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ABSTRACT

The marine rudder maximizes effectiveness by operating
in the accelerated slipstream of the screw propeller. In this
complex flow environment, large incident flow angles can
occur promoting cavitation inception. Cavitation, in turn,
can cause erosion, leading to increased maintenance costs,
degraded maneuverability, and elevated levels of underwa-
ter radiated noise. Although cavitation inception and ero-
sion risks have long been studied for rudder design, con-
siderably less attention has been devoted to predicting hy-
drodynamic performance after damage has occurred. In
practice, rudder replacement or repair is not always fea-
sible due to financial or operational constraints, meaning
vessels may continue to operate with degraded appendages.
The present study is a step towards addressing this gap by
numerically analyzing the performance implications of op-
erating a damaged rudder. Rudder forces and surface pres-
sures are predicted for both as-built and damaged configu-
rations, with and without the influence of an upstream pro-
peller.

The methodology employs Reynolds-averaged
Navier—Stokes (RANS) simulations in conjunction with
a Boundary Element Method (BEM) to capture the com-
plex interaction between propeller wake and rudder flow.
After validating freestream and behind-propeller bench-
mark cases, the effects of an idealized, elliptical rudder
defect is assessed. This shape, while simplified, provides a
systematic framework for assessing performance degrada-
tion and facilitates future parametric analyses. Preliminary
results indicate that the surface depression tested signifi-
cantly alters the local pressure distributions and associated
flow behaviour. These findings illustrate the capability of
the computational approach to evaluate the hydrodynamic
effects of localized rudder damage and establish a foun-
dation for future studies involving more realistic damage
geometries and operating conditions. In turn, such analy-
ses may support improved prediction of cavitation-related
risks, extend current approaches for assessing damaged ap-
pendages, and provide guidance for naval and commercial
operators evaluating continued operation under compro-
mised rudder integrity.
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1 INTRODUCTION

The marine rudder is a simple lifting surface that controls
the horizontal movement of marine vehicles. Although its
origins go back centuries, it remains the most prevalent de-
vice for manoeuvring and course-keeping of modern ma-
rine craft (Tupper, 2013). By operating downstream of a
screw propeller, it takes advantage of the accelerated flow
of the propeller slipstream where it is most effective (Mol-
land & Turnock, 2011; Shen, Remmers, & Jiang, 1997).
This region, however, is a highly unsteady flow environ-
ment where the wake deficit from the hull and the rota-
tional flow induced by the propeller interact, producing
non-uniform inflow conditions to the rudder. This can
cause large incident flow angles that lead to the develop-
ment of cavitation: vapour-filled cavities that form near
the body surface. When these cavities encounter regions
of higher pressure in the main flow field, they can collapse
generating high-pressure pulses. The resulting energy re-
lease can damage blade surfaces, increasing maintenance
frequency and repair costs (Paik et al., 2012; Shen, Rem-
mers, & Jiang, 1997), while also contributing to elevated
noise levels. Consequently, accurate prediction of the in-
ception (start) and extent of cavitation has long been rec-
ognized as a critical aspect of rudder performance evalua-
tion. This includes extensive research on erosive cavitation
risk to guide design of propellers, rudders, and other ap-
pendages (Billet & Turnock, 2005; Boorsma & Whitworth,
2011; Melissaris et al., 2023; Rhee et al., 2010; Shen,
Jiang, & Remmers, 1997). Considerably less attention has
been devoted to predicting hydrodynamic performance af-
ter damage has occurred, which is the focus of the present
study. The aim of this work is to determine the perfor-
mance implications of operating a rudder with an idealized
defect by numerically evaluating rudder forces and surface
pressure distributions, both in freestream and behind an up-
stream propeller.

All types of cavitation have the potential to be erosive so it
is important to consider how cavitation can form on a ma-
rine rudder. Broadly speaking, there are two ways. The



first is a function of the typical installation of a rudder op-
erating downstream of the propeller. Propellers are often
the first source of cavitation on a marine vessel, and in
many cases rudder cavitation is initiated by upstream cav-
itating structures originating from the propeller (Boorsma
& Whitworth, 2011; Carlton et al., 2009; Hackett et al.,
2005; Molland & Turnock, 2011). These are generally tip
and/or hub vortices that are convected downstream and im-
pinge upon the rudder surface. However, even in the ab-
sence of propeller-induced cavitation, rudder cavitation can
occur independently due to localized low-pressure regions
generated by large rudder angles during manoeuvring, par-
ticularly under dynamic sea conditions and ship motions
(Tupper, 2013).

Over the last half century there have been many experimen-
tal and numerical investigations of rudder cavitation, such
as Berger et al. (2015), Gregory and Dobay (1973), Kracht
(1989), Paik et al. (2022), and Shen, Remmers, and Jiang
(1997) to name a few. Notably less however consider the
effects of operating with a rudder that has been damaged
due to repeated cavitation erosion. Despite this, some in-
spiration can be gained from a related topic, namely the
performance implications of manufacturing defects on pro-
pellers. Gauthier and Hally (2019) investigated the effect
of a small manufacturing defect on the leading edge of a
propeller blade in two dimensions. The defect was placed
on the suction side of the blade near the leading edge, coin-
ciding with the region of the minimum pressure peak, and
was intended to represent a manual grinding defect near the
blade edge. It was shown that a small deviation of 0.5 mm
from the as-designed propeller results in a narrowing of the
cavitation bucket, an effect that persisted even as the defect
size was reduced to less than 0.1 mm. In three dimensions,
Jin et al. (2024) investigated the effect of a similar defect
placed on the David Taylor Model Basin (DTMB) 5168
propeller between 50-90% blade radius. They found that
the presence of the defect reduced the cavitation inception
speed by more than 40% compared to the as-designed pro-
peller when operating at an advance ratio of 0.992.

