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ABSTRACT

In this paper, we propose a Simulation-Based Design Optimization (SBDO) approach for the design of a Pre-Duct
type Energy Saving Device (ESD). Pre-Ducts reduce the
wake losses, contribute to a better interactions between the
propeller and the hull and generate, in the end, generate
an additional thrust. An integrated design approach, based
on a parametric description of the duct geometry and on
RANSE calculations together managed by an optimization
algorithm, is developed to this aim, i.e. to maximize the
thrust delivered by a Wake Equalizing Duct (WED). The
Japan Bulk Carrier test case, for which experimental data
regarding the effectiveness of WED is available in the literature, is considered as a reference. Results from the design
activity show sensible improvements of the overall propulsive efficiency when the Pre-Duct design is tailored to the
actual hull wake shape thanks to the flexibility provided by
the fully automated design approach proposed in this paper.
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1 INTRODUCTION

Meeting the increasing demand of energy saving due to the
rise of fuel oil cost and the enforcement of stricter environmental regulations has become a major concern for ship
owners. Reducing operative costs and fulfilling the regulations imposed by the IMO such as the Energy Efficiency
Design Index (EEDI) or the Energy Efficiency Operative
Index (EEOI) for a ship already in use are mandatory issues
from the economic and the regulatory point of view. As a
consequence, the interest on Energy saving Devices (ESD)
increased significantly, since they represent a straightforward and relatively cheap way of improving the overall
propulsive efficiency of the ship, especially in case of refitting when the margins of actions on the hull (local) shape,
on the installed engines or on the propeller are very limited.
Several ESD solutions are available, each based on different working principles or on their fruitful combination.
There are many sources of energy losses (on the propeller,
on the hull, behind them), which can be categorized based
on their nature: axial, rotational and frictional losses. Since
it is assumed that the propeller design has been already optimized at design stage by reducing the wetted surface
considering the maximum efficiency based on reasonable
cavitation performance, the use of ESD devices in proximity of the propeller is primarily aimed at reducing axial and

rotational phenomena, which indeed represent the largest
contribution to energy losses. Based on the analyses by
Shin et al (2013) and van Terwisga (2013), full scale frictional losses affecting the propeller represent no more than
the 5% of the total energy losses, and hardly could be recovered by a different propeller design. Rotational losses
(related to an outflow of transverse kinetic energy in the
wake due to transverse velocities) are roughly of the same
order while axial (or wake) losses, related to the retarded
flow by the hull resistance and the accelerated flow by the
propulsor, represent for moderately loaded propellers between 15% to 25% of the total losses.
ESDs try reduce these losses. Nozzles, stern ducts and
Pre-Ducts (van Lammeren 1949), commercially available
as Wake Equalizing Ducts (WED) (Schneekluth, 1986,
Sasaki & Aono, 1997) works to reduce the separation in the
aft body of the hull thanks to their local flow accelerating
effect, and this would result in a reduction of the pressure
resistance of the ship. Moreover, by increasing the mass
flux through the propeller, they increase the ideal efficiency
of the propeller (i.e. lower axial kinetic energy losses) contributing positively to the overall efficiency also by the
increase of the capturing of the viscous wake through the
propeller disk, and then increasing the propeller-hull interaction contribution to the efficiency (Wald, 1965, van
Terwisga, 2013). A beneficial effect can be recognized
also in the increase of uniformity of the wake, which is
effective for the reduction of axial losses, through a change
in the radial thrust distribution of the blade towards the hub
(van Terwisga, 2013), a more uniform inflow to the propeller (thanks again to their re-direction effect of the flow
in axial direction) which turns into more a uniform thrust
distribution. A more evenly distributed blade load means,
indeed, a more uniform slipstream and then less kinetic
losses in the far wake, and lower thrust deduction if the
highest thrust peaks close to the hull (i.e. where the hull
wake without ducts is more decelerated) are dampened,
reducing then the interaction of the blade suctions with
the hull. Rotational losses recovery is achieved through
Pre-Swirl stators, rudder fins and twisted rudders, commercially available as Daewoo Pre Swirl System, SVA
Fin System, Hyunday Thrust Fin System (Lee et al 1992,
Mewis $ Peters 1986), as well as by contra-rotating propellers, which aim is to eliminate the mean tangential flow
on the propeller slipstream (the so-called Contra-Propeller
Principle) by generating a pre-swirled flow against the propeller rotating direction (pre-swirl stators) or by straightening the slipstream (contra-rotating propellers, rudder fins).

