propeller calculations in the present work were
carried out using the standard SST k- formulation.
In the flows involving free surface effects, the interface
capturing and interface fitting approaches are both used
with some success, the former approach being the most
common choice in propulsion simulations by commercial
CFD codes, where it is usually implemented with the VOF
method and the modified High Resolution Interface
Capturing (HRIC) interpolation scheme. This approach
was also employed in the present simulations, in those
cases where the free surface effects were included.
For the numerical studies discussed in the present paper we
employed the commercial CFD code STAR-CCM+ as the
main viscous flow modeling platform. The panel method
code AKPA developed at MARINTEK was used as a
propeller solver in the coupled viscous/potential approach.
This code employs the velocity based source formulation
of the panel method. It features the special algorithm of
Modified Trailing Edge for a direct (non-iterative)
satisfaction of the Kutta-Jowkovski condition (Achkinadze
& Krasilnikov, 2003). The same MTE algorithm is used for
the approximate account of viscosity effect on circulation.
The latter feature allows for a realistic prediction of
propeller characteristics under different Reynolds numbers
(Krasilnikov et al. 2006). It has to be noted that the
aforementioned effect of viscosity appears reflected in
blade pressure distribution, which is important for
cavitation analysis.
3 COUPLED METHOD WITH ACTUATOR DISK

In the present section we will describe the main features of
the solution algorithm according to the coupled
viscous/potential method with the actuator disk model of
propeller. The focus will be made on the numerical
algorithm for self-propulsion simulation, setup of the
actuator disk model and definition of effective wake field
on propeller. Details of computation mesh and solution
settings will also be presented.
3.1 Algorithm

The numerical algorithm of the coupled method includes
the following main steps:
1) Calculate by RANS ship hull without propeller effect
(body forces in the actuator disk region are set to zero).
This constitutes the simulation under towing condition;
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2) Calculate by panel method propeller in nominal wake
field from 1) at estimated propeller RPM. Only propeller
blades are used in the calculation since the effect of hub is
considered to be included in the wake field on propeller.
Circulation distribution along the blade radius does
however account for the no-penetration condition on the
hub;
3) Define body forces to be used in the actuator disk region;
4) Calculate by RANS ship hull with operating actuator
disk having the distribution of body forces from 3);
5) Find the advance speed of propeller in open water by
calculating by RANS the actuator disk on a cylindrical
“slip-wall” hub in uniform flow, and by varying the inlet
velocity until one obtains the same area averaged value of
the axial velocity on the actuator disk in open water as
behind hull in 4);
6) Define velocities induced by the actuator disk in open
water;
7) Calculate the effective wake field on propeller;
8) Calculate by panel method propeller in the estimated
effective wake;
9) Repeat the steps 3)-8) until convergence is reached for
the integral convergence criteria (hull resistance, propeller
thrust and torque, interaction coefficients);
10) Find imbalance between the computed propeller thrust
from 8) and computed hull resistance from 4);
11) Adjust propeller RPM using the open water propeller
characteristics obtained from panel method calculation;
12) Repeat the steps 3)-11) until the imbalance between
propeller thrust and hull resistance becomes smaller than
desired tolerance.
While the coupled algorithm described above contains the
two iteration loops and a number of sequential steps, only
the first step (towing calculation) is associated with
noticeable computation expense. After the free surface
pattern is established, any following step can be started
from the initial conditions given by the results of the
previous step, and the respective solution converges very
fast. Operating actuator disk does not have big influence on
wave making process, even though it modifies
significantly the pressure distribution over a part of stern
region of ship hull. If a reasonable guess of propeller RPM
is made at the step 2), then the consecutive iterations of the
external RPM-loop are also fast to converge, because small
variation in RPM has only minor effect on the interaction.
There are however a few considerations that are important
for achieving accurate results with the present method, and
we address them in the following sections.
3.2 Actuator disk setup

When defining the distribution of body forces to be applied
in the actuator disk region in RANS calculation, one should
consider equivalence between a finite-bladed propeller
calculated by panel method and its infinite-blade
counterpart. A discussion on the different equivalence
conditions used with actuator disk simulations can be

found in (Krasilnikov et al. 2007). In the present work, we
adopted the condition which, in our opinion, bears most
physical sense and accounts for the difference between the
finite-bladed and infinite-bladed propeller models. It is
assumed that propeller and actuator disk have the same
diameter and identical distributions of elemental thrust
𝑑𝑇(𝑟) along the radius. The distributions of circulation and
elemental torque of a finite-blade propeller and of an
actuator disk will be different. Circulation distribution of
the actuator disk 𝛤1 is derived from the differential
Jowkovski’s theorem, where the induced tangential
velocity is calculated according to the Kelvin’s theorem:
𝑑𝑇(𝑟)
𝑑𝑟

