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ABSTRACT

The ongoing development of wind-assisted ship propulsion
is leading to a paradigm shift in propeller design and oper-
ation. The propeller needs to be efficient over a wide range
of conditions associated with its unloading, which may also
have an impact on rudder performance. Controllable pitch
propellers offer the possibility of achieving adequate effi-
ciency for multiple conditions, with proper pitching of the
blades. In this paper, we present experimental and numeri-
cal results carried out for a propeller-rudder configuration,
tested for a wide range of rudder angles, propeller loading
conditions, and three pitch settings for the propeller blades.
Studies on the propeller and rudder performance when iso-
lated from each other were performed as well. The re-
sults show that the presence of the rudder leads to increased
thrust and torque generation on the propeller, whereas the
unloading of the propeller can cause a significant decrease
in the rudder forces. For equivalent conditions, changing
the pitch of the propeller can lead to higher efficiency when
the propeller is strongly unloaded without impacting nega-
tively the rudder forces.

Computational Fluid Dynamics; Propeller-Rudder Inter-
action; Propeller Pitch

1 INTRODUCTION

Environmental concerns are currently driving a large share
of the research in the maritime world. The goal of car-
bon neutrality set by the International Maritime Organisa-
tion is leading to significant focus on the decarbonisation
of the maritime sector. This involves a major overhaul of
the current paradigm to attain the ambitious goal by the
year 2050. It is also clear that no single technology will
be sufficient to achieve carbon neutrality. Instead different
approaches need to be developed and implemented simul-
taneously, which has led to research to have branched into
different areas. One pathway to reduce the carbon footprint
of ships is through the use of environmentally friendly fuels
such as hydrogen or ammonia (Korberg et al, 2021). The
electrification of ships, the use of batteries or hybrid sys-
tems has also gained growing focus, as has nuclear power.

Besides research on alternative fuels, wind propulsion has
also been gaining traction. The energy of the wind encoun-
tered by ships at sea can be harnessed to help propel the

ship through Flettner rotors, which rely on the Magnus ef-
fect to generate the propulsive force, wing sails, or even
kites (Traut et al, 2014). Wind propulsion carries an addi-
tional benefit: besides being considered a renewable energy
source, it is also free, and thus the use of wind propulsion
systems can also lead to reduced operational costs. Due to
these factors, considerable research is currently ongoing on
wind propulsion, with a main focus on the aerodynamics.

Despite its benefits, wind propulsion comes with its own
challenges. Naturally, the performance of a wind propul-
sion system will be dependent on the encountered wind
conditions, which are not controlled. Thus, wind propul-
sion may not be a complete substitute to a marine propeller,
but rather a complement, which has led to the term ”wind-
assisted ship propulsion”. This situation leads to several
questions concerning the propeller. If wind conditions are
variable throughout the operation of the ship, the concept
of a design point is inadequate. The propeller should be
efficient for a wide extent of conditions, starting from the
point where it will be the only source of propulsion for the
ship and ranging to when it is unloaded due to the propul-
sive force generated by a wind propulsion unit contributing
significantly to the propulsion of the vessel. One approach
to address this issue is to rely on a controllable pitch pro-
peller, so that the pitch of the blades can be modified in
accordance to the propeller loading. Another challenge in
the operation of vessels with wind assisted propulsion lies
in rudder performance. As the rudder is placed in the pro-
peller slipstream, unloading the propeller will influence the
flow around the rudder, and lead to reduced forces on the
rudder which may affect maneuverability.

Propeller-rudder interaction has been studied both numer-
ically and experimentally in several contexts. An exper-
imental campaign on a wind tunnel carried out by Mol-
land and Turnock (1991) addressed the influence of vari-
able propeller loading on rudder performance. Another ex-
perimental study conducted by Felli and Falchi (2011) ad-
dressed the interaction between vortices generated by the
propeller tip and hub with the rudder. The influence of drift
angle on the interaction between propeller, rudder and hull
was studied by Badoe et al (2015), while He and Kinnas
(2017) conducted a numerical study on a cavitating rudder
in the presence of a propeller. The influence of propeller



loading on the rudder forces and the spacing between them
was investigated numerically by Villa et al (2020).

Although there have been studies on the influence of pro-
peller loading on rudder performance, these do not con-
sider wind propulsion or propeller pitch variation. In order
to shed some light on these effects, an experimental inves-
tigation was carried out for a controllable pitch propeller
and corresponding rudder, covering three different pitch
ratios for the propeller blades, eight advance coefficients,
and seventeen rudder angles. Additional experiments on
the rudder and propeller operating separate from each other
were also conducted. Numerical simulations correspond-
ing to some of these conditions have been carried out as
well. The main goal of the study is to assess propeller-
rudder interaction and how it is influenced by the unloading
of the propeller and by the propeller pitch.

The structure of the remainder of the paper is as fol-
lows: Section 2 briefly describes the experimental setup
and tested conditions. The mathematical model, grid de-
tails and numerical settings are detailed in Section 3. The
results of the study are divided into three sections. Sections
4 and 5 address the results from the propeller only and rud-
der only studies, respectively. The results for the work car-
ried out with the rudder and propeller operating together
are discussed in Section 6. Finally, the main conclusions of
this paper are given in Section 7.

2 EXPERIMENTAL SETUP

The geometries selected for this study are a controllable
pitch propeller and corresponding rudder of a chemical
tanker. The system features Kongsberg’s PROMAS unit,
with an integrated rudder bulb. The experiments were con-
ducted for a scale ratio of A = 27.14 in the cavitation
tunnel at the Kongsberg Maritime Hydrodynamic Research
Centre. Details for the propeller and rudder geometries are
given in Table 1.

Table 1: Main particulars of the propeller and rudder geome-
tries at model-scale

Characteristic Symbol Value
Propeller diameter D [m] 0.21
Propeller chord length co.7s5r [m]  0.0468
Number of blades Z 4
Propeller pitch ratio P/Do7r 0978
Propeller blade area ratio  Ag/Ay 0.376
Rudder chord ¢, [m] 0.1326
Rudder span S, [m] 0.2174

The test matrix for the setup consisting of the pro-
peller and rudder operating simultaneously consists of
eight advance coefficients and seventeen rudder an-
gles. The advance coefficient is dependent on the pro-
peller pitch so that they correspond to similar Kp val-
ues. The rudder incidence angles selected are § =
0°,£10°,+£15°, £20°, +£22.5°, £25°,+27.5°, +30° and
+32.5°. For each condition, the lift, drag and moments
in all directions are measured in the rudder along with pro-

peller torque and thrust. Due to limitations in the force
measurements, the velocity of the flow inside the tunnel
could not be kept the same for the highest pitch ratio. Re-
gardless, for all pitch settings, the propeller loading was
varied by changing the propeller rotation rate. As a re-
sult, the Reynolds number based on the propeller chord
and velocity at 75% of the radius ranges from 3.2 x 10°
to 5.9 x 10°, whereas the Reynolds number based on the
advance velocity and rudder chord varies from 4.5 x 10° to
5.2 x 10°. The experimental setup is displayed in Figure 1.

Figure 1: Experimental setup with the propeller and rudder
simultaneously.

For the propeller only experiments, a wider range of ad-
vance coefficients is tested. As was the case for the runs
with the propeller and rudder, the advance coefficient range
depends on the propeller pitch. However, the variation
of the propeller loading is carried out by changing both
the flow velocity and the propeller rotation rate. Thus,
the Reynolds number range covered in these measurements
differs from when the propeller and rudder were tested to-
gether. In the propeller only setup, the Reynolds number
ranges from 4.1 x 10° to 7.4 x 10°, with the lower end of
the range corresponding mostly to the highest pitch setting.