These devices decrease the rotational kinetic energy losses
at the benefit of increasing the axial kinetic energy and
momentum flux. In addition, a redistribution of torque between stators and propeller occurs in such a way that the
propeller blades are more heavily and uniformly loaded,
resulting in a reduction of rotation rate of the propeller at
equal thrust, and then into a reduction of viscous losses
(van Terwisga, 2013). Similarly, the use of Propeller Boss
Cap Fins (Ouchi et al 1990, Gaggero, 2018), Kappel and
CLT propellers (Andersen et al 2000, Gaggero et al 2016)
is aimed at reducing losses associated to hub and tip vortexes respectively.
Combinations of the above lead to many commercially
available solutions, like the Mewis Duct (Mewis, 2009,
Mewis & Guiard, 2011), the Twisted Rudder with Costa
Bulb, the Becker Twisted Fins (Guiard et al, 2013) or solutions like the WAFon and the WAFon-D (Kim et al, 2015).
Among the available configurations, ESDs based on the
stern duct/pre-duct concept are rather cheap and noninvasive devices which can be easily used also for refitting
purposes. From a computational point of view, moreover,
they represent a relatively simple configuration for the application of an automatic design process based on optimization (the so-called SBDO, Simulation-Based Design Optimization approach) using high-fidelity RANSE based analyses to prove the effectiveness of this design approach in
defining tailored hydrodynamic solutions thanks to its flexibility in dealing with larger design spaces without many of
the inherent limitations of low/medium fidelity design and
analysis tools (or of cost-constrained experimental campaigns) when non-conventional configurations are added to
the investigation.
In this light, we developed a SBDO for the design of a
stern duct, using viscous RANSE analyses (StarCCM+,
Siemens, 2017) of parametrically described geometries of
the duct itself, driven to convergence by an optimization
algorithm based on a genetic algorithm (modeFrontier, Esteco, 2016). The work is organized as follow. In Section 2
the test case selected for this application, namely the Japan
Bulk Carrier, is introduced. Section 3 describes the design approach, which objectives and constraints have been
considered and how CFD calculations (Section 4) and the
parametric description of the stern duct geometry (Section
5) are used to comply with the design purposes. Results are
shown and discussed in Section 6 and, then, some conclusions are drawn.
2 TEST CASE: THE JAPAN BULK CARRIER

The Japan Bulk Carrier (JBC) is the reference ship which
has been chosen for demonstrating the potential of this design approach. This test case has been specifically developed for the 7th Workshop on CFD in Ship Hyrodynamics
(Larson et al 2014, NMRI, 2015), which was held in Japan
in 2015, to verify, among the others, the reliability of CFD
calculations also in presence of Energy Saving Devices of
Pre-Duct/Stern Duct type. For the JBC, indeed, during the
Workshop, measurements of the resistance in pure towing and in self-propulsion functioning, without and with a

Wake Equalizing Duct, have been provided to participants
for the assessment of their numerical calculations. The
design speed is for a Froude number of 0.142 (model scale
speed of 1.179 m/s, scale factor of 40).

Figure 1: The JBC hull with the Wake Equalizing Duct.

Figure 2: Details of the propeller (left) and of the Wake

Equalizing Duct (right) mounted on the Japan Bulk Carrier.

Table 1: Main characteristics of the JBC test case. Fullscale.
Hull
LP P [m]
BW L [m]
D [m]
T [m]
∇ [m3 ]
CB

280.0
45.0
25.0
16.5
178369.9
0.858

Propeller
Diam. [m]
N. of blades
Boss ratio
Pitch Ratio
Max. Chord Ratio

8.12
5
0.18
0.75
0.2262

The Japan Bulk Carrier (Figure 1) is a Capesize bulk carrier designed by the National Maritime Research Institute
(NMRI), the Yokohama University, the Shipbuilding Research Centre of Japan (SRC) and ClassNK. Its main characteristics in full scale are summarized in Table 1. The
block coefficient is that of a full-blocked ship. Measurements of the nominal wake in absence of the WED (available in NMRI, 2015) show a relatively strong three dimensional separation vortexes from the bilge part at the bottom of the stern. This obviously give room for propulsive
improvements by the use of stern ducts since they are designed exactly for axial flow losses by flow homogenization, making the JBC an excellent test case for duct type
ESD optimization. A detailed description of the WED
equipped on the JBC is given in Figure 3. The stern duct
is realized with a sectional profile belonging to the NACA

family (namely NACA4420) with an opening/contraction
angle of 20 degrees. The diameter of the duct outlet is the
55% the diameter of the propeller while the chord length
of the foil is 30% of the propeller diameter. A foiled struct,
placed at 12 o’clock position, is used to support the nozzle. The distance between the duct trailing edge and the
propeller plane is equal to 0.25% of LP P .

Figure 3: Model scale arrangement of the WED.