For the purposes of this study, it is instructional to consider
the erosion patterns that occur. There are several references
which show the typical erosion regions on rudders (Billet
& Turnock, 2005; Liu & Hekkenberg, 2017; Molland &
Turnock, 2011). Common erosive regions on a spade rud-
der include an area just aft of the leading edge caused by
sheet cavitation, another at the mid-chord region due to the
breakdown of sheet cavitation into bubble cavitation, and
another at the bottom tip of the rudder caused by vortex
cavitation. Additional regions may be present especially
when cavitation is induced via the upstream propeller or
in the case of a skeg rudder due to flow discontinuities at
gaps. While investigating the factors that influence rud-
der erosion, Carlton (2006) provides examples of erosion
occuring at the leading edge, mid-chord and even at the
bottom edge of the rudder, supporting the areas described
above. The depth and shape of the affected areas can vary
widely. One particular example provided in Van Terwisga
et al. (2009) illustrates a significantly eroded region on a

rudder horn behind a controllable pitch propeller. In this
case the erosion depth was found to be 12 mm. The cause
of the damage was attributed to the interaction of a cavitat-
ing tip vortex (from the upstream propeller) with the suc-
tion region on the port side of the horn.

The existing literature has made it clear that the shape, lo-
cation, and depth of cavitation-induced damage on rudders
is highly variable. To faciliate a simplified investigation
into the effects of operating a damaged rudder, this study
introduces an idealized defect shape to be representative of
repeated cavitation erosion. Erosion damage often results
in altered surface roughness and/or pitting of the eroded
area, however this will not be considered in this prelimi-
nary work. The assumption therefore is that the shape and
depth of the eroded area (i.e. deviation from design shape)
is the critical variable.

This paper is organized as follows. Section 2 introduces
the test case geometry and specifies the idealized depres-
sion considered in the analysis. The numerical settings are
described in Section 3. A comprehensive verification and
validation study is presented in Section 4, followed by pre-
liminary findings in Section 5. Finally, Section 6 summa-
rizes the results and outlines directions for future work.

2 TEST GEOMETRY AND LOCAL DEFECT

2.1 Test geometry

To provide representative test geometry for comparison and
analysis, a spade-type rudder from the extensive experi-
mental work performed by Molland and Turnock (1993,
2011) has been selected. The experiments were per-
formed in the low-speed wind tunnel at the University of
Southampton. The geometry of this rudder is reproduced in
Figure 1. The cross-section is described by a National Ad-
visory Committee for Aeronautics (NACA) wing section.
Specifically, the four-digit NACA 0020 section is used, cor-
responding to a symmetrical airfoil with a maximum thick-
ness of 20% of the chord length located at a distance of
30% chord length aft of the leading edge.
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Figure 1: Rudder number 2 as designated by Molland and
Turnock (1993, 2011). Span numbers 1-8 represent locations
where surface pressure measurements were taken.



For the present work, experimental lift and drag coeffi-
cients in freestream flow conditions are used to establish
the accuracy of the numerical method in the prediction of
integral quantities. Additionally, the surface pressure mea-
surements listed in the Appendix of Molland and Turnock
(2011) are used to assess RANS prediction of the pres-
sure coefficient, a local quantity, both in free stream and
behind-propeller conditions. The numbered span locations
shown in Figure 1 match where experimental surface pres-
sure measurements have been taken.

2.2 Idealized cavitation damage

The characteristics of cavitation-induced damage on a par-
ticular rudder depends on the type of cavitation and where
it occurs. Considering an all-movable spade-type rudder,
the most prevalent locations of cavitation can be divided
into three distinct zones (Molland & Turnock, 2011) where
different cavitating structures generally arise. The first
is the leading edge region where sheet cavitation is most
prevalent, the second is at the rudder tip where cavitat-
ing vortices can form and lastly at the mid-chord region
where bubble and/or cloud cavitation can develop, perhaps
due to the break-up of the sheet cavities. It is important to
note that the presence of cavitation does not always trans-
late to erosive damage therefore it is necessary to consider
cavitation-induced damage observed on full-scale rudders.

The sheet cavities that occur at the leading edge of the rud-
der are generally considered to be less erosive than vortex
and cloud cavitation (Billet & Turnock, 2005). However
it is hypothesized that the highly erosive cloud cavitation
arises from the break-up of upstream sheet cavities (Van
Terwisga et al., 2009). Moreover, just aft of the leading
edge of rudders (and propeller blades) is often where ero-
sion damage occurs (Billet & Turnock, 2005). Another
possible explanation for damage in this region is due to
the repeated impact of vortex-type cavitation from the up-
stream propeller. Experience from one classification soci-
ety suggests that the interaction of a vortex with the leading
edge of the rudder can create a closed loop vortical struc-
ture found to be indicative of rudder cavitation (Boorsma
& Whitworth, 2011; Carlton et al., 2009). Furthermore,
while the portion of the rudder within the propeller slip-
stream is most susceptible to cavitation, the cavities will
likely not form along the entire leading edge in this region.
The effects of the tangential velocity from the propeller, the
operating angle of the rudder and environmental conditions
generally result in cavities forming on the suction surface
of the rudder over a span no larger than the propeller ra-
dius (Molland & Turnock, 2011; Shen, Remmers, & Jiang,
1997).

