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Abstract

A numerical approach based on a potential flow method is developed to simulate the unsteady interaction between propeller and rudder. In
this approach, a panel method is used to solve the flow around the rudder and a vortex lattice method is used to solve the flow around the
propeller, respectively. An iterative procedure is adopted to solve the interaction between propeller and rudder. The effects of one component on
the other are evaluated by using induced velocities due to the other component at every time step. A fully unsteady wake alignment algorithm is
implemented into the vortex lattice method to simulate the unsteady propeller flow. The Rosenhead-Moore core model is employed during the
wake alignment procedure to avoid the singularities and instability. The Lamb-Oseen vortex model is adopted in the present method to decay the
vortex strength around the rudder and to eliminate unrealistically high induced velocity. The present methods are applied to predict the per-
formance of a cavitating horn-type rudder in the presence of a 6-bladed propeller. The predicted cavity patterns compare well with those
observed from the experiments.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As the main device of controlling the ship's manoeuvring
performance, the rudder is normally placed at the ship's stern
behind the propeller to utilize the rotational energy from
propeller and increase the propulsive efficiency. With an
increasing demand of high speed, large capacity vessels in
both navy and commercial applications, the driving power of
those vessels has persistently increased in recent decades. The
hydrodynamic loading upon propellers and the unsteadiness of
its induced wake flow are also increased. In consequence, the
interaction between operating propeller and rudder has
become increasingly crucial for both propeller and rudder
design and analysis.

There has been a considerable amount of investigation into
the interaction between propeller and rudder in the past. Lewis
(1973) conducted tests to measure the propeller excited forces

on rudder. Minson (1974) investigated the phase angle between
the impingement of propeller tip vortex and the vibratory forces
on a spade rudder. Stierman (1989) conducted systematic tests
with various propeller/rudder configurations to evaluate the
influence of the rudder on propulsive performance.

Turnock (1993) proposed a panel method for calculation of
interaction effects of a propeller and rudder. The theory is
based on a lifting surface method where both rudder and
propeller geometries are modeled. The interaction between
rudder and propeller is accounted for by modification of the
inflow fields for the two components. Fujino (1996) discusses
different models based on the panel method for calculation of
the interaction between rudder, propeller and hull. Li (1996)
investigated the propeller-rudder interactions by applying a
lifting line theory for the propeller and a vortex lattice method
for the rudder. The deformation of slipstream from propeller
was taken into account by satisfying the boundary conditions.
Han et al. (2001) used a surface panel method to solve the flow
around a horn-type rudder and a vortex lattice method to solve
the flow around the propeller. The three-dimensional flow
around the rudder and the propeller was computed
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simultaneously. The calculated results were compared with the
measurements from other experiments. Szantyr (2007) inves-
tigated the hydrodynamic interaction between operating pro-
peller and rudder by using a program based on the unsteady
lifting surface model representing the propeller and on a
boundary element method representing the rudder. Kinnas
et al. (2007) predicted sheet cavitation on a rudder in a pro-
peller slipstream, including the effects of propeller as well as
of tunnel walls. In their work, a vortex lattice method coupled
with a finite volume method representing propeller and wall
effect and a boundary element method representing the rudder
were applied to predict time-averaged sheet cavitation on
rudders. The interactions between propeller, rudder and tunnel
wall are included via effective velocity predicted by a finite
volume method. However, in those methods the unsteadiness
caused by propeller shed wake and its impingement with
rudder surface are ignored.

In this paper, a numerical approach based on a panel
method and a vortex lattice method for the unsteady propeller/
rudder interaction is presented. The developed methods allow
simulating the propeller-rudder interaction in a fully unsteady
way. The interaction between propeller wake and rudder sur-
face is desingularized by introducing a viscous vortex core
model. Furthermore the propeller shed vorticity is eliminated
through this vortex core model in a more natural way. Nu-
merical results using the current method are presented and
compared with experiments.

2. Formulation for flow around rudder

In this paper, the performance prediction of wetted and
cavitating rudders subjected to unsteady propeller flow is
performed by using a 3-D potential based panel method.

2.1. Governing equation

Assuming the flow is incompressible, inviscid and irrota-
tional, the total velocity q!ðx; y; z; tÞ at any point in the fluid
domain can be expressed as follows:

q!ðx;y; z; tÞ ¼ q!inðx;y; z; tÞ þVfðx;y; z; tÞ ð1Þ
where q!in is the inflow wake respect to the rudder surface.