3 STATEMENT OF THE DESIGN PROBLEM

The Wake Equalizing Duct, like any other stern ducts, is
an Energy Saving Device designed to recover mainly axial
losses of the propeller. The idea over which the recovery is
achieved is through the positive interaction that the WED
produces between the hull and the propeller. With a duct
having a smaller diameter than that of the propeller, positioned ahead the propeller itself, it is possible to have an
equalizing effect on the inflow to the propeller, to redistribute (and make even) the load of the propeller (leading
to a possible propeller re-design), to reduce the hub vortex
propeller losses (thanks to the higher loads at inner radii)
and to improve the cavitating performance of the propulsor,
with obvious advantages in terms of efficiency and noise.
Enhancing the wake to the propeller is effective, in addition, to reduce the friction losses of large expanded area
ratio configurations while the acceleration of the flow provided by the duct is useful to have a WED which produces
thrust by itself, contributing to reduce the ship resistance
and allowing for a more efficient lightly loaded propeller
design.
Most of the aspects contributing to the recovery effect of
WEDs are, then, strictly related to the propeller functioning. Designing a WED by considering entirely these interactions would result prohibitive: it would require the inclusion of the unsteady functioning of the actual propeller behind the hull/ESD system, leading to extremely expensive
calculations, not affordable in a design-by-optimization
process using RANSE analyses, which by their side are
necessary to assess reasonably the viscous interactions taking places between the hull, the propeller and the WED in
the stern of the ship.
For these reasons, the design strategy adopted in current
approach considers only the generation of additional thrust
by the duct, which could have a contrasting influence on the

total propulsive efficiency of the ship. Since, indeed, the
thrust is generated by a pressure distribution on the nozzle surface, it is possible that the interaction of this pressure filed with the stern of the hull causes an additional
resistance on the ship aft-body due to the higher local (and
closer to the hull) suction additional to that generated by
the functioning of the propeller. Designing a good WED
means defining the appropriate geometry which could improve the wake homogeneity and provide an additional
thrust which is not nullified by an higher thrust deduction
due to the influence of the suction of the nozzle on the ship
stern. To this aim, accelerating type, cambered, nozzles are
necessary (Shin et al, 2013), as well as using asymmetric
profile angles for the upper and the lower part of the duct
could result useful to guide the flow into a preferred direction and maximize the accelerating (i.e. thrust production)
effect of the nozzle. Similarly, non-circular nozzle shape
could favour the energy recovery by influencing the hull
wake and by taking advantage, for the production of the
thrust, of the most convenient flow features of the wake itself. These, consequently, are the geometrical parameters
considered for the design of the WED through the optimization process we propose in this paper.
The influence of these geometrical quantities on propeller
performance, in principle, could be significant but its quantification is possible only through expensive calculation not
useful for design purposes. For current calculations, indeed, we applied a simplified approach to make RANSE
analyses affordable in the design process. Since the estimation of the improvements due to the WED is fair only
in self-propulsion condition, when the flow to the WED is
accelerated by the action of the propeller (and the WED itself has to be designed to maximize its functioning in the
effective flow due to the propeller) but the inclusion of the
fully resolved propeller is not affordable, an actuator disk
model, described in Section 4.3, has been used to mimic the
action of the propeller on the surrounding flow. In addition,
only double-model calculations (i.e. without the free surface) have been considered. The idea is that the presence
of the hull generated wave field (and vice-versa) has only a
negligible influence on the WED and the propeller performance, at least in the preliminary design phase and for relatively low Froude numbers, as in this case (0.142). This assumption allows the calculation of the total ship resistance
following the simplified approach proposed in Gaggero et
al (2017, 2018) and in Villa et al. (2018). A “constant”
(i.e. independent of the propeller working condition and
of the presence of the WED) wave resistance contribution
can be computed, by subtracting from the total hull resistance obtained from the numerical simulations in towing
conditions with the free surface (Section 4.2), the correspondent double model drag. The value obtained includes
not only the pure wave resistance but, more in general, all
the double-model approximations (e.g. variation of the hull
wetted surface). This value, added to the current drag of the
double model (that with the WED under investigation and
any propeller model, the actuator disk or the fully resolved
propeller geometry using RANSE) provides a reasonable
estimation of the total hull drag, allowing for cost-effective

self-propulsion predictions:
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4.1 Double Model calculations: sensitivity analysis and
iterative convergence for the reference JBC test case

(1)

A low stern wave due to low Froude number, moreover,
only slightly influences the velocity field on the stern of the
ship (see, for instance, the comparison of nominal wakes
with and without free surface effect in Gaggero et al, 2017):
neglecting it, then, should not significantly alter the WED
design.
The SBDO approach for the stern duct is then formalized as
the problem of minimizing the total (hull plus WED) ship
resistance in self-propulsion, such that both the effects of
the nozzle, the production of the additional thrust and the
potentially higher thrust deduction due to the local pressure field, are considered simultaneously. Geometrical constraints circa the allowed shapes and the relative positions
of the nozzle with respect to the propeller, depending on
the type of parametrizations used and described in Section
5, represent the sole constraints of the design approach.
Since all the experimental data for the JBC test case are
in model scale, the design tool has been applied to model
scale too, in order to perform mesh sensitivity analyses and
validation with measurements. Obviously the design of this
WED and, more in general, of Energy Saving Devices, has
to be carried out in full scale, considering scale effects on
the development of the hull wake (or of the propeller functioning).