= 𝜌𝛤1 (𝑟) (2𝜋𝑛𝑟 −

𝛤1 (𝑟)
4𝜋𝑟

− 𝑈𝜃1 (𝑟)) ,

(1)

where U1 is the tangential component of the wake field, 
is the water density, and n is the propeller rate of
revolution. Having the circulation distribution defined, one
can further compute the velocities induced by the actuator
disk and find an equivalent distribution of elemental torque
𝑑𝑄1 (𝑟) of the actuator disk:
𝑑𝑄1 (𝑟)
𝑑𝑟

= 2𝜋𝜌𝑟 2 𝑤𝜃2 (𝑟)[𝑉 + 𝑤𝑥1 (𝑟) + 𝑈𝑥1 (𝑟)] ,

(2)

w2 being the swirl difference across the actuator disk, wx1
being the induced axial velocity at the disk plane, and Ux1
being the axial component of the wake field. The
corresponding distributions of volumetric momentum
sources (body forces) on the actuator disk are then defined
as follows:
𝑆𝑀𝑥 (𝑟) =

1
2𝜋𝑟𝛥𝑥

∙

𝑑𝑇(𝑟)

1

𝑑𝑟

2𝜋𝑟 2 𝛥𝑥

, 𝑆𝑀𝜃 (𝑟) =

∙

𝑑𝑄1 (𝑟)
𝑑𝑟

,

(3)

where Δ𝑥 is the thickness (axial size) of the actuator disk
region. In the present simulations, actuator disk thickness
was equal to 1% of propeller diameter. The distributions of
body forces were circumferential-averaged and constant
along the disk axis. From similar considerations,
circumferential-variable distributions can also be derived
to account for angular-variable, while time-averaged blade
loading.
3.3 Definition of effective wake

Calculation of effective wake field is a crucial part of the
coupled algorithm, where one should observe strictly the
consistency in definition of velocity fields that come from
the two solutions involved. Firstly, if one uses an infiniteblade propeller model in the RANS solver, then propellerinduced velocities to be subtracted from the total velocity
field should also correspond to the infinite-blade propeller.
Secondly, these induced velocities should be computed at
the conditions equivalent to those of propeller model
behind hull. In the present work, we define the effective
wake as the difference between the total induced flow
velocity through propeller operating behind hull and free
surface, and the induced flow velocity through propeller
operating in open water, producing the same thrust as
behind hull and having the same averaged loading.
Mathematically, the above definition is expressed as
follows:
⃗⃗⃗⃗0 − ⃗⃗⃗⃗
⃗⃗⃗⃗⃗
⃗⃗⃗⃗𝑅 − 𝑉
⃗ ) − (𝑉
𝑈𝐸 = (𝑉
𝑉 0 ),
(4)
𝑅
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where VR is the total relative velocity due to hull with
actuator disk, 𝑉𝑅0 is the relative velocity due to actuator disk
in open water, V is the ship speed, and 𝑉 0 is the advance
speed for the actuator disk in open water. In order to define
the second term in the right-hand part of Eq.(4), which
expresses propeller-induced velocities, an additional
RANS calculation with actuator disk in open water is
performed, in parallel with the main calculation. The
actuator disk in open water carries the same distribution of
body forces as the actuator disk behind hull. The advance
speed 𝑉 0 (velocity inlet condition) is iterated to provide the
same momentum flux through the disk in open water as
obtained in the propulsion calculation with hull and
actuator disk. Thus, one achieves the condition equivalent
to the thrust identity condition used in self-propulsion tests.

used for this and similar vessels in routine resistance
calculations, mainly due to higher resolution adopted in the
hull wake domain and actuator disk slipstream. A fragment
of the RANS mesh in the stern region of ship hull with
actuator disk is shown in Figure 1.

