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ABSTRACT

A propeller design optimization study was performed for a
single-screw container ship using an automated multi-
objective design method. The propellers were optimized
for maximum in-behind efficiency and minimum
underwater radiated noise (URN), while satisfying many
design constraints. A clear trade-off between efficiency
and URN is found, whereby the overall URN reduces by
3.7dB for a relative efficiency penalty of 1% with reference
to the most efficient designs. This effect reduces for larger
efficiency reductions; while the contribution of the
cavitation noise reduces, the contribution of the ship
machinery noise remains unaffected thereby acting as a
noise floor.

The various propeller designs were evaluated in a
hypothetical scenario for the ship transiting a marine
protected area with noise limitations requiring a slowdown
to meet (self-imposed) noise limits, with the ship sailing
faster outside this region to maintain arrival time. For each
1% reduction in efficiency of the propeller design, the
required slowdown decreased by 1 knot. The more quiet
propellers with a 2-4% efficiency loss have a lower net
energy expenditure when this region is 10% or more of the
total journey, by virtue of a lower ship speed outside the
marine protected area

1 INTRODUCTION

Anthropogenic underwater radiated noise (URN) has
increased significantly since the industrial revolution and
is negatively affecting the marine soundscape (Duarte et al.
2021). Shipping noise is recognized the most ubiquitous
and pervasive source of continuous URN with effects on
marine life ranging from changes in behavioral response,
masking of communication and echolocation, and increase
of stress levels, (Erbe et al. 2019). No international
regulations exist to mitigate shipping noise although URN
is included in the Good Environmental Status assessment
of the European Union’s Maritime Strategy Framework
Directory (EU 2017) while the International Maritime
Organization has recently updated its guidelines for the
reduction of URN from ships (IMO 2023). Operation
solutions to reduce URN are available such as rerouting or
slowing down (Findlay et al. 2023; A. O. MacGillivray et
al. 2019); technical solutions are available using e.g., low-
noise propeller design or air injection (Lloyd, Foeth, et al.
2024). In November 2022 Japan submitted to the IMO their
document SDCY/INF.11 (IMO 2022), addressing the effect
of propeller design with varying noise levels and

efficiencies on overall fuel use; a container vessel was
assumed to reduce speed in a marine protected area where
noise restrictions apply—here termed the quiet zone—
followed by an increase in speed so that the arrival time
remained unchanged.

This scenario was repeated in this study using a container
ship recently tested for its performance in our model testing
facilities. The effect of the propeller design was studied by
coupling the propeller boundary element method (BEM)
PROCAL (Vaz and Bosschers 2006) developed in the
Cooperative Research Ships organization
(www.crships.org) for the analysis of ship propulsors
operating in a ship wake field. The code is a low order
BEM that solves the velocity disturbance potential using
the Morino formulation; the applied model for sheet
cavitation is based on the formulation by (Fine and Kinnas
1993).The geometry of the blade wake can be determined
by an iterative procedure to align the propeller wake with
the flow or by prescribing the wake pitch and contraction
using empirical formulations. PROCAL has been coupled
with a RANS-solver, which computes the flow around the
ship hull, to predict an effective wake field (Rijpkema,
Starke, and Bosschers 2013). Procal was coupled to the
multi-objective design workflow PROPART (Huisman
and Foeth 2017) using a series of semi-empirical noise
estimation models. Such a method is able to search a broad
design space to optimize a number of goal values while
simultaneously satisfying a large number of practical
design constrains.

2 OPTIMIZATION METHOD & CONSTRAINT HANDLING
A (constrained) multi-objective (MO) optimization
problem is generally defined as