Double model calculations were addressed at first, since
the SBDO makes use of this simplification to have a computationally efficient RANSE simulation. Exactly using the
double model approach, a mesh sensitivity analysis and the
iterative convergence of the simulation model have been
verified. Results of the sensitivity analysis using the least
square method proposed by Eça & Hoekstra (2014) are
summarized in Figure 4. The iterative convergence, monitored through the L2 norm of the residuals in the case of
the reference mesh, is shown in Figure 5.

Figure 4: Sensitivity analysis. JBC test case. Double model

without the reference WED.

4 CFD ANALYSES FOR STERN DUCT PERFORMANCE
CHARACTERIZATION

RANSE calculation are mandatory since the accurate characterization of the phenomena at the stern of the ship, the
hull wake and the hull-propeller interaction, on which the
presence of WED has its influence, mandatorily require
viscous calculations. For current analyses, we employed
StarCCM+ which solves continuity and momentum equations on unstructured, cell-centered, meshes:
Figure 5: L2 norm of the residuals. Double model without
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The fluid static pressure and density are, respectively, p
and ρ, µ is the fluid viscosity and τij are the Reynolds
stresses resulting from the averaging process of the momentum equations, which are treated on the basis of the
Boussinesq hypothesis, then proportional to the trace-less
mean strain rate tensor times the eddy viscosity µT . Current analyses were carried out using the k −  two-equation
turbulence model.

the reference WED.
Details of the hexa-dominant reference mesh are provided
in Figure 6. The reference mesh, without the ESD, consists of about 730k cells, arranged using local volume refinements at the stern, for an average non-dimensional wall
distance of 5 obtained using 8 prism layers. Three finer and
two coarser meshes were used for the sensitivity analysis
by modifying the reference configuration with an isotropical factor of 1.4, applied to the unrefined cell size (i.e. far
from local surface or volume refinements). The finest mesh
consists of about 9.5 million cells, the coarsest of about
150 thousands. The apparent order of convergence computed using the least square method is 2, which is perfectly

in line with the choice of the numerical schemes in StarCCM+. Differences between the extrapolated value and the
resistance computed using the reference mesh are less than
0.5%. Together with the good iterative convergence of the
calculation for the reference mesh, which shows residuals
below 10−3 (and easily lower than 10−4 in case of continuity, turbulent kinetic energy and y- and z- momentum after
1500 iterations), this arrangement seems reasonable for the
computationally reliable and efficient analyses of the optimization process.

the double model and from the free surface using different
level of cells densities. In the end, for the optimization purposes, the relative (and not the absolute) values are significant, as well as the opportunity to rank configurations based
on comparable calculations. A change in the “wave resistance” due to a better mesh arrangement affects all the configurations analysed and reasonably could change the path
to the optimal geometry but it does not impair the worthiness of the design approach. In any case, the arrangement
of the mesh for free surface calculations follows well established guidelines (Gaggero et al, 2017) and then a significant influence on the reliability of results is not expected.
An example of the computational mesh is given in Figure
7: with respect to the reference mesh used in the case of
the double model analyses, modifications concern the treatment of the free surface, across which an anisotropic refinement along the vertical direction has been considered
to limit as much as possible the numerical damping of the
generated wave field in proximity of the hull. For the same
reason, a refinement of x- and y- cells dimensions has been
used in a region resembling the Kelvin angle.

(a) Details at the ship stern

Figure 7: Mesh arrangement for free surface calculations.

(b) Details on the WED
Figure 6: The reference hexa-dominant mesh.

Similar analyses have been carried out with the inclusion
of the Wake Equalizing Duct. The sole modifications of
the mesh regard local refinement across the WED position,
using local control volumes, and the arrangement of appropriate surface mesh refinements to account for the higher
curvature at the nose and at the trailing edge of the duct.
The reference mesh, in this case, consists of about 1.2 million cells but the mesh convergence trend is almost unaffected by this inclusion.
4.2 Free Surface calculations for the reference JBC test
case

Free surface analyses have been carried out to validate numerical calculations using towing tank measurements and
to define the “wave resistance” of Equation (1). The reference mesh was considered as the baseline for these calculations and, then, a dedicated sensitivity analysis has not
been considered for this more demanding case. Since the
analyses in the optimization process are based on results
computed with the reference mesh on the double model,
it seems not necessary to carry out a dedicated study on
the role of the mesh refinement in the case of free surface, as well as it seems inappropriate to “mix” results from

Table 2: Comparison between measured and computed total resistance coefficient CT · 103 .

