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A B S T R A C T

Inland ships continuously operate in restricted waters, where the depth and width are regularly less than twice
the ship's draft and four times ship breadth, respectively. In restricted water, the flow around the hull changes
compared to that in unrestricted water due to presence of the fairway bottom and sides, that lead to increased
return flow, stronger squat effects and changes in the wave pattern produced by the ship. If these changes to the
flow are significant, it is worthwhile to optimize the hull form for shallow or confined water rather than for
unrestricted water. This paper specifically focuses on the effects of water depth on inland ship stern
optimization. It presents the optimization of propulsion power for various water depths using a parametric
inland ship stern shape, CFD and surrogate modeling. The change of parameter influence in different water
depths is analyzed and explained by means of flow visualization. Using Pareto fronts, a trade-off is shown:
propulsion power in shallow water can be decreased at the cost of increased propulsion power in deep water and
vice versa.

1. Introduction

If a ship navigates in shallow water, its resistance will increase
compared the resistance in deep water. Multiple methods have been
proposed to estimate the magnitude of this increase (Schlichting, 1934;
Lackenby, 1963; Tuck, 1978; Ferreiro, 1992; Raven, 2016). Apart from
resistance, which has a direct effect on the required propulsion power,
the wake fraction and thrust deduction will also change (Rotteveel and
Hekkenberg, 2015; Raven, 2012). The propeller open water efficiency
also changes due to different propeller loading (Harvald, 1977).
Propulsion power is thus affected in multiple ways.

These changes follow from a combination of differences in the flow
compared to that in deep water. In shallow water, less water can pass
the ship underneath, leading to increased return flow speed. Also,
motions in the flow are limited in vertical direction forcing the flow to
follow a more horizontal trajectory around the hull. Furthermore, the
increased return flow speed causes lower pressures underneath and
around the hull. This leads to additional sinkage, water level depression
around the ship and typically increased wave resistance (in some cases
it may decrease, see (Raven, 2016)).

Especially effects that change the trajectories of the fluid around the
ship require that the hull form is adapted to the flow in shallow water to
achieve minimal power required for propulsion. Whereas this might
not be important for sea-going vessels that only encounter shallow
water on a very limited basis, inland ships encounter shallow water

continuously during navigation, with depth-to-draft h T( / ) ratios often
being lower than 2.0. We will therefore investigate whether, and to
what extent, an inland ship hull form should be optimized for shallow
water rather than for deep water. Optimization studies for wave
resistance in shallow water have been published (Zhao, 1984; Saha
et al., 2004), but given the changes to wake fraction, thrust and
propeller efficiency, propulsion power should be addressed during
optimization for shallow water.

This paper discusses the propulsion power optimization of a
parametric inland ship stern including four parameters: the athwart-
ships propeller position, the tunnel-top curve, the bottom plane shape
and the stern bilge radius. Double-body CFD (Computational Fluid
Dynamics) calculations are used to estimate the power requirement of
the ships varied with these four parameters at four different water
depths h T( / = 3.0, 2.0, 1.5 and 1.2). A surrogate model is generated
from the results, the type of which is selected based on model
convergence and cross-validation. Multi-objective optimization is then
performed using these surrogate models, for which the objective
functions are the power estimates at different water depths. The
Pareto front resulting from the optimization is then investigated to
see which parameters change if a different water depth is selected to
optimize for.

The next section discusses the approach. It includes the applied
parameters, CFD method and result analysis method. Section 3 shows
the results of response surface investigation, certain CFD results and
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the Pareto fronts obtained during the optimization. Section 4 presents
an analysis and discussion of the results while Section 5 contains an
overview of the conclusions along with recommendations for further
research.

2. Approach

2.1. Reference hull form

This investigation focuses on the stern of an inland ship. The stern
of the used reference hull form is shown in Fig. 1, with the waterline
indicated by the blue line. The length, beam and draft of the ship are
110.00, 11.40 and 3.50 m respectively, which correspond to a typical
European Class Va inland ship. Fig. 1 includes a free board height of
1.5 m, which is not modeled in the double-body CFD calculations.

Fig. 1 includes the stern tunnel geometry. Such a tunnel is
commonly applied to inland ships to prevent propeller ventilation at
low draft, which occurs in case the ship is empty, partially loaded or if
the ship cannot be fully loaded if the draft is limited due to a low water
depth. The propeller is then close to the water surface, increasing the
risk of propeller ventilation which leads to a large loss of thrust.
Although the tunnel prevents this, the skirts as shown in Fig. 1 should
be carefully designed to align it with the flow around the hull in order
to minimize resistance.

2.2. Hull form parameters

The hull form (Fig. 1) is varied based on four parameters. Fig. 2
shows how each of the parameters affects the ship frames. The first,
Yprop, affects the lateral propeller position. Next, Vbottom changes the
shape of the flat-of-bottom from V-Shaped to S-Shaped. Rbilge affects
the bilge radius in the stern and Vtop changes the curvature of the
tunnel top curve (i.e. a curve that can be drawn though the highest
point in every tunnel frame). This curve is either aligned with the
tunnel Skirt (see Fig. 1), or is S-Shaped such that it ends in a
longitudinal direction at the propeller plane. For a clean lay-out of
graphs, we will use V1, V2, V3 and V4 for Yprop, Vbottom, Rbilge and
Vtop respectively.

2.3. Experiment design

The parameters are varied using a Latin Hypercube (LH) (Sacks
et al., 1989) experiment design with 50 design points. A LH design is a
space-filling design such that the design points are spread equally
across the design space. This ensures that there is no clustering of
points in a certain region of the design space, which would have other
regions not adequately covered. Furthermore, a LH design furthermore
requires less computations to be conducted than a full factorial grid (in

which all parameters are varied in an equal number of steps, with equal
step size), saving computational time while still obtaining sufficient
information on the effects of variations. Each of the hull forms is
subject to four different h T/ ratios: h T/ = 3.0, 2.0, 1.5 and 1.2,
corresponding to water depths of h = 10.5, 7.0, 5.25 and 4.2 m. After
performing the computations, 8 ships had to be removed from the data
set since the corresponding CFD calculations diverged, yielded non-
physical results or because the obtained results were far off the global
trends. The removed points were randomly spread across the design
space. Also, randomly removing even more results (up to 10), does not
affect the analysis of the dataset significantly.

2.4. CFD approach

The ship hull forms are generated using a parametric model built in
Rhinoceros 3D. The hull form surface is then discretized into a wall
grid using Rhino plug-ins developed at MARIN (Maritime Research
Institute Netherlands). The flow around each hull form is computed
using Parnassos (Hoekstra, 1999), a Reynolds-Averaged Navier-Stokes
(RANS) solver developed at MARIN and IST (Instituto Superior
Técnico). This code uses multi-block, structured, body-fitted grids that
are generated by means of solving Laplace equations. A strong
contraction of the grid is applied towards the hull surface, which
together with a specific solution strategy offers the solution of the
boundary layer flow without using wall functions. A one-equation
turbulence model is applied (Menter, 1997). Furthermore, the solver
uses a downstream marching scheme solving the flow in downstream
propagating blocks rather than solving the whole domain at once. This
leads to an efficient solving procedure (Van der Ploeg et al., 2001)
making the code very suitable for systematic evaluations while obtain-
ing results in good agreement with experimental data (Van der Ploeg
and Starke, 2013).

For the present study, steady double-body calculations are applied.

Nomenclature

B Ship width, m
C Bernoulli-constant, –
Cd Resistance coefficient, –
Cp Dynamic pressure coefficient, –
g Gravitational constant, 9.81 m s/ 2

h Water depth, m
Lpp Ship length, m
p Pressure, N m/ 2

ph Hydrostatic pressure, N m/ 2

PD Propulsion power, kW
r Radial coordinate on propeller disk, m
R Propeller radius, m
RN Nominal resistance (without propeller), N

RT Total resistance (with propeller), N
S Submerged surface area, m2

t Thrust deduction factor, –
T Ship draft, m
ux x-component of velocity vector, m s/
VS Ship speed , m s/
wE Effective wake fraction, –
wN Nominal wake fraction, –
wT Total wake fraction, –
x, y, z Coordinates, m

pΔ Pressure jump at propeller disk, N m/ 2

ηO Propeller open-water efficiency, –
ηR Relative rotative efficiency of propeller, –
ηH Hull efficiency, –
ρ Water density, kg m/ 3

Fig. 1. Overview of the stern hull of the used inland ship. The tunnel skirt to prevent
propeller ventilation is shown as well as the tunnel geometry.
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Double-body calculations do not allow for the estimation of wave
resistance, which generally increases in shallow water. However, the
investigated hull form parameters only affect the submerged part of the
stern. Furthermore, inland ships operate at relatively low Froude
numbers. Therefore, the interaction between increased wave resistance
and trends with respect to the stern shape parameters is limited.

The effect of the propellers on the flow is modeled by applying a
distribution of body forces in the flow field. For the present study, a
circular-symmetric force distribution is used. Only forces in x-direction
are applied, tangential and radial forces are zero. The force in x-
direction depends on the radial position such that the maximum thrust
force is applied at r R/ = 0.7, with R being the propeller radius and r the
distance from the propeller shaft.

The computational domain extends to L1.3 pp upstream of midship,
L2.0 pp downstream of midship and L1.3 pp sideways (far-field). Fig. 3

shows the computational domain for h T/ = 3.0. At the inflow boundary,
velocity is fixed to the ship speed. At the outflow boundary, the
pressure gradient in x-direction is zero. Tangential velocities and
pressures at the far-field boundary are fixed based on results of
potential flow calculations. Furthermore, a no-slip conditions is applied
at the ship hull and a moving no-slip wall is applied at the fairway
bottom. Finally, symmetry conditions are used at the free-surface and
at the ship center plane (y = 0).

The mesh around the parallel midship is presented in Fig. 4. For
shallow water calculations, a five-block grid is used, since the number
of boundaries in a transverse plane is five and a structured grid only

Fig. 2. Overview of variations applied to stern hull.

Fig. 3. Overview of the computational domain, with dimensions for domain width and
length. The height of the domain depends on the water depth h for the current
calculation.

Fig. 4. Overview of the five-block structured grid around midship. The ship is located in
the top right of the figure, the grid contraction towards the hull is presented as well. On
the left, the grid extends up to y L= 1.3 pp.
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has four sides. Fig. 4 also shows the strong grid contraction towards the
hull. In all computations, y + values are well below 1.0. A grid-
dependence study has been conducted with 7 grids. 2 of these grids
counted consist of smaller cells than the reference grid (which has been
used for the present study). 4 grids have coarser cells. The resistance
coefficients per grid are given in Table 1. Since precise geometrical
equivalence is difficult to obtain, the procedure proposed in (Eca and
Hoekstra, 2014) is applied. From this procedure, a numerical uncer-
tainty of 1.6 percent was estimated for the grids used in the present
study.

2.5. Power estimation

From the flow solution obtained using Parnassos, the resistance of
the ship, wake field and thrust deduction are determined. Thrust
deduction is obtained from conducting calculations without and with
the propeller effect as described in the previous section. These are
respectively called a nominal and a total calculation. From resistance,
the thrust deduction factor and the wake field, an estimate of
propulsion power is obtained as follows:

P R w
t

V
η η

= ·(1 − )
1 −

·D
N E S

O R (1)

In which wE is the effective wake fraction, RN the bare-hull
resistance, t the thrust deduction factor and ηH and ηO are the hull
efficiency and propeller open water efficiency respectively. etaR is the
relative rotative efficiency, which for the present study is taken as 1.0.

Instead of wE, the effective wake fraction, the nominal wake
fraction wN (which is obtained from the nominal calculation directly)

can be used instead. However, the nominal wake fraction may increase
significantly in shallow water due to larger wake and possibly flow
separation around the stern, following from increased pressure gra-
dients. In an effective wake field, growth of the wake and flow
separation are suppressed by the pressure decrease induced by the
propeller. The velocities in the effective wake field are therefore higher
than in a nominal wake field, and this difference between the nominal
and effective wake field increases in shallow water (Kulczyk, 1970).
Estimates of the nominal and effective wake fraction for a specific ship
that was analyzed for the present study are presented in Table 2,
showing that the difference increases while the nominal wake fraction
grows significantly. A significant overestimation of the wake fraction in
1 leads to a too low power estimate. It is therefore important to use the
effective wake field instead of a nominal wake field.

The effective wake field is obtained by subtracting the propeller-
induced flow field from the wake field obtained from a total calculation
(the total wake field). For determination, we apply a model based on
actuator disk theory. In the model, two Bernoulli equations are applied:
the first on the upstream side of the disk, the second downstream of the
disk:

C ρ u x ρgz p

C ρ u x ρgz p

= 1
2

| ( )| + +

= 1
2

| ( )| + +

x

x

1 1
2

1 1

2 2
2

2 2 (2)

where ρ is the fluid density, g the gravitational acceleration m s(9.81 / 2),
u x( )x

1 the flow velocity upstream of the disk, p1 the pressure upstream
of the disk and z1 the vertical location of a fluid particle. The same
applies for ux, p and z with subscript 2. Fig. 5 gives a schematic
overview of the flow through the disk with these symbols. At the disk,
z z=1 2 and u x u x( ) = ( )x

disk
x

disk1 2 . Since the actuator disk induces a
pressure jump in the flow, C C p= + Δ2 1 . Far away from the disk
however, p2 is equal to p1 and the pressure jump has been transformed
in kinetic energy. Furthermore, assuming:

u x u u( ) = 1
2

( (0) + (∞))x
disk

x x
1 2 (3)

It is possible to solve Eqs. (2) and 3. u x( )x
disk is known from the total

wake field, while pΔ is known from the imposed thrust distribution.
This leads to:

u u x p ρ
u x

(0) = | ( )| − 2Δ /
( )

x
x

disk
x

disk
1

2

(4)

Eq. (4) is applied to each discrete element of the propeller disk by
computing p F r θrΔ = /(Δ Δ )i i . To finally obtain wE, the average value of
u (0)x

1 is computed. Furthermore, ηO is obtained from Kaplan ducted
propeller Series (Oosterveld, 1970), using a P D/ ratio of 1.0 and
A A/ = 0.7E 0 .

2.6. Surrogate modeling

From the experiment design and Parnassos computations, we
obtain the power requirement for each tested hull form. Surrogate
models are used to investigate quickly how the power requirement is
affected by either hull form parameters as well as water depth, but also
to compare optimization results for different water depths. A surrogate
model is a model that replaces another model (in this case Parnassos),
which usually computationally more expensive, to be able to quickly
estimate the outcome of the expensive model at an untried location in
the design space. Four different types of surrogate models are
investigated:

• Quadratic response surface

• Kriging response surface

• Universal Kriging

• Radial Basis Function interpolation

Table 1
Resistance coefficients values for different grids. The relative cell size is measured against
that for the grid used for the present study. For the present grid, the estimated numerical
uncertainty is 1.6.

Relative cell size Resistance coefficient

1.67 2.663E-3
1.43 2.685E-3
1.25 2.699E-3
1.11 2.696E-3
1.00 2.719E-3
0.91 2.705E-3
0.83 2.725E-3

Table 2
Comparison of nominal and effective wake fractions at different h T/ ratios for a specific
ship that was analyzed.

h T/ wN wE

3.0 0.182 0.128
2.0 0.210 0.150
1.5 0.259 0.178
1.2 0.446 0.237

Fig. 5. Schematic overview of flow through propeller disk with the symbols used in Eqs.
(2), (3) and (4).
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The quadratic response surface is a polynomial model of the form
y A B x C x D jx x= + + +i i i i i i j

2 (here, xi represents a parameter value
instead of a position). The coefficients for this polynomial are obtained
using least-squares fitting. The Kriging response surface is a stochastic
process that is formed from a correlation matrix and a series of fitted
coefficients (Sacks et al., 1989). The universal Kriging model is a sum of
the quadratic model and the Kriging response surface, such that the
quadratic model fits the main trend while the (smaller) departures
from that trend can be captured by the Kriging model. Finally, the
Radial basis function interpolation model is a distance-based inter-
polation model.

Each of the models is tested using cross-validation. Furthermore,
the models are tested using factor analysis, which is conducted as
follows:

1. Start with a model with no parameters, only including the average
value of power requirement across the dataset.

2. Try all available (not yet added) parameters for addition to the
model

3. Add the parameter that resulted in the largest reduction of cross-
validation error

4. With the model including the parameter added in 3, go back to 2
until all parameters are added.

This is similar to Analysis of Variance (ANOVA), but in ANOVA the
effect of a parameter is represented by the change of the sum of squares
explained by the model if a parameter is either removed or added.
Since the sum of squares, as well as differences in the sum of squares
for different models, can be very large, comparison between different

models is difficult. Furthermore, it is possible to notice over-fitting of
the model (which occurs when the model includes too many para-
meters) since the cross-validation error will increase if too many
parameters are in the model.

The Kriging models and the Radial basis model will, in general, fit
all data exactly. This also includes the precise fitting of errors
(numerical errors from CFD for example). As this is unfavorable, the
used implementations include a smoothening parameter. This para-
meter allows the models to fit the data within a certain range around
each data point. Using the smoothening parameter, the trends can be
captured smoothly.

2.7. Optimization

In order to investigate whether there is a trade-off to be made
between optimization for deep water or a specific water depth, a multi-
objective (power estimates at different water depths) optimization
procedure is used. For this, the NSGA-II algorithm (Deb et al., 2002)
is applied, which is a genetic algorithm that allows testing of multiple
objects and parameters. The algorithm searches for a Pareto front that
contains a series of ship hull forms, each of which is optimal depending
on the chosen trade-off between the included objectives.

For the present study, we perform two optimization studies, one for
ship resistance and another one for required propulsion power.
Optimization for resistance is included to show the impact of not
including shallow water effects on wake fraction and thrust deduction
in the power prediction and optimization. These effects have not yet
been investigated thoroughly (Raven, 2016). In each optimization

Fig. 6. Contour graph of longitudinal non-dimensional velocities u u V( = /x S) together with vectors indicating velocities in transverse directions, at four different water depths. The

figures show that the ship wake grows significantly in shallow water, and the vectors that the flow becomes more horizontally oriented.
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study, the object functions applied are either resistance at two water
depths or power at two water depths. The Pareto fronts obtained
should then show whether it is important to take water depth into
account in the optimization process of a ship hull.

The Pareto front is further analyzed to see which hull form
parameters change along the front. This provides useful insight in
how a ship can be optimized for shallow water. Furthermore, the
change of resistance, wake fraction and thrust deduction is also
investigated to see which of these parameters are a key influence in
the trade-off between optimization at one or another water depth.

3. Results

This section discusses the computational results. First, the flow
around the ship hulls is presented for different water depths and
changes of several parameters. Next, the results are used to generate
surrogate models and finally, these surrogate models are used to
optimize the ship hulls for different water depths. Flow velocities and
pressure are presented in a non-dimensional form. Velocities are made
non-dimensional with ship speed, u u V= /x S. Pressures are presented
using the dynamic pressure coefficient: C p p ρV= ( − )/(1/2 )p h S

2 . For
reference, graphs showing thrust deduction, nominal wake fraction
and the resistance coefficients are presented in the appendix.

3.1. Flow analysis

In order to first present the effect that shallow water has on the flow
around the ship, Fig. 6 shows a transverse cut of the flow near the

propeller position. The wake increases significantly in shallow water,
while the flow also follows a more horizontal trajectory around the hull
as indicated by the vectors. The changes are almost unnoticeable at
h T/ = 2.0, but become important at h T/ = 1.5, although the most severe
changes to the flow pattern occur at h T/ = 1.2. Apart from the stronger
wake and horizontally oriented flow, the figures also show that the
vortex (indicated by the lower velocity area right of the tunnel skirt in
each figure) shed from the tunnel skirt moves closer to the tunnel skirt
and becomes smaller in shallow water for this specific hull form.

The significantly stronger wake in shallow water follows from the
increase of pressure gradients around the stern. