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ABSTRACT

The present article deals with the numerical investiga-
tion of propeller-rudder interaction. The involved simu-
lation method is based on coupling a RANS solver and
a potential-theory based panel method, where the panel
method primarily handles the propeller flow and the RANS
solver is used for the simulation of the complex rudder flow.
Compared to full RANS simulations, this separation allows
numerical investigations in a time-saving manner. In a nu-
merical study, a rudder-propeller combination is evaluated
by means of the developed simulation method for different
propeller advance coefficients and rudder angles. Rudder
cavitation is also adressed. The results are compared to re-
sults obtained by a full RANS simulation.
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1 INTRODUCTION

The purpose of marine rudders is to enable the ship to
maintain or change its course. Apart from obvious design
criteria like the ability to produce sufficient side forces, a
well-designed rudder generates low drag forces, is only lit-
tle susceptible to cavitation and covers a wide range of rud-
der angles without getting into stall. Numerical methods
are able to simulate the hydrodynamic behaviour of rud-
ders and offer the possibility of improving the design.

In a propeller-rudder combination, hydrodynamical inter-
action effects take place, making both components behave
in a different way than they would behave without the pres-
ence of the other component. Thus, when analysing the hy-
drodynamic performance of a rudder, it is essential to also
include the propeller in the investigations.

The most important effects of hydrodynamical interaction
are outlined in the following. A comprehensive explana-
tion can be found in (Weicker 1965). It is assumed that the
interaction effects can be classified according to the direc-
tion in which they act. This is one of the assumptions the
simulation method presented in this paper is based on.

Propeller → rudder. Primarily, the influences of the pro-
peller flow on the rudder are:

(A1) The rudder is exposed to the vortical slipstream of
the propeller, which obviously has an effect on the
rudder forces. The slipstream is disturbed by the rud-
der and consequently the rudder forces differ from

the only theoretically possible situation where the
slipstream is unaffected by the presence of the rud-
der.

(A2) Furthermore, finite thickness and chord length of the
propeller blades induce a displacement flow.

Rudder → propeller. There are two major mechanisms
present in how the rudder affects the performance of the
propeller:

(B1) Due to its finite thickness and chordlength, the rud-
der blocks the flow in the vicinity of the propeller.
The rudder lift generates an additional velocity dis-
turbance in the propeller plane and in front of the
propeller.

(B2) Apart from this, the aforementioned disturbance of
the propeller slipstream, which mainly appears as re-
duction of the slipstream twist, changes the forces
acting on the propeller.

The strength of the interaction effects depends predomi-
nantely on the distance between propeller and rudder and
on the propeller load. Since the velocity field induced by
the propeller depends on the angular position of the pro-
peller blades, the flow field is changing in time.

A number of experimental studies have been devoted to
the interaction between rudder and propeller and numeri-
cal investigation of this phenomenon has been a research
issue for some decades. A review of these activities can
be found in (Molland and Turnock 2007). In order to nu-
merically investigate a rudder operating behind a propeller,
the simulation method should be able to cover all relevant
propeller-rudder interaction effects. RANS methods do this
inherently, and – despite computational costs – nowadays
their application to simulation of flows is a technical stan-
dard in the maritime industry.

Potential-theory based methods allow simulations within
an affordable time frame; however, some difficulties arise
when they are used for the simulation of propeller-rudder
combinations. Being the rudder inflow velocity, the rota-
tional propeller slipstream violates the basic potential the-
ory assumption of irrotational flow (Söding 1999). De-
spite this deficit, satisfactory results can be obtained by
potential-theory based methods. Treating the considerable
cross flow along the trailing edge and the numerical prob-
lems that occur when surface discretization elements repre-



senting the slipstream interact with the rudder remain chal-
lenges in the potential-theory methods, see e.g. (Li 1996),
(Han et al. 2001) or (Felli et al. 2006).

In this paper, an alternative approach is applied which basi-
cally consists of coupling a RANS method with a potential-
theory based method. This viscous/inviscid coupling al-
ready has been used with some modifications in earlier
works for the simualtion of rudders working behind a pro-
peller, for instance see (Moctar 2001), (Natarajan 2003)
or (Laurens 2003). All these works have in common that
in the viscous flow region treated by the RANS method
the geometrically resolved propeller is replaced by a cor-
responding distribution of body forces calculated by a
potential-theory based method. Using this approach can
significantly decrease computational effort and time. In
(Berger et al. 2013) a simulation tool based on coupling
a RANS solver and a panel method has been used for the
prediction of pressure fluctuations on the ship hull induced
by the propeller; other applications are reported in (Greve
et al. 2012). In this work, the tool is enhanced in order to
better capture propeller-rudder interaction, including cavi-
tation effects occurring on the rudder.