3.4 Computation mesh

The computation domain in the RANS solver is
represented by a rectangular block extending 2.5𝐿𝑃𝑃 from
the ship midsection to the inlet, 5.5𝐿𝑃𝑃 to the outlet, 3.5𝐿𝑃𝑃
to the side, 1. 5𝐿𝑃𝑃 below and 0.6𝐿𝑃𝑃 above the
undisturbed free surface. Trimmed hexahedral mesh is
used in the main flow domain, and also in the actuator disk
region. Global refinement is achieved by setting mesh
template growth rates for the core mesh and near the body
surface. Local mesh refinement is achieved by means of
volumetric controls of predefined geometrical shapes.
Anisotropic refinement is made around the undisturbed
free surface where an accurate resolution of air-water
interface is important for correct prediction of ship
generated waves. Large cells are placed intentionally along
the outer boundaries of the domain, in order to damp the
waves and mimic no-reflection condition. Isotropic
refinement is made around the whole hull, in the bow and
stern regions of the hull where hull surface reveals largest
gradients, around propeller hub, and around actuator disk,
where wake fields are defined. In addition, mesh is refined
according to anisotropic pattern within the cylindrical
volume containing the actuator disk slipstream.
In order to resolve accurately the boundary layer and
provide desired levels of wall y+, five layers of prismatic
cells are placed along the hull surface, shaft tube and
propeller hub. The total thickness of prism layer is
about 6% of propeller diameter, for the greatest part of the
hull, but it is reduced gradually towards the propeller hub
where it amounts approximately 2% of propeller diameter.
The stretching factor of prism layers was 1.35. With such
settings of the boundary layer mesh one achieves the y+
values in the range from 30 to 70 on the largest part of
submerged hull, except the hub region where it falls
slightly below 30. Such y+ values are found sufficient for
simulations with the enhanced (all y+) wall function
method.
The parameters of the “optimum” mesh chosen for the final
simulations were worked out as a result of systematic grid
refinement studies to ensure grid convergence of numerical
results at a reasonable size of the mesh. The final mesh
contained about 2.7 million cells for the whole ship
domain. It is somewhat on a finer side compared to meshes

Figure 1: Fragment of the RANS computational mesh in
the stern region of the vessel with actuator disk.
4 UNSTEADY RANS METHOD WITHOUT FREE
SURFACE

In the unsteady RANS method we model realistic propeller
geometry in viscous flow, but disregard wave making
effects. Therefore, the computation domain built around
ship hull in the coupled method was cut by the undisturbed
free surface plane, and on thus created boundary a
symmetry condition was imposed. Further, the domain was
split into the two regions – the main stationary region
surrounding the whole modeled system, and the rotating
sub-region in the form of a cylinder surrounding propeller.
The upstream boundary of propeller region passed through
the front end of rotating hub. The downstream boundary
was located at 0.04D downstream of the aft hub end, D
being the propeller diameter. The circumferential boundary
was placed at the radius 1.1R counting from the shaft axis.
These boundaries constituted the basis for creating
interface pairs and forming in-place internal interfaces for
the sliding mesh calculation.
The mesh in the main region of stationary fluid is very
similar to that used in the coupled method, with the
exception that the refinement in the vicinity of free surface
is no longer necessary. Geometrical shapes defining the
volumetric controls in the hull wake around propeller had
to be modified to accommodate the propeller block. The
cell size used within these volumetric controls was also
reduced, in order to provide a finer wake resolution and a
closer surface match at the interfaces. The domain of
propeller slipstream was additionally refined, in order to
ensure better resolution of vortex wake sheets behind
propeller blades. An unstructured tetrahedral mesh was
used in the propeller block. No boundary layer mesh was
built on propeller blades, and the desired near-wall
resolution was achieved by setting up appropriate surface
cell sizes. The values of y+ on propeller blades varied in
approximately the same range as those on ship hull. The
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resultant mesh contained about 3.25 million cells in the
stationary fluid region and about 0.7 million cells in the
rotating propeller block. A fragment of the mesh around
ship stern and propeller is shown in Figure 2.

Figure 2: Fragment of the computational mesh used in the
unsteady RANS simulation of ship hull with propeller
using sliding mesh method.

Table 2: Influence of time step on predicted towing
resistance. SST k-, hull+hub+AD.
Time step, dt [s]

Ct, tow

0.0500

0.00362

+1.6

0.0375

0.00357

+0.28%

0.0250

0.00355

-0.28%

Experiment

0.00356

Δ, %

The influence of time step on the predicted towing
resistance is illustrated in Table 2. It can be seen that with
the reduction of time step the numerical values exhibit
converged behavior, and the computed resistance appears
closer to the measured value. This is primarily due to
improved resolution of the wave system generated by the
vessel. The latter conclusion is supported by the results of
comparisons between the computed and measured wave
profiles at a number of longitudinal sections of free surface
as presented in Figure 3. The largest time step dt=0.0500
[s] appears sufficient to capture the main features of
generated wave system near the hull, but it prohibits
accurate prediction of wave amplitudes in the far field.

