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Abstract. A procedure for the optimisation of full-scale marine propellers working be-
hind a ship is presented. This procedure consists of two stages: the actual optimisation
and a detailed investigation of a few selected propeller geometry variants. In the first
step, an evolutionary algorithm in combination with the in-house panel code panMARE
is used to solve the multi-objective propeller optimisation problem. An efficient method
for the evaluation of the individuals and a parameterisation strategy for propeller shapes
are presented. Proceeding from the results of the optimisation, a set of selected propeller
variants is investigated in detail in the second stage of the procedure. The applied algo-
rithm is based on coupling panMARE with a viscous flow solver. An enhancement of this
method allows investigating several propeller variants sequentially without stopping the
solvers.

1 INTRODUCTION

Usually, the final propeller design of a ship is developed when the hull form design and
the machinery selection are nearly completed. Assuming that the ship designer creates
a hull form that leads to the lowest resistance and the most homogenous wake field
possible, the only way to improve propulsion efficiency, propeller-induced hull structure
vibrations and propeller noise is to optimise the propeller shape. Unfortunately, at this
stage of the design many measures for improving the propulsion efficiency come into
conflict with measures for the reduction of hull structure vibrations and propeller noise,
which are significant factors for the comfort on board. Propeller designers need to find a
compromise between these demands. Their importance can vary for different ship types:
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Figure 1: The two process stages of the optimisation tool.

for a container ship, propulsion efficiency is more important than comfort, whereas for a
passenger ship comfort is the dominating factor. The tool introduced and tested in this
paper assists the propeller designer with finding a propeller design for a given hull form
which meets the demands named above in a better way than a given initial solution. In
the following, an outline of the optimisation tool, which operates in two stages, is given
(see Figure 1).

(1) Stage 1: Automated Optimisation. The first stage is the actual optimisation. Dif-
ferent optimisation algorithms are investigated for the optimisation of propeller
shapes in [1], evolutionary algorithms are tested in [2] and [3]. In the present paper
an evolutionary algorithm is also employed. In this context, the formulation and
evaluation of the objective function is a crucial aspect. During the optimisation
process a few hundreds of individuals (i.e. propeller variants) need to be simulated.
Only potential theory-based methods can handle this in a reasonable amount of
time. These methods allow for incorporating the ship’s wake field, but all aspects
of the interaction between the flow around the hull and the propeller cannot be
captured. In order to account for this, a subsequent second stage is necessary.

(2) Stage 2: Detailed Investigation of the Best Propeller Variants. As a result of the
optimisation in the first stage, a large set of propeller variants is offered to the
designer. The designer can select a small number of promising variants from this
set by means of appropriate criteria depending on the design requirements. This
selection is then investigated by a numerical method that is based on coupling a
viscous flow solver with a potential theory-based boundary element method. The
employed coupling approach is able to capture all relevant interaction effects between
the flow around the hull and the propeller. Based on the results of this investigation,
the designer can make a final decision.

The next section is devoted to the underlying numerical methods for the hydrodynamic
analysis of the propeller variants. After that, the optimisation tool is presented in detail
on the basis of a case study. Finally, the paper ends with a discussion of the results and
some notes on future work.
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2 UNDERLYING METHODS FOR THE HYDRODYNAMIC ANALYSIS

In this section, the underlying numerical methods for the evaluation of the propeller
variants in Stage 1 and the detailed investigation of the best variants in Stage 2 are briefly
described.

2.1 Potential Theory-Based Boundary Element Method

The method used here for the evaluation of the propeller variants in Stage 1 is the in-
house boundary element solver panMARE, which is aimed to simulate arbitrary potential
flows in marine applications including sheet cavitation effects [4]. This boundary element
code is based on a three-dimensional panel method with flat quadrilateral panel elements
and a constant source and dipole distribution over each panel.
The governing equations for the numerical scheme are derived from the potential flow
assumptions, where the flow is considered to be irrotational, incompressible and inviscid.
The equations for the conservation of mass and momentum are then simplified to Laplace’s
equation for the total potential Φ∗ and the Bernoulli equation for the pressure p [5]:

∇2Φ∗ = ∇2(Φ + Φ∞) = 0 (1)

and

p+
1

2
ρ|V|2 + ρ

∂Φ

∂t
+ ρgz = const, (2)