The perturbation potential, fðx; y; z; tÞ, satisfies the Lap-
lace's equation in the fluid domain.

V2fðx;y; z; tÞ ¼ 0 ð2Þ
At every point pðx; y; zÞ on the wetted rudder surface, SRw,

or on the cavitating surface SC, the perturbation potential,
fðx; y; z; tÞ, must satisfy Green's third identity:

2pf¼
Z Z

SRW∪SC

�
fq

vGðp;qÞ
vnq

�Gðp;qÞvfq

vnq

�
ds

þ
Z Z

SW

DfW

vGðp;qÞ
vnq

ds ð3Þ

where the subscripts q and p correspond to the variable point
in the integration and the field point, respectively.
Gðp; qÞ ¼ 1=Rðp; qÞ is the Green's function with Rðp; qÞ being
the distance between points p and q. n! is the unit vector
normal to the rudder and wake surface with a positive direc-
tion pointing into fluid domain. SW is the trailing wake sheet
shed from rudder trailing edge. DfW is the potential jump
across the rudder trailing wake sheet.

The integral Eq. (3) implies that the potential f at any field
point can be expressed as the integration of induced potential
due to sources and dipoles over the rudder and cavity surfaces;
and can induce potential due to dipoles on the trailing wake
surfaces. In the panel method, the modeled geometries are
discretized using quadrilateral panels with constant strength
dipoles and sources distributed over the rudder, cavity, and
wake sheet surfaces.

2.2. Boundary conditions

The solution of integral Eq. (3) can be uniquely determined
by applying appropriate boundary conditions on the rudder
and wake surfaces. The boundary conditions on the rudder and
wake surfaces for the wetted and cavitating problems are as
follows:

1. Kinematic boundary condition or tangent condition on
wetted surface: the total flow q!ðx; y; z; tÞ is tangent to the
rudder surface.

vf

vn
¼ q!in, n

! ð4Þ

2. Kutta condition: the velocities at the trailing edge of the
rudder are finite.

jVfj<∞ at T:E: ð5Þ
An iterative pressure Kutta condition was applied for the

analysis of unsteady fully wetted and cavitating rudders by
(Kinnas and Hsin, 1992). This condition enforces the pressure
on the suction and pressure sides equal at the trailing edge of
the hydrofoil.

3. Dynamic boundary condition on the cavity surface: the
dynamic boundary condition on the cavity surface requires
that the pressure everywhere on the cavity to be constant
and equal to the vapor pressure, pv.

pv þ r

2

���� q!ðtÞ
����
2

þ rgy¼ p∞ þ r

2

���� qin�!ðtÞ
����
2

þ rgyshaft � r
vf

vt

ð6Þ
where p∞ is the absolute pressure at the propeller shaft axis far
upstream and yshaft is the depth of submergence of the shaft
axis. r is the fluid density and g is the acceleration of gravity.

4. Cavity closure condition: the cavity has to be closed at the
cavity trailing edge, a split-panel technique and a Newton-
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Raphson iterative method are applied to find the correct
cavity extent which satisfies the cavity closure condition
(Kinnas and Fine, 1993).

hCðlC;sRÞ ¼ 0 ð7Þ
where hC is the cavity height at the cavity trailing edge and is a
function of cavity length, lC, and cavitation number, sR, which
is defined in Eq. (10).

5. Kinematic boundary condition on cavity surface: the total
velocity normal to the cavity surface is required to be zero.
The kinematic boundary condition leads to the following
partial differential equation for the cavity height calcula-
tion (Kinnas and Fine, 1993).

vh

vs
½Vs � cos jVv� þ vhC

vv
½Vv � cos jVs� ¼ Vnsin

2j ð8Þ

where h is the cavity height normal to the rudder surface. s; v
and n denote the non-orthogonal curvilinear coordinates
defined on rudder surface, as shown in Fig. 1, and Vs;Vv and
Vn are the total velocities in s; v and n directions, respectively.
j is the angle between v and s.

6. Cavity detachment condition: the cavity detachment
location is determined by applying smooth detachment
conditions, which require that the cavity has non-negative
thickness at its leading edge and the pressure on the wetted
portion of the blade upstream of the cavity should be
greater than the vapor pressure (Young, 2002).

In the current scheme, the kinematic and dynamic boundary
conditions for the cavity surface are applied on the blade
surface by adopting a thin cavity assumption.