min ( /; (x )) i=1:N,

subject to g (x)<c,, Jj=1:N, (D
h (x)= C;, k=1:N,
b’s <b' m=1:N,

where the cost functions f are minimization goals,
subject to the inequality and equality constraints, g, and
h , respectively. Here x is our input parameter list that the
optimisation algorithm is allowed to vary within their box
constraints » per parameter. Individual (solution)s are
Pareto-ranked based on dominance; all but one goal are
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superior to each population member. A Pareto front is
defined as mutually non-dominating solutions; one cannot
improve one goal without sacrificing another leading to a
trade-off. All non-dominated individuals are given rank
one; the remaining individuals are given a higher rank such
that all are only dominated by individuals of a lower rank.
The PlatEMO toolbox (Tian et al. 2017) that contains over
150 optimization algorithms was explored and for the
current study the Competitive Multi Objective -Particle
Swarm algorithm (CMOPSO) by (Zhang et al. 2018) was
selected for its convergence speed and ability to peruse the
design space, finding— for our application— Pareto fronts
ahead of those found by other algorithms. Like many
algorithms the principle of elitism is applied; the
population is updated by adding the last evaluated
generation and 50% is retained based on the rank. To
distinguish between solutions of the same ranking a
niching or crowding penalty (<1) is added to the rank based
on the inverse distance (in terms of normalized goal values)
to each solution’s nearest neighbors—no penalty for the
solutions on the far edges on the Pareto front—so that more
isolated solutions are preferred, ideally leading to a
uniform distribution of solutions along the Pareto front and
maintaining population diversity.

The native CMOPSO algorithm does not support constraint
handling; the parameterless method by (Deb 2000) was
introduced to the Pareto ranking in a modified form. The
constraint violation measure (CVM) v is defined as

v(x) = Zmax(O,gi (x)—cg’i) + Zh, (x)

v (x) ()

(1.2)

Or, the sum of all violated inequality constraints (v, ) and
count of equality constraints (v, ). Equality constraints do
not inform of the degree of the violation and are best
avoided in our experience. Therefore, all physical
constraints were written as inequality constraints while
process constraints (e.g. code convergence criteria)
remained as equality constraints, allowing for both
physical and process constraints to be used concurrently in
a single CVM. Our modification separates the CVM in
v,»v, and before Pareto ranking all goal values are updated
as follows

I v, £0,v, =0

f(x)= max(f‘b“5)+v0 v, >0,0,=0 (1.3)

max(ffe‘“)+max(vo)+vl v, >0

so that feasible solutions always dominate all infeasible
solutions that themselves are then ranked by the value of
v, (for v, =0), then followed by v, that typically imparts

a fatal penalty on a solution. A workflow dependency
graph is created so that calculations are prioritized

according to the estimated run time to capture violations as
early as possible; when any equality violation is detected
all further work on that propeller is halted and excluded
from participating in the creation of a next generation.

In the early phases of the optimization process, entire
generations are typically infeasible and solutions are
ranked based on violation values only, and goal values
remain ignored; when this early phase does not converge
the problem is over-constrained. In the later phase all
inequality constraints are rewritten as equality constraints
as a fully feasible population always outranks any new
solution with even the smallest violation. These infeasible
solutions can then be discarded immediately. While the
Pareto ranking procedure is effective up to three goals only,
the CVM has no limit on the number of constraints and
appears insensitive to scaling of its inputs.

The guaranteed rejection of infeasible solutions in the later
phase of the optimization introduces a high rejection risk
foremost due to the requirement of self-propulsion.
Therefore, the optimization process includes an automated
iterative update of the mean propeller pitch until the
requested thrust is met. In addition, a range of other
preflight functions repair geometric constraints, e.g.,
updating the radial thickness distribution so that class
compliance is met, fitting root sections on the hub,
checking for blade passage in case of a CPP, or, simply
replace infeasible designs by new suggestions from the
optimization algorithm. To improve the rate of survival the
new generation is oversampled by taking e.g. five times the
required number of new design candidates and run through
the preflight phase until a sufficient number has passed,
prior to any structural or hydrodynamic analysis.

3 GOALS & CONSTRAINTS

The propeller in-behind efficiency is computed at the
design condition for the specified thrust, ship speed and
required rate of revolutions; for this unsteady calculation
the effective inflow field of the hull towards the propeller
is required. usually computed by CFD, using the self-
propulsion data from extrapolated model test data. The in-
behind efficiency is taken as the first goal to be maximized.

Ship URN is quantified in terms of its source level (SL) or
radiated noise level (RNL). The RNL represents the sound
radiated by the sound SL in the presence of the reflecting
sea surface (Lloyd-mirror effect, in this study for deep
water with no influence of a sea floor), attenuating at lower
frequencies and amplifying at higher frequencies. The (far-
field) sound pressure level (SPL) is the RNL scaled by
distance to the source with reference to 1 pPa m and is
directional, i.e., dependent on hydrophone location where
the SPL would be measured. For the current study the
propeller SL is estimated by various functions (see below)
and the RNL is obtained using the corrections of the ISO
17208-2:2019E norms (eq 10) (ISO 2019). That particular
equation is an average of the Lloyds-mirror effect of three
hydrophones at depression angles of 15, 30 and 45 degrees



wrt to the ship, but still requires an assumed source depth
below the sea surface. Here, the source depth was set at
70 % of the propeller radius above shaft submergence
roughly corresponding to the expected location of the
attached sheet cavity.