∀x ∈ Ω, where Ω is the domain of the potential flow, Φ is the induced potential, Φ∞ is the
undisturbed free stream potential, and V = ∇Φ∗ and V∞ = ∇Φ∞ are the total velocity
and the reference velocity, respectively. Arbitrary velocity distributions can be described
as reference velocity, e.g. the wake field of a ship. The induced velocity is the difference
between the total and the undisturbed reference velocity Vind = V−V∞. The constants
ρ and g are the constant water density and gravity constant, respectively.
The continuous solution of the Laplace equation is obtained by Green’s third identity as
a distribution of sources and dipoles on the body’s surface [5]:

∫

∂Ω

[
µ(x)∇

( 1

‖x0 − x‖

)
· n− σ(x)

‖x0 − x‖

]
dS(x) = 0, (3)

where
σ(x) := −∇Φ(x) · n and µ(x) := −Φ(x). (4)

x0 are collocation points inside a solid body. To obtain a unique solution for the above
equation, boundary conditions are required on the boundaries of the flow domain Ω.
There are three types of boundaries where different boundary conditions are applied: the
cavitating parts of the body surface SBC

, the non-cavitating parts of the body surface
SB/SBC

, where SB is the body surface, and the wake surface SW . The boundary conditions
are formulated as follows:
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• On the non-cavitating body surface SB/SBC
, the Neumann boundary condition is

applied: ∇Φ∗ ·n = 0, ∀x ∈ SB/SBC
, where the vector n represents the normal vector

on the point x. From this condition an equation for the source strengths can be
derived: σ = V∞ · n, ∀x ∈ SB/SBC

.

• On the non-cavitating wake surface SW , the physical Kutta condition is applied to
model the vorticity: ∆p = 0, ∀x ∈ SW , where ∆p = p+ − p− is the pressure jump
between the pressure value on the upper and lower side of the trailing wake.

• On the cavitating parts of the body surface SBC
, additional kinematic and dynamic

boundary conditions are postulated to describe the physics of sheet cavitation: no
flow is allowed to penetrate the cavity sheet, and the pressure on SBC

must be equal
to vapour pressure of water pv: p = pv, ∀x ∈ SBC

. The extent of the surface SBC

and the cavity thickness η need to be determined iteratively [6].

Equation (3), combined with the above boundary conditions on the body and sheet cavity
surface, results in a continuous boundary value problem that is discretised by the panel
method. Hereby, the body and trailing wake surfaces are discretised in flat quadrilateral
elements and the boundary conditions are applied on a collocation point x0 of each panel
element. The collocation points are defined in panMARE as the midpoints of the surface
panels, which are slightly displaced inside the body. On each body panel element a source
and a dipole is distributed with a constant strength over one panel. On the trailing wake
panels only dipoles are distributed since no displacement is induced by the wake. The
wake surface SW is aligned along the streamlines of the velocity field V iteratively in order
to account for the trailing vortex roll-up. The described procedure results in a set of linear
equations that can be easily solved numerically by the Gauss method. Friction effects are
not captured inherently by this method; they have to be corrected with empirical models.

2.2 Viscous Method

For the detailed investigation of the best propeller variants in Stage 2 with respect
to propulsion efficiency, fluctuations of hull pressure and propeller thrust as well as the
occurrence and behaviour of cavitation, it is essential to capture the interaction between
the propeller and the flow around the hull. The latter is strongly influenced by viscous
effects and is therefore calculated by a viscous method solving the RANS equations and
the continuity equation:

ρ

(
∂

∂t
+ Ju

)
· u = −∇ p+∇ · (τ + τ T ) + f (5)

and
∇ · u = 0, (6)

∀x ∈ Λ, where Λ is the domain of the viscous flow. In Equations (5) and (6), the
variable u denotes the Reynolds-averaged velocity, p the Reynolds-averaged pressure, τ
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the Reynolds-averaged molecular stress tensor and τ T the Reynolds stress tensor due to
the Reynolds-averaging, whose components are approximated by appropriate turbulence
models. Ju is the Jacobian matrix of the velocity field and f is a volume specific force
source term. For the numerical solution of the RANS equations under consideration of
appropriate boundary conditions on the boundaries of the domain of the viscous flow Λ,
the ANSYS CFX code based on a finite volume element method, which can be applied for
both structured and unstructured numerical grids, is used [7].
Nowadays, viscous methods are a sophisticated tool for the simulation of the ship flow
with operating propeller, but full-scale simulations taking account of cavitation effects are
prohibitively expensive and therefore not applicable in the day-to-day design process. To
reduce the computational effort, the real propeller can be replaced by a distribution of
body forces emulating the impact of the propeller on the hull flow. The flow around the
propeller including sheet cavitation effects is calculated by means of the panel method
described in the previous section. To account for the interaction between hull flow and
propeller, a coupling method is applied (see Section 3.2.1).