The shape of cavitation-induced damage is highly irregular
making it difficult to model. As a first step, an idealized,
representative shape has been chosen. Figure 2 shows the
resulting pressure contours for the test rudder when oper-
ating at a 10° angle of attack in a freestream (Figure 2a
and behind-propeller (Figure 2b) flows. As shown, for both
cases the low-pressure region forms a somewhat elliptical
shape in a region commonly associated with sheet cavita-
tion and in many case, surface erosion. For this reason, an

ellipse has been selected to represent an idealized erosion-
induced defect near the leading edge of the test rudder.

A standard ellipse can be described as:

+ —1 (1)

where the point (h, k) represents the center of the ellipse.
The variable a is the length of the semi-major axis, which
lies along the vertical direction if @ > b. The variable b is
the length of the semi-minor axis, which lies along the hor-
izontal direction if b < a. The variables = and y represent
the coordinates of any point on the ellipse. The parameters
are illustrated in Figure 3.
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Figure 2: Pressure contours on the suction side of the test rud-
der operating at a 10° angle of attack in freestream (Fig. 2a)
and behind-propeller (Fig. 2b) flows.
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Figure 3: Idealized cavitation-induced defect represented by
an elliptical depression on the rudder surface.

Cavitation erosion near the leading edge of rudders almost
always occurs in the propeller slipstream. Furthermore the
defect(s) generally have spanwise distances smaller than
the propeller diameter and are often above or below the
shaft axis. Based on the modified Wageningen-B pro-
peller used in the majority of University of Southampton
experiments (Molland & Turnock, 1993), the major axis
length (2a) will be fixed at 50% of propeller diameter (or
400 mm). Selection of the minor axis length (2b) is more
arbitrary and is set to be 10% of the rudder chord length (or
67 mm). The chord-wise placement of the ellipse is based
on an analysis of the surface pressure distribution ensuring
that the defect spans the location of chordwise minimum
pressure. The pressure peak often occurs near 5% of chord
length measured from the leading edge (e.g. Figure 10)
therefore this point is chosen for one extreme of the minor
axis. The centre point of the ellipse is (100 mm, 400 mm)
in the rudder coordinate system.

It should be noted that surface erosion on a rudder often in-
cludes pitting or small indents making up an area that has
deviated from the designed rudder shape. An inherent as-
sumption in the current study is that the individual pitting in
the affected area can be represented by a single surface de-
pression. It is expected that the most important parameters
of such a depression are the depth and the angle the depres-
sion makes to the original section shape (Figure 3b). Since
the test geometry is more representative of a model scale
rudder, the depth should be scaled accordingly. One ex-
ample in the literature shows an example of rudder erosion
depth of 12 mm (Van Terwisga et al., 2009). Assuming a
mean full-scale rudder chord length of 1.33 m, the depres-
sion depth over maximum thickness ratio is 0.045. Apply-
ing this ratio to the rudder used in this study (Figure 1)

translates to a model scale depression depth of 6 mm. The
selection of the depression angle is more arbitrary with the
maximum angle chosen to be 40°. This rather large angle
is assumed to result in more adverse flow conditions than
a lesser, more gradual return to original rudder shape. An
additional angle of 10° has also been selected to investigate
the effect of a shallower deviation from the design shape.
Table 1 lists the dimensions of the chosen elliptical depres-
sion.

Table 1: Elliptical depression dimensions

Parameter Value
Depth [mm mm 1] 0.045
Defect angle, d4 [°] 10, 40
Major axis, 2a [mm] 400
Minor axis, 2b [mm] 67
Centre point (h [mm], k [mm]) (100, 400)

3 NUMERICAL METHOD

The simplified numerical representation of the low-speed
wind tunnel at the University of Southampton is illustrated
in Figure 4. The dimensions of the domain are normalized
based on the span of the rudder (S = 1 m). A uniform ve-
locity is prescribed at the inlet while an average pressure of
zero is set at the outlet. The side and top boundaries have a
slip wall condition, however the bottom surface considers
the effects of friction to create a similar boundary layer
to the wind tunnel tests. The rudder surface also has a no
slip boundary condition and the flow features are resolved
to the wall with average y* values < 1. On the bottom
boundary, wall functions are used to model the boundary
layer. During the wind tunnel experiments, the rudders
tested included a 100-grade (0.15 mm diameter) turbu-
lence strip placed 5.7% aft of the leading edge to stimulate
fully turbulent conditions. For this study, the popular eddy
viscosity turbulence model, k-omega shear stress transport
(SST), has been selected for turbulence closure due to its
ability to provide accurate results in conditions of adverse
pressure gradients and flow separation. Lastly, the exper-
imental assembly included a small gap (2.5 mm) between
the bottom boundary and the root of the rudder. This has
been included in the numerical solution for the current
study.

Outlet

— Inlet
~355

Figure 4: Computational domain and boundaries.