The Froude number for the flow over the rudder is defined
as:

FR ¼ V2
s

�ðgSÞ ð9Þ

where S is the span of rudder. The rudder cavitation number is
defined as:

sR ¼ ðp∞ � pvÞ
��

0:5rV2
s

� ð10Þ

3. Flow around propeller

In this paper, the analysis of potential flow around the
propeller is performed via a vortex lattice method. A complete
description of vortex lattice method and its application to
propeller flow can be found in Lee (1979). Basically, the
vortex lattice method solves for the potential flow around a
propeller by placing the discrete vortices and sources on the
blade mean camber surface and its trailing wake surface. In
the current scheme, the discrete vortex segments form
horseshoe-like vortex loops with constant strength, GB on the
blade surface and vortex loops with constant strength, GW on
the shed wake surface. The line source segments represent the
effect of the blade and cavity thickness. The unknown
strengths of the singularities, GB and cavity source strength,
QC, can be determined by applying the kinematic and dynamic
boundary conditions at the control points that are placed on the
blade and wake surfaces. The velocity induced at any point in
space by these vortex elements is evaluated from Biot-Savart's
law.

The kinematic boundary condition requires the flow to be
tangent to the mean camber surface, and can be written in a
discretized form as follows:

Fig. 1. Boundary conditions on cavitating rudder subject to the propeller induced inflow, and the definition of local coordinates.
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X
GB v

!
G$ n
!þ

X
QB v

!
Q$ n
!þ

X
QC v!Q$ n

!

þ
X

GW v!G$ n
!¼ V

!
IN$ n

! ð11Þ

where V
!

IN is the inflow velocity at the control point on the
blade surface, and n! is the unit normal vector. GB and GW are
the constant strength of bound vortex and free shed vortex. QB

and QC are the magnitude of line source strengths representing
the blade and cavity thickness, respectively. v!G and v!Q are
the velocity vectors induced by each line source and vortex
loop with unit strength. Along each chordwise strip, the
strength of shed vortex that connects to the tailing edge of the
blade is computed by applying an Morino-Kutta condition
(Morino and Kuo, 1974).

GW1 ¼
XT :E:
L:E:

GB ð12Þ

Strictly speaking, the Kutta condition adopted in the pre-
sent method validates only for steady flow. However, it can
still provide a reasonable solution since the spatial variation of
inflow wake is assumed to be small.

The source strength for the blade thickness is obtained by
applying a linearized formula:

QB ¼ Ur

vt

vx
ð13Þ

3.1. Numerical implementation of propeller-rudder
interaction

For the propeller-rudder configuration, the mutual interac-
tion between operating propeller and ship rudder is important
in both propeller and rudder design and analysis. The propeller

accelerates the inflow along the axial direction and generates a
swirl velocity downstream to the rudder. On the other hand,
the rudder blocks the inflow to the propeller. In the present
work, the unsteady flow around the rudder and the propeller is
solved in an iterative manner by solving the propeller and
rudder problems separately, as well as by considering the time-
dependent effect of one device on the other. The interaction
effects of each component on the other are evaluated by using
induced velocities at every time step.

For the rudder problem, the panel method is employed to
simulate the wetted and cavitating performance of the rudder.
The effects of the propeller are incorporated by using the
induced velocities from propeller. The governing Eq. (3) is
modified as:

2pf¼
Z Z

SRW∪SC

�
fq

vGðp;qÞ
vnq

�Gðp;qÞvfq

vnq

�
ds

þ
Z Z

SW

DfW

vGðp;qÞ
vnq

ds

þ
Z Z

SRW∪SC

	
Gðp;qÞ q!prop$ n

!
q



ds ð14Þ

where q!prop is the propeller induced velocity on the rudder
surface. This value can be evaluated from vortex lattice
method with the known strength of those singularities on blade
and wake surfaces:

q!prop ¼
X

GB v
!

G þ
X

QB v
!

Q þ
X

QC v!Q þ
X

GW v!G

ð15Þ
For the propeller problem, the unsteady performance of the

propeller is solved by the vortex lattice method. The effects of

Fig. 2. Flow to propeller problem in Propeller/Rudder interaction, the rudder induced velocity is evaluated on propeller blade and shed wake.
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rudder are evaluated by using the induced velocities on pro-
peller blades from the rudder. The kinematic boundary con-
dition in Eq. (11) on the wetted surface of propeller blades in
MPUF-3A is modified as:

X
GB v

!
G$ n
!þ

X
QB v

!
Q$ n
!þ

X
QC v!Q$ n

!