Several semi-empirical sound prediction models were
coupled to the workflow to calculate their contributions to
the propeller's SL, namely the contribution of the sheet and
tip vortex cavitation sound sources.

Source Levels
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Figure 1 Example of a power spectrum of the source level
estimation of a single propeller, not all contributions (e.g.,
face cavitation) are present.

sheet cavitation noise

The SL of the attached cavitation can be estimated using
the relation by (Brown 1976) withe sheet cavity extent
following from the BEM PROCAL. Within the EU Navais
project, the correlation between the model of Brown and
attached cavitation (on the face side) did not match a
number of measurements performed at MARIN and a new
model was developed (Lafeber et al. 2022). This model
estimates the peak frequency in the spectrum based on the
cavitation number and cavitating (non-wetted) area of the
blade, a plateau below this peak frequency is followed by
a slope of 20 dB/decade. The face cavitation as observed
during the model tests and as calculated by the BEM was
typically in the form of a cavity present during (most of)
the rotation of the propeller, indicating that the dynamics
of the sheet cavity were not dominated by variations of
blade loading—indicative of high erosion risk—but by
natural shedding.

Tip vortex noise

The SL for the tip vortex is estimated by the Empirical Tip
Vortex (ETV) model (Bosschers 2018) further developed
within the MARIN Cooperative Research Ships. The
model uses the solution from either the fully-wetted or
cavitating flow solution of PROCAL coupled to a
theoretical model of a cavitating vortex and using empirical
factors trained using both model-scale and full-scale
measurements. The model is applied to both face and back
side vortices, the latter being by the dominant contribution

for normal propeller loading. The model predicts a central
hump at lower frequencies with the central frequency and
magnitude depending tip vortex strength and cavitation
number. The ETV model exerts a strong influence on the
optimization process whereby a reduction of URN via the
tip vortex strength is usually met by a reduction in tip
loading and a reduction of propeller efficiency.

Machinery Noise

An estimate of the ship’s machinery noise is applied using
the respective component from the PIANO model by
(Lloyd, Daniel, et al. 2024). As only the contribution of
cavitation is considered here for the propeller, adding a
machinery noise estimate introduces a more sensible
minimum URN limit (noise floor) and also avoids the need
to set margins against cavitation inception as used for ships
with the most stringent URN demands (research or naval
vessels). The particulars for the main engine for our subject
vessel were known, for the auxiliary engines the particulars
were estimated but in any case these did not contribute.

Earlier studies on low URN design showed that the
optimizer was often able to produce (near-) cavitation-free
propellers. Omitting noise estimation models other than
our cavitation models such as the machinery noise model
had an unintended interaction with the optimization
algorithm; when approaching the cavitation inception
speed the SL estimations drop sharply limited (at an
arbitrary -120dB). The optimizer identified its best
solutions on the Pareto front using a crowding criterion—
inverse distance between neighboring goal value
solutions—and chose the solutions on the flank of the
Pareto front around below the cavitation inception speed
where levels dropped sharply as candidates to generate its
new designs. As a result the algorithm would spend much
effort on design improvements far outside our region of
interest and applicability of our methods.

Geometry and its constraints

The geometry of the propeller was typically described in
its classical radial distribution using intuitive Bézier curves
whereby the location of selected control points were
optimization variables comparable to the workflows as
used for the design of the Wageningen F-series ((Huisman
et al. 2022)). A blade outline function whereby the blade
trailing and leading edge outlines were prescribed was
used, offering a more direct link to use for the optimizer to
interaction with the wake field topology than separate
chord and skew distributions. Some control points were
positioned automatically to meet e.g., tip skew and
curvature, while others, similar to the generic cubic
distribution for the radial pitch, camber and thickness
distributions, were left as a degree of freedom. No
restrictions were set to the blade-area ratio, but class
compliance to DNV scantling rules, maximum skew angle
of 25 degrees and a total blade mass of 60 tons were set as
the most important geometric constraints. The propeller
diameter was allowed to vary between 8.5m and 9.6m.