3 DETAILED DESCRIPTION OF THE OPTIMISATION TOOL

After having introduced the principles of the design process and the most relevant
components in the previous sections, the design process is described in detail. As an il-
lustrative example, a given initial propeller design1 for the KRISO Container Ship (KCS)
shall be improved. The basic propeller dimensions as the number of blades zP , the num-
ber of revolutions n and the propeller diameter D = 2R are kept constant during the
optimisation.

3.1 Stage 1: Automated Optimisation

As mentioned in the introductory section, the task is to improve the propeller shape
with respect to propulsion efficiency and comfort level in terms of propeller-induced hull
structure vibrations. It is possible to formulate this as a constrained multi-objective
optimisation problem:

min {εeff (A) , εcom (A)} subject to
|T − T0|

T0

≤ δ, (7)

where εeff , εcom : Ψ → R+ are appropriate objective functions quantifying the propulsion
efficiency of a propeller variant A ∈ Ψ and the tendency of the propeller to induce hull
vibrations, respectively. Ψ denotes the set of all possible propeller variants. The problem
is considered to be a minimisation problem, i.e. smaller values of the objective functions
signify a better propeller. In this case, the only constraint is that the difference between
propeller thrust T and reference thrust T0 is smaller than a certain limit δ ·T0. Regardless

1The propeller data and relevant experimental results are provided by a propeller manufacturer. We
therefore are only allowed to publish dimensionless quantities.
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Figure 2: Principle of the evolutionary algorithm.

of the exact definition of the objective functions and the search space, which is to be done
later in Sections 3.1.1 and 3.1.3, the present optimisation problem is obviously complex.
Without knowing more about the problem, it has to be assumed to be non-linear and
discontinuous. Evolutionary algorithms are suitable for these kinds of problems because
they are not problem-specific in general. The disadvantage is that these all-purpose al-
gorithms require a longer period of time to find a solution for the optimisation problem
and it cannot be guaranteed that the found solution is a good solution or even the best
[10]. If more detailed information about the optimisation problem is available, the use of
deterministic or local optimisation methods is the better choice.
Figure 2 shows the principle of the optimisation method.2 The jth population consists
of a number of individuals, i.e. propeller variants. An arbitrary individual A is charac-
terised by its genome A.G ∈ G, where G ⊂ Rl is defined as the genotypic search space
(see Figure 3). Generally, the genome of an individual consists of l ∈ N components
A.Gi ∈ R (1 ≤ i ≤ l). In other words, each propeller variant is determined by l geome-
try parameters. The probability of survival for each individual is quantified by its fitness
A.F ∈ R+, which depends on the objective functions introduced in Equation (7). Usually,
evolutionary algorithms operate on the genotypic search space G, but for the evaluation
of the fitness it is necessary to transform the individuals into a phenotypic representation
A ∈ Ψ by means of a decryption function dec : G → Ψ, which means that a concrete pro-
peller is generated using a set of l geometry parameters. After investigating this propeller
variant numerically by the method introduced in Section 2.1, the fitness A.F ∈ R+ can
be expressed by A.F = f (A), where f : Ψ → R+ is defined as fitness function.

2Evolutionary algorithms try to apply the process of biological evolution to optimisation problems.
Thus, the terminology is borrowed from evolutionary biology [10].
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Genome component/ Parameter Range

A.G1
P
D

at r
R
= 0.175 [0.80, 1.02]

A.G2

(
r
R

)
mid,P

[0.40, 0.90]

A.G3
P
D

at r
R
=

(
r
R

)
mid,P

[0.80, 1.40]

A.G4
P
D

at r
R
= 1.0 [0.80, 1.20]

A.G5
Ca
c

at r
R
= 0.175 [0.00, 0.22]

A.G6

(
r
R

)
mid,Ca

[0.20, 0.80]

A.G7
Ca
c

at r
R
=

(
r
R

)
mid,Ca

[0.00, 0.13]

A.G8
Ca
c

at r
R
= 1.0 [0.00, 0.04]

Figure 3: Genotypic search space G and meaning of the genome components/ parameters.