5 NUMERICAL RESULTS AND COMPARISONS
5.1 Towing simulations

Towing simulations pursued the goals of choosing an
“optimum” mesh (grid studies are not discussed here),
testing different turbulence models and certain parameters
of the solver. Towing simulations were performed in calm
water, at fixed keel position of the vessel. The towing speed
was 2.19663 [m/s], Fr=0.26, Re=1.4107, according to the
test reports (Larsson et al. 2010).
The influence of turbulence model on predicted towing
resistance is illustrated in Table 1. It has to be noted that
these results were obtained on the chosen mesh, using the
time step of 0.05 [s] in the implicit unsteady solution for
free surface. First-order time discretization was used. The
closest agreement with the experimental value of resistance
was obtained with the SST k- model (relative difference
about +1.6%). The simulations with the anisotropic
Reynolds Stress Model (RSM) were conducted from the
initial conditions provided by the converged solutions with
both the SST k- model and realizable k- model. The
difference in final converged results between the two above
cases was only about 0.2%. The results presented in Table
1 also demonstrate that the inclusion of propeller hub and
actuator disk region does not change the computed value
of resistance compared to bare hull calculation.
Table 1: Influence of turbulence model and inclusion of the
actuator disk region on predicted towing resistance. Time
step 0.05 [s].
Method

Ct, tow

Δ, %

SST k-, bare hull-1/2

0.00362

+1.6

REALZ k-, bare hull-1/2

0.00366

+2.8

SST k-/RSM, bare hull-1/2

0.00371

+4.2

SST k-, hull+hub+AD

0.00362

+1.6

Experiment

0.00356

Figure 3: Longitudinal sections of free surface at towing
conditions. Influence of time step on computed wave
profile.
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The friction component of hull resistance, and velocity
field at the propeller plane are practically unaffected by the
time step. All propulsion simulations were done in the
present work with the time step dt=0.050 [s], for the reason
of time saving.
Figure 4 presents the results of nominal wake computations
done with different turbulence models. Numerical results
are compared with experimental data, in terms of Cartesian
velocity components, for the horizontal line probe located
at the propeller plane, z/LPP=-0.0302, i.e. slightly below
propeller center. A similar comparison in terms of
cylindrical velocity components, which are more
commonly used in propeller design practice, is presented
in Figure 5 for the radius 0.7R at the propeller plane.

Figure 5: Calculated and measured cylindrical components
of nominal wake field at the propeller plane, r/R=0.7.

Figure 4: Calculated and measured Cartesian components
of nominal wake field at the propeller plane, z/LPP=0.0302.

The two-equation isotropic turbulence models (SST k-ω
and realizable k-) demonstrate, generally, close results
that agree well with the measured data, except for the
region close to the propeller center, where stronger velocity
retardation and a higher degree of three-dimensionality of
the wake field is expected. The anisotropic RSM model
shows certain improvement in velocity field prediction in
the aforementioned region, in particular for the axial
velocity. An additional computation done with the actuator
disk region (body forces were set to zero) included in the
setup brings the results identical to those obtained for bare
hull. This confirms that the inclusion of the actuator disk
region and associated interfaces does not introduce any
non-physical changes in the solution.
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5.2 Propeller open water simulations

The open water characteristics of the propeller model
KP505 used in the self-propulsion tests were computed by
both the panel method and RANS method, at a number of
advance coefficients around operation point in behind hull
condition. In the RANS method, the mesh in the rotating
propeller block was identical to that used in propulsion
simulations. The outer region was represented by a
hexahedral mesh whose fineness in the vicinity of propeller
block also corresponded to the mesh in propulsion
simulations. The RANS computations were performed
according to the Moving Reference Frame (MRF) method.
The rate of propeller revolution was set to 12 [Hz], which
is higher than 9.5 [Hz] in self-propulsion tests, but more
common for open waters tests. The numerical results are
compared with the measurements done at NMRI in Figure
6. It was found that, in the range of advance coefficient
from 0.6 to 0.9, the thrust values predicted by RANS are
lower than the experimental values and predictions by
panel method. For example, at J=0.7 the relative
differences with the measurements amounted +0.23% for
the panel method, and -6.52% for the RANS method. At
higher J values the differences in thrust tend to become
larger. This result can be interpreted as a manifestation of
scale effect and possibly related to the presence of transient
flow domains in the model tests, while the RANS
computations were done under the assumption of fully
turbulent flow.