The hydrofoils themselves were also free to deform; for the
sectional camber a parabolic Bézier curve was used over
the chordwise span, with the location of the control points
allowed to vary radially, fixed at the hub, 0.7 radius and the
tip location, interpolated by a Hermitian spline selected for
its monotic behaviour. The section thickness was described
using a method based on (Kulfan and Bussoletti 2006)
where a sections surface is described as a basic shape
function—reminiscent of a NACA 4-digit relation—
deformed by a generic class function; our six parameter
polynomial class function that was shown to be well able
to capture thickness distributions sufficiently well (Foeth
and Deij-van Rijswijk 2019), directly prescribing leading
edge radius, curvature in the leading edge and midchord
regions, chordwise position of maximum thickness,
opening angle and its thickness of the trailing edge (the
latter set to zero upon creation of the paneling mesh).

Early flow separation risk estimate

The interaction between class requirements, propeller mass
and cavitation behavior are sufficient drivers to steer most
of the sectional outline, but left to its own devices the
optimizer will work towards an unrealistic pressure
recovery in the trailing edge region where flow separation
can be expected but that is not calculated by the BEM. In
absence of a coupling to a viscous method, a pragmatic
solution was applied via classical boundary layer (BL)
theory. The methods of Thwaites-Head (following
(Cebeci, Mosinskis, and Smith 1972)), (Eppler and Somers
1980)) and (Drela and Giles 1987) were implemented. The
face or back of the blade was defined based on the tangent
velocity on the blade surface and velocity profiles at
various radii from were obtained from the BEM using a
circumferentially —averaged wake; these velocity
distributions were then used as input to solve the BL
equations until turbulent separation was found. The
method by Drela & Giles was eventually used for this study
for its ability to continue through a region of laminar
separation that is invariably encountered during the
optimization process. While based on a time-averaged
solution from the BEM and with no attempt made to couple
the BL solution back into the BEM as in (Wu and Kinnas
2025), the approach seemed to serve its purpose in
avoiding unwanted sectional shapes when the entire
turbulent separated area was used as a constraint.

Cavitation constraints
The main hydrodynamic constraints follow for a
calculation of the attached cavitation; using cavity volume
information (or its time derivates) directly are not
sufficiently discerning.

The first constraint is the virtual force criterion, following
a procedure based on the processing of hull-pressure
measures performed on the MARIN Depressurized Wave
Basin. A network of points on the hull surface is defined
and the pressure amplitudes at blade-rate frequencies are
calculated by BEM; the network is translated into a

patchwork of triangles using a Delauney triangulation
algorithm and integrated into a force; the amplitude of the
vertical component (z-direction) is then taken as a measure
for the propeller-induced hull-vibration levels. The details
of scattering by the hull is not taken into account in the
calculations, hence this criterion is referred to the virtual
force. Instead the solid-boundary factor (SBF) is used that
can be computed by solving for the acoustic potential in
another BEM method, but for our optimization purposes
we simply set the SBF to 1.8, or near-doubling of the
pressure at the hull surface.

The virtual force criterion exerts evolutionary pressure on
the design process and will typically avoid strong temporal
variations in the cavity volume, and steer the volume away
from the hull surface towards lower propeller radii. When
very little attached cavitation is present or excessive
volumes that vary comparatively little the virtual force is
low; for large volume variations and a more monopole-like
behavior of the cavity the pressure variations over the hull
are in phase and unlikely to cancel out (after integration),
an effect that offers an advantage over monitoring pressure
fluctuations at discrete locations only.

Sheet cavitation outline erosion criterion

The dominant constraint of propeller design follows from
minimizing of the risk of cavitation erosion for which
several constraints are active. The first constraint acts to
limit bubble cavitation that occurs in regions where the
pressure gradually falls below the vapor pressure;
nuclei/small bubbles in the flow rapidly expand to larger
bubble size and later collapse. This collapse is typically on
or near the material surface and is considered erosive. The
region of gradual pressure gradients where bubble
cavitation might reasonably may be expected is the mid-
chord region of the blade. Bubble erosion risk constraints
can be obtained from a fully wetted—i.e., non cavitating—
analysis of the pressure distribution. Bubble cavitation is
declared when a region of low pressure exists within, and
not adjacent to, a region between e.g., 10 and 90% of the
blade profiles span. For design guidance in radial direction
multiple regions in the root, main, and tip regions were
assigned. An equivalent bubble cavitation pressure force is
determined by multiplying the area below the inception
pressure by the pressure difference with that inception
pressure, averaged over a blade rotation; thus combining
the area and severity into a single non-binary metric to be
used for the constraint violation measure. Effectively, the
risk of bubble cavitation sets limits on the thickness-to-
chord ratio at the lower radii, and sets limits on the
curvature of the blade at the higher radii of the propeller
blade.