The (j + 1)th population is created by applying the evolutionary operators selection, re-
combination andmutation to the jth population (see Figure 2). The procedure is repeated
until an appropriate user-defined convergence criterion is fulfilled.
After this rather general description, the most important components of the algorithm
and their implementation are explained in a more detailed way.

3.1.1 Search Spaces and Implementation of the Decrypting Function

Care must be exercised when the search space and the decrypting function are laid out.
On the one hand, an adequate scope is needed for a noticeable propeller improvement, but
on the other, it should be avoided that individuals are created whose design is obviously
inappropriate. In the present study, the radial distribution of pitch P (r) and the radial
distribution of camber Ca (r), which is defined as the maximal distance between the chord
line and the mean line of the radial profile section, are varied during the optimisation.3

All the remaining propeller characteristics are kept constant. The table in Figure 3 shows
the definition of the genotypic search space. The genome of an individual consists of 8
components, which means that G is a search space with l = 8 dimensions. A.G1...A.G4

determine the radial distribution of pitch, A.G5...A.G8 the radial distribution of camber.
For the genotype-phenotype conversion, the in-house geometry manipulation tool CAD is
used. The genome components are interpreted as supporting points of a cubic interpola-
tion spline (see Figure 3). CAD modifies the initial propeller shape using these splines as
new radial distributions of pitch and chamber. Hereafter, the numerical grid is generated
by means of this tool as well. Since the propeller skew or the sectional chord length are
not modified, degenerated or ill-conditioned numerical grids are avoided.

3The dimensionless notation used in the following reads P
D

(
r
R

)
for the pitch distribution and Ca

c

(
r
R

)
for the radial distribution of camber, where c is the chord length of the radial profile section.
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3.1.2 Notes on the Applied Evolutionary Algorithm

In this work, the Coliny evolutionary algorithm, which is a part of the open-source
DAKOTA framework, is used [11]. Originally, the Coliny EA is intended for single-objective
optimisations. A simple approach to carry out constrained multi-objective optimisations
with this type of evolutionary algorithms is the application of aggregating fitness func-
tions with penalty term [10], which is the pursued strategy in this work.
As shown in Figure 2, the evolutionary operators are a fundamental component of evo-
lutionary algorithms. The way of applying these operators and their adjustment have a
great impact on the convergence behaviour of the algorithm, and the setup of the evo-
lutionary operators should be adapted to the particular problem [10], but this is hardly
possible. Hence, a slightly modified standard setup is used.
The jth population consists of 25 individuals. The selection operator is applied to this
population in order to choose a number of best individuals. This parental selection is
based on a deterministic approach where only the fitness A.F of an individual is consid-
ered. Next, 15 child individuals are generated from this set of parental individuals. 80%
of the child individuals result from mating, where the recombination operator merges the
genomes of two parental individuals to a new genome of a child individual. The remaining
20% are randomly chosen and then mutated parental individuals. In order to perform
this mutation, the mutation operator affects a stochastical small change of the genome.
This measure prevents the evolutionary algorithm from running into local optima. The
fitness of each of the 15 new child individuals is evaluated by means of the panel method
panMARE and they are added to the 25 individuals of the jth population. Finally, the
selection operator is applied again to reduce the current number of 40 individuals to 25,
which results in the (j + 1) population. This environmental selection is based on both
deterministic and stochastic criteria. One optimisation run has a total number of 400
individuals.

3.1.3 Evaluation of the Fitness of an Individual

The baseline formulation of the aggregating fitness function reads as follows:

f (A) = weffεeff (A) + wcomεcom (A) + pen (A) , (8)

where weff , wcom with weff + wcom = 1.0 are weighting factors and pen (A) : Ψ → R+ is
a penalty function depending on the severity of the constraint injury (see Equation (7)).
Apart from the setup of the evolutionary operators, the convergence behaviour of the
evolutionary algorithm depends strongly on the exact formulation of the fitness function.
Since no specific rules exist for the formulation, starting with an intuitive guess is the
only possibility.

• The first term of Equation (8) quantifies the propulsion efficiency of the evaluated
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(a) Definition of Vcav,max and ∆pcav,max. (b) Numerical grid used for the calculation of εcom.