Finally, in the case of the experiments consisting of solely
the rudder, the rudder was rotated only to one side. The
angle of attack ranges from 0° up to 32°, which is already
well past stall. Two different flow velocities are considered,
V = 3.45m/s and V = 5.0 m/s, which lead to a Reynolds
number range of 4.5 x 10° up to 6.5 x 10,

3 NUMERICAL SETUP

As a complement to the experimental work, numerical sim-
ulations were carried out based on the Reynolds-Averaged
Navier-Stokes equations. For the unsteady flow of an in-
compressible and Newtonian fluid the continuity and mo-
mentum equations can be written as
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In these equations U; are the components of the mean ve-
locity, x; are the coordinates of the Cartesian coordinate



system, t is time, P is the mean pressure relative to the hy-
drostatic pressure, 7;; is the Reynolds stress tensor, p is the
density and p is the dynamic viscosity. In the case of an
unsteady flow, the mean values correspond to an ensemble
averaging. In the case of the simulations for the propeller
and rudder isolated, the flow can be considered as statisti-
cally steady, and therefore, the steady form of the equations
is employed instead. In this instance, the mean of the de-
pendent variables corresponds to a time average.

The closure of the equations follows Boussinesq’s eddy-
viscosity hypothesis, relating the Reynolds stresses to the
eddy-viscosity through
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where p; is the eddy-viscosity, k is the turbulence kinetic
energy and ¢;; corresponds to Kronecker’s delta.

The calculation of the eddy viscosity is accomplished
through the £ — w Shear Stress Transport (SST) model by
Menter (1994). The model solves two transport equations
for the turbulence kinetic energy k and the specific turbu-
lence dissipation rate w, written as
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S corresponds to the mean strain rate magnitude, P, is the
production term of w, F} is a blending function of the SST
model and 3*, 8 oy, 0., and 0,5 are constants.

The eddy-viscosity is calculated as
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where F5 is an additional blending function of the SST
model.

It should be pointed out that the implementation of the SST
model used in this study differs from the 1994 (Menter,
1994) and 2003 (Menter et al, 2003) versions of the model
in the application of the limiter to avoid excess turbulence
production in stagnation regions. These versions of the
model employ a limiter on the production of k£ based on
the turbulence dissipation. In the current implementation,
a limiter is instead used directly in the calculation of the
eddy viscosity, and not on the production of k.

All of the numerical work in this paper was carried out us-
ing the commercial CFD solver STAR-CCM+ 2410 Build
19.06.009. The equations are discretised using the finite
volume method and the SIMPLE algorithm is employed
in order to solve the coupling between velocity and pres-
sure. The coupled solver is used in the steady simulations,
corresponding to the cases of the rudder and propeller iso-
lated, due to its numerical robustness in decreasing the it-
erative error, whereas the segregated solver is used for the

unsteady simulation carried out for the propeller and rudder
operating together. Second-order schemes are used for the
discretisation of the convective terms of all transport equa-
tions, and a second-order implicit scheme is used for time
discretisation.

In order to generate grids for each case, a base grid was
constructed for the complete configuration including both
the propeller and the rudder. The grids for the propeller and
rudder individually were then created from the base grid by
keeping the same settings but removing the surfaces corre-
sponding to the absent geometry and its corresponding re-
finements, ensuring similar resolution between the differ-
ent cases. In the case of the setup for the propeller simula-
tions, all surfaces corresponding to the rudder and its sup-
port are absent. For the simulations which only contain the
rudder, the propeller shaft is still included, as this was the
case in the experiments as well. Only the propeller blades
are removed, and the hub is slightly modified. The dimen-
sions of the computational domain follow the dimensions
of the cavitation tunnel where the experiments took place
and thus the domain has an approximately square cross-
section of 0.8 m x 0.8 m with rounded corners. The com-
putational domain is depicted in Figure 2.

The domain is split into two regions with different mesh-
ing approaches. One of the regions consists of a cylinder
which contains the propeller. This region, called the rotat-
ing region, uses the sliding mesh approach in the unsteady
simulations. In this region, the polyhedral mesher is used
together with the advancing layer mesher, in order to pro-
vide high quality prism layers around the propeller blades.
Quadrilateral elements are used on the surfaces and on the
prism layers, whereas the remainder of the region is filled
with polyhedrals. Initially, only a quarter of the cylinder
is meshed, corresponding to a single propeller blade. This
quarter is then copied and rotated to generate the entirety
of the rotating region, with conformal matching between
the two sides. This guarantees that the grid on each pro-
peller blade is exactly the same. The second region corre-
sponds to the static region and comprises the remainder of
the computational domain, covering most of the length of
the propeller shaft, the rudder and its support on the tun-
nel. On this region, the trimmer mesher is used, resulting
in hexahedral cells.
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Figure 2: Illustration of the computational domain. Flow is
from left to right.

For the combination of the design pitch on the propeller
blades and an angle of incidence of 0° on the rudder, the



grid contains 8.9M cells, with 5.0M cells on the region
around the propeller and 3.9M cells on the static region.
Naturally, there are slight variations on the cell counts de-
pending on the propeller pitch and rudder angle. Wall nor-
mal spacings are set so that ;5. < 1 on all surfaces,
meaning that wall functions are not used and the bound-
ary layer is fully resolved. With the exception of the tunnel
walls, all walls in the domain are treated as no-slip walls,
including the propeller shaft and rudder support. A prelimi-
nary investigation on the impact of the boundary condition
on the tunnel walls showed that using a no-slip boundary
condition did not influence significantly the results and led
to an increased cell count due to the need to resolve the
boundary-layer. Together with poor cell quality near the
junction between the rudder support and the tunnel wall,
these aspects led to the choice of using a slip wall bound-
ary condition for the tunnel walls.

For the steady simulations of propeller-only and rudder-
only, grid refinement studies were conducted in order to
estimate the numerical uncertainty. A set of five grids were
generated for these cases, using the base grid of each case
as the coarsest, and refinement factors of 1.25, 1.5, 1.75 and
2.0 for the remaining grids, meaning that all cell sizes on
the finest grid are half of the size on the coarse grid. Due to
the unstructured nature of the grids, they are not geomet-
rically similar, but all settings, including stretching ratios
and number of prism layers, were modified so that the grids
would be as similar as possible. In the case of the grids for
the propeller, this results in grids ranging from 7.3 to 53.8
million cells. For the grid set of the rudder-only simula-
tions, the grids contain between 4 and 31 million cells. The
grid around the propeller blades and the rudder is exhibited
in Figure 3.

Figure 3: Base grid generated around the propeller blades
(top) and around the rudder (bottom).

The estimation of the numerical uncertainty relying on grid
refinement studies is carried out based on the least squares

method by Eca and Hoekstra (2014), which relies on a
power series expansion of the numerical error. Besides
needing geometrically similar grids, the estimation of nu-
merical errors through grid refinement studies requires that
other error sources are negligible when compared to the
discretization error. The remaining error sources in steady
simulations are generally accepted to be the iterative error
and the round-off error. In the present work, the round-off
error is considered negligible as the double precision ver-
sion of STAR-CCM+ is used for all the simulations. Con-
cerning the iterative error, all simulations were carried out
until appropriate convergence had been achieved, judged
by the residuals and by the convergence of forces and mo-
ments with iterations. At least 5,000 iterations were per-
formed for all the steady simulations, which together with
the application of the coupled solver results in appropriate
convergence for most simulations.

For the unsteady simulations consisting of both the pro-
peller and rudder, a solution procedure was devised in order
to develop the flow efficiently and attempt at minimizing
the computational cost of the simulations. The simulation
is firstly conducted for 5,000 iterations assuming steady
flow, and applying the Moving Reference Frame technique
for the propeller region. After this initial phase, the simula-
tion is changed to be unsteady and thus the sliding mesh ap-
proach is employed on the propeller region. The unsteady
part of the simulation is then divided into three stages:

» The first stage lasts for thirty propeller revolutions,
and is used to develop the unsteady flow past the
propeller. During this stage, only 10 iterations are
solved in each time-step, and the time-step size cor-
responds to a rotation of the propeller of 4°;

* In the second phase the time step size is decreased to
correspond to a rotation of the propeller of 2°. This
part lasts for an additional twenty propeller revolu-
tions, and is meant to act as a bridge between the
first and last stages.

* In the third and final stage, the number of itera-
tions per time-step is increased to 50 so that the flow
converges appropriately within each time-step. This
phase corresponds to the data gathering phase, so it
is run for a minimum of five propeller revolutions.

After the simulations are complete, the time history of
the forces and moments acting on the propeller and rud-
der are analysed using the Transient Scanning Technique
(Brouwer et al, 2019) in order to determine if good statisti-
cal convergence is observed in the calculation of the mean.
In the cases where it is observed that the time signals do not
exhibit a clear stationary regime, the simulations are ran for
additional revolutions. This situation often occurs when the
rudder stalls, and thus the unsteadiness of the flow around
the rudder has a period which is significantly larger than
the propeller rotation rate.

The main quantities of interest in this study are the thrust
and torque coefficients of the propeller, K7 and K¢, along



with its efficiency 7. The rudder’s lift and drag coefficient,
Cp, and Cp, are considered as well. These quantities are
defined as
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where T" and @ are the propeller thrust and torque, respec-
tively, n is the propeller rotation rate in rps, L is the lift gen-
erated by the rudder, D is the drag of the rudder, and A is
the planform area of the rudder. Although the moments on
the rudder were also measured, they are not considered in
the paper. For the complete configuration with rudder and
propeller, the total longitudinal force acting on propeller
and rudder is considered as well. Whenever quantities are
considered for the complete system, a subscript s is added,
such as 7, for the efficiency of the system. Furthermore,
due to proprietary limitations on the geometries used in this
work, values for these quantities cannot be given directly.
Instead, the results are presented relative to reference con-
ditions, which are specified accordingly throughout the pa-
per, or by a direct comparison with the experimental results
through the comparison error E. The comparison error of
quantity ¢ is calculated simply as

E(¢) = ¢CFD - Qbea:p) (12)

where ¢opp is the value of ¢ obtained from the simula-
tions and ¢, is the value measured in the experiments.

4 RESULTS - PROPELLER ONLY

The starting point for the propeller only results is a com-
parison of the efficiency measured across different loading
conditions for the different pitch settings. These measure-
ments are given in Figure 4. Due to the proprietary na-
ture of the propeller geometry, the efficiency values are not
given directly. Regardless, all pitch conditions are plotted
in the same scale, thus still providing information for the
comparison. Furthermore, the efficiency is plotted against
Kr/J?, in order to provide a fair comparison within the
framework of wind assisted ship propulsion. For equiva-
lent conditions, when the pitch is modified, the propeller
should generate the same thrust, at the same advance ve-
locity, but for a different rotation rate. Since the inflow
velocity is varied in both the experiments and the simula-
tions, T' cannot be used directly. Similarly, when changing
the pitch of the propeller, the rotation rate is also different,
meaning that the same value of K7 does not correspond
necessarily to the same thrust, even if the inflow velocity
is the same. As a result, the appropriate metric to estab-
lish the same condition across different pitch configurations

and inflow velocity conditions is Kr/J 2 which then re-
sults in a quantity that is proportional to the thrust, does
not depend directly on the rotation rate, and is consistent
with respect to difference in the inflow velocity. We note
that the propeller thrust could be used for the comparison if
the advance velocity had been kept constant throughout the
measurements. However, due to limitations on the setup,
this was not the case. The results in Figure 4 show the
higher efficiency obtained with the design pitch for most of
the K7 /J? range, with the higher pitch settings leading to
higher efficiency only when

—— P/D=0978 —— P/D=12

Kr/J?
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Figure 4: Efficiency obtained for the propeller only measure-
ments at different loading conditions and pitch settings. Each
division in the vertical axis corresponds to change in efficiency
of 0.1.

the required thrust from the propeller is significantly lower.
These trends highlight not only the advantages of the de-
sign pitch over the remaining settings, but also the potential
benefits of increasing the pitch when propeller unloading
occurs.

Figure 5 presents the comparison error of the propeller per-
formance characteristics for the conditions with the design
pitch. The estimated numerical uncertainty of the simula-
tions is included in the form of error bars. The results cor-
respond to the finest grid generated. Overall the numerical
results exhibit a slight underprediction of all quantities. In
the case of K7 and K¢, the agreement seems to be worse
at an intermediate range of the advance coefficient. Due to
the change of these quantities with propeller loading, the
same trend is not observed in the efficiency, with the differ-
ence between the numerical results and the measurements
getting progressively worse as the propeller is unloaded. In
particular, for the highest advance coefficients considered,
the efficiency displays the largest comparison error, even
though the lowest comparison error is obtained for K7 and
Kq. In the vast majority of cases, the numerical uncer-
tainty is lower than the differences observed, which points
instead to the modelling error.

5 RESULTS - RUDDER ONLY

The discussion of the results for the rudder only setup fo-
cuses mainly on the lift and drag coefficients obtained at
two different speeds of V' = 3.45 m/s and V' = 5 m/s.
The measurements and numerical results obtained at dif-
ferent angles of attack are exhibited in Figure 6 and show



several distinguishing trends. Starting with the experimen-
tal measurements, a clear hysteresis loop is observed in the
range 23° < § < 28° for the lowest speed considered. At
V' = bm/s, this effect is no longer present, and slight de-
viations in the lift coefficient are observed after the rudder
stalls. At the lowest angles of attack (0° < ¢ < 10°), the
lift coefficient shows no significant differences between the
two speeds. As the angle of attack is further increased, dis-
crepancies in the lift coefficient start to be visible, with the
highest speed tested leading to a slightly higher lift coeffi-
cient. For both speeds, past the angle of attack correspond-
ing to the maximum lift, C7, decreases smoothly instead
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Figure 5: Comparison error of K+ and 10K (top), and
n (bottom) for the propeller-only conditions and design pro-
peller pitch

of dropping sharply. In the case of the drag coefficient, the
differences are minor.

When considering the numerical results, the agreement
with the experimental results is quite poor. The lift coef-
ficient is strongly underpredicted, even at low angles of at-
tack, and stall occurs at a much lower angle than in the
experiments. Although the bands set by the numerical un-
certainty, again plotted in the form of error bars, cover the
experimental measurements, the numerical uncertainty is
quite large, which can indicate some numerical issues. Fur-
thermore, iterative convergence was poor for some of the
simulations, which may have an impact on the results and
the estimated uncertainty. The comparison of the drag co-
efficient shows a different trend, with a reasonable agree-
ment being observed between the numerical results and the
experimental data, prior to stall.

Although the main focus of the paper is not on the iso-
lated rudder configuration, the overall poor agreement of

the simulations with the measurements, particularly with
respect to lift, is troublesome since C, is one of the main
quantities of interest on this study. Several factors have
been identified as potential contributors to the discrepan-
cies. The first one consists of the possibility of laminar flow
on the surface of the rudder. The rudder is not tripped, and
for the range of Reynolds numbers considered, it is likely
that a part of the flow in the experiments was laminar. This
could lead to delayed stall if the flow undergoes transition
to turbulent, due to the increased mixing of turbulent flow.
This possibility is consistent with some of the differences
observed between the experiments and the simulations.

Since the latter have been carried out with the SST model
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Figure 6: Lift (top) and drag (bottom) coefficients obtained
for the rudder-only configuration as a function of the angle of
attack

and without any transition model, the flow is nearly fully
turbulent. This would lead to increased friction and there-
fore increased drag. Considering that the lift is underpre-
dicted, lift-induced drag is lower than expected, and the two
effects could balance out to lead to an apparent good agree-
ment for Cp. However, exploratory simulations carried out
with the ~y transition model showed that the inclusion of a
transition model does not lead to an increase of the stall
angle, although the influence of turbulence levels at the
inlet was not fully explored. These quantities are known
to greatly influence the solutions obtained with transition
models, and so turbulence intensity levels would need to be
known to accurately reproduce the experiments. Moreover,



they would have to be carefully maintained throughout the
domain while handling the strong decay of freestream tur-
bulence promoted by the SST model. Due to the presence
of the propeller shaft, mitigating turbulence decay would
prove difficult. As a final point, in the case of the propeller-
rudder configuration, since the rudder operates in the pro-
peller slipstream, the likelihood of laminar flow occurring
on the rudder decreases. Therefore, although transition
could play a significant role in the rudder-only configura-
tion, its impact is expected to be much lower for the rudder
performance when operating simultaneously with the pro-
peller.

Another source of deviations between the numerical results
and the experiments is connected to the shaft of the pro-
peller. Although the shaft is present in both simulations
and experiments, there will be some flow separation occur-
ring at the end of the shaft that influences the behaviour of
the flow around the rudder and that may not be accurately
captured with a steady approach. In addition, recent veloc-
ity measurements in the tunnel have shown that the flow is
not entirely uniform, and a slight difference in velocity was
consistently observed between the upper and lower sides
of the tunnel, which also impacted the boundary-layer de-
velopment along the shaft. As a final point, in the tunnel,
the shaft extends all the way upstream, past a contraction
and grid to homogenize the flow. In the numerical setup,
the computational domain starts right after the contraction,
and so the development of the boundary layer on the shaft is
significantly different from that on the experiments. These
small details may also play a role in explaining the differ-
ences, although by themselves they would not justify the
large difference at which stall occurs.

6 RESULTS - PROPELLER AND RUDDER

In Figure 7, the change of the thrust generated by the pro-
peller due to the rudder is presented for different load-
ing conditions and rudder incidence angles. The results
from the experimental measurements show that in general,
K7 exhibits an increase due to the presence of the rud-
der, which tends to grow as the rudder angle is increased.
We note that this does not necessarily reflect that the to-
tal longitudinal force of the propeller-rudder system in-
creases, since the drag from the rudder will also become
higher as J is increased. However, for the two lowest an-
gles of incidence tested, the propeller thrust tends to de-
crease as J is increased, and for the lowest loading con-
ditions, the thrust generated by the propeller-rudder setup
is lower than that when the rudder is absent. The effect of
the rudder also appears to be more significant as the pro-
peller is unloaded, partially due to the lower magnitude of
the thrust coefficient for such conditions. In the case of
the numerical results, the increase of the rudder angle and
the unloading of the propeller always lead to an increase
of K. For the same loading condition, whenever the rud-
der is present, higher K is obtained when compared to
the propeller-only condition, unlike what was observed in
the experimental data. Furthermore, the relative increase of
K seems to be considerably larger, which comes from the
fact that in the reference condition (no rudder), the simula-

tions predicted a lower K7 than what was measured in the
cavitation tunnel.

It is important to highlight that the reference condition is
not exactly the same between the experiments and the sim-
ulations. In the experiments, the open water runs were con-
ducted at a considerably higher Reynolds number than the
runs with the propeller and rudder combined, and so the ex-
perimental comparison should be interpreted with care. On
the other hand, for the numerical results, additional open
water simulations matching the same Reynolds number as
the propeller-rudder cases were carried out. A comparison
of the numerical results for the propeller only configura-
tion at the different Reynolds numbers has shown that the
highest Reynolds number leads to a slightly higher K.
The difference also tends to increase as the propeller is
unloaded and can become pronounced when considered in
relative terms, due to the low absolute value of K7 when
the propeller is strongly unloaded. This explains the signif-
icant difference observed between the two sets of results
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Figure 7: Thrust coefficient of the propeller when operating
with the rudder relative to the thrust coefficient of the iso-
lated propeller for the experimental measurements (top) and
the numerical results (bottom) as a function of the advance
coefficient for different rudder angles and P/D = 0.978

for the highest advance coefficients. In the case of the ex-
periments, the low Reynolds number of the reference con-
ditions causes the reference thrust to be higher for the low-
est loading conditions, which then misleadingly indicates
the decrease of the thrust coefficient when the rudder is in-
cluded. However, as suggested by the numerical results, it



is likely that if the reference results had been obtained at
the same Reynolds number, then the reference thrust value
would be lower, and thus the presence of the rudder would
always lead to an increase in the propeller thrust. Nonethe-
less, this could only be confirmed with additional experi-
mental runs for the propeller only configuration with the
same Reynolds number as the combined propeller-rudder
system.

The lift coefficient for different propeller loading condi-
tions is depicted in Figure 8. In the case of the experiments,
the lift coefficient is given relative to that obtained in the
rudder only measurements at the same angle of incidence.
The ratio between lift coefficients grows as ¢ is increased,
in part due to delayed stall when compared to the isolated
rudder condition. As expected, the unloading of the pro-
peller leads to a smaller increase of lift, although it is still
significant for the highest angles of incidence due to the de-
layed stall. For the numerical simulations, the comparison
error is displayed instead, since the rudder only computa-
tions exhibited too early stall. As was the case previously,
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Figure 8: Lift coefficient of the rudder when operating with
the propeller relative to the lift coefficient of the isolated rud-
der for the experimental measurements (top) and comparison
error of the lift coefficient for the simulations (bottom) as a
function of the angle of incidence for different advance coeffi-
cients and P/D = 0.978

the lift on the rudder is still underpredicted by the sim-
ulations, with the discrepancy growing as ¢ is increased,
in part due to early stall which leads to considerable er-
ror for angles higher than 20°. Before the rudder stalls,

the agreement between simulations and experiments tends
to be worse for the lowest advance coefficients, indicating
that the effect of the propeller on the rudder is not properly
captured, whereas after stall there is no clear trend.

In order to compare the different pitch settings, Figure 9
displays the lift coefficient of the rudder as a function of
Kr/J 2 for two angles of incidence, relative to C, of the
rudder only configuration at the same angle. At § = 10°,
regardless of propeller loading, the design pitch setting
(P/D = 0.978) exhibits higher lift than the remaining
pitch settings, although the difference is rather small. At
20°, the differences in the lift coefficient between the dif-
ferent pitch settings are even smaller. This indicates that
there seems to be no significant negative effect from chang-
ing propeller pitch on the performance of the rudder for this
range of incidence angles.

A comparison of the efficiency of the combined propeller
and rudder system as obtained from the experimental mea-
surements is depicted in Figure 10 for § = 10° and § =
20°. The efficiency is obtained by subtracting the drag
of the rudder from the thrust generated by the propeller.
For the lowest angle considered, there is a clear benefit
in the increase of the propeller pitch, with an increase of
the efficiency being more predominant as the propeller is
unloaded. For § = 20°, the drag generated by the rud-
der is substantial and comparable to the propeller gener-
ated thrust, with changes in efficiency becoming less pro-
nounced.
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Figure 9: Lift coefficient of the rudder when operating with
the propeller relative to the lift coefficient of the isolated rud-
der at different loading conditions for the experimental mea-
surements at § = 10° (top) and 6 = 20° for different propeller
pitch settings
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Figure 10: Efficiency of the propeller-rudder system at differ-
ent loading conditions for the experimental measurements at
d = 10° (top) and § = 20° (bottom) for different propeller
pitch settings. Each division in the vertical axis corresponds
to change in efficiency of 0.2.

7 CONCLUSIONS

This paper presents a study on propeller-rudder interaction
for variable propeller loading and pitch settings. Numer-
ical simulations at model-scale were carried out to com-
plement an extensive experimental campaign for a con-
trollable pitch propeller and corresponding rudder for a
wide range of propeller loading conditions and rudder an-
gles. The results showed that the numerical simulations
performed poorly in the prediction of the lift generated by
the rudder and severely underpredicted the stall angle, thus
limiting their use in assessing propeller-rudder interaction
effects at moderate angles of incidence. The experimental
work shows that propeller loading strongly contributes to
the rudder lift, and that the presence of the propeller even at
lightly loaded conditions has a strong effect for large rudder
angles due to delayed stall. For a moderate range of angles
of attack and the same loading condition on the propeller,
increasing the pitch on the propeller blades for increased
efficiency at lightly loaded conditions does not have any
strong negative effect on the performance of the rudder.
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