Without WED
With WED

Measurements
4.289
4.263

CFD
4.239
4.217

δ%
-1.17%
-1.09%

Results of the free surface analyses and the comparison
with towing tank measurements in both cases, with and
without the WED, are shown in Table 2. In particular, for
the case with the ESD, the total ship resistance has been
computed using Equation (1), i.e. summing to the double
model resistance computed with the Wake Equalizing Duct
the “wave resistance” obtained from the free surface calculation but without the ESD. Calculations are in very well
agreement with measurements, even when the simplification of Equation (1) is used. Results are slightly underestimated but calculations foresee the effect of the ESD already
in towing conditions. With the inclusion of the WED, the
total ship resistance is reduced of about 0.6% while numerical calculations predict a reduction of about 0.5%.
4.3 Self-Propulsion prediction with the actuator disk reference JBC test case with and without the WED

Self-propulsion analyses are mandatory for the accurate
characterization of the WED since it operates in the mod-

ified flow at the stern of the ship due to the action of the
propeller. Self-propulsion conditions have been simulated
at first using a simple actuator disk model with radially
varying load similar to those employed in Gaggero et al
(2017) exactly for self-propulsion estimation and in Gaggero et al (2017) for the design by optimization of the nozzles of ducted propellers. This model does not increase
the computational effort of calculations, at least ion terms
of computational cells. The load distribution is that from
Boundary Element Method calculations of the JBC propeller operating in the circumferentially averaged inflow
represented by the nominal wake in the absence of the
WED computed in pure towing conditions. The equilibrium is achieved using an iterative approach which continuously update the total strength of the actuator disk based
on the current estimation of the ship drag, which also in
this case is the sum of the computed double model resistance, affected by the presence of the actuator disk itself,
plus the wave contribution. Skin friction corrections (respectively 18.2 N when the ESD is not included, 18.1 N
with the ESD) account for model to full scale effects. The
arrangement of the actuator disk in presence of the Wake
Equalizing Duct is shown in Figure 8 where the local refinements around the duct and the stern of the ship are also
visible.

comparison between measurements and CFD calculations.
Further to the 1% difference in pure towing test resistance calculations, the self-propulsion prediction with the
actuator disk increases the difference with respect to experiments of about an additional 2%. This difference, as
already observed in Gaggero et al (2017), could be ascribed to the way the actuator disk produces the pressure
jump representative of the delivered thrust. With the actuator disk, indeed, the pressure jump is symmetric between
the pressure and the suction side. This modelling is obviously in contrast with the real functioning of a propeller
which usually delivers the thrust mainly thanks to the suction on the back side of the blades. Underestimating the
role of the suction, as in the case of the symmetric pressure jump distribution of the actuator disk, is the reason of
the underprediction of the ship resistance in self-propelled
conditions observed in present calculations with the actuator disk. The visualization of the pressure field close to
the actuator disk and to the propeller, provided in the next
section, clarifies the role of the propeller suction on propeller/hull interaction.

Figure 9: Mesh arrangement for fully resolved propeller

self-propulsion analyses.

Figure 8: Actuator disk model behind the hull equipped

with the WED.
Results of the self-propulsion measurements and of the numerical analyses with the actuator disk model are summarized in Table 3. The role of the Wake Equalizing Duct in
providing an additional thrust (i.e. a reduction of the total
ship resistance) is evident: with the ESD, the total ship resistance in self-propulsion is reduced of about 1% and the
propeller has to provide 0.73% less thrust. Numerical calculations resemble these trends. Even if the actuator disk is
a very simple model to account for the influence of the propeller, relative difference between calculations without and
with the WED are similar to those observed during measurements since the ESD allows for a 0.75% reduction of
the ship resistance. Differences are higher if we look at the

Anyhow, calculations with the simplified actuator disk
model predict reasonably well the influence of the ESD on
ship performance at a negligible computational cost, which
makes this simulation arrangement the preferred choice for
the optimization based design process.
Table 3: Comparison between measured and computed total resistance coefficient CT · 103 and propeller thrust T in
self-propulsion condition. Calculations with the actuator
disk model.
CT · 103
Without WED
With WED
δ% WED

Measurements
4.811
4.762
-1.02%

CFD
4.648
4.613
-0.75%

δ%
-3.39%
-3.13%
-

4.4 Self-Propulsion prediction with the propeller - reference JBC test case with and without the WED

Self-propulsion predictions with the inclusion of the true

propeller model in the RANSE simulation were considered
to confirm the results from the actuator disk model and the
observations circa the reasons of the discrepancies between
measurements and calculations. The improvements of ESD
geometries devised by the optimization have been verified
at the end of the design process using this approach.
Fully resolved RANSE calculations have been carried out
by including the propeller using sliding meshes. The mesh
into the inner, rotating, domain, was arranged using polyhedral cells to better account for the complex flows around
the propeller. A total of 3.7 Million cells (about 3 Millions
for the outer domain, 700 thousands for the inner rotating
domain) were used (ESD cases) in average for these analyses.