Figure 4: Calculation of εcom using the example of the initial propeller design.

propeller variant:

εeff (A) = γ1
Q[0]

D · T [0]
+ γ2

(
T [1]

T [0]
+

Q[1]

Q[0]

)
, (9)

where T [0] and Q[0] are the mean propeller thrust and mean propeller torque. T [1]

and Q[1] denote the amplitudes of the thrust and torque fluctuations occurring
with blade frequency nzP . For the calculation of these values, 2.0 revolutions of
the investigated propeller variant A are simulated by means of the panel method
panMARE (see Section 2.1) using the nominal wake field of the ship as reference
velocity V∞. The values can then be retrieved by a Fourier analysis of the time-
dependent results. γ1 and γ2 are calibration factors making εeff equal to 1.0 for
the initial propeller shape and pronouncing the first term of Equation (9). The
employed numerical grid is similar to that shown in Figure 4b, the only difference
is that each of the four blades are discretised by a coarse mesh and the absence of
the flat plate above the propeller.

• Cavitation and pressure pulses due to cavitation are considered to be the most
important drivers for propeller-induced vibrations and consequently for the level
of comfort. However, even when panel methods are employed, a comprehensive
analysis of cavitation effects is not possible for the evaluation of a few hundreds of
individuals in a reasonable amount of time. To overcome this dilemma, a formulation
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is chosen which considers cavitation effects and requires only a short simulation time
for the evaluation.

εcom (A) = γ3
∆pcav,max

ρn2D2
+ γ4

Vcav,max

D3
. (10)

Vcav,max is the maximum cavitation volume occurring during the blade passage
through the wake field peak, ∆pcav,max the corresponding pressure jump (see Figure
4a). The signal is recorded at three monitoring points, slightly smoothed and aver-
aged. The cavitation model is activated for only one blade (recognisable by the fine
discretisation). Note that only sheet cavitation is concerned, other relevant types
of cavitation, such as tip and hub vortex cavitation are not captured by the present
method. Again, the nominal wake field is used as reference velocity and the passage
of this blade through the wake field peak is simulated. Thus, only 0.5 revolutions
are necessary. The calibration factors γ3 and γ4 are chosen again in a way that εcom
is 1.0 for the initial propeller shape. Figure 4b shows the numerical grid employed.

• The penalty function pen assigns a bad fitness to those individuals violating the
constraint that the thrust must be within a certain range. An intuitively chosen
formulation reads as follows:

pen (A) =



0, if |T [0]−T0|

T0
≤ δ

ξ
(

|T [0]−T0|
T0

− δ
)2

, if |T [0]−T0|
T0

> δ
, (11)

where ξ is a calibration factor and T0 the mean thrust of the initial propeller design.
δ is set to 0.04. A stricter restriction could compromise the convergence behaviour
of the optimisation algorithm.

3.1.4 Results of the Optimisation

Figure 5a shows the objective function values of all generated feasible individuals
A ∈ Ψf ⊂ Ψ, i.e. all generated propeller variants not violating the thrust constraint,
which leads to pen (A) = 0. As mentioned in the introductory Section 1, efficiency and
comfort are two conflicting objectives and at a certain point it is no longer possible to
simultaneously improve them both. Hence, multi-objective optimisations result not in a
single optimal solution, but in a set of optimal solutions, which are located on the Pareto
front P ⊂ Ψf : for all individuals in P it can be said that it is not possible to improve
one objective without worsening the other (see Figure 5a).
In order to capture the Pareto front as good as possible, four optimisation runs with
different weighting factors weff and wcom were carried out. It can be seen in Figure
5a that the individuals of each run form agglomerations which concentrate in different
locations. For instance, the run with weff = 0.15 and wcom = 0.85 pronounces the com-
fort objective. As a result, most of the individuals are located on the horizontal flank,
whereas the individuals originating from the run with weff = 1.00 are mostly located on
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the vertical flank and the rest is somewhere in between. Figure 5b shows the averaged
convergence behaviour of all four optimisation runs. It can be seen that the percentage
of feasible individuals κf steadily grows from 0.1 to 0.25 during the simulation and at the

0

0.5

1

1.5

2

2.5

0.95 1 1.05 1.1 1.15 1.2 1.25

ε c
o
m

[−
]

εeff [−]

wcom = 0.00, weff = 1.00
wcom = 0.15, weff = 0.85
wcom = 0.50, weff = 0.50
wcom = 0.85, weff = 0.15

Pareto front

Initial design

I

II

III

IV

(a) εcom and εeff for all feasible individuals.
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Figure 5: Objective function values of all feasible individuals and convergence behaviour.

same time, the average thrust deviation ∆t of the unfeasible individuals is reduced. The
average aggregated objective functions of the feasible individuals εcom + εeff = ε can be
improved, but after 300 evaluated individuals, the improvement stagnates.
For the further detailed investigation, four propeller variants are selected. Figure 6 shows
the distributions of pitch and camber and the radial thrust distribution in terms of the
sectional thrust coefficient kTr = dT/ρn2D2cdr, where dT is the thrust of a blade section
with the small radial extent dr and the chord length c.

• Variant I is a Pareto-optimal variant and shows a good improvement of the objec-
tives (see Figure 5a). Nevertheless, it is dropped because the distribution of pitch
and the corresponding thrust distribution are obviously inappropriate. The high
loaded tip would generate an immense cavitating tip vortex. As mentioned in Sec-
tion 3.1.3, this crucial aspect has not been taken into account for the calculation of
εcom and should be addressed in later work.

• Variant II is also a Pareto-optimal variant with a better comfort level but with a
slightly lower efficiency compared to the initial design. This variant has a reduced
pitch which is compensated by an increased camber. The main thrust load is shifted
to inner blade sections.

• Variant III and Variant IV are extreme cases with a relatively good efficiency but a
low comfort level and vice versa. They are located at the end points of the flanks in
Figure 5a and are not part of the Pareto front. Variant III has a high overall pitch
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(which is even compensated by a partially negative chamber), whereas the overall
pitch of Variant IV is the lowest of all selected variants. However, to generate
the prescribed thrust, this variant is highly cambered and more of a bucket wheel
than a propeller. The high overall pitch of Variant III makes the blade sections
susceptible to stall and provokes cavitation. Both variants are not considered to be
good alternatives, but they are investigated in the next section for academic reasons.

3.2 Stage 2: Detailed Investigation of the Selected Propeller Variants

As a result of the optimisation in Stage 1, the designer is offered a set of propeller
design alternatives whose efficiency and comfort level have been evaluated in a simplified
manner without taking into account propeller-hull interactions. The second stage aims
for answering two questions: (1) Is a certain selected propeller variant really better then
the initial design? (2) If yes, how big is the improvement in terms of propeller-induced
hull vibrations and fuel consumption?

3.2.1 Description of the Employed Method

In this section, the method used for the detailed investigation is described. The prin-
cipal component is the viscous/inviscid coupling algorithm mentioned before. This algo-
rithm consists of two steps4 (see [8] and [9]):

(1) In the first step, the viscous flow solver is used to calculate the effective wake field of
the ship. For this purpose, the velocity distribution u is extracted for an adequate
number of reference points xref,j ∈ Λ on a circular plane located 0.1D upstream of

4Whereas in Section 2 the theory has been described in a continuous form, it is proceeded now in a
discretised form, as indicated by the additional indices.
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Figure 7: Layout of the coupling algorithm with blending function.

the propeller position. Because of the body forces applied, this velocity distribution
is affected by the induced velocities of the propeller Vind = V − V∞ (see Section
2.1). In order to obtain the effective wake field of the current time step t[i], the
induced velocities have to be subtracted. The effective wake field is then used as
reference velocity V∞ for the panel method panMARE:

V∞
(
t[i]

)
≈ u

(
t[i]

)
−Vind

(
t[i−1]

)
, ∀xref,j. (12)

Since the induced velocities for the current time step are unknown, the values from
the previous step t[i−1] are used for approximation.

(2) In the second step, the integrated pressure distribution on the propeller blades
calculated by panMARE is passed to the viscous flow solver in terms of a body
force distribution. For each blade panel element k with the area Ak, the normal
nk, the panel midpoint xk and the derived pressure pk, one resulting force dFk =
pkAknk +dFk,fric containing both a part due to pressure and empirically estimated
part due to friction is provided. These forces are converted into a corresponding
distribution of volume specific body forces, which is added to the source term f of
the RANS Equations (5). The algorithm takes into account the blade form and
makes a distinction between suction and pressure side of the blades.

After applying the body force distribution, the first step is repeated and the updated
effective wake field is passed to the panel method again. As indicated in Figure 7, not
only the propeller is considered by the panel method, but also the part of the hull directly
above the propeller. In doing so, the propeller-induced hull pressure fluctuations can be
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calculated directly by means of the panel method [9]. It would be possible as well to
observe propeller-induced pressure fluctuations in the domain of the viscous flow, but
there are two reasons why it is better to observe them in the domain of the potential
flow. Firstly, the displacement effect of the propeller blades, which is a rather small but
not negligible contributor to pressure fluctuations, cannot be captured properly when the
propeller is only represented by a distribution of body forces. However, in the domain of
the potential flow, the blades are really existent and the displacement effect is captured.
The second reason is that pressure fluctuations calculated by a RANS solver can be subject
to numerical damping and they therefore are likely underestimated.
The algorithm described so far needs up to 2.0 simulated propeller revolutions to reach
a converged mean thrust and converged pressure fluctuations. This start-up period is
inevitable, since the impact of the propeller on the velocity field u needs a certain span of
time to develop [9]. For the sequential investigation of more than one selected propeller
variants, a remarkable amount of time can be saved by smoothly switching from one
instance of panMARE to another while the viscous method ANSYS CFX keeps running.
Assuming that the number of panel elements is constant for all propeller variants and the
investigated propeller variants differ only slightly from each other, this is possible without
any problems. The forces dFk and the force application points xk become:

dFk = α · dF〈m〉
k + (1.0− α) · dF〈m+1〉

k and xk = α · x〈m〉
k (1.0− α)x

〈m+1〉
k , (13)

where the blending function α = α
(
t[i]

)
is 1.0 during the simulation of the mth propeller

variant with one instance of panMARE and decreases stepwise to 0.0 during the blending
process to the subsequent instance simulating variant m+ 1.

3.2.2 Notes on the Methodology of Investigation

Two runs of investigation are carried out: one without accounting for cavitation and
the other with a cavitation number of σn0.8 = 1.52. The exact operation point of the
initial propeller variant is set in accordance with model test results that are provided by
a model basin [12]. Since a maximum relative thrust deviation of δ = 0.04 was allowed
during the optimisation in the first stage (see Section 3.1.3), the propeller diameters of
the investigated propeller variants II, III and IV are corrected in order to harmonise the
mean thrust. Because of T [0] ∝ D4, the necessary changes are only of the very small
magnitude O

(
4
√
1± δ

)
. The number of revolutions is still kept constant.

Figure 8a shows the numerical model of the viscous flow domain Λ. It contains the full-
scale bare hull without any appendages. Free water surface effects are not taken into
account. The entire mesh counts 6.0M cells, thereof 0.1M cells belong to the part of
the mesh where the body forces gained by the calculations in the potential flow domain
Ω are applied. For the simulation of turbulence, the SST turbulence model is used. In
the potential flow domain Ω, the part of the hull located directly above the propeller is
discretised by 990 equilateral panels. The propeller blades are discretised by 20 panels in
the radial and 70 panels in the tangential direction (see Figure 8b).
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(a) Numerical grid of the viscous flow do-
main Λ.

(b) Numerical grid of the potential flow domain Ω and
position of pressure monitoring points.

Figure 8: Numerical grids used for the detailed investigation.

3.2.3 Results of the Detailed Investigation

In Figure 10, the dimensionless pressure amplitudes kp[i] = p[i]/ρn2D2 and the dimen-

sionless predicted propulsive power kPD
= PD/ρn3D5 with PD = 2πnQ[0] of all investigated

propellers are compared. The predicted pressure amplitudes for the initial propeller show
a good agreement with the experimental data. Greater deviations occur for the second
harmonic p[2]. This may be related to the fact that tip vortex cavitation is not considered
yet. The simulated propulsive power of the initial propeller differs from the experimentally
found power. A part of this difference can be explained by the fact that the experimental
model is equipped with a rudder, the numerical model not.
The results of the detailed investigation confirm that the formulation of the objective
functions εcom and εeff in Section 3.1.3 is suitable for the evaluation of different pro-
peller shapes. In particular, the formulation of εcom estimates the tendency of a certain
propeller shape to induce hull pressure fluctuations in a very efficient way. The values
of the objective function εcom reflect the level of pressure amplitudes p[i] and the extent
of the cavity sheet quite well (see Figure 9). The preferred Variant II displays reduced
pressure fluctuations and a smaller extent of the sheet cavity shape without losing too
much efficiency.

4 CONCLUSIONS AND FUTURE WORK

It could be demonstrated that the two-stage optimisation method introduced in this
paper is able to optimise a given initial propeller design and to quantify the improvement.
However, there is still some room for improvement.

15



527

Stephan Berger, Markus Druckenbrod, Markus Pergande and Moustafa Abdel-Maksoud

Figure 9: Computed sheet cavitation shapes for the investigated propeller variants in the 0◦-position.
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Figure 10: Computed pressure amplitudes for monitoring point 2 and predicted propulsive power.

• Although many propeller variants display better values for both of the objective
functions than the initial variant, many of these variants are nevertheless unusable
(e.g. Variant I ) because the inherited distribution of pitch will lead to a highly
loaded tip or hub region. This incites the formation of cavitating tip and hub
vortices. The problem can be addressed by implementing a semi-empirical vortex
cavitation model. Alternatively, a prescribed maximal thrust load at the blade
ends could serve as additional constraint for the optimisation. As an intermediate
measure, an appropriate restriction of the genotypic search space G could ease this
problem.

• For the detailed investigation of the selected propeller variants in Stage 2, the same
operation point is set for all propeller variants. This simplification involves the
assumption that the effect of thrust deduction is nearly independent of the particular
propeller shape. The method can be improved by a correction of the operation point
with respect to a propeller-specific thrust deduction.
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NOMENCLATURE

Figure 11: Coordinate system, view f. behind

General variables and constants
x = (x, y, z) Space variable in Cartesian coor-

dinates
r, θ Polar coordinates in the pro-

peller plane (see. Figure 11)
t Time variable
g Gravity constant
ρ Density of water
pv Vapour pressure of water

Variables: potential flow domain Ω
x0 Collocation point
n Normal vector
Φ∞, Φ, Φ∗ Undisturbed, induced, total po-

tential
V∞, Vind,
V

Reference, induced, total veloc-
ity

p Pressure
µ, σ Dipole strength, source strength
η Cavity thickness
Vcav Cavity volume

Variables: viscous flow domain Λ
u Reynolds-averaged velocity
p ∼ pressure
τ ∼ molecular stress tensor
τT Reynolds stress tensor
f Source term

Variables and notations in the context of EAs
Ψ Set of all indiviuals, i.e. pheno-

typic search space
Ψf Set of all feasible indiviuals
G Set of all genomes, i.e. genotypic

search space
P Pareto front
εcom, εeff Objective functions
f , pen Fitness function, penalty ∼
wcom, weff Weighting factors
γ1, γ2, γ3,
γ4, ξ

Calibration factors

δ Relative constraint injury
A, A.G, A.F Individual, genome of A, fitness

of A
κf , ∆t, ε Auxiliary quantities for the es-

timation of the convergence be-
haviour of the EA

Variables and notations: viscous/inviscid coupling
dFk Resulting force acting on a blade

panel element k
xref,j Reference point
α Blending function

Relevant propeller parameters
R, D Propeller radius, diameter
zP Blade number
n Number of revolutions
σn0.8 = pstat0.8−pv

ρ/2n2D2 Cavitation number

pstat0.8 Static pressure at z = 0.8R
P , Ca, c Sectional pitch, camber, chord

length
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Variables and notations: hydrodynamic analysis
T Propeller thrust in general
T [i] Thrust fluctuation of the order i,

i = 0 for mean value
Q[i] Propeller torque fluctuation
p[i], kp[i] Pressure amplitude of the order

i, dimensionless ∼

kTr
Sectional thrust coefficient

PD, kPD
Propulsive power, dimensionless
∼

Indices
i, j, k, l, m,
n

Context-dependend meaning
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(2006)

[7] NN: ANSYS CFX 14.0 Documentation. ANSYS, Canonsburg, USA, (2012).

[8] Greve, M., Wöckner-Kluwe, K., Abdel-Maksoud, M. and Rung, T.: Viscous-Inviscid Cou-
pling Methods for Advanced Marine Propeller Applications. International Journal of Ro-
tating Machinery, (2012)

[9] Berger, S., Bauer, M., Druckenbrod, M. and Abdel-Maksoud, M.: Investigation of Scale
Effects on Propeller-Induced Pressure Fluctuations by a Viscous/Inviscid Coupling Ap-
proach. Proceedings of 3rd International Symposium on Marine Propulsors (SMP 2013),
Launceston, Australia, (2013)

[10] Weicker, K.: Evolutionäre Algorithmen. Teubner, Stuttgart, Germany, (2007)

[11] NN: DAKOTA Version 5.2 Reference Manual. Sandia National Labroratories, Albuquerque,
USA, (2011)

[12] Heinke, H.-J. and Jaksic, D.: Kavitationsuntersuchungen und Druckschwankungs-
messungen mit fünf Propellern am Dummymodell des KRISO Containerschiffs KS 621.
Report 3036, SVA Potsdam, Germany, (2004)

18