The wind tunnel tests performed by Molland and Turnock
(1993) primarily used two flow velocities, 10 ms~! and
20 ms~!, resulting in Reynolds numbers based on rudder
chord length (Re.) of 4.4 x 10° and 8.8 x 10°, respec-
tively. Only the 10 m s~ inflow condition is considered in
this study. While these Reynolds numbers could be con-
sidered full-scale in the case of smaller vessels (Molland &
Turnock, 2011), it is not representative of a wide range of
ship operational profiles. In future work, it will be more ap-
plicable to sufficiently increase Reynolds number such that
further increases will not appreciably affect rudder charac-
teristics. For this preliminary study, rudder deflection an-
gles, d,., of £10° are used.

3.1 Hybrid RANS-BEM method

To permit more efficient hydrodynamic computation, a hy-
brid solution approach has been selected that employs an
incompressible Reynolds-averaged Navier-Stokes (RANS)
method to solve flow around the rudder and an inviscid
Boundary Element Method (BEM) to solve the unsteady
flow around the propeller. The main benefit of the so-called
RANS-BEM method is the reduction in computational ex-
pense compared with time-resolved RANS for propeller
simulations. Accurate BEM computation requires spec-
ification of an accurate inflow condition. The simplest
method is to use the nominal wake, i.e. the wake result-
ing from a single RANS computation of the flow around
the body in question. However, the nominal wake is gen-
erated without the propeller operating and therefore does
not capture the influence of propeller induction. Through
an iterative RANS-BEM procedure an effective wake re-
sults that accounts for the influence of propeller induction.
Using this wake as the inflow condition within the BEM
analysis gives more accurate computation of the propeller
forces on the rudder. A brief theoretical description of both
individual computation methods is provided before outlin-
ing the steps of the hybrid method.

3.1.1 RANS

The commercial viscous code ANSYS CFX (ANSYS, Inc.,
2022) is used to solve the flow around the rudder with and
without an idealized defect both in freestream and behind-
propeller flows. CFX uses a node-centred approach to
solve the governing equations as a single matrix system.
This so-called coupled solution method generally results in
faster convergence and better stability when compared to
a segregated approach (Burns et al., 2001). The governing
equations for the present case are represented by the steady
incompressible RANS equations in conservation form:

V-u=0 2)

pV-(u®@u)=-Vp+ V- [u(Vu+ (Vu)")]
—pV - (u’ ® u’) 3)

In the above equations, u denotes the Reynolds-averaged
velocity vector, p the fluid density (assumed constant for

incompressible flow), p the mean static pressure, and p
the dynamic viscosity. The term pV - (u ® u) represents
the convective transport of momentum. The term —Vp
corresponds to the pressure gradient force. The viscous
stresses are given by V - [ (Vu 4 (Vu)T)], which rep-
resents the divergence of the stress tensor. The final term,
—pV - (u' @ u’), is the divergence of the Reynolds stress
tensor arising from velocity fluctuations u’ and accounts
for turbulence effects. Menter’s k — w Shear Stress Trans-
port (SST) turbulence model as described in (Menter et al.,
2003) is used for closure. The main difference between
this version of SST and the original (Menter, 1994) is the
use of the strain invariant in the definition of eddy viscos-
ity instead of the magnitude of vorticity (NASA Langley
Research Center, 2024). The convective term is discretized
using the ‘High Resolution’ option in CFX which is a blend
of first and second order schemes based on boundedness
principles used by Barth and Jespersen (1989). Further in-
formation on the discretization of individual terms can be
seen in ANSYS, Inc. (2022).

3.1.2 BEM

To solve the unsteady flow around the propeller, an inviscid
BEM approach is used. Assuming the flow is irrotational
and incompressible, the total velocity (¢) at any point in
the domain can be represented as the sum of the velocity
undisturbed by the propeller (¢y) and the disturbed veloc-
ity potential (V¢):

where t is time and cartesian position vectors are repre-
sented by Z=(x,y,z) in a reference system translating and
rotating with the propeller.

The first term on the right hand side of (4), ¥y(Z,t), can
be written as the sum of the ship wake field and the angular
velocity of the propeller. The second term is the gradient of
the disturbance potential which represents the disturbance
velocity. Applying the continuity equation shows that the
Laplace equation is valid:

V? = ¢(7,1) )

Application of the third Green’s function identity to (5)
results in an integral equation. The surfaces (i.e. propeller
blade and hub) must be discretized into quadrilateral pan-
els (or boundary elements) which, along with application
of dynamic and kinematic boundary conditions, results in
a system of equations. This system can be solved for the
velocity potential in terms of source and dipole strengths
from which the velocity and pressure values can be calcu-
lated. The complete BEM solver used is called PROCAL
(version 2.218). It is a propeller-focussed solver developed
through the Cooperative Research Ships research consor-
tium led by the Maritime Research Institute Netherlands
(Bosschers, 2013). Full details of the solver formulation,
discretization and solution algorithm are given in Vaz and
Bosschers (2006).



3.1.3 Solution procedure

Putting both solution techniques together into the com-
bined RANS-BEM method, an iterative process results,
starting with an initial RANS computation around the rud-
der without the thrust contribution from the propeller. The
total wake is then extracted at two locations: at the pro-
peller plane and slightly upstream (0.25 times propeller ra-
dius to avoid contact with the swept volume of the pro-
peller blades). The former is used as the inflow for the
unsteady BEM computation. From the BEM computation
results, the circumferential average of the computed thrust
is implemented as a force density momentum source within
a subsequent RANS computation. From these RANS re-
sults, the wake is again extracted but now includes the in-
fluence of the rotating propeller. For the next BEM itera-
tion, the inflow is taken as the sum of the effective wake
upstream of the propeller plane (with induced velocities re-
moved) and the difference between the upstream and pro-
peller plane wakes from the previous iteration. The latter
is used to extrapolate the wake to the propeller plane. The
general procedure is illustrated in Figure 5. This procedure
repeats until the differences between the RANS and BEM
wakes reduce below a specified threshold. In this study, be-
tween four and six iterations are used, determined by when
the maximum differences between the RANS and BEM-
predicted wakes are less than 5%.

Solve RANS
(rudder only)

—» Rudder only

— Extract flow field and
use as BEM inflow

h J

Solve unsteady BEM

— Generate wake (BEM)

— Force density to
v RANS

Solve RANS
(with force density)

Update inflow

“—b Generate wake (RANS)

Converged

No wake?

Figure 5: Flow chart of the two-way RANS-BEM solution
procedure. The process ends when the difference between
BEM and RANS-generated wakes reduces below a specified
threshold.

3.2 Grid generation

3.2.1 RANS

The computational grids were generated using Pointwise
(V18.6 R3) from Cadence Design Systems, where use was
made of the tcl-based Glyph2 programming language to
generate fully structured, geometrically similar grids for
grid verification. The block-structured grid is divided into
an inner and outer region connected via interfaces such that
the inner region can be rotated to the desired angle of at-
tack. This enables a single grid to be used regardless of
rudder angle. The grid topology near the elliptical depres-
sion for the coarsest grid is shown in Figure 6. The cell
spacing at the depression edges (inner and outer) is set to
be ten times the first cell height spacing to ensure reason-
able cell aspect ratios and grid cell counts.
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Figure 6: Grid distribution around the elliptical defect for the
coarsest grid.

The procedure for mesh refinement follows the method out-
lined by Bettle (2020). Each block in the computational
grid contains cell edges where the number of cell edges is
always one less than the number of nodes. In order to refine
the base grid into the geometrically similar variants needed
for a grid convergence study, the number of cell edges on
each block edge must have a common divisor. In this study,
all cell edges are multiples of four, meaning the base grid
can only be coarsened four times but can, in theory, be re-
fined infinitely. In practice the increase in grid size quickly
becomes a limitation. For 3D structured grids, each level
of refinement increases the number of cells proportionally
to the cube of the refinement level. Six refinement levels
are used in the present study, all of which fully refine the
boundary layer (i.e. the non-dimensional first cell height,
yt < 1). However, yt is not constant and reduces as the
grid is refined therefore care has been taken to ensure the
coarsest grid case has an average y* < 1. Table 2 states
the particulars of each grid.



Table 2: Grid refinement particulars

g:l' #ofcells Min. Angle Max. AR yt

1.0 183M 45 23K 0.149
1.33 7IM 45 23K 0.199
1.6 45M 45 23K 0.239
2 23M 45 23K 0.333
2.67 10M 45 23K 0.398
4 3M 45 23K 0.596

3.2.2 BEM

PROCAL discretizes the propeller geometry into a collec-
tion of surfaces known as panels. Only a single blade is
modelled and the full propeller is generated by copying and
rotating the panels based on the number of blades. For this
study, each blade contained 51 panels in the radial direction
and 46 panels in the chordwise direction. The panels were
refined at the leading and trailing edges and smooth transi-
tions were ensured between the blade root and the hub. The
discretized propeller is shown in Figure 7.

(a) Front view

(b) Side view

Figure 7: Modified Wageningen B4-40 propeller panel distri-
bution used in PROCAL.

4 VERIFICATION AND VALIDATION

To assess the numerical accuracy of the solution, grid veri-
fication was performed using the method of E¢a and Hoek-
stra (2014). This systematic approach involves computa-
tions on a minimum of four successively refined, geometri-
cally similar grids and uses a generalized Richardson ex-
trapolation technique to estimate the discretization error
of key flow quantities. The method assumes that the nu-
merical solution behaves as a power series with respect
to the grid spacing, allowing for the determination of the
observed order of accuracy and the extrapolated “exact”
value. This method is performed for the rudder in isola-
tion as well as in the behind-propeller arrangement using
the RANS-BEM solution method.

For the propeller in isolation, experimental data from Mol-
land and Turnock (1990) is used to validate the open water
thrust (K;) and torque (K,) coefficients based on advance
ratio (J) calculated via BEM computation. The force coef-
ficients are defined below:

T

Ki= e ©6)
Q
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where p is the fluid density, n is the rotational speed in rev-
olutions per second, D is the propeller diameter, 7' is the
thrust, @ is the torque, and V, is the advance velocity.

Figure 8 illustrates a comparison of the computed force co-
efficients with experiment. For the range of advance coeffi-
cients tested, K; agrees well with experimental data. Some
deviation in K, is apparent with calculated values gener-
ally underpredicting relative to experiment. Given the vari-
ation in experimental values seen in Molland and Turnock
(1990), this agreement is considered representative of the
modified Wageningen B440 propeller.
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Figure 8: Open water force coefficients for the modified Wa-

geningen B4-40 propeller. Experimental data is taken from
Molland and Turnock (1990)

For the rudder, the non-dimensional lift (c¢z) and drag
(cp) coefficients are used to validate numerical predictions
for integral quantities. Additionally, the distribution of
the non-dimensional pressure coefficient (cp) is compared
with experiment to investigate the numerical accuracy of
a localized flow feature related to the inception of cavita-
tion. By examining both integral and local variables, the
grid verification ensures that the solution accuracy is ro-
bust across both global and detailed flow phenomena. The
definition of these coefficients is stated below.
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where p is the fluid density, V is the inflow velocity, A is
the total rudder area (span times chord), L is the lift force,
D is the drag force, p is pressure, and P;, . iS the average
pressure at the inlet boundary.

To start, the lift and drag coefficients on the rudder in
freestream conditions have been verified and validated with
experimental values from Molland and Turnock (1993).
Figure 9 illustrates that grid refinement results in both
quantities approaching exact solutions with decreasing nu-
merical uncertainty. The computed magnitudes of lift and
drag were within 5% of the experimental values.
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Figure 9: Force coefficients on rudder at 10 degree angle of
attack in freestream conditions. The listed uncertainty is for
the grid with a relative step size of 2. Experimental values are
taken from Molland and Turnock (2011)

Since any deviation from the as-built rudder profile will
modify the pressure distribution on the rudder surface, the
computational model must be able to adequately capture
the surface pressures. Figure 10 shows a comparison of the
experimental and predicted surfaces pressures on span 5 at
10° angle of attack. The experimental values were digi-
tized based on a plot in Chapter 6 of Molland and Turnock
(2011). As shown, all grid sizes similarly capture the gen-
eral shape of the pressure distribution. However, there are
slight deviations in the leading edge region where larger
gradients occur and there is an apparent offset in the lo-
cation of the pressure peak which abates toward the mid-
chord region. The predicted location of the peak is just over
2% aft of the experimental value. Given the many possible

sources of error (e.g. experimental, digitization, etc.), this
result is promising.

For the behind-propeller condition, a comparison of rud-
der force coefficients between simulation and experiment
has been performed. The experimental values are taken
from Molland and Turnock (1991) where forces and sur-
face pressures have been measured allowing for compar-
ison with data computed via the hybrid RANS-BEM ap-
proach described in Section 3. The grid size was chosen as
relative step size 2 to enable efficient computation times.
In this arrangement, the propeller is operated at an advance
ratio, J, of 0.51. The rudder angle is set to a nominal 10°,
and the inflow speed, V., remains at 10 m s~!. As Table 3
indicates, lift agrees with experiment to within < 5%. The
percentage deviation in drag is more significant, although
the actual difference is a small number.
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Figure 10: Surface pressure distributions on span 5 of
the rudder operating in freestream conditions (6, = 10°,
Veo=10 ms™1).

Table 3: Behind-propeller force coefficients (/=0.51). Experi-
mental values are taken from Molland and Turnock (1991).

Sim.  Expt. Delta (%)
cr, 0.821 0.860 —4.5
cp 0.131 0.121 8.3

Moving to the surface pressure comparison, Figure 11
shows that the overall trends of the distribution are well
represented. The simulated curve reaches similiar min-
imum and maximum pressures as experiment at similar
locations. Minimum pressure occurs on the suction side
slightly aft of the leading edge (= 0.1- chord length). Mov-
ing further aft, the pressures increase gradually. At this
point, it can be concluded that the simulated pressure coef-
ficients reasonably represent experiment in both freestream
and behind-propeller flow conditions. To determine the po-
tential effect of a rudder defect, the influence of the ellipti-
cal depression described in Section 2 will be investigated.
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Figure 11: Surface pressure distributions on span 3 of

the rudder when operating behind the propeller (6, = 10°,
J=0.51). The experimental results have been digitized from
Figure 63 in Molland and Turnock (1991).

5 RESULTS

In this section, defect cases are designated according to
both their location on the rudder and defect angle. “PS”
and “SS” denote pressure-side and suction-side defects, re-
spectively, while the numerical suffix indicates the angle
between the defect surface and the original rudder profile.
For example, PS40 corresponds to a pressure-side defect
with a defect angle of 40°.

5.1 Force coefficients

Table 4 presents the resulting force coefficients for
freestream and behind-propeller cases, with and without
defects. Under freestream conditions, the force coefficients
change negligibly when the defect is located on the pres-
sure side, likely because the higher-pressure environment
promotes attached flow. However, when the defect is lo-
cated on the suction side, a significant reduction in lift is
observed. This reduction is attributed to flow separation,
as illustrated in Figure 12. The defect induces separation
toward the trailing edge, evidenced by the swirling stream-
line pattern, which may promote earlier rudder stall. De-
spite the separation, the drag coefficient changes only neg-
ligibly.

Separate behind-propeller baseline cases without defects
were required at +10° and -10° rudder angles to enable
comparison with the PS and SS defect cases, respectively.
Owing to the non-uniform inflow generated by the pro-
peller, the inflow angles, and therefore the forces acting
on the rudder, differ depending on the sign of the rudder
angle. Figure 13 shows that the effective angle of attack
differs significantly between positive and negative rudder
deflections. When §,. is -10°, the effective angle of attack
is larger in magnitude than at +10°, whereas for §,.=+10° it
is close to 0°. This behaviour is specific to span 3, as the ef-
fective angle of attack varies spanwise due to the propeller-
induced tangential velocities.

Table 4: Calculated rudder force coefficients in freestream
and behind-propeller conditions. In both cases the rudder is
rotated to 10° with respect to the inflow speed of 10 ms~?'.
Percentage changes relate to the corresponding no defect case.

Freestream

No defect PS40 SS40 Apg Agg
cr, 0.523 0527 0477 0.8% —8.8%
cp 0.054 0.055 0.054 1.9% 0.0%

Behind-propeller (J = 0.51)

No defect PS40 SS40 Apg Agg
Sy (+10°/-10°)  (+10°) (-10°)
cy, 0.821/0852 0852 0838 38% —-1.6%
cp 0.131/0.107 0.139 0117 6.1% 9.3%

No defect PS10 SS10 Apg Ags
cr, 0.821/0852 0813 0820 -1.0% -3.8%
cp 0.131/0.107 0.126 0.102 -3.8% —4.7%

(a) No defect (b) Defect

Figure 12: Surface streamlines on the rudder suction side sur-
face in freestream conditions for non-defective (Fig. 12a) and
defective (Fig. 12b) rudders.

As shown in Table 4, the negative influence of the suction-
side defect on lift is reduced when the propeller is in-
cluded, possibly because the increased momentum in the
slipstream resists flow separation. In contrast, the propeller
significantly increases drag when the defect is located on
the suction side, primarily owing to enhanced pressure drag
associated with flow separation around the defect, as shown
in Figure 13a. A smaller drag increase is also observed for
pressure-side defects. Comparing the shallow (10°) and
deep (40°) defect geometries, the defect angle has only a
moderate effect on the global force coefficients. The shal-
low defect produces a slightly larger reduction in lift on the
suction side, whereas on the pressure side the steeper de-
fect slightly increases lift. Furthermore, the shallow defect
results in a small decrease in drag regardless of location.
Overall, the defects produce small-to-moderate changes in
the force coefficients, with all variations remaining below
+10%.



(a) SS40, 9, = -10°

(b) PS40, 6, = 10°

Figure 13: Boundary layer development at span 3 when de-
fect is on suction (Figure 13a) and pressure (Figure 13b) side
of the rudder operating behind the propeller.

Although the force coefficient changes are comparatively
small, the underlying flow behaviour differs significantly
between the two defect angles. The shallow defect tends to
preserve attached flow around the depression edges, gen-
erating sharper localized pressure gradients, whereas the
steeper defect promotes localized separation and recircula-
tion regions. These differences become particularly impor-
tant when examining the local pressure distributions and
associated cavitation risk.

5.2 Surface pressures

The defect has a more pronounced effect on the surface
pressure distribution. Figure 14 presents pressure coeffi-
cient distributions along the minor axis of the elliptical de-
fect (40° case) for a 10° angle of attack under freestream
conditions. Placement of the defect on either the pressure
or suction side is achieved by prescribing equal and oppo-
site rudder angles. In freestream conditions, the sign of the
angle does not alter the pressure distribution of the non-
defective rudder, as the inflow is uniform.

Relative to the non-defective case, the presence of the de-
fect introduces sudden changes in the pressure distribution
at both the upstream and downstream edges of the depres-
sion, which both have infinitely sharp corners. While sim-
ilar qualitative features are observed for defects on both
sides, important quantitative differences exist. When the
defect is located on the pressure side, the pressure spikes
do not exceed the minimum pressure of the non-defective
case. Conversely, for the suction-side defect, the magni-

tude of the minimum pressure increases significantly be-
yond the non-defective minimum pressure at both defect
edges. This behaviour indicates that damage on the suc-
tion side of the rudder has a more severe impact under
freestream conditions, which is consistent with the lower
pressure values typically present in this region. In both
configurations, the defect appears to superimpose localized
pressure spikes onto the underlying non-defective pressure
distribution. Such behaviour strongly suggests that surface
defects of this nature have the potential to promote earlier
cavitation inception. However, it remains unclear whether
this is driven by the the size and depth of the depression,
the sharpness of the edges, the angle relative to the base-
line geometry, or a combination of these factors.
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Figure 14: Distribution of pressure coefficient, C), at span 3 of
the rudder when operating in freestream conditions (6,.=10°).

As with the force coefficients, the inclusion of propeller
action has a significant impact on the surface pressure re-
sults. Figure 15 compares the pressure coefficient distri-
butions for cases in which the elliptical defect is located
on either the suction or pressure side of the rudder. Be-
cause the propeller induces a non-uniform inflow, the base-
line (non-defective) pressure distributions differ between
the two cases. For the suction-side defect case shown in
Figure 15a, the shallow defect angle (SS10) generates a
pronounced pressure peak at the upstream edge of the de-
pression, whereas the steeper defect (SS40) produces only
a modest deviation from the baseline distribution. This be-
haviour suggests that the shallower geometry allows the
flow to remain attached while accelerating around the de-
fect edge, producing a sharper local pressure minimum. In
contrast, the steeper geometry promotes localized separa-
tion that weakens the pressure peak. For both defect an-
gles, the pressure peak at the downstream edge of the de-
fect, although comparable in magnitude to the freestream
case, is no longer critical since it does not reduce the mini-
mum pressure below the baseline minimum.

In contrast, when the defect is located on the pressure side
of the rudder (Figure 15b), the downstream pressure min-
imum becomes significantly more severe under propeller-
induced inflow. In the PS40 case, the minimum pressure
magnitude exceeds the baseline value by more than a factor
of three, indicating a substantially elevated cavitation risk.



Although the PS10 case produces a less severe pressure ex-
cursion, the pressure minimum remains considerably be-
low the non-defective value. This behaviour indicates a
substantially increased risk associated with pressure-side
defects under propeller-induced flow at this span for this
defect case.

-10 T T T
No defect
| $S10 ——
-8 ,JK SS40 ]
-6 \
-4
2 A
-2
0 *:_\‘»_\_ﬁa
/ \
2 \/
4
0 01 02 03 04 05 06 07 08 09 1
x/c
(a) J,. =-10°
-8 T T
No defect
PS1I0 ——
-6 PS40
-4
&2 L I\

— INT—
—

0 / N
2
4
0O 01 02 03 04 05 06 07 08 09 1
x/c
(b) 4, =10°

Figure 15: Distribution of pressure coefficient, C), at span 3
of the rudder when operating behind the propeller for a suc-
tion side defect (Figure 15a) and pressure side defect (Figure
15b).

Examination of the local flow field in the vicinity of the de-
fect provides insight into the observed pressure behaviour.
Figure 16 presents a slice of the pressure coefficient at rud-
der span 3 for both defect angles. When the shallow angle
defect is located on the suction side (Figure 16a), there is
a distinct pressure peak at the upstream edge of the depres-
sion. Presumably, the flow is able to accelerate around the
defect edge while remaining attached, resulting in a distinct
local presure peak. In contrast, the steeper defect (Figure
16b) causes larger adverse pressure gradients that lead to
localized separation, effectively reducing the magnitude of
the pressure peak and rendering it less distinct. This is
the cause of the flat region (z/c¢ ~ 0.6) shown in Figure
15a. Furthermore, when the defect is located on the pres-
sure side (Figures 16c, 16d), a similar phenomenon occurs.
At the downstream edge of the defect, distinct low pressure
peaks occur for all cases tested.
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Figure 16: Pressure contour comparison between 10° and 40°
defect angles when the defect is located on the suction side
(Figs. 16a, 16b) and pressure side (Figs. 16¢, 16d).



From this analysis, it can be concluded that the angle the
defect makes with the baseline shape is an important pa-
rameter and warrants further investigation. Furthermore,
the sharpness of the defect edges should also be investi-
gated as infinitely sharp edges can introduce numerical dif-
ficulties in CFD analyses.

6 CONCLUSIONS

This study has investigated the hydrodynamic implications
of operating a rudder with surface damage, with particular
emphasis on the interaction between an idealized ellipti-
cal depression and propeller-induced inflow. Using a cou-
pled RANS-BEM approach, rudder forces, pressure dis-
tributions, and local flow features were analyzed for both
as-built and damaged configurations under freestream and
behind-propeller conditions. The results demonstrate that
localized surface defects can produce measurable changes
in rudder hydrodynamics, particularly through their influ-
ence on surface pressure distributions and flow separation
characteristics.

In freestream conditions, the effect of the defect was found
to depend strongly on whether it was located on the pres-
sure or suction side of the rudder. Defects on the pres-
sure side produced negligible changes in global force coef-
ficients, consistent with the presence of a stable, attached
flow in this region. In contrast, suction-side defects led
to notable lift degradation due to flow separation near the
trailing edge, with implications for earlier stall. Pressure
coefficient distributions revealed local pressure spikes at
the defect edges for both configurations; however, suction-
side defects produced substantially lower minimum pres-
sures, suggesting an increased susceptibility to cavitation
inception. These results indicate that surface damage on
the suction side is particularly critical under uniform inflow
conditions.

When propeller action was included, the influence of the
rudder defect changed markedly. Propeller-induced inflow
reduced the lift penalty associated with the defect, possibly
due to increased flow momentum from the propeller. At the
same time, a significant increase in drag was observed for
suction-side defects, attributed to enhanced pressure drag
arising from separation around the defect. Notably, an anal-
ysis of the chordwise pressure distribution at the center of
the defect (span 3) showed that the pressure-side defect be-
came more critical under propeller influence. Analysis of
the local flow field showed that this behaviour is linked to
differences in boundary-layer development within the de-
fect: reattachment inside the depression on the pressure
side exposes the downstream edge to high local velocities,
whereas sustained separation on the suction side shields the
edge from the energetic core flow.

The results also demonstrated that the angle of the defect
relative to the original rudder surface is an important pa-
rameter governing the local flow response. Shallow defect
angles tended to maintain attached flow around the depres-
sion edges, producing sharp localized pressure excursions,
whereas steeper defects promoted local separation and re-
circulation that altered the pressure distribution and drag

characteristics. This sensitivity to defect angle suggests
that not only the size and depth of cavitation damage, but
also its geometric transition back to the original surface,
may influence cavitation inception behaviour. These find-
ings underscore the importance of local flow topology, such
as the effective angle of attack, in determining the severity
of pressure excursions and associated cavitation risk.

Overall, the results indicate that the hydrodynamic re-
sponse to rudder damage depends not only on defect geom-
etry, but also on defect location and inflow conditions. The
simplified elliptical defect employed here provides a use-
ful framework for isolating these effects and supporting fu-
ture parametric studies involving defect size, angle, depth,
and edge sharpness. More broadly, this work demon-
strates the capability of the proposed methodology to in-
vestigate cavitation-related risks and hydrodynamic perfor-
mance changes associated with damaged rudders, while
establishing a foundation for future studies incorporating
more realistic damage representations and operational con-
ditions.
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