þ
X

GW v!G$ n
!¼ �

V
!

IN þ q!Rudder

�
$ n!

ð16Þ

where q!Rudder is the rudder induced velocity on propeller
surface, evaluated from the solution of the panel method, by
using the following equation:

q!Rudder ¼
1

4p

Z Z
SRw∪SC

�
fqV

�
vGðp;qÞ

vnq

�
�VGðp;qÞvfq

vnq

�
ds

þ 1

4p

Z Z
SW

DfWV

�
vGðp;qÞ

vnq

�
ds

ð17Þ
The flow to the propeller in propeller-rudder interaction is

illustrated in Fig. 2. The rudder effects are considered when
solving the propeller boundary value problem and the wake
alignment problem.

Fig. 3. Iterative procedure of solving the propeller-rudder interaction.

Fig. 4. The deformation of tip vortices due to the presence of a rudder, as seen

in the experiment by (Kracht, 1989a, b).

Fig. 5. Numerical fence on rudder surface.

Fig. 6. Shed wakes from propeller blade overlapping on rudder surface.
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Fig. 3 shows the flowchart of solving the propeller-rudder
interaction by using an iterative procedure. In the first itera-
tion process, the rudder problem is solved for the unknown
dipole strength without the presence of a propeller. Next, we
solve the unsteady propeller problem by incorporating the

unsteady rudder induced velocity on the blade surface at the
corresponding time. After that, the unsteady rudder problem is
solved again by using the unsteady induced velocities from the
propeller solution. The last two steps are repeated until the
solution converges.

Fig. 7. The effect of the artificial smoothing parameter, dK (nun-dimensionalized by propeller radius), to the predicted wake shapes (top: predicted wake shapes;

bottom: wake profiles along span), Js ¼ 0:8, uniform inflow.
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3.2. Unsteady wake alignment for propeller flow

The prediction of wake shape has been studied extensively
in the past. A comprehensive review of wake alignment for
marine propellers can be found in Lee (2002). The following
numerical method is implemented in vortex lattice method to
compute the aligned wake geometry that satisfies the force-
free condition.

1. At the first step, the performance of the propeller is pre-
dicted by the vortex lattice method with helical wake
model or steady wake alignment model (developed by
Greeley and Kerwin (1982)). By doing this, a transient
effect in unsteady wake model is avoided.

2. The unsteady wake alignment model is applied in the
vortex lattice method after the solution is converged in the
first step, and the induced velocities are evaluated from
Biot-Savart's law at the edge point of the wake panels.

3. The edge points of the wake panels at the next time step
are convected to the new location determined by the total
velocity by using an explicit Euler scheme.

4. The propeller loading is solved by using the new wake
geometry at the next time step.

5. Repeat the steps 2, 3 and 4 for each time step.

3.3. Numerical treatment of propeller wake and rudder
interaction

In this application, the shed wakes from propeller blade
trailing edge are convected downstream by applying the force
free condition on the wake surface. The rudder's effect needs
to be considered as well during this procedure. The velocities
on the wake surface can be expressed as:

q!¼ qin
�!þ qProp

��!þ qRudder
���! ð18Þ

When the propeller wake impinges on the rudder surface, the
vortex wake sheet needs a special treatment to avoid the

Fig. 8. Illustration of vortex line impinging on rudder surface.

Fig. 9. Propeller induced velocities on rudder surface with number of revo-

lutions, for two (top), three (middle) and four (bottom) revolutions of

simulation.
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singularities caused by the ”zero distance” between the wake
sheet and the rudder surface. In this work, a ”numerical fence” is
introduced in the current model and added outside of the rudder
surface to de-singularize the wake-rudder interaction. This nu-
merical fence allows the wake sheet to wrap around the rudder
surface (something which has been observed in the case of a
propeller tip vortex interacting with a rudder, as shown in
Fig. 4), and prevents the propeller wake sheet from penetrating
the rudder. As shown in Fig. 5, the shed wake from the propeller
wraps around the rudder surface with a small distance, dF .