The paper is organised as follows: After a brief descrip-
tion of the underlying methods in Sections 2.1 and 2.2,
the bodyforce coupling algorithm is outlined in Section 2.3
and the overall simulation process is explained in the sub-
sequent section. Section 4 reports on a numerical study
in which a propeller-rudder combination has been investi-
gated by the present simulation method and the results are
compared to those obtained by a fully viscous simulation
and available experimental data provided by SVA Potsdam.

2 CALCULATION METHOD

The basic idea behind the calculation method used in this
work is to split the flow problem into two interacting parts,
each one covering different flow details, see Figure 1.
The viscous flow domain Λ covers flow effects which are
strongly influenced by viscosity, i.e. the wake flow around
the ship hull (in case of a ship being part of the investiga-
tions), as well as complex flow phenomena like the vortical
propeller slipstream interacting with the rudder or cavita-
tion forming on complex rudder forms.

Figure 1: Decomposition of the flow.

The potential flow domain Ω treats flow phenomena of po-

tential flow character – the flow directly around the pro-
peller and the blockage effect of the rudder. This division of
the flow problem enables combining a RANS solver with a
panel method and carrying out simulations in a time-saving
manner without losing to much accuracy compared to full
RANS simulations. Most of the computational time can be
saved by replacing the geometrically resolved propeller in
the viscous flow domain by a corresponding distribution of
body forces which is derived by the panel method.

In the following subsections, the theoretical background of
the underlying methods is summarised briefly and the body
force coupling algorithm, which maps the pressure distri-
bution on the propeller blades in the potential flow domain
to body forces acting in the viscous flow domain, is out-
lined.

Figure 2: Global (left) and propeller-fixed (right) coordi-
nate system, view from behind.

Figure 2 shows the coordinate systems used throughout the
paper. The global coordinate system is fixed to the ship
with x = (x, y, z). However, some of the mathematical
formulations are given in a body-fixed coordinate system
X = (X,Y, Z) rotating with the propeller.

2.1 Potential Flow Domain

The flow in the potential flow domain Ω is treated by a
low-order panel method. In this work, the in-house code
panMARE is applied (Bauer and Abdel-Maksoud 2012).
A detailed description of the underlying theory is given by
Katz and Plotkin (2001).

It is assumed that the total velocity field U = U (x, t)
can be divided into a velocity field of the background flow
U∞ = U∞ (y, z, t) which is constant for all x and an in-
duced flow field U+ = U+ (x, t):

U = U∞ + U+. (1)

Initially, it is assumed that Ω contains only one body, say
the propeller. In the body-fixed coordinate system (see Fig-
ure 2), Equation (1) is rewritten to

V = V0 + V+ (2)

with the total velocity field V = V (X, t) and V0 = V∞+
Vmot, where V∞ is the background flow in propeller-fixed
coordinates and Vmot is the velocity component due to
the motion of the propeller. The induced flow field V+

is considered to be incompressible and irrotational. Hence,
a velocity potential Φ = Φ (X, t) with V+ = ∇Φ and



∇ = (∂/∂X, ∂/∂Y , ∂/∂Z) can be introduced, and the gov-
erning flow equations simplify to Laplace’s equation for
the potential Φ and Bernoulli’s equation for the pressure p:

∇2Φ = 0 (3)

and

p+
1

2
ρ|V|2 + ρ

∂Φ

∂t
+ ρgz = pref +

1

2
ρ|V0|2, (4)

∀X ∈ Ω with pref being a suitable reference pressure.
For a lifting body, the boundary S = ∂Ω is divided into
the surface of the body SB , the surface SW representing
the trailing wake propagating from the trailing edge of the
body and the surface S∞ at infinity. For an arbitrary point
X0 ∈ Ω, the potential Φ resulting from a distribution of
sources σ = σ (X) and dipoles µ = µ (X) on SB and
dipoles on SW can be obtained by Green’s third identity:

Φ(X0) =
1

4π

∫
SB∪SW

µ∇
(

1

d

)
· ndS − 1

4π

∫
SB

σ

d
dS,

(5)
where n = n (X) is the normal vector of the surface ele-
ment dS and d = ‖X−X0‖. For X ∈ SB ∪ SW holds

σ = −∇Φ · n and µ = −Φ. (6)

In order to obtain a physically meaningful potential and ve-
locity field, boundary conditions have to be fulfilled on SB ,
SW and S∞:

(1) With growing distance to the body, the influence of
the induced velocities must decrease and finally van-
ish:

V+ = ∇Φ = 0, ∀X ∈ S∞. (7)

The general solution given by Equation (5) fulfills
this condition inherently.