The second erosion risk constraint follows from attached
or sheet cavitation on the back of the propeller blade.
Attached cavitation reacts strongly to loading variations of
the blade as it rotates through the ship’s wake. The
attached cavity volume may collapse quickly into a small
volume and its potential energy is transformed into kinetic



energy; if the collapse is sufficiently focused in space and
repeated with each blade ration this collapse may become
erosive to the blade surface (Bark, Berchiche, and Grekula
2004). If a collapse occurs from the cavity closure towards
the blade leading edge, or with the cavity's leading edge
collapsing towards the cavity closure—downstream and
upstream desinence respectively—then the collapse is
nearly always erosive. The attached cavity may shed parts
of itself due to the action of re-entrant flow; this is the flow
over the convex cavity interface reattaching on the blade
surface directed into the cavity. This (internal) re-entrant
flow may then impinge on the cavity interface at the
leading edge (Schéon 2000) or collide internally if the
cavity outline is convex causing shedding ranging from
small volumes or a large volume of the attached cavity
called cloud cavitation. Both types of shed cavitation may
continue to collapse repeatedly on the same location.

The dynamic shedding behavior of the attached cavity is
beyond the current capabilities of design tools. However,
the cavity topology as calculated by design software can be
interpreted in this respect. For instance, (Vesting 2015)
introduced a cavity centroid criterion whereby the center of
the attached cavities volume was given a harm factor based
on its location on the blade, in additional to a criterion
based on the attached cavities thickness. (Gypa et al. 2023)
used interactive genetic algorithms whereby the cavitation
topology at the instance of its maximum volume was
assessed by an experienced designer to train a surrogate
model simulating the designer.

For the cavitation on the back of the blade we employ a
cavity planform criterion, described in detail by (Moulijn,
Foeth, and Huisman 2026). The criterion assumes that the
re-entrant jet direction can be reasonably well estimated as
a reflection of the mean flow direction perpendicular to the
cavity closure line as calculated with the BEM. If this re-
entrant flow is mainly directed towards the propeller tip it
may merge with the tip vortex cavity and the attached
cavity will remain stable. The criterion assumes that when
the outline is still growing in span no re-entrant flow is
produced but that thereafter the angle between the local
flow direction over the cavity surface and cavity closure
line cannot be less than +30 degrees directed towards the
tip. A penalty based on both length and duration of the
outline not meeting the criterion is given to the constraint
violation measure.

The criterion rewards attached cavities that radially
increase in span, connect to the blade tip, and when the
blade rotates out of the ship’s wake the cavity recedes
towards the tip without up- or downstream desinence.
Isolated cavities that are formed at intermediate radial
stations or near the root region are branded as unfavorable.
The erosion criterion acts as a limit on the reduction of tip
vortex noise as tip unloading may lead to isolated, possibly
erosive sheet cavities. The thickness of the cavity is not
considered, and when the cavitation locally exceeds the
span of the blade (supercavitation) no erosion can occur.
These properties are exploited by the optimizer in absence
of additional constraints, but are generally well managed in

tandem with the virtual force criterion. Cavitation on the
face side was not allowed in this study.

4 RESULTS OF THE PROPELLER OPTIMIZATION
STUDY

In November 2022 Japan submitted their document
SDCY/INF.11 ((IMO 2022) to the IMO reporting a study
on the effect of propeller design with varying noise levels
and efficiencies on overall fuel use; a container vessel was
assumed to reduce speed in a marine protected area where
noise restrictions apply—the quiet zone—followed by an
increase in speed so that the arrival time remained
unchanged. In the study by Japan the noise was estimated
using Brown’s model for sheet cavitation only and the
extent to which the propeller geometry was varied was not
specified. In order to verify the conclusions of this study a
comparable container ship was selected as a case study for
a low-noise propeller optimization study.

The 270m long 9,000 TEU container ship was recently
tested for its performance at the MARIN model testing
facilities with a maximum service speed of about 20 knots
at 26 MW installed engine power.

