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Rudder force calculation in the early design stage considering

propeller-rudder interaction

Bjorn Carstensen ©*
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ABSTRACT

Due to the growing requirements on energy efficiency of ships, certain problems and
challenges arise for the design of rudders and propellers. For the rudder, the focus changes
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for many ship types from solely being a manoeuvring device to positively influencing the

propulsion. This paper summarizes a hybrid calculation method for the calculation of rudder
forces and for the evaluation of the bidirectional interaction between propeller and rudder
for the early design stage. The new hybrid calculation method couples a lifting line
approach for multi-component-propulsors with a panel method and a two-dimensional
boundary layer method. The calculation results of the developed method are validated with
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measurements from several model tests. Finally, an application for full-scale predictions is

presented.

1. Introduction

This paper is a summary of the author’s German PhD
thesis (Carstensen 2023), for which he was awarded
the Curt Bartsch Award 2024.

The hydrodynamic performance of a rudder influ-
ences several aspects of a ship design. First, the rudder
influences the manoeuvring performance of the vessel,
as the rudder is the main manoeuvring device in a
conventional arrangement. But apart from that, the
rudder influences also the resistance of the vessel.
While the resistance of the rudder straight ahead is
almost negligible small, it grows to a share of 2%-
6% of the calm water resistance when used for course
keeping in real operation (Alte and vom Baur 1986).
Furthermore, the rudder indirectly influences the
resistance due to drift, which is for common drift
angles in the range of 5%-25% of the calm water
resistance (Kringel 1974; Wagner 1974). The drift
angle can be lowered by a beneficial rudder design
and therefore also the corresponding resistance of
the drifting ship.

While the rudder was formerly mainly investi-
gated regarding its manoeuvring performance, the
focus shifts due to stricter regulations (Marine
Environment Protection Committee 2011, 2018,
2021) and a strong competition in the market to
the aspect of the efficiency. For the assessment of
the manoeuvring performance in the early design
stage, several well-proven approaches exist. But
when taking the aspect of the energy efficiency

into account, there is a lack of methods that can
be applied in the early design stage. The require-
ments of a method for rudder force calculation in
the early design stage are:

e low computation and modelling time,

e possible application for a yard and a rudder
manufacturer,

o limited input data from the early design stage,

o calculation of rudder forces and moments for
numerous operating conditions as input for man-
oeuvring simulations,

¢ high accuracy for the rudder forces, especially for
the drag,

e inclusion of the bidirectional propeller-rudder
interaction,

e calculation of the separation behaviour in model
and in full scale.

This paper presents a newly developed, validated
hybrid method for this purpose fulfilling the above-

mentioned requirements.

2, Hybrid method

The developed method consists of three parts forming
a hybrid coupled method. The aim of the suitable
combination is increasing the accuracy and counter-
acting the met simplifications without significantly
increasing the calculation effort. Each individual part
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of the hybrid method is shortly outlined in the follow-
ing subsections, without pretence to describe every
detail. As the underlying theory and their solution is
very extensive, the details can be found in the corre-
sponding literature. The coupling of all parts of the
hybrid method is covered in the last subsection.

2.1. Lifting line theory

The lifting line method used here for the propeller is
described by Isay (1964) and was adapted to modern
propeller geometries by Kriiger and Abels (2017).
When extending the lifting line approach to the pro-
peller-rudder arrangement, the underlying math-
ematical problem becomes a double simultaneous
boundary value problem (see Isay 1970, p. 67 ff.). To
solve this problem, Isay (1970) suggests an iterative
approach, which is implemented by Kriiger (2019)
for common arrangements of multi-component-pro-
pulsors, as e.g. pre-swirl and post-swirl devices in
combination with a propeller or contra-rotating pro-
pellers. The bidirectional interaction between the
involved propulsors is handled by the induced vel-
ocities of each component at all other components.
Kriiger (2019) calculates these induced velocities by
extending the Goldstein factors (Goldstein 1929)
from literature (Lerbs 1955) for one to eight bladed
propulsors for very low and very high pitch of the
free vortex system. Furthermore, induction factors,
like Lerbs (1955), are calculated for the aforemen-
tioned cases.