(2) On the surface SB of the solid body, the imperme-
ability condition is applied, stating that no flow is
allowed to penetrate SB :

V · n = (V0 +∇Φ) · n = 0, ∀X ∈ SB . (8)

(3) On the wake surface SW , the Kutta condition is ap-
plied to model the vorticity:

∆p = 0, ∀X ∈ SW , (9)

where ∆p = p+ − p− is the pressure jump between
the pressure value on the upper and lower side of
the trailing wake. Fulfilling the pysical Kutta con-
dition (9) in a direct way requires an iterative solu-
tion procedure. In order to simplify the calculations,
Morino’s Kutta condition is applied:

µW = µu − µl, (10)

defining the relation between the dipole strengths of
the upper and lower side of the trailing edge and the
dipole strength of the wake surface directly behind
the trailing edge. This linearisation holds if the flow
direction is perpendicular to the trailing edge.

Equation (5), combined with the above boundary condidi-
tions, results in a boundary value problem that is solved by
the panel method. Hereby, the surfaces SB and SW are dis-
cretised by quadrilateral elements and the boundary condi-
tions are applied at the collocation points X0 of each panel
element. Dipoles and sources are assumed to be constant
over one panel. In order to account for the wake roll-up, the
wake surface SW has to be aligned along the streamlines of
the velocity field V in an iterative manner. This, however,
entails a huge computational effort, especially if the dis-
cretisation of the wake surface is fine. Alternatively, the
shape of the surface SW can be prescribed and considered
to be indeformable during the simulation.

For a non-lifting body, modelling the wake flow is omitted.
The discretised problem results in a set of linear equations
for the unknown source and dipole strengths, which can be
solved numerically by the Gauss method.

In a multi-body simulation, the influences of other bodies
q have to be taken into account. Considering a particular
body, the influences of other bodies can be captured by the
velocities U+

q = ∇Φq induced by body q at the location of
the body considered. The background velocity introduced
in Equation (1) is then replaced by:

U⊕∞ = U∞ +
∑
q

∇Φq, (11)

with U⊕∞ = U⊕∞ (x, t) and ∇ = (∂/∂x, ∂/∂y, ∂/∂z). The
procedure described in this subsection has to be carried out
sequentially for all bodies located in the potential flow do-
main under consideration of the respective corrected back-
ground flow U⊕∞.

2.2 Viscous Flow Domain

For the calculation of the viscous flow in the domain Λ
including cavitation effects on the rudder, a commercial
RANS code is applied (ANSYS 2014). The cavitating flow
is regarded as two phase flow and a mixture model is ap-
plied to approximate cavitation effects. The model assumes
the fluid to be a mixture of liquid water m and vapour v,
where the sum of the volume fractions must be equal to
one:

αm + αv = 1. (12)

The density of the mixture ρ∗ is obtained by

ρ∗ = αmρm + αvρv, (13)

where ρv is the density of vapour and ρm the density of liq-
uid water (containing a certain amount of dissolved gases).
A corresponding relation holds for other material proper-
ties. The governing equations describing the behaviour of
the flow are the continuity equation

∂ρ∗

∂t
+∇ · (ρ∗u) = 0 (14)

and the momentum equation(
∂

∂t
+ u · ∇

)
(ρ∗u) = −∇p+∇ · (τ + τT ) + f , (15)



∀x ∈ Λ. In Equation (15), the variable u denotes
the Reynolds-averaged velocity, p the Reynolds-averaged
pressure, τ the Reynolds-averaged molecular stress tensor
and τT the Reynolds stress tensor due to the Reynolds-
averaging, whose components are approximated by appro-
priate turbulence models. f is a volume specific force
source term. This term will become important later in Sec-
tion 2.3.

Transport and production of both phases are described by
the volume-fraction equation

∂

∂t
(αmρm) +∇ · (αmρmu) = Ṡl, (16)

∀x ∈ Λ, where the source term Ṡl of the liquid phase is
simply related by Ṡl = −Ṡv to the source term of the
vaporous phase Ṡv . The volume fraction of the vaporous
phase results from Equation (13). Determining the source
term Ṡv is the task of the particular cavitation model. In
this case, the cavitation model described and developed by
Bakir et al. (2004) is used. Apart from some material and
empirical constants, the source term is proportional to

Ṡl ∼ −Fc
√
|pv − p| sgn (pv − p) (17)

with pv being the vapour pressure of water, Fc = 50 for
pv − p > 0 and Fc = 0.01 for pv − p < 0 taking into
account that vaporisation happens much faster than con-
densation. The relation in Equation (17) originates from
the idea that a volume unit contains a number of vapour
bubbles whose growing and shrinking behaviour is mod-
elled by means of the Rayleigh-Plesset equation. In order
to simplify the model, the higher-order terms of this equa-
tion are truncated.

In case of non-cavitating flow, the density ρ∗ becomes a
constant ρ∗ = ρ, Equation (16) is redundant and all time
derivatives of the density vanish in Equations (14) and (15).