The propeller geometry had 33 input parameter and was
subjected to 27 inequality constraints. The propeller design
study was left to run for 100 generations of 200 propellers
each; the progression of overall URN versus efficiency is
presented in Figure 2; The crosses and dots denote
infeasible and feasible solutions respectively, indicative of
the optimizer mainly focusing on satisfying constraints in
the early phases of the optimization and converging
towards the Pareto front once a generation is fully feasible.
In the later phases of the optimization convergence slows
down and fewer new individuals were retained in the
population. Note that these last generations are typically
barely feasible with the Pareto-front now not only denoting
the trade-off between the two goals, but also the edge of
the feasible design space. This behavior is a clear
disadvantage of these reactive optimization algorithms; in
absence of any active learning the rejected designs do not
contribute any information and the Pareto front is
approached from the feasible side only. The last generation
is strictly speaking not a Pareto front (not all individuals
have rank 1) , indicating that convergence was not obtained
yet or some scatter is present in the results, but the results
are sufficiently useful.
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reduction of the last generation of propeller designs

When only the last generation is considered, a very clear
trade-off between the overall source level and efficiency is
observed: when practical design considerations are taken
into account, then a reduction in URN means a reduction
in efficiency, or, an increase in power requirements. As
propeller design more often than not equals cavitation
management this relation is hardly surprising, however, the
optimization study visualizes the trade-off more directly
and quantifies what can be achieved within the design
space.

The trade-off shows that the minimized SLoa reaches a
plateau at around 182 dB; in this region of the design space
propellers are found with no attached cavitation and
although still present no appreciable contribution of the tip
vortex cavity; the source level is dominated by the
machinery noise contribution. Towards the right side of the
diagram the propellers cavitation behavior worsens and the
SLoa increases sharply; for this study a variation of 9 dB

within the feasible propeller design space is found with
each design satisfying common practice standards.

In Figure 3 the change in overall source level as a function
of efficiency loss of the last generation is presented,
showing a linear relation of a reduction in SLoa of 5.1dB
per percentage point of efficiency loss, or 3.7dB percent
relatively with reference to the higher efficiencies of about
73%.

Propeller selection

Six propellers were isolated for a scenario study discussed
below. The propeller with the highest efficiency (prop 1) is
promoted to our reference propeller, and with the others
numbered along their decreasing performance in terms of
efficiency.

Renderings of the propellers are presented in Figure 4
illustrating the tendency that reductions in the URN are
obtained by increase the chord length towards the tip and
total skew angle (not visible is the reduction of the tip
pitch). Selected properties are given in Table 1: the blade
area ratio (BAR) increases from 49.1% to 61.7% along the
Pareto front and reduction in URN, while a small reduction
in diameter is found.

Figure 4 Renderings of propellers 1 (top left) to 6 (bottom
right).

The power spectra of the RNL in decidecade (DD) bands
of these six propellers are given in Figure 4 for the ship
service speed of 18 knots. For the more efficient propellers,
the effect of the tip vortex cavitation noise is dominant,
with the characteristic hump predicted by the ETV model
around 30-40 Hz. The RNL in the DD band with center
frequency of 63 and 125 Hz as specified in the Good
Environmental Status assessment of the European Union’s
Marine Strategy Framework Directive (EU 2017) are also
presented in Table 1. The noise levels decrease by virtue of
a smaller contribution of the tip vortex the hump in the
spectrum decreases in amplitude, but also shifts towards
higher frequencies wandering into the 63 Hz band. For
propeller 4 this even leads to an increase in levels at 63 Hz
while the overall levels reduce. These results imply that a
focus of the reduction on RNL within a single low-
frequency decidecade band may conceal the overall
reduction of the RNL obtained by a change in propeller
design.
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1 491 960 731 1787 40 1752 1739 1859
2 516 959 727 1757 40 172.8 171.4 1832
3 544 959 723 1745 50 1724 170.0 1815
4 557 959 718 1735 63 173.5 169.1 180.4
5 571 953 707 1714 80 170.1 167.5 178.1
6 617 947 69.0 1666 80 166.1 165.4 175.0

The overall RNL levels as a function of ship speed are
presented in Figure 5, including two assisting trend lines
including two sketches indicating a power-law dependence

of RNL c10log,, V™" for exponents of 2.5 and 6, the

latter exponent is often used by models to estimate ship
noise on a fleet-scale level such as a Jomopans-Echo model
((A. MacGillivray and De Jong 2021)) trained on full-scale
URN measurements of a wide variety of ship types. For the
most quiet propeller the overall RNL levels follow the
machinery noise over practically the entire ship speed
range and for the most efficient propeller the RNL levels
are observed to show a much higher ship speed dependency
and increase more strongly than a sixth-power law above
16 knots. Therefore fleet-wide estimation models might
overestimate the effects of slow steaming on RNL of the
more quiet propeller designs,. More detailed engineering
models are required to weigh the performance of the
individual ship when noise requirements apply.
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Figure 5 Overall RNL as a function of ship speed for 6
propellers

5 ANALYSIS OF A SCENARIO STUDY

The scenario from SDC9/INF.11(IMO 2022) whereby a
container vessel was assumed to reduce speed in a marine
protected area where noise restrictions apply—the quiet
zone—followed by an increase in speed so that the arrival
time remained unchanged, is quantitatively repeated here
using the six designs from the study reported above. The
outcome of this scenario admittedly relies heavily on our
choice for the URN limits and speed reduction rules that
we set as follows. In the ECHO & Quiet Sound voluntary
slowdown programmes (Quiet Sound programme 2024;
Vancouver Fraser Port Authority 2023) a speed reduction
at 14.5 knots was proposed for container ships. For the
current study, a RNL limit was devised whereby the most
efficient propeller would be compliant around that speed,
for which we selected the DNV SILENT-E Class; Transit
notation reduced by -3 dB. To meet these limits the
reference propeller 1 obtains a quiet speed of 14.3 knots;
close to the recommended 14.5 knots for container ships in
the ECHO programme. We stress that this ad-hoc limit was
selected only to obtain a representative quiet velocity
within the limitations of our models within the current
scenario. Next, for each propeller variant, the vessel is
certified to have a quiet speed at which the ship will not
exceed the assumed RNL limits within any decidecade
frequency band. Therefore, the quieter the propeller the
higher the vessels’ assigned quiet speed. In Figure 6, the
quiet speed for each propeller is plotted versus the relative
efficiency. For the most efficient propeller the quiet speed
is about 14.3 knots while for the most quiet propeller the
quiet speed is well over its service speed of 18 knots and
would require no slowdown in the quiet zone. From Figure
6 it also follows that the relationship between the quiet
speed and efficiency is nearly linear. For each 1% drop in
relative efficiency the quiet speed increases by 1 knot.

The ratio of the length of the quiet zone compared to the
total track is referred to as the track ratio. While our
example vessel has been designed for a (service) speed of



about 20 knots, we will assume the vessel is able reach a
top speed of 21.5 knots in line with SDC9/INF.11., a speed
that our example vessel cannot reach with its currently
envisaged installed engine. (A 36% increase in power
results would be required yielding in a machinery noise
increase of only 0.8 dB and that will not affect the
conclusions).

The effect of the reduced efficiency on the maximum speed
has been taken into account and the least efficient propeller
has the maximum speed reduced by about 0.35 knots given
the same installed engine power.
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Figure 6 Quiet speed as a function or relative efficiency.

As the track ratio increases so does the time lost to meet
the arrival time; the track left to make up for lost time
becomes progressively smaller compounding further to the
need to increase speed. The required speed is given in
Figure 7; once the ship speed reaches its maximum the ship
can no longer arrive on time; which is observed at a 40%
track ratio for the reference propeller (prop 1).

The overall energy expenditure of each propeller traversing
the track is taken as a proxy of fuel use and GHG
emissions, once more normalized by the reference
propeller at a 0% track ratio. For propellers 1 to 4 the
relative fuel use is plotted in Figure 8; the differences in
design efficiency are readily read off at a track ratio of 0%.
While in terms of overall noise levels a decrease is found
from propeller (1) to (4) commensurate with the efficiency
loss, it is observed that propellers (2,3) with a 1%
efficiency loss are outperformed by the reference propeller
at a track ratio below 10% and outperformed by the
propeller 4 above 10%. Too modest changes to the
propeller designs are not effective measures in our scenario
with a now minimum required efficiency loss to obtain a
better fuel economy. From these results is follows that
when noise limits apply a lower propeller efficiency leads
to lower fuel consumption.
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Figure 7 Increased of ship speed outside quiet zone as a
function of the track ratio.
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Figure 8 Relative fuel use as a function of track ratio,
propellers 1-4
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Figure 9 Relative fuel use as a function of track ratio,
propellers 1, 5,6



A similar comparison is plotted for propellers 5 and 6 in
Figure 9. For the quietest propeller (6) no speed reduction
is required and compared to the reference propeller at a
track ratio of about 18 % this design has a lower energy
expenditure. However, the quiet speed of propeller (6) is
estimated at 20 knots, exceeding the ship service speed by
2 knots, and the more efficient propeller 5 (4% loss)
outperforms propeller 6 (6% loss) at a track ratio up to
75%. In terms of fuel economy, an upper limit efficiency
loss enforced by URN regulations is found, implying a
propeller design constraint that the quiet speed need not
exceed the ship service speed.

The current study qualitatively agrees with SDC9/INF.11,
but quantitative we find that the blade-area ratio required
to manage cavitation varied only slightly, from 50 to 60 %,
while SDC9/INF.11 used a variation on blade-area ratio of
50 to 100 %. A larger blade area ratio typically implies a
larger loss in efficiency, a larger propeller mass and higher
manufacturing costs. The upper limit of the efficiency loss
of 8% reported in SDCY/INF.11 is twice the required
efficiency loss reported here as we find diminishing returns
on both GHG and URN above an upper efficiency loss
limit of 4%. SDCY9/INF.11 (19) concluded that when the
quiet zone is small (below 25%) it is advantageous to select
the most efficient propeller. In the current study was found
that a more silent propeller is more fuel efficient at a track
ratio as small as 10%. Naturally, these numbers depend on
the choice of the URN rules of our scenarios, the noise
estimation model used for the design process, extent of the
details of the voyage simulations and selected ship type.

6 CONCLUSIONS

A propeller design study using a multi-objective
optimization framework was performed for a container
ship whereby underwater radiated noise (URN) was
balanced against efficiency. Both metrics were calculated
by means of a boundary element method coupled to a
variety of empirical noise prediction models. The more
efficient propellers showed the highest overall source
levels. Taking one of the more efficient propellers as
reference showed that for each one percent in efficiency
reduction the overall source level could be reduced by
about 3.7dB. This reduction was achieved by manipulation
of the cavitation performance—in particular the
contribution of the tip vortex—while satisfying—amongst
others—empirical cavitation erosion risk constraints.

An idealized scenario was analyzed in which the ship
slowed down while transiting a marine protected area to
comply with noise level restrictions (quiet region) while to
the total travel time remained unchanged. The propellers
with a lower efficiency required less of slowdown inside,
and, smaller speed increase outside the quiet region. For
each one percent sacrificed in relative efficiency the
required slowdown reduced by one knot. In our example,
when noise restrictions apply over 10% (or more) of the
total voyage length, then the more quiet propellers with a
2-4% lower efficiency have a lower net energy expenditure
compared to propellers with a 0-2% lower efficiency, by
virtue of requiring a smaller increase in speed and lower

fuel use outside the quiet region. For propellers with an
efficiency reduction of over 4% nearly no slowdown was
required, but demonstrated unfavorable performance in
terms of fuel use. These results suggest that more a quiet
propeller offers a competitive advantage when regulations
allow for a slowdown in marine protected areas based on
the actual URN performance of a ship when the total travel
time remains unchanged. Here we did not consider the
effect of a reduced exposure duration of the propellers with
a higher quiet speed transiting the region with noise
restrictions faster, nor the effect in increased noise
exposure outside that region when the ship increases speed
to arrive on time.

The above does not generally apply, and not even for ships
of the same type. For this modern container vessel the
optimization procedure was able to design a family of
propeller tailor-made for the specific hull form, installed
engine and operational profile. Propeller designs were
found that were not appreciably contributing to the overall
noise levels of the ship, i.e., whereby the estimated engine
noise was the dominant contribution; other technical
mitigation measures would be required to reduce the noise
further (e.g, air injection). For slower, fuller ships with a
less favorable inflow towards the propeller—tankers, bulk
carriers, particularly in ballast conditions—such nearly-
cavitation free designs may not be attainable, affecting the
relation between overall sound levels and ship speed. More
elaborate scenarios whereby delays are allowed and taking
their incurred costs into account are recommended.
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