2.2. Boundary layer method

To capture viscous effects within the otherwise poten-
tial methods, a two-dimensional integral boundary
layer method is added to the hybrid method. To
solve the laminar part of the flow, the momentum
equation is solved using the velocity profile perpen-
dicular to the surface of von Karman (1921) and Pohl-
hausen (1921) with the extension of Marzi (1988) for
positive pressure gradients. This approach leads to
an inhomogeneous differential equation, which can
be solved as initial value problem in the stagnation
point. The values downstream can then be calculated
by integration.

The location of the transition from laminar to tur-
bulent is calculated with the modified " approach of
Kriiger (1992). At the point of transition, the laminar
solution becomes unstable. To find this point, an
interference is superimposed to the initial laminar sol-
ution, which leads to the Orr-Sommerfeld equation
(Orr 1907; Sommerfeld 1908).

In a simplified manner, it is assumed in this bound-
ary layer method that the flow is instantaneous turbu-
lent from the point of transition. The turbulent part of
the flow is calculated by solving two simultaneous

differential equations described by Gruschwitz
(1931). One of the equations describes the form par-
ameter, which is the ratio between the thickness of
the boundary layer and the momentum loss thickness,
and the other one describes the non-dimensional
momentum loss thickness.

Finally, the drag of a section is calculated from the
loss of momentum by the equations given by Squire
and Young (1937). This is done by extrapolating the
results of the boundary layer calculation at the trailing
edge to infinity. The calculated drag includes the skin
friction and the viscous pressure loss.

2.3. Panel method

A panel method is used for the calculation of the flow
field around the rudder and subsequent analysis as e.g.
forces, moments and pressure distributions. The used
method is a three-dimensional, desingularized, direct
panel method (Soding 1997). The desingularization
is achieved by placing the collocation points inside
the body, while the body is discretized by constant sur-
face sources and dipoles. The strength of the dipoles
on the wake panels is taken implicit from the potential
difference at the trailing edge.

This simplification at the trailing edge linearizes the
flow problem. For wings with small aspect ratio, the lin-
earization does no longer hold, as the pronounced tip
vortex leads to non-linearities at high angles of attack.
The aspect ratio of a rudder typically falls into the
range of this non-linearity. To achieve accurate results,
the panel method is extended by a semi-empirical
approach, in which the strength of the circulation of
the free vortices is iteratively adjusted to fulfil the third
theorem of Helmholtz at the location of the tip vortices.

For the subsequently presented coupling of the
three-dimensional panel method with a boundary
layer method, trajectories on the surface of the rudder
need to be derived. Along these trajectories, a high
accuracy is needed for the velocity and the pressure
distribution. The direct calculation of trajectories
from the results of the panel methods holds
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Figure 1. Coordinate system and grid of the physical space
(left) and the computational space (right) with the corre-
sponding transformations. Two exemplary transformed points
are highlighted as red and blue dots.
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Figure 2. Schematic flowchart of the coupled hybrid method.

difficulties, due to high curvature near the leading
edge (and therefore near the stagnation point) and
due to a coarse discretization of the surface. To solve
these difficulties, the three-dimensional results of the
panel method are transformed from the so-called
physical space to a two-dimensional rectangular uni-
form grid (computational space), which is shown in
Figure 1. The approach extends the work of Zingg
and Yarrow (1989). Their approach is limited to a
transformation within two two-dimensional grids.
By transforming the results from the three-
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dimensional domain to a two-dimensional grid, the
calculation simplifies strongly, and the velocities stay
automatically on the surface. The transformation
matrices only depend on geometrical attributes and
can therefore be precomputed during grid generation.

2.4. Coupled hybrid method

The present application case cannot sufficiently be
solved solely by a classic panel method, as the equation
system would become singular when the wake panels
of the propeller penetrate the rudder surface. Another
difficult task is the rudder wake alignment, which
needs to be covered thoroughly for high accuracy in
the results. And finally, the panel method is not
capable to calculate viscous effect due to the met sim-
plifications of the potential theory.