(a) Actuator disk calculations

resistance (-0.96%) is very close to the measured value and
also the prediction of the propeller rate of rotation is very
close (1%) to measurements. This is particularly important
for the final verification of the optimal configurations since
the influence of the WED on propeller performance, which
could be significant, is neglected in the current design approach and an accurate analysis of the propeller functioning is necessary. In the ned, indeed, it is necessary to verify
that the improvements in terms of ship resistance are not
nullified by a bad functioning point of the given propeller
or to assess, consequently, the need of a redesign of the
propeller itself to better address the new functioning point
and inflow.
Table 4: Comparison between measured and computed total resistance coefficient CT ·103 propeller thrust T and propeller rate of revolution in self-propulsion condition. Calculations with the fully resolved propeller.
CT · 103
Without WED
With WED
δ% WED

Measurements
4.811
4.762
-1.02%

CFD
4.752
4.706
-0.96%

δ%
-1.23%
-1.17%
-

Prop. rev. [rps]
Without ESD
With ESD
δESD%

Measurements
7.8
7.5
-3.85%

CFD
7.75
7.57
-2.32%

δ%
-0.06%
0.93%
-

5 PARAMETRIC DESCRIPTION OF THE STERN DUCT

(b) Fully resolved propeller
Figure 10: Pressure coefficient distribution around the pro-

peller and the hull stern. Self-propulsion condition without
the ESD.
Results of self-propulsion predictions are summarized in
Table 4. Compared with the same analyses carried out
with the actuator disk, improvements are obvious. The predicted ship total resistance has a significant better agreement with experiments differing from measurements of less
than 1.5%: modelling the true propeller functioning overcomes the limitations of the actuator disk model, allowing
for a more reliable prediction of the hull/propeller interaction. The presence of the resolved propeller causes higher
values of suction close to the hull which turns into a more
substantial increase of resistance (Figure 10) with respect
to actuator disk analyses. The role of the WED in providing an additional thrust is confirmed also using fully resolved RANSE calculations. The reduction of total ship

The parametric description of the WED is crucial to arrange an automatic SBDO approach. The geometry, indeed, has to be handled automatically by few parameters
which variation allow to span a sufficiently wide design
space.
The current description of the duct follows a kind of superposition of shape variations which altogether model the
geometry of the WED which is described, as shown in Figure 11, by:
• A generator curve, i.e. a closed line handled by a
ten-points B-Spine curve. Symmetry is exploited,
reducing the number of control points to six. Each
control point is free to move (fulfilling constraints on
the symmetry plane), changing the transversal shape
(i.e. the average diameter) of the nozzle;
• A sectional hydrofoil, which is revolved around the
generator curve. The hydrofoil belongs to the NACA
4-digit series. Maximum camber, maximum thickness, their position along the chord and the chord itself are free to change;
• A continuous distribution of the angle of attack of the
sectional hydrofoils along the generator curve, handled by a six-point B-Spline curve along the curvilinear coordinate of the generator curve;
• The position of the WED with respect to the propeller plane;

which realize top/bottom asymmetric shapes and variables
profile angles distribution (Figure 12) which resembles
the concept of the “Asymmetric profile”, of the “Eccentric
duct” and of the “Tilted duct” introduced by Shin et al
(2013) to adapt the nozzle shape to that of the local flow,
reducing the risk of flow separation for sections operating
far from the converging streamlines at the hull stern and by
guiding the flow into a preferred direction.

Geometrical constraints concern the minimum and the
maximum radius of the nozzle to avoid ducts smaller than
the propeller hub or deeper than the keel line, the minimum
thickness of the sectional hydrofoil (not lower than 15% of
the chord), the combination of chord and longitudinal position to ensure a given clearance with the propeller and
to avoid nozzles entirely pierced into the hull. In addition,
control points of the generator line and of the angle of attack distribution are further constrained to avoid cusp like
shape. Examples of WED shapes violating the geometrical
constraints are shown in Figure 13.
6 RESULTS

Combining the shape variations of the previous section,
we designed, always imposing the same geometrical constraints, three WEDs with increasing complexity. The design objective was the minimization of the total ship drag
(by increasing the duct net thrust and/or by mitigating the
propeller/hull interaction) attained using a genetic based
optimization algorithm. The initial design of experiments
consists in a number of candidates distributed on the design
space using Sobol sequencing equal to ten times the number of free variables. Optimal designs (those providing,
for each optimization run, the minimum of ship resistance)
were analysed with the fully resolved propeller in order to
confirm the outcomes of the simplified design approach.
Figure 11: Parametric description of the WED.
6.1 Design Run 1

Figure 12: Possible shapes handled by the parametric de-

scription of the WED.

The first design run considers only the simplest nozzle
shapes. Only circular generator lines are allowed, the sectional hydrofoil is unchanged with respect to original WED
configuration (NACA 4420) and the angle of attack is constant everywhere along the generator line. Free variables
are, then, four: the chord of the hydrofoil, its angle of attack, the longitudinal position with respect to the propeller
plane and the diameter of the duct. Forty geometries fill
the design space and ten generations are considered. Of
the four hundreds geometries considered, 213 satisfied the
geometrical constraints and their performance, then, were
evaluated in the design process. The optimization history
is summarized in Figure 14.
6.2 Design Run 2

The second design run includes the variation of the sectional hydrofoil shape. In addition to the free parameters
considered in the design run 1, the design process is allowed to change the parameters (maximum camber, its position along the chord and the maximum thickness) of the
NACA four-digit hydrofoil. The total number of free variables is increased to 7. Seventy configurations are used to
fill the design space, for a total of 1190 geometries (17 generations), 567 of which fulfil the geometrical constraints.
Results are collected in Figure 15.

Figure 13: Geometrical constraints for the WED parametric
description.

6.3 Design Run 3

The last design run adds to the free parameters of the second design run, additional 14 parameters which are used
to modify the shape of the generator line and the local angle of attack. The design space is a 21-dimensions space,
filled with 210 initial geometries, for a total of 2310 configurations, 684 of which feasible. Figure 16 summarizes
the results of the optimization.
6.4 Comparative analysis of the optimal WEDs

Figure 14: Optimization history (ship total resistance ver-

sus design iteration) for design run 1.

The optimization histories of the three design runs confirm
that the widening of the design space is the easiest way
to identify improved geometries. WEDs from the third
optimization run provide substantially better performance
but these results are possible solely thanks to the flexibility
of the design method and at the cost of using high-fidelity
calculations to avoid as much as possible falsified minima.
For a better understanding of the reasons of these improvements, the three optimal Wake Equalizing Ducts, those
providing the minimum of the ship total resistance for each
design run, have been further analysed including the actual
influence of the propeller by fully resolved self-propulsion
RANSE analyses and the results (forces, but also pressure
fields on the nozzles and on the hull) have been compared
with the same calculations already available for the ship
with and without the reference ESD.

Table 5: Geometrical characteristics of the optimized
WEDs.

NACA
chord [m]
radius [m]
a.o.a. [◦ ]

Ref. WED
4420
0.061
0.066
20

WED 1
4420
0.066
0.065
9

WED 2
5715
0.070
0.073
9

WED 3
6716
0.090
0.082
10.45

Figure 15: Optimization history (ship total resistance ver-

sus design iteration) for design run 2.

Figure 16: Optimization history (ship total resistance ver-

sus design iteration) for design run 3.

Table 5 summarizes the geometrical characteristics of the
selected Wake Equalizing Ducts compared to those of the
reference configuration proposed by NMRI (2015). The
optimization process leads optimal geometries towards
nozzles having longer chords, higher diameter and lower
angles of attack (in average diameter the design run 3). The
angle of attack, in particular, is almost halved, the chord is
increased of about 30%, the nozzle diameter of the 20%.
Also the shape of the sectional hydrofoil is significantly
changed. With respect to the reference NACA4420, in the
optimized configurations the position of the maximum of
the curvature is moved towards the outermost admissible
position (70% of the chord from the leading edge) as well
as the curvature is increased, from the 4% (reference case)
to the 6% of the chord for WED 3. These results confirm
the observations by Shin et al (2013). Optimized geometries have the lowest possible thickness (15% of the chord,
when the admissible range of variation was from 15% to
25%) since the avoidance of flow separation (and the consequent increase in resistance) favour thinner hydrofoils.

into account only standard variation of the geometry, doubles the resistance reduction by changing only the angle of
attack and its diameter.
Since the design process involved only the WED geometry
for the total hull resistance reduction, without any consideration about possible improvements of the propeller performance (not possible at all with the actuator disk model),
reasons of these improvements can be ascribed only to
an improved hull/propeller interaction and to a higher net
thrust provided by the nozzle.

Figure 17: Total ship resistance reduction. Self-propulsion

condition with the actuator disk and the fully resolved propeller.

(a) Reference WED from
NMRI

(c) WED 2

(b) WED 1

(d) WED 3

Figure 18: Pressure contours on the optimized WED
shapes. Self-propulsion calculations with the fully resolved
propeller.

Fully resolved propeller calculations in self-propulsion
confirm the improvements provided by the simpler actuator disk analyses in the optimization processes. Results
of figure 17 compare the resistance reductions with respect
to the bare hull case. As expected, calculations with the
fully resolved propeller foresee higher (closer to measurements) values of ship resistance since the hull/propeller interaction is better predicted with respect to the simplification of the actuator disk model. Despite this, the relative
reductions of resistance provided by the WEDs from design run 1 to 3 are similarly predicted, as well as the reduction trend associated with larger and more complex design
spaces. These results are of particular importance, since
they provide an additional a posteriori validation of the design process based on simplified, computationally efficient,
calculations. With respect to the reference nozzle, WED 3
provides a resistance reduction which is more than three
times higher but also the first design, WED 1, which takes

By looking at the pressure distributions over the optimized
WED shapes (Figures 18 and 19), the “accelerating duct
behaviour” of these new geometries is more evident. The
optimized ducts have substantially higher values of suction
at the leading edge on the inner surface of the nozzle thanks
to lower angles of attack and higher cambers, which move
the stagnation point on the external nozzle surface. This
suction, combined with the local shape of the nozzles, positively contribute to generate additional thrust. The increase
in net thrust provided by the WEDs is confirmed in Table 6.
With respect to the reference configuration, the optimized
nozzles more than double their contribution to the propulsive action of the propeller.
On the other hand, higher values of suction at the leading
edge of the ducts, and then close to the hull, could have a
detrimental effect on the ship performance. This influence
can be observed in Figure 19. In particular when the WED
is close to the hull (see, for instance WED 2 and WED 3),
its suction field affects the stern of the ship, amplifying,
in a certain way, the negative interaction between the propeller and the hull since suction on the stern easily turns
into additional drag.
Table 6: Variation of the double-model resistance
∆RDM % (with respect to the bare hull case) and of the
WED delivered thrust TW ED % (with respect to the reference WED). Calculations with the actuator disk and with
the fully resolved propeller.

Ref. WED
WED 1
WED 2
WED 3

∆RDM %
act. disk
prop.
0.76%
1.19%
0.08% -0.47%
1.12%
0.49%
1.92%
1.45%

TW ED %
act. disk prop.
107%
52%
285% 184%
376% 240%

A quantification of the interaction between the WEDs and
the hull is provided in Table 6 where the resistance in selfpropulsion condition of the double model only changing
the shape of the WED is compared to the double model resistance of the bare hull in order to identify the amount of
WED/hull interaction.
The presence of the WED essentially worsen the interaction with the hull, since the reference duct itself, as well
as most of the optimized ones, increases the sole resistance
of the double model hull. Among the devised geometries,
only WED 1 has a positive influence on hull performance
since it is almost neutral if analysed with the actuator disk

or it positively contribute to the reduction of the hull resistance due to the interactions when fully resolved propeller
calculations are considered.

(a) Bare hull - actuator disk

(b) Bare hull - propeller

(c) Ref. WED - actuator disk (d) Ref. WED - propeller

(e) WED 1 - actuator disk

(f) WED 1 - propeller

(g) WED 2 - actuator disk

(h) WED 2 - propeller

scription of the geometry able to handle non-symmetric
top/bottom duct geometries and continuous varying angles
attack, a genetic algorithm and RANSE analyses that are
mandatory for this type of appendages due to dominant
viscous hull/ESD/propeller interactions which exploitation
provides the energy recovery. A simplified model for selfpropulsion predictions, using a radially varying actuator
disk, account for the influence of the propeller in the design process.
Three design runs, widening the design space in terms of
additional shape modifications allowed for the nozzle geometry, were analysed. All the three selected WEDs, one
for each design run, show improved performance which
were confirmed by high-fidelity calculations with the propeller fully resolved in the RANSE analyses. A base reduction of the total ship resistance larger than 2% was achieved
simply acting on the angle of attack and the diameter of
the WED, with maximum saving (about 4%) when nonsymmetric configurations were considered.
Within the simplifications and the assumptions of this design activity, the most significant role of these ESD is the
production of an additional thrust, which net contribution
to the reduction of the ship resistance is positive since the
delivered additional thrust is greater than the increase of
hull drag usually associated to higher suctions on the stern
of the ship.
The design tool demonstrated its flexibility and robustness
for early design stage applications by automatically handling thousands of geometries in a reasonable (few days)
computational time. The design process, which has been
carried out in model scale for the sake of validation with
the few experiments available, then can be easily applied
to full scale analyses and design once reliable estimation
of full scale hull “functioning” (hull wake, bilge vortexes,
propeller induced velocities and wake) are available. By
making use of the additional data provided by the highfidelity analyses (i.e. wake fraction) a redesign of the propeller operating together with the custom WED could provide additional energy recovery. Moreover, the flexibility
of the developed SBDO could provide a useful tool also for
“robust” design of the WED by taking into account different operative conditions (speeds) of the ship and by optimizing its shape in the light of a trade-off among contrasting functioning points, in particular at higher ship speeds
which easily can turn the WED into an additional source of
resistance.
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