For the numerical solution of the above equations under
consideration of appropriate boundary and initial condi-
tions, the ANSYS CFX code based on a finite volume ele-
ment method which can be applied for both structured and
unstructured numerical grids is used.

2.3 Body Force Coupling Algorithm

One basic idea of the simulation tool developed in this pa-
per is to replace the geometrically resolved propeller in
the viscous flow domain Λ by a corresponding distribu-
tion of body forces transferred from the potential flow do-
main Ω. The mapping algorithm involved is able to convert
the pressure distribution on the blades to volume-specific
body forces and has been implemented in ANSYS CFX
user coding. It can handle both structured and unstruc-
tured meshes and takes into account the propeller shape in-
cluding pressure and suction side of the blades. From now
on, the notation of the theory in a continuous form will be
abandoned and a discretised form will be used instead.

For each time step, the panel method provides the center
xk and the four vertices xc,l,k, l = 1, ..., 4 of each panel k.
The area Ak, pressure pk and the normal vector nk yield

the force Fk = pkAknk + Ffr,k acting on the panel. Ffr,k

is an empirically estimated friction force.

ΛP ⊂ Λ is defined as the part of the viscous flow domain
containing the virtual propeller. The volume mesh consists
of a number of control volumes dVm surrounding the grid
vertices xm.

First, the mesh in the subdomain ΛP is analysed and an
equivalent cell radius rs,m is assigned to each control vol-
ume dVm:

rs,m = β 3
√
dVm, (18)

where β = 1.0...2.0 is a model parameter regulating how
sharp the propeller shape is reproduced in the viscous flow
domain. Knowing rs,m for each control volume, it is de-
tected which panels k are intersected by the control volume
m. This is done by means of the following definition:

ak,m =


1 if ‖xm − xk‖ ≤ rs,m
∨‖xm − xc,l,k‖ ≤ rs,m, l = 1, ..., 4

0 else
.

(19)
Furthermore, the number of panels intersected by the m-th
control volume is of concern:

bm =

{
1 if ak,m = 0 ∀k∑
k ak,m else

. (20)

The distribution of body forces fbf,m added to the source
term of the momentum Equation (15) is then obtained by

fbf,m =
∑
k

ak,m
bm

Fk
Vk

with Vk =
∑
m

ak,m
bm

dVm. (21)

The coupling algorithm described so far works without any
problems for non-cavitating flow. No experience is avail-
able concerning whether the algorithm in combination with
the cavitation model presented in Section 2.2 is able to
handle propeller cavitation in a physically reasonable way.
Thus, the numerical studies carried out in this work for cav-
itating flow are confined to those cases where no or only lit-
tle cavitation occurs on the propeller blades, and the focus
is set on rudder cavitation. However, even in cases with-
out cavitation on the blades, numerical problems related to
the impact of body forces arise when the cavitation model
is activated. To overcome these problems, the body force
distribution obtained by Equation (21) is corrected by the
volume fraction αm,m which leads to

f∗bf,m ≈ αm,m fbf,m. (22)

3 SIMULATION PROCEDURE

In this section, the overall simulation procedure is depicted.
The procedure is shown in Figure 3. Consider the most
general case of a propeller-ruder combination working be-
hind a ship. In that case, the viscous flow domain Λ con-
tains the ship hull and the rudder with all relevant details.
The subdomain ΛP serves as retainer for the virtual pro-
peller. The potential flow domain Ω consists essentially
of the propeller, the rudder and parts of the hull directly
above the propeller. It is not necessary to model the rudder
with the same level of detail as in the viscous flow domain,



Figure 3: Principle of the simulation method. Interaction effects are denoted by grey arrows.

since complicated flow details, as for example, gap flows or
rudder cavitation are not analysed in the potential flow do-
main. The unsteady simulation procedure consists of two
major steps:

Step 1. The velocity distribution u is extracted from the
viscous flow domain for a number of control points xref,j

(typically 500...600) located in a reference plane upstream
the propeller, i.e. xref,j = xref = const. 0.25D has proven
to be an adequate distance between propeller and reference
plane (Greve et al. 2012). The velocity in the reference
plane is affected by the wake flow of the ship, the suc-
tion effect of the (virtual) propeller and the influence of
the rudder. Due to the distance between rudder and refer-
ence plane, the latter is only perceptible to a minor extent.
In order to approximate the effective wake field serving as
background flow U∞ in the potential flow domain, the in-
duced velocities of propeller and rudder are subtracted:

U∞
(
t[i]
)
≈ u

(
t[i−1]

) ∣∣
x=xref

−
[
U+
P

(
t[i−1]

)
+ U+

R

(
t[i−1]

)] ∣∣
x=xref

,
(23)

for xref,j . Since no information on the induced velocities
is available for the current time step t[i], the results from
the previous time step t[i−1] are used. In the potential flow
domain Ω, the propeller flow is calculated considering a
modified background flow U⊕∞ = U∞ + U+

R according
to the explanations in Section 2.1. Note that in contrast to
Equation (23) U+

R is now evaluated for the propeller loca-
tion, not for xref,j .

At this point, two basic simplifications are made now. For
the calculation of the propeller flow in the potential flow
domain Ω, a prescribed wake model is used (see Section
2.1) and consequently, the deformation of the propeller
slipstream is not taken into account. A further simplifica-
tion is that the flow around the rudder is determined with-
out accounting for the induced velocities of the propeller.
Without these simplifications, advanced models would be
required to handle the deformation of propeller wake pan-
els in interaction with the rudder and the computational ef-

fort would increase notably.

Step 2. The pressure distribution on the propeller derived
by the panel method is transformed to a corresponding dis-
tribution of body forces as described in Section 2.3 and
passed to the viscous flow domain Λ. In so doing, the pres-
ence of a propeller is emulated influencing the flow around
the rudder and the hull. Rudder forces, complex gap flows
and rudder cavitation can then be analysed.

The two steps are repeated for every time step considering
the current propeller blade position. If the ship hull is not
included in the simulation, extracting the velocity field u
is no longer required and only the induced velocities of the
rudder have to be considered to determine the background
flow of the propeller in the potential flow domain.

4 NUMERICAL STUDY

In this section, the methodology and the results of the nu-
merical study are given. Herein, a rudder-propeller combi-
nation operating in homogenous inflow under a flat plate is
investigated. Generally, the developed tool is able to con-
sider the influence of the ship hull. In the present study,
however, no ship hull is included in order to clearly isolate
effects of propeller-rudder interaction from other effects.

Figure 4: Main dimensions of the investigated propeller-
rudder combination.



The main dimensions of the investigated configuration,
which is based on the aftship design of the KRISO Con-
tainer Ship (NMRI 1997), are shown in Figure 4 and Table
1. All simulations are carried out in model scale.

Table 1: Main dimensions and properties of the investigated
propeller-rudder combination.

Characteristics Value
Propeller KCS
Type, sense of rot. 1 × FPP, clockwise
Propeller diameter D = 2R [m] 0.250
Number of blades nb [-] 5
Hub ratio dh/D [-] 0.180
Area ratio Ae/(π4D

2) [-] 0.800
Pitch ratio P/D [-] 0.996
Rudder
Type Untwisted spade rudder
Profile NACA0018
Height H [m] 0.313
Chord length cu [m] 0.190

cl [m] 0.158
Lateral area Al [m2] 0.054
TE – rudder stock e [m] 3/5cl
Installation position
Tip clearance sH [m] 0.220D

sR [m] 0.086D
Propeller – rudder stock f [m] 0.498D

The operation conditions chosen for the numerical study
are listed in Table 2.

Table 2: Operation points.

Characteristics Value
Inflow velocity V [m/s] 2.0
Propeller load
Number of rev. n [s−1] 11.429

– or –
n [s−1] 16.0

acc. J = 0.7 and J = 0.5 with J = V
nD

Rudder load
Rudder angle δ [◦] 0

– or –
δ [◦] 10

Cavitation
non-cavitating flow

– or –
Cavitation number σV = pref−pv

1/2ρV 2 [-] 2.6

only for J = 0.7 and δ = 10◦

The propeller-rudder combination is investigated in two
different ways: by means of the simulation tool developed
in the present work and by a fully viscous simulation with
geometrically resolved propeller. It is assumed that the in-
teraction effects between rudder and propeller are captured
correctly by the fully viscous simulation and they are thus
appropriate to evaluate the accuracy of the developed vis-
cous/inviscid coupling approach.

4.1 Description of the Numerical Grids

In the following, the grids used for the numerical study are
described and some relevant setup parameters are given.

Fully Viscous Simulation Figure 5 illustrates the dimen-
sions of the grid for the fully viscous simulation with AN-
SYS CFX. The unstructured mesh consists of 4.33 mio.
tetrahedra elements whereof 1.65 mio. elements are used
to discretise the propeller, 2.31 mio. are arranged in the
vicinity of propeller and rudder and 0.37 mio. fill the outer
mesh zone.

Figure 5: Extent of the numerical grid used for the RANS
simulation.

Figure 6: Numerical grid used for the RANS simulation,
detail view.

A sliding interface connects the propeller grid and the static
part of the grid, see Figure 6. Propeller hub and shaft are
modelled as cylinder. The grid resolution around the rud-
der is relatively fine in order to account for cavitation and
boundary layer effects. Since a detailed analysis of the pro-
peller flow is not part of the numerical investigation, the
propeller grid is kept coarse. For the simulation of tur-
bulence, the SST turbulence model is employed (ANSYS
2014). The time step size is adjusted in such a way that the
angle increment is four degrees.