In order to solve these problems, the previously
outlined methods are coupled in a hybrid method
for the rudder force calculation with consideration
of the propeller-rudder interaction. Details of the
coupling are given in Carstensen and Kriiger (2021)
and Carstensen (2021, 2023). The approach is schema-
tically shown as a flow chart in Figure 2.

In the coupled hybrid method, the lifting line
method (see Section 2.1) is executed at the beginning.
It delivers very fast first estimations for the flow field,
which is then used as inflow in the panel method.
Moreover, the flow field is used for the wake alignment
of the wake panels in the panel method (see Carsten-
sen 2021). As shown in Figure 3, the flow field is sep-
arated into the flat contribution from the rudder angle
and the rotatory contribution from the propeller
forming together the deformed complex geometry of
the wake panels. Furthermore, the forces and
moments on the propeller are calculated within the
lifting line method.

Afterwards, the panel method (see Section 2.3) is
executed. It builds the core of the hybrid method
and is used for the calculation of the forces on and

the flow around the rudder.

Figure 3. Visualization of different contributions to the deformation of the wake field of an exemplary full spade rudder behind a
propeller. (a) Flat contribution from rudder angle in homogeneous inflow. (b) Rotatory contribution from exemplary propeller

inflow. (c) Combined full wake geometry.



4 (&) B.CARSTENSEN

The boundary layer method (see Section 2.2) is exe-
cuted after the panel method. The results of the
boundary layer deliver insights into the viscous
effects as for example the separation behaviour, or
the viscous drag. As described in Section 2.3, two-
dimensional sections need to be calculated to use
these as input for the boundary layer method. One
implemented approach are the previously discussed
trajectories on the surface of the rudder. There is
also an approach of profiles (horizontal rudder sec-
tions) implemented, which is more robust, but also
less accurate. The second approach will not be further
dealt with in this paper. Several sections are calculated
so that the three-dimensional geometry of the rudder
is sufficiently covered. The direct results from the
boundary layer method are the viscous drag of a sec-
tion and the boundary flow and separation behaviour.
To take the thickness of the boundary layer into
account in the panel method, the so-called transpira-
tion velocity of Lighthill (1958) is applied.

The boundary layer method and the panel method
are run through in an inner iteration. Afterwards, the
induced velocities in the propeller plane and the cor-
rect rudder circulation derived from the inner iter-
ation, are handed back to the lifting line method.
This loop back is the outer iteration. In standard appli-
cations, the outer and inner iteration each converge
after two to three iteration steps.

3. Validation

The underlying author’s PhD thesis (Carstensen 2023)
validates the method with four different model test
setups. Each of the validation setups covers different
aspects of the method. In this paper, only a limited
scope of these validations is presented in the following
subsections.

3.1. Rudder in homogenous inflow

For the rudder in homogeneous inflow, the developed
method is validated with the model tests of Molland
and Turnock (1991, p. 37) and Molland and Turnock
(1993, p. 25). The main particulars of the rudder are
given in Table 1. The model tests were carried out in

Table 1. Geometric parameters of the rudder from model tests
of Molland and Turnock (2007, p. 125-182).

Model Ruder 2
Span h [m] 1.000
Mean chord length ¢ [m] 0.667
Rudder area Apyg [m2] 0.667
Geom. aspect ratio A [-] 1.500
Sweep Q [°] 0
Taper Ag [] 0
Profile family NACA 4
Rel. thickness root (t/c)W [-] 0.200
Rel. thickness tip (t/c)S [-] 0.200

a wind tunnel with a symmetric rudder with inflow
speeds between ue =20ms™! and e = 25ms™!
leading to Reynolds numbers on the rudder between
Re = 0.8 x 10° and 1 x 10°. The experimental setup
is schematic shown in Figure 4.

The forces of the model tests are compared to the
results of the developed method in non-dimensional
form in Figure 5. These are made non-dimensional
as follows:

F

S 1
0’5pugoARud ( )

Cr
where the force is denoted as F, the inflow velocity as
U and the area of the rudder as Ag,q. The lift force in
Figure 5 calculated by the hybrid calculation method is
in good agreement with the two measurement series.
The calculation slightly overestimates the lift, which
is also reported by other authors in their calculations
(Turnock 1993; Simonsen 2000). Reasons for this
may be the boundary layer of the wind tunnel and
mirror effects of the closed wind tunnel.

In Figure 5, each point depicts a measurement or
calculation point. With red dots are points marked,
where flow separation occurs in the boundary layer
calculation. At approximately +20° rudder angle,
where flow separation is predicted, is in a very good
agreement with the spontaneous drop of the lift
force in the measurements. The developed method
cannot be used for cases with flow separation. There-
fore, the lift is overestimated after the occurrence of
flow separation. The drag force also corresponds
well with the measurements in the region of attached
flow ([8r|l < 20°).

3.2. Rudder behind propeller

The arrangement of a rudder behind a propeller is
validated using two model tests for the same vessel.

Figure 4. Schematic experimental setup in model tests of Mol-
land and Turnock (2007, p. 125-182) in own presentation
according to Molland and Turnock (2007, p. 130).
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Figure 5. Comparison of forces between measurements (Molland and Turnock 1991, 1993) and calculations for rudder No. 2 in

homogeneous inflow.

One was carried out by Wolf (1997) in a circulating
water tank and the other are resistance and propul-
sion tests with rudder force measurements of
Giinther and Ropcke (1996). In the circulating
water tank, only propeller and rudder were present
without the ship hull. The arrangement is schemati-
cally drawn in Figure 6(a). Rudder angle of
Or = —45 to 45° were investigated at different pro-
peller thrust loadings. The test setup during resist-
ance and propulsion tests was a standard setup with

I Rudder balance | Shaft

_— cover
v —H
Propeller
Plate/ 7

Headbox

/<>

Ruder

L1

U,
<

S Propeller-

(a)

dynamometer

additional rudder force measurement, which is
shown in Figure 6(b). The rudder angle was varied
between Or = —40 to 40° at constant maximum
power and therefore variable speed. Both tests setups
were carried out with the same symmetric rudder and
propeller. The geometric parameters of the rudder in
models and in full scale are given in Table 2. Apart
from the two different model tests, calculations
were carried out for this case by Soding (1997)
using a potential panel method.

Figure 6. Experimental setups in model tests of the validation case for rudder behind propeller configuration. (a) Schematic exper-
imental setup in model tests of Wolf (1997) in own presentation according to Wolf (1997, p. 8). (b) Experimental setup in model
tests of Glinther and Ropcke (1996, p. 4.2).
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Table 2. Geometric parameters of the rudder from model tests
of Wolf (1997) and Giinther and Ropcke (1996).

Model Full scale
Scale Ay 24.1070 -
Span hy 0.2364 m 5.6989 m
Mean chord length ¢y 0.1478 m 3.5630 m
Rudder area Agyq 0.0349 m? 20.2820 m?
Geom. aspect ratio A 1.6000
Sweep Q 0°
Taper Ag 0
Profile family HSVA MP 73
Rel. thickness root (t/c)w 0.2500
Rel. thickness tip (t/c)s 0.1800

The non-dimensional rudder forces and moments
are compared between the two measurements, the
values from literature and the hybrid method in
Figure 7. As the homogeneous inflow cannot be used

in or near bollard pull and as it is difficult to define
an inflow velocity in the inhomogeneous flow behind
a propeller, the forces are made non-dimensional
using propeller particulars:

F

kp = ——,
"7 pr?D}

(2)
with F being the force that should be made non-
dimensional, the density p, n the propeller revolutions
and the propeller diameter Dp. Moments are made
non-dimensional in the same manner:

M
pn*Dp’

knt (3)

while M denotes the moment that should be made

non-dimensional.
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Figure 7. Comparison of rudder forces and torque between calculations with the hybrid method, calculations of Séding (1997),
measurements of SVA (Giinther and Ropcke 1996) and measurements of Wolf (1997).
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The lift coefficient k; in Figure 7 is predicted with
good accuracy by both calculation methods. At larger
positive rudder angles, the hybrid method slightly
overestimates the lift. For negative rudder angles, the
angle of flow separation seems to be predicted at too
small rudder angles. The reason for this could be
that already small regions of flow separation occur
that do not lead to a sudden drop in lift. Another
reason could be that the flow separation is predicted
already in the laminar region. A laminar flow separ-
ation may reattach after transitioning to turbulent
flow. This phenomenon can only partly be investi-
gated with the implemented method. For positive rud-
der angles, the angle of flow separation is very well
predicted.

The drag coefficient kp in Figure 7 is very close to
the results from the measurements and improves the
results of S6ding (1997). For moderate and larger rud-
der angles, both calculations deliver a satisfying accu-
racy up to the flow separation at |dg| =~ 20°.

Both calculations overestimate the rudder shaft
moment k.. The attribute of over balance of the rud-
der is predicted by both methods, but in a too strong
manner. The reason for the overestimation is that the
investigated rudder is highly balanced, with the absol-
ute shaft moments being very small. Therefore, the
deviation of the rudder shaft moment is still in an
acceptable range.

The influence of the rudder on the propeller thrust
and torque is shown as relative difference of the thrust
and torque in propeller-rudder arrangement (index
PR) compared to the open water characteristic

(index OW) of the propeller:

Okr  krpr — krow

(4)

k T,0W kT,OW

8kQ B kQ)pR — kQ,OW

(5)

krow kqow

In Figure 8 two measurement series of Wolf (1997)
are compared to the results of the hybrid method.
The increase of the propeller thrust due to the rudder
is predicted with very good accuracy and is within the
uncertainty of the measurement. The increase of the
propeller torque is predicted with sufficient accuracy.
advance coeflicients

At high the influence is

Figure 9. Rudder and propeller of the validation case of the
full scale vessel during construction. Source: Image archive
M-06, TUHH.
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underestimated. However, it should be noted that the
highest calculated advance coefficient is already behind
the maximum propeller efficiency, which is not a point
of interest in real operating conditions. In this point,
the torque already becomes very small, which is why
the deviations in relative changes get large.

4, Application to full-scale predictions

The model tests in Section 3.2 were carried out for a
vessel that has been built by the FSG' in 1997. Using
the hybrid method, the results and their scaling to
full scale can be further analysed. As the forces and

moments were not measured and only can be deter-
mined by a large effort on the actual ship in full
scale, the full scale prediction itself cannot be vali-
dated, but can be checked on plausibility and gives
an idea of the potential of the method. In Figure 9,
the propeller-rudder arrangement is shown in full
scale during construction on the launchway. The full
scale dimensions of the rudder are given in Table 2.

4.1. Rudder forces and moments

The forces and moments acting on the rudder are
compared in Figure 10 for model and full scale. The
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Figure 10. Comparison of rudder forces and torque between calculations with the hybrid method for model scale and full scale
(with and without rudder cavitation) and measurements of SVA (Giinther and Répcke 1996).



model test results are given as reference, while the cal-
culations of the hybrid method are shown for model
scale, full scale without cavitation and full scale with
cavitation.

The lift coefficient k; and the rudder shaft moment
kg, are only affected marginally by the scale. This cor-
responds to the expectation, as both values are mainly
driven by the potential effect. A minor influence of the
onset of cavitation is observed at large rudder angles.

In the full scale prediction, the drag coefficient kp is
calculated lower in full scale than in model scale. For
the rudder straight ahead, the drag coefficient in full
scale is only 63.2% compared to the drag coefficient
in model scale. The absolute offset between the drag
coefficient curves of model and full scale stays nearly
constant over the rudder angle.

4.2. Trajectories and boundary layer
characteristics on the rudder

The trajectories on the rudder surface with the signifi-
cant points the boundary layer in the two-dimensional
computational grid are shown in Figure 11. In the
upper row, Figure 11(a,b) show model scale results
and the Figure 11(c,d) in the lower row show full
scale results. On the left side, the rudder is in straight
ahead condition (0g = 0°) and on the right side, the
rudder is put to 6g = —20°.

In all sub-figures, the stagnation point (shown in
orange) has an S-shape due to the propeller inflow.
For the rudder straight ahead (&g =0°), the
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stagnation point is at the leading edge, while the stag-
nation point shifts to the star board side when the rud-
der is put to g = —20°.

According to expectation, the transition point
(shown in blue) is further downstream in model
scale than in full scale, which can be observed when
comparing the condition with rudder straight ahead
in Figure 11(a,c). Furthermore, it can be observed in
the two sub-figures that the path of the trajectories
differs between model and full scale. The reason for
this is the different thickness of the boundary layer.

When comparing model and full scale results for
the rudder at 6g = —20° in Figure 11(b,d), a comple-
tely different flow behaviour is observed. In model
scale (Figure 11(b)), a laminar separation is found in
the lower half on port side near the leading edge
(shown in light blue). In full scale, this laminar separ-
ation does not occur, but a turbulent separation occurs
near the port side trailing edge (marked in red in
Figure 11(d)). For this case, the results obtained in
model tests cannot be used to make a full scale predic-
tion as the underlying flow pattern is not comparable
between model and full scale. The implemented
method can identify such operating conditions and
thereby show where an analysis with high fidelity
full-scale CFD is necessary.

4.3. Change in propeller thrust and torque

The influence of the rudder on the propeller thrust
and torque is compared between model and full

Figure 11. Comparison of trajectories and characteristic points in computational space of the boundary layer method in model
scale (top) and full scale (bottom) for rudder angles of 6z = 0° (left) and 6g = —20° (right) at a thrust coefficient of ¢cry = 1.8. (a)
Model Scale, 6 = 0°. (b) Model Scale, 8 = —20°. (c) Full Scale, 6g = 0°. (d) Full Scale, 5g = —20°.
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Figure 12. Comparison of relative change in propeller thrust (left) and torque (right) between calculations in model and full scale.

scale in Figure 12. The shown relative difference
includes only the effect of the rudder in different
scales. The propeller open water characteristics were
not scaled. The values of the model scale are the
same as already shown in Figure 8. The increase in
propeller thrust and torque due to the rudder is by
approximately two percentage points lower than in
model scale. As the difference in change of propeller
thrust and torque is nearly on the same level for this
case, the propeller efficiency is only marginally
influenced, since the change due to scale cancels out:

Ik

T 2mkg ©)

Mo
Nevertheless, the operating condition will slightly
change due to the different thrust and torque and by
this, the open water efliciency is also affected.

5. Conclusion

The presented newly developed hybrid calculation
method improves the accuracy of the rudder force cal-
culation in the early design stage and extends the
scope of common procedures. This is achieved while
keeping the computation and modelling time on a
low level® to make the method applicable in the
early design stage and for the calculation of numerous
operating conditions which subsequently can be used
as an input for manoeuvring simulations. The level of
detail in the calculations can be adjusted to meet the
requirements of the current project stage and the
involved party (rudder manufacturer or yard).

The method is validated against the results of sev-
eral model tests covering different aspects of the

application. A good accuracy in forces and moment
is reached and the occurrence of flow separation can
be investigated. An application of the method is poss-
ible in model as well as in full scale. Furthermore, the
bidirectional interaction between rudder and propeller
is included in the method. In this way, the influence of
the propeller inflow on the rudder is captured, but also
the upstream influence of the rudder on the propeller,
which is needed for a holistic propeller-rudder design.

Notes

1. Flensburger Schiftbau Gesellschaft mbH.

2. Time for grid generation and computation on a single
core processor of one operating condition is below
one minute for typical amount of iterations when
using all presented couplings and extensions.
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