In the propeller-rudder interaction simulation, the wake at-
taches to the numerical fence outside of the rudder surface
resulting in overlapping with wakes shed from other blades, as
shown in Fig. 6. In order to avoid the singularities and instability
caused by the zero distance between different wake panels, the
Biot-Savart law that used to evaluate the induced velocity from a
vortex filament is modified by using the Rosenhead-Moore core
model, such as in (Ashurst and Meiburg, 1988; Agishtein and
Migdal, 1989; Brady et al., 1998):

V
!¼ G

4p

I
s!� r!�
r2 þ d2K

�3
2

dl ð19Þ

where r! is the distance vector between a field point and a
point on the vortex line, dl is a differential element of length
along the vortex line, and s! is a unit vector tangent to the
vortex. dK is an artificial smoothing parameter in order to
overcome singularity formation. Fig. 7 presents the effect of
the artificial smoothing parameter to the predicted wake
shapes of an operating propeller.

The artificial smoothing parameter dK together with numer-
ical fence parameter dF allow thewake alignment schemeworks
for the fully unsteady propeller/rudder interaction problem.
Rosenhead-Moore core model physically represent the viscous
effect within a vortex tube. Hence, the value of this parameter
should be decided correspondingly. In this application, the value
of dK is chosen to be equal to 5% of the propeller radius R.

According to Helmholtz's theorems, the vortex filaments
shed from propeller blades remain continuous when they are
convected downstream. In the current scheme, the shed wakes
are stretched around the leading edge of the rudder surface.
The strength of each vortex segment, however, remains con-
stant during this stretching distortion, as required by Kelvin's
circulation theorem. Fig. 8 shows the shed vortex line distor-
tion when it impinges on the rudder surface. Strong distur-
bance appears on the rudder surface due to the presence of the
shed vorticity.

The shed wake sticking on the rudder surface causes large
induced velocities in the surrounding region. More importantly,
the shed wakes accumulate on the rudder surface as the pro-
peller rotates with time. The induced velocity on rudder surface
due to the propeller wake will keep increasing with the number
of propeller revolutions. Fig. 9 presents the propeller induced
velocities on rudder surface with the number of revolutions for
propeller simulation. The results show that the shed wakes
generate huge induced velocities on rudder surface, which never
converge with the number of propeller revolutions.

In order to predict the unsteady propeller-rudder interaction
correctly, the viscous effect has to be included to damp out the
highly distorted shed vortex around the rudder surface. In the
present work, the Lamb-Oseen vortex model (Lamb, 1932) is
adopted to decay the vortex. The mathematical model for the
flow velocity in the circumferential direction in the Lamb-
Oseen vortex is:

Vqðr; tÞ ¼ GM

2pr

2
641� e

�r2

r2c ðtÞ

3
75 ð20Þ

where r is the radius, and GM is circulation contained in the
vortex. rcðtÞ is the core radius of the vortex that can be
expressed as:

rcðtÞ ¼
ffiffiffiffiffiffi
4nt

p
ð21Þ

where n is the viscosity of the fluid.

Fig. 11. The contour plot of the stretching ratio L0
L of the shed vortex on the

wake surface due to the stretching of shed wake/rudder interaction.

Fig. 10. The stretching of the vortex tube.
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By integrating the velocity along the constant radius r, the
circulation can be expressed as:

GðrÞ ¼ 2prVqðr; tÞ ¼ GM

2
641� e

�r2

r2c ðtÞ

3
75 ð22Þ

In order to simplify the problem, the core radius of vortex
rc is assumed to be constant when the vortex tube is convected
downstream. Fig. 10 illustrates the stretching of the vortex
tube, assuming that the radius and length of the vortex tube at
the initial stage and after stretching are r0 , L0 and r, L,
respectively. According to the conservation of mass, we have:

Fig. 13. Top view of the propeller-rudder configuration.

Fig. 14. Configuration of propeller and straight rudder.

Fig. 12. Propeller induced velocities on rudder surface after two (top), three

(middle) and four (bottom) revolutions of simulation by using the Lamb-Oseen

vortex model.

685L. He, S.A. Kinnas / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 677e692



L

L0

¼ r20
r2

ð23Þ
Let's define L0

L as the stretching ratio of the viscous vortex
model.

After the deformation of the vortex tube, the circulation
contained in the same volume of fluid is:

GðrÞ ¼ GM

2
641� e

L0
L

�r2
0

r2c

3
75 ð24Þ

In this paper, the parameter
�r20
r2c

is treated as a constant
parameter and determined by allowing the vortex tube with a

radius r0 at the initial stage contains 99:9% of circulation in
the vortex.

Gðr0Þ ¼ 99:9%GM0
�r20
r2c

¼�ln10�3 ð25Þ

Thus, the circulation is damped out with the deformation of
the vortex tube. Fig. 11 presents the contour plot of the
stretching ratio of the shed vortex on the wake surface. The
wake panels around the rudder surface are elongated due to the
stretching of shed wake around the rudder surface. Fig. 12
shows the induced velocity on rudder surface by applying
Eq. (24). The large induced velocity on the rudder is elimi-
nated by using the Lamb-Oseen vortex model. In this work,

Fig. 16. Time averaged propeller induced velocities on rudder portside surface: rudder angle a ¼ 5o and Js ¼ 1:0

Fig. 15. Propeller shed wake and free vortex strength: rudder angle a ¼ 5o and Js ¼ 1:0
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the Lamb-Oseen model is only used to decay the circulation
strength on a vortex segment. The induced velocity due to the
vortex segment is evaluated by using Rosenhead-Moore core
model. The wake panels will be removed when the vortex
strength on those panels is smaller than certain criteria (i.e.,
GðrÞ< 0:005GM). The wake sheets will be re-paneled in order
to save the number of panels along stream-wise direction.

4. Numerical results

This section describes the results obtained for a wetted
straight rudder and a cavitating horn-type rudder in the pres-
ence of operating propellers by applying the numerical scheme
as presented in the previous sections. In the numerical simu-
lation, the panel numbers on rudder surface are 80 in chord-
wise and 40 in spanwise, which is sufficient for the prediction
of cavitating rudder according to the grid dependence studies
performed in Lee et al. (2003). A full-cosine spacing along the
chordwise direction and a uniform spacing along the spanwise
direction are used for paneling of the rudder. As for the pro-
peller simulation, the propeller is subjected to a uniform
inflow. Fig. 13 shows the top view of a propeller-rudder
configuration. The rudder angle, a, is defined as positive
when the rudder is rotated with its leading edge toward the
starboard side of the ship.

4.1. Numerical results for a straight rudder

This subsection describes the results from an iterative run
between MPUF-3A and PROPCAV, to determine the
propeller-rudder interaction for a straight rudder with a
NACA66 thickness form and 20% maximum thickness to
chord ratio. The ratio of chord length to span length of the
straight rudder is 50%. The DTMB 4148 propeller is chosen to
work with this straight rudder. Fig. 14 shows the dimension

Fig. 18. Convergence of forces on rudder surface with number of iterations:

rudder angle a ¼ 5o and Js ¼ 1:0

Fig. 17. Convergence of axial forces acting on a propeller single blade with

number of iterations: rudder angle a ¼ 5o and Js ¼ 1:0

Fig. 20. Convergence of forces on rudder surface with
�r20
r2c
: rudder angle a ¼ 5o

and Js ¼ 1:0

Fig. 19. Convergence of forces on rudder surface with dF : rudder angle a ¼ 5o

and Js ¼ 1:0
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and the configuration of propeller and straight rudder. This
propeller rotates in clockwise direction looking from
downstream.

For the fully unsteady interaction between propeller and
rudder, the iteration process described in the previous section
is applied in the same manner. The wake/rudder interaction is
considered in this case. The shed wake is convected with total
flow including the rudder's effect to satisfy the force-free
condition. The Lamb-Oseen vortex model is employed in the
current scheme to damp out the shed wake vorticity. A nu-
merical fence is applied to prevent the propeller shed wake
from penetrating through the rudder surface. The propeller
wake and free shed vortex strength are presented in Fig. 15, in
which the vortex strength Gw is scaled by 2pRUR , where UR is
the helical inflow velocity at the propeller tip in the propeller-
fixed system. The propeller shed vortex around the rudder
surface is damped out due to the viscous effect. As described
in the previous section, the shed vortex panel is removed from

the model when its shed vortex strength (Gw) is lower than
0:5% of its original undamped value. Fig. 16 shows the time-
averaged induced velocities from propeller on rudder surface
for rudder angle a ¼ 50 and propeller advance ratio Js ¼ 1:0.
The convergence of forces on propeller and rudder with
number of iterations are presented in Fig. 17 and Fig. 18. The
results show that the predicted forces on propeller and rudder
reach convergence within three iterations. Notice that in the
first iteration, the rudder is subject to a uniform inflow without
the presence of the propeller. The predicted propeller forces
from the first iteration are very close to those from the last
iteration. For this case, the unsteadiness of propeller is mainly
due to the blockage effect of the rudder. The unsteady loading
on the rudder generated by the rotating propeller has a small
effect on the propeller performance.

Fig. 23. Predicted propeller thrust coefficients for different propeller-rudder

distance: rudder angle a ¼ 5o and Js ¼ 1:0

Fig. 22. Convergence of forces on rudder surface with number of panels:

rudder angle a ¼ 5o and Js ¼ 1:0

Fig. 24. Predicted rudder lift coefficients for different propeller-rudder dis-

tance: rudder angle a ¼ 5o and Js ¼ 1:0

Fig. 21. Convergence of forces on a single blade with number of panels on

propeller blade: rudder angle a ¼ 5o and Js ¼ 1:0
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As described in the previous section, a numerical fence and
the Lamb-Oseen vortex model were applied in the present
method in order to de-singularize the wake/rudder interaction
and to diffuse the stretched vortex. Two parameters, dF and
�r20
r2c
, need to be chosen. Fig. 19 and Fig. 20 show the conver-

gence of the predicted lift and drag coefficients acting on the
rudder surface with different dF and

�r20
r2c
. In the following nu-

merical simulations, the value of dF is chosen to be equal to
10% of the propeller radius R and the value of

�r20
r2c

is set to be
equal to �ln10�3.

A grid dependence study is performed for this propeller-
rudder configuration. The number of panels on the propeller
blade along the spanwise direction is changing from 9 to 27.
The predicted thrust coefficients on the propeller blade are
presented in Fig. 21. Fig. 22 shows the convergence of the
predicted lift and drag coefficients acting on the rudder surface

Fig. 25. Configuration of propeller and horn-type rudder.

Fig. 27. Propeller shed wake in fully unsteady scheme at a given time.

Fig. 26. Propeller shed wake in time-averaged scheme.

Fig. 28. Comparison of predicted rudder forces by using different schemes:

rudder angle a ¼ 5o and Js ¼ 0:8
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with a different number of panels on the propeller blade. In the
rest of the simulations, the number of panels along the span-
wise direction is chosen to be equal to 18, which is sufficient
as demonstrated by the grid sensitivity study.

The effect of distance between propeller and rudder (LR) is
also investigated for this propeller-rudder configuration.
Fig. 23 and Fig. 24 show the predicted forces on propeller and
rudder surfaces. The unsteadiness generated by propeller
wake/rudder interaction is changing with the distance between
propeller and rudder. When the distance between the propeller
and the rudder (LR) is greater than 1:5R, the effect of propeller
on the rudder forces is negligible.

4.2. Numerical results for a horn-type rudder

This subsection describes the results obtained for a cavi-
tating horn-type rudder in the presence of operating propellers.
In order to validate the present method, the predicted cavity
patterns are compared with those observed from the experi-
ments. The experiments were conducted inside a cavitation
tunnel of MARIN in the Netherlands. Fig. 25 shows the
dimension and the configuration of a 6-bladed propeller and a
horn type rudder inside the cavitation tunnel. The present
numerical scheme is applied to simulate the mutual interaction
between the propeller and rudder by using the exactly same

Fig. 29. Cavity pattern observed (top) and predicted by current method when

key blade is along the positive y axis: rudder angle a ¼ 5o and sR ¼ 1:65

Fig. 30. Cavity pattern observed (top) and predicted by current method when

key blade is along the positive y axis: rudder angle a ¼ 5o and sR ¼ 1:24
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propeller and rudder geometries and configurations as in the
experiment. In the present work, the panel method accounts
for the top wall (hull) via images but does not account for the
side and bottom walls of the tunnel.

In addition to the unsteady scheme described in the previ-
ous section, a time-averaged scheme was also applied to
predict the rudder performance. In this scheme, the wake ge-
ometry of the propeller will not be affected by the presence of
the rudder. The rudder induced velocities on the propeller
blade are evaluated in a fully unsteady manner, while the
propeller induced velocities on the rudder surface are
computed at the field points and averaged in the time domain.
Fig. 26 and Fig. 27 show the predict propeller wake by using
different schemes. The comparison of predicted rudder forces
by using time-averaged and unsteady schemes is presented in
Fig. 28. As expected, due to the presence of the propeller, both
time-averaged scheme and unsteady scheme predict larger
steering force than rudder only case. As for the drag force, the
time-averaged scheme and unsteady scheme give a negative
value (thrust) whereas rudder only case provides a positive
value. The negative drag force on the rudder surface is due to
the fact that the angle of attack on the rudder become negative
due to the propeller induced velocity. Since in the unsteady
scheme, the propeller shed vorticity is decayed due to the
wake/rudder interaction while the shed vorticity remains
constant in time-averaged scheme, the swirl velocities from
propeller in unsteady scheme is much weaker than those in
time-averaged scheme. Hence the lift coefficients predicted by
the unsteady scheme are smaller than those predicted by time-
averaged scheme. Also, the time-averaged scheme predicts
significantly larger thrust than the unsteady scheme.

The predicted cavity patterns are compared with those
observed from the experiments. In this case, we still apply
uniform inflow to the propeller. The propeller advance ratio is
chosen to be Js ¼ 0:78 so that the resulting thrust coefficient
matches the value of the design thrust coefficient
(KT ¼ 0:2012) in the experiment. The Froude number in the
experiment is FR ¼ 1:5. The predicted sheet cavity patterns on
the portside of the rudder are shown in Figs. 29 and 30 for two

cavitation numbers, together with observed cavity patterns.
The cavity volume predicted by the current method is pre-
sented in Fig. 31. A periodic variation of cavity volume due to
the rotating propeller is observed.

5. Conclusions

An iterative algorithm for simulating the unsteady interac-
tion between propeller and rudder was presented. A panel
method (PROPCAV) was used to solve the flow around the
rudder and a vortex lattice method (MPUF-3A) was used to
solve the flow around the propeller, respectively. The interactive
effects of each component on the other were evaluated by using
induced velocities due to the other component at every time
step. An overview of the formulation and solution method for
performance prediction of cavitating rudder by using a panel
method was described. The shed wakes from propeller blade
trailing edge were convected downstream by applying the force
free condition on wake surface. A numerical fence was intro-
duced on the rudder surface to de-singularize wake-rudder
interaction. The Rosenhead-Moore core model was employed
during the wake alignment procedure to avoid the singularities
and instability. The Lamb-Oseen vortex model was adopted in
the present method to decay the vortex strength around the
rudder and eliminate the unrealistic high induced velocity.

The performance of a straight rudder and a cavitating horn-
type rudder in the presence of a propeller was predicted by
using the present method. Both time-averaged scheme and
fully unsteady scheme were applied to predict the rudder
forces. Results showed that the lift coefficients predicted by
the unsteady scheme are smaller than those predicted by time-
averaged scheme because of the wake/rudder interaction and
viscous model adopted in the unsteady scheme. The predicted
cavity patterns for horn type rudder compared well with those
observed from the experiments.
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Nomenclature

C: chord length;

D: propeller Diameter;

FR: Froude number based on S, FR ¼ V2
s =gS;

Gðp; qÞ: Green's function, Gðp; qÞ ¼ 1=Rðp; qÞ;
g: gravitational acceleration;

hC: cavity thickness over the blade surface;

Js: advance ratio based on ship speed, Js ¼ Vs=nD;

KQ: torque coefficient, KQ ¼ Q=rn2D5;

KT: thrust coefficient, KT ¼ T=rn2D4;

lC: cavity length over the blade surface;

LR: The distance between propeller and rudder (center to center);

n: propeller rotational frequency (rev/s);

nq: unit normal vector on foil/blade and wake surfaces;

p∞: pressure at infinite upstream at the depth of shaft center;

pv: vapor pressure;

q!: total velocity;

q!in: local inflow velocity (in the propeller fixed system for propeller

problem);

q!prop: propeller induced velocity;

q!Rudder: rudder induced velocity;

QB, QC: blade and cavity thickness sources;

R: propeller radius;

rc: the core radius of the viscous vortex, rcðtÞ ¼
ffiffiffiffiffiffi
4nt

p
;

S: spanwise length of hydrofoil;

s!; v!; n!: non-orthogonal unit vectors along the local grid directions on

rudder surface;

SC: cavitating surface;

SRw: wetted portion of rudder surface;

SW: wake surface;

Ur: helical inflow velocity at radius r in the propeller-fixed system;

UR: helical inflow velocity at propeller tip in the propeller-fixed system;

VIN: upstream inflow in the propeller-fixed system;

dF: numerical fence parameter, the distance between the numerical fance and

foil surface;

dK: artificial smoothing parameter;

Dq: blade angle increment, Dq ¼ uDt;

G: circulation non-dimensionalized by 2pRUR;

GB, GW: constant strength of bound vortex and free shed vortex on blade and

wake surfaces;

f: perturbation potential;

sR: cavitation number based on Vs, sR ¼ ðpshaft � pvÞ=ð0:5rV2
s Þ.
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