Coupling Approach In this case, two different grids are
necessary: the mesh for the viscous flow domain Λ and



the surface grid discretising the potential flow domain Ω.
The former is derived from the mesh mentioned above that
is used for the fully viscous simulation by removing the
elements which discretise the propeller. This part of the
mesh is replaced by empty cells and the sliding interface
is no longer needed. Since the mesh density in this zone
can be chosen low, almost all elements formerly located in
this zone can be saved and the overall number of elements
shrinks to 2.69 mio.

Figure 7: Numerical grid of the viscous flow domian Λ,
detail view.

The number of elements representing the virtual propeller
in the viscous flow domain depends on the mesh density. In
this case, approximately 5700 elements represent the pro-
peller geometry, see Figure 7. The exact number varies
slightly with the angular position of the propeller.

Figure 8: Panel model of the potential flow domain Ω. De-
activated panels on the plate are coloured dark.

Figure 8 shows the surface grid of the potential flow do-
main consisting of propeller, rudder and a horizontal plate
above the propeller. Each propeller blade is discretised by

12 panel elements on pressure and suction side in the cir-
cumferential direction and 22 panels in the radial direction
with increasing refinement towards the blade tips (528 pan-
els per blade). The propeller hub is not included in the
panel model. Capturing the flow around the upper part of
the rudder requires a special treatment. In order to keep
the model as simple as possible and to avoid complex grid
structures in this region, the rudder grid is extended in way
that it pierces the plate and those plate panels which are
located very close to the rudder are deactivated since they
give rise to numerical problems. Similar to the fully vis-
cous simulations, a time step size is chosen which results
in an angle increment of four degrees.

4.2 Results

The presentation of the results is organised as follows:
First, some integral time-averaged quantities regarding rud-
der and propeller are given. After this, unsteady flow phe-
nomena are addressed and some relevant results on details
of the flow around rudder and propeller are shown. From
now on, RANS refers to results obtained by the RANS
method with geometrically resolved propeller and CPL
stands for those results obtained by the viscous/inviscid
coupling approach developed in this work. Unless ex-
plicitly stated, the results presented are related to non-
cavitating flow. The discussion of the results will take place
in Section 4.3.
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Figure 9: Influence of the rudder on thrust, torque and the
efficiency of the propeller for different advance coefficients
J and different rudder angles δ.



Integral Time-Averaged Results Figure 9 provides an
overview of the predicted time-averaged propeller thrust
and torque for different advance coefficients and rudder an-
gles as well as for the case where no rudder influences the
propeller flow. Experimental data is only available for open
water conditions (Richter and Heinke 2006).
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Figure 10: Influence of the propeller on rudder lift and rud-
der drag for different advance coefficients J and different
rudder angles δ.
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Figure 11: Sectional rudder lift distribution.

The integral forces acting on the rudder are shown in Figure

10 in a dimensionless form:

CL =
F̃y

1/2ρAlV 2
and CD =

−F̃x
1/2ρAlV 2

,

where F̃y and F̃x are the y- and x-component of the time-
averaged force acting on the rudder.

A more detailed analysis of the rudder lift is given in Figure
11 in which the sectional lift coefficient

CL,s =
d̃Fy

1/2ρ dAl V 2

is plotted over the relative vertical rudder position z−zP
R

with zP being the z-coordinate of the propeller axis. For
δ = 10◦ the lift distribution generated without the presence
of the propeller can also be seen in the figure.

Unsteady Flow Phenomena In this section, the focus
is put on phenomena which are related to unsteady flow.
These include temporal fluctuations of the propeller thrust
and fluctuations of the pressure field induced by the pro-
peller. The relative blade thrust fluctuation εTb is defined
here as

εTb =
Tb − T̃b
T̃b

,

where T̃b is the time-averaged blade thrust and Tb is the in-
stantaneous blade thrust. In Figure 12, the fluctuations of
the blade thrust for different advance coefficients and rud-
der angles is shown.
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Figure 12: Influence of the rudder on the relative change
of blade thrust.

Propeller-induced pressure fluctuations are evaluated by
means of a Fourier analysis for a number of monitoring
points above the propeller where x = xP , −0.24 < y

R <



0.24 and z = zH . xP denotes the propeller plane and zH
the vertical position of the flat plate or the solid wall above
the propeller, respectively. The amplitudes p̂[i] are made
dimensionless by

kp[i] =
p̂[i]

ρn2D2
.

The label [i] refers to the frequency innb the pressure am-
plitudes are occuring with. Figure 13 displays pressure
fluctuations for i = 1 induced by the propeller without and
with rudder as well as for different rudder angles. For rea-
sons given later in Section 4.3, pressure fluctuations pre-
dicted by means of the coupling approach are observed in
the potential flow domain.
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Figure 13: Propeller-induced pressure fluctuations above
the propeller.

Selected Flow Details The results presented so far are
related to quantities derived from time-averaged or instan-
taneous surface pressure distributions. In this section, the
analysis is extended towards the entire flow field. Figure
14 illustrates the behaviour of the propeller slipstream in
interaction with the rudder for δ = 0◦ and J = 0.7. In
the left subfigures, prominent vortex structures propagat-
ing from the blade tips are made visible by means of vortex
detection criterions available in the ANSYS CFX post pro-
cessing module for a particular instant of time. On the right
hand side, isolines for the axial velocity show the accelera-
tion and the deflection of the flow based on a time-averaged
velocity field ũ.

The coefficients of time-averaged pressure Cp̃ and maxi-
mum pressure change Cp̂ are introduced:

Cp̃ =
p̃− pref
1
2ρV

2
and Cp̂ =

pmax − pmin
1
2ρV

2
,

with p̃ being the time averaged pressure and pmax and pmin

being the maximum and minimum pressure observed in a
particular position, respectively. For z = zP − 0.5R and in
the vicinity of the rudder, Cp̃ and Cp̂ are shown in Figures
15 and 16.

Rudder Cavitation For the analysis of rudder cavitation,
the mixture model as described in Section 2.2 is activated.
Those zones in the flow where αm < 0.5 are regarded as
cavitation. For the reasons given in Section 2.3, rudder cav-
itation effects are only investigated for J = 0.7 where the
propeller is only moderately loaded and propeller cavita-
tion is negligible. The considered rudder angle is δ = 10◦.
The prognosted cavitation pattern on the rudder for this op-
eration conditions is shown in Figure 17. For a better com-
parability, reference lines have been drawn in the figure.

Figure 17: Predicted rudder cavitation for J = 0.7 and
δ = 10◦. The criterion for cavitation used here is αm <
0.5. The topmost line is located at z = zP , the distance
between the lines is 0.2R. Left: CPL, right: RANS.

4.3 Discussion

Recalling the main interaction effects between rudder and
propeller mentioned in the introductory Section 1, which
of these effects are captured by the simulation tool?

Propeller → rudder. The rudder side forces predicted by
the simulation tool show good agreement with the RANS
simulation results, especially for δ = 10◦, see Figure 10.
For δ = 0◦, some deviations occur. However, predicting
the side force of the rudder with zero rudder angle is chal-
lenging, because in this case, the relatively small side force
is the remainder of two bigger forces acting contrarily on
the upper and the lower half of the rudder. Figure 11 illus-
trates this. The developed simulation tool provides good
results with respect to the rudder drag at J = 0.7 where the
propeller is moderately loaded. The accordance of these
integral quantities indicate that the influence the deformed



Figure 14: Left: Visualisation of tip vortex structures. Right: Isolines of axial velocity for 1.25 < ux
V

< 1.75 at y = 0.5R
(black) and y = −0.5R (grey). CPL top, RANS bottom; operation conditions: J = 0.7 and δ = 10◦.

propeller slipstream has upon the rudder (A1, ref. Section
1) is sufficiently captured by the developed approach. This
is also a basic condition for a reliable cavitation analysis.
The predicted cavitation shapes shown in Figure 17 differ
only in detail, especially in the upper region where the pro-
peller hub affects the flow.

No noticeable differences become evident regarding the
time-averaged pressure field around rudder and propeller
shown in Figure 16. This is a completely different mat-
ter for the pressure fluctuation: the pressure change Cp̂
observed in the viscous flow domain Λ is much smaller
than predicted by the RANS method with geometrically re-

solved propeller. This difference can be traced back to the
fact that in the vicinity of the propeller displacement effects
due to the finite blade thickness and chord length become
important (A2). However, the virtual propeller emulated
by a distribution of body forces is not able to render those
effects in the way a geometrically resolved model of the
propeller would do this.

Rudder→ propeller. Regarding the relative change of pro-
peller thrust kT due to the presence of the rudder given in
Figure 9, some discrepancies between the results obtained
by the RANS method and the coupling approach can be ob-
served. Although both methods forecast the same tendency,

Figure 15: Time-averaged pressure distributionCp̃ for z = zP −0.5R for J = 0.7 and δ = 10◦. Left: Rudder without propeller,
middle: CPL, right: RANS.



the results differ in detail. Whereas the relative increase
of thrust predicted by the coupling approach is nearly in-
dependent of the advance coefficient J , the increase pre-
dicted by the RANS method is higher for J = 0.7 than for
J = 0.5. As explained in Section 3, the blockage effect
(B1) of the rudder is captured by incorporating the rudder
in the potential flow domain. On the contrary, because of
the simplifactions made with respect to modelling the pro-
peller slipstream in the potential flow domain, the effect of
the reduced slipstream twist on the propeller forces (B2) is
not captured. Whereas the former is nearly independent of
the propeller load, the latter depends. The same explana-
tion holds for the predicted propeller torque kQ and for the
efficiency η which results from both aforementioned quan-
tities.

Figure 16: Maximum pressure change Cp̂ for z = zP −
0.5R for J = 0.7 and δ = 10◦. Left: CPL, right: RANS.

Despite these somewhat disappointing results for the in-
tegral time-averaged propeller forces, the influence of the
rudder on the temporal fluctuations of the forces acting on
a single blade is captured excellently. For J = 0.7 and
δ = 10◦, the peak value predicted by the coupling ap-
proach seems to be overestimated, which may be related
to the prescribed propeller wake model.

For non-cavitating flow, the strength of propeller-induced
pressure fluctuations depends predominantely on the pro-
peller load and the radial thrust distribution of the propeller
blades (Huse 1972). With decreasing distance to the pro-
peller, displacement effects become important. The results
in Figure 13 reveal that the simulation tool is able to pre-
dict all these effects in a satisfactory manner. Note that
the pressure fluctuations have to be observed in the poten-
tial flow domain Ω, because, as already stated, the blade
displacement cannot be rendered sufficiently by the body
force distribution in the viscous flow domain.

4.4 Remarks to the Computational Effort

A converged solution with respect to time-avergaged rud-
der and propeller forces is indispensable for a reliable hy-
drodynamic analysis of a propeller-rudder combination.
For the given configuration, depending on the operation
point, converged time-averaged forces are reached after ap-
proximately 1.8...2.0 propeller revolutions. Using 32 cores
each with 2.6GHz, the developed method needs about 2.5h
for the simulation of 7 propeller revolutions.

Table 3: Relative CPU seconds required for the simulation
of one revolution.

RANS CPL w/o prop.
CPU time/ rev. 100% 60% 37%

Table 3 helps to estimate the amount of time which can be
saved using this method. The RANS solver runs through
3...5 inner iterations per time step, independend of the way
the propeller is modelled.

CONCLUSIONS

A simulation tool based on coupling a RANS solver and a
panel method has been presented which is able to capture
relevant interaction effects between rudder and propeller.
Regarding the rudder flow, the method is able to provide
results of the same level of detail as a RANS simulation
carried out with geometrically resolved propeller. As far
as the propeller flow is concerned, some inaccuracies oc-
cur. However, they originate from the simplifications made
and are thus explainable. The method is able to simulate
cavitation effects on the rudder, but the present formula-
tion allows only for the investigation of those cases where
propeller cavitation plays a minor role.
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NOMENCLATURE

General variables and constants
x = (x, y, z) Space variable in global coordinates
X = (X,Y, Z) ∼ in body-fixed coordinates
t Time variable
g Gravity constant
ρ Density of water
pv Vapour pressure of water
Variables potential flow domain Ω

U (x, t) Total velocity in global coordinates
U∞ (y, z, t) Background flow velocity in ∼
U+ (x, t) Induced velocity in ∼
U⊕∞ (x, t) Background flow in a multi-body simula-

tion in ∼
Φ Induced potential
p Pressure
µ, σ Dipole strength, source strength
V, Vmot, V∞,
V+

Velocities in body-fixed coordinates

X0 Collocation point
n Normal vector of a surface element
Variables viscous flow domain Λ

u Reynolds-averaged velocity
p Reynolds-ave. pressure
τ Reynolds-ave. molecular stress tensor
τT Reynolds stress tensor
f Momentum source term
αm, αv Volume fractions: m liquid, v vaporous
·∗ Material property of mixture



Relevant operation point parameters
R, D = 2R Propeller radius, diameter
nb Number of blades
(xP , yP , zP ) Position of the propeller center in global

coordinates
V Inflow velocity
n Number of revolutions
J = V

nD
Advance coefficient

kT = T
ρn2D4 Time-ave. thrust coefficient

kQ = Q
ρn2D5 Time-ave. torque coefficient

σV = pref−pv
ρ/2V 2 Cavitation number

pref Reference pressure at z = zP
δ Rudder angle
Auxiliary quantities
·̃ Time-ave. quantity
·̂ Fluctuation or amplitude of a quantity
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DISCUSSION

Question from Dr. Ki-Han Kim In Figure 13, kp is
higher for J = 0.7 than for J = 0.5, which is counter-
intuitive. Lower J means higher loading, which will induce
higher kp than higher J with lower loading.

Author’s Closure For the simulations carried out in this
study, the inlet velocity V has been kept constant and
J = V

nD has been adjusted by a variation of n. In order to
make pressure amplitudes dimensionless, ρn2D2 has been
used as denominator, which is different for J = 0.5 and
0.7.