The convergence of this iteration loop was controlled by
the values of hull resistance, propeller thrust and torque and
interaction coefficients, including axial wake fraction 𝑊𝑇𝐸 ,
thrust deduction factor 𝑡 and relative rotative efficiency 𝜂𝑟 ,
and it is illustrated in Table 3.
Table 3: Convergence of the iterative coupled algorithm at
fixed propeller rate of revolution n=9.5 [Hz].
KQB

1-t

r

Ct, sp

1

0.00362

2

0.00405

0.19203

0.03255

0.7689 0.85436 1.0158

3

0.00402

0.17790

0.03080

0.7690 0.85224 1.0011

4

0.00402

0.17780

0.03078

0.7691 0.85252 1.0010

0.17770

0.03077

5

KTB

1-WTE

Iter.

0.7361

The value of axial wake fraction was defined by averaging
of the axial component of effective wake field on propeller
disk. For comparison, its value obtained using open water
propeller characteristics computed by the panel method
was (1 − 𝑊𝑇𝐸 ) =0.7695 at KTB=0.1778. The thrust
deduction factor was calculated in accordance with the
experimental procedure as follows
𝑡 = (𝑅𝑡,𝑠𝑝 − 𝑅𝑡,𝑡𝑜𝑤 )/𝑇𝐵 .

(5)

The relative rotative efficiency was found as the ratio
between the propeller torque behind hull and propeller
torque in open water at the equivalent advance coefficient
𝐽0 = 𝐽𝑉 (1 − 𝑊𝑇𝐸 ).
The analogous results obtained from the unsteady RANS
calculation with sliding mesh and approximate account of
free surface effects are presented in Table 4.
Table 4: Results of unsteady RANS simulation with sliding
mesh and approximate account of free surface effects at
fixed propeller rate of revolution n=9.5 [Hz].
Ct

Ct (FS)

0.00338

Figure 6: Calculated and measured open
characteristics of the propeller model KP505.

water

According to the NMRI report, the thrust and torque
coefficients were “larger than those measured in KRISO
(MOERI) at the same advance ratio J” (Fujisawa et al.
2000). This important observation should be taken into
account when comparing the CFD and EFD results of selfpropulsion simulations, since the open water
characteristics are used in the derivation of interaction
coefficients.
5.3 Self-propulsion simulations

In the first exercise, propeller rate of revolution was fixed
and set to the value of n=9.5 [Hz] as measured in selfpropulsion tests. Five iterations between the RANS solver
and panel method solver were carried out, according to the
coupled viscous/potential method described in Section 3.

0.00061

Ct, sp

KTB

0.00399

0.16950

KQB

1-WTE

1-t

r

0.03009 0.7637 0.85825 1.0040

In the unsteady RANS calculation, the total value of ship
resistance Ct,sp was defined as a sum of the resistance
value obtained directly from the calculation Ct and the
additional components due to wave making Ct(FS)
calculated as the difference in towing resistance with and
without free surface effects included.
In terms of relative differences, both numerical simulations
show a satisfactory agreement with the measurements.
However, they reveal a small imbalance between the
propeller thrust and hull resistance. Consequently,
adjustment of propeller rate of revolution is needed to find
the exact self-propulsion point in the simulations. In the
coupled method, it has been done by varying propeller
RPM in the panel method calculation, in the external
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iteration loop of the iterative procedure. Small adjustments
of RPM result in small changes in hull-propeller
interaction, and the internal iteration loop converges very
fast, so that 2 iterations between the solvers are sufficient.
In the unsteady RANS method, a change of propeller RPM
results in instantaneous jumps in forces and residuals at the
initial time steps, which however decay very fast as
solution proceeds. Two propeller revolutions per RPM
change were found sufficient to return the solution back to
convergent state. The criterion for finding the selfpropulsion point was minimization of the imbalance
between the propeller thrust behind hull and hull
resistance, which is calculated as follows:
Δ = 𝑇𝐵 + 𝑆𝐹𝐶 − 𝑅𝑡,𝑠𝑝 ,

agreement of the computed and measured values of
propeller thrust supports this conclusion.
Additional comparisons at self-propulsion point were done
for the velocity field past ship hull with operating propeller.
According to the data available from the tests, the Cartesian
velocity components were compared at the measurement
section located at the distance of 0.25D downstream of
propeller plane, along the horizontal line probe z/LPP=0.03. These comparisons are illustrated in Figure 7. The
agreement between the numerical and experimental results
is found to be in line with the results by other authors as
reported in (Larsson et al. 2010).

(6)

where 𝑆𝐹𝐶 = 30.25 [𝑁] is the skin friction correction
according to the tests.
The final results of simulations with adjustment of
propeller RPM are presented in Table 5, where they are
also compared with experimental data from self-propulsion
tests.
Table 5: Results of self-propulsion simulations with
adjustment of propeller rate of revolution against the
results of model tests.
RPS

Ct, sp

KTB

KQB

1-WTE

r

1-t

Coupled method: force imbalance =+0.055% of Rt,sp
9.45

0.004016

-0.5

+1.3

0.1755

0.03048

0.7708 0.85160 1.0007

Relative differences (CFD-EFD)/EFD, %
+3.2

+5.8

-2.7

+0.7

-1.0

Unsteady RANS method: force imbalance =-0.068% of Rt,sp
9.52

0.003990

0.1709

0.03029

0.7624 0.85966 1.0035

Relative differences (CFD-EFD)/EFD, %
+0.2

+0.6

+0.5

+5.2

-3.7

+1.6

-0.7

0.846

1.011

Experiment: force imbalance =-0.11% of Rt,sp
9.50

0.003966

0.170

0.0288

0.792

Based on relative differences indicated in Table 5, one can
conclude that the numerical results for self-propulsion
condition demonstrate fairly good agreement with the
experimental data in terms of all compared integral
characteristics. As far as the hull resistance and propeller
forces are concerned, the results by the unsteady RANS
method are somewhat close to the measurements. One can
notice a larger difference in propeller torque predicted by
both methods. This tendency was also observed in the
results presented by other authors who simulated the
present case (Larsson et al. 2010). The differences in axial
wake fraction are due to the differences in computed and
measured open water propeller thrust curves as illustrated
in Figure 6. As it has been mentioned earlier, the presence
of transient flow domains on propeller blades in model
tests might be responsible for this result. Transient flow
regime is unlikely to persist in behind hull condition, where
propeller operates in highly turbulent hull wake. Close

Figure 7: Calculated and measured Cartesian components
of total velocity field behind ship hull with operating
propeller at the section located 0.25D downstream of
propeller plane, z/LPP=-0.03.
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The differences in the region near the central plane are, to
a large extent, caused by the hub model without
streamlined cap adopted in the simulation. It can also be
noticed that the distribution of the axial velocity obtained
in the calculations with the actuator disk is nearly
symmetric for the portside and starboard sides of
computation domain, which is the consequence of the
circumferential averaged distribution of momentum
sources adopted in the present case. The velocity
distributions obtained from the unsteady RANS simulation
reproduce qualitatively the portside/starboard flow
asymmetry as seen in the measured data. Furthermore,
these distributions demonstrate a clear dependency on
propeller blade position with respect to ship hull. A more
detailed comparison and discussion on velocity fields in
the present example can be found in (Krasilnikov, 2012).
6 CONCLUSIONS

The two numerical approaches discussed in the present
paper – an iterative coupled viscous/potential method,
where free surface is modeled directly, and an unsteady
RANS method with sliding mesh, where wave making
resistance is accounted for approximately – are found to be
robust and accurate tools for the analysis of hull-propeller
interaction under self-propulsion condition. In the
considered validation example, the accuracy of prediction
of propeller RPS, hull resistance and propeller thrust
against experimental data at self-propulsion point was
within 3%, for the coupled method, and within 0.6%, for
the direct RANS method. The respective differences in
hull-propeller interaction coefficients were within 3% and
4%. Such levels of accuracy are judged sufficiently high,
considering that the present case of a single-screw
container ship features heavy wake field with a pronounced
peak of the axial velocity component.
Concerning with the total velocity field past ship hull with
operating propeller, the unsteady RANS method brings the
results that are in closer qualitative and quantitative
agreement with the measurements. Hence this method has
a greater potential for studying, within the range of scales
resolved by RANS, the unsteady flow phenomena that
influence hull-propeller interaction and determine
unsteady blade loads, unsteady cavitation and pressure
pulses on the hull.
The iterative viscous/potential coupled method is, on the
other hand, seen as a faster design tool that captures
interaction effects in averaged sense and provides, among
other results, the information about effective wake field on
propeller. This information is important for the
improvement of wake-adapted propeller design
procedures.
Simplifications done in the problem setup make it possible
to employ the aforementioned methods for the
performance prediction in routine research and engineering
simulations, which can be done even on ordinary office
computers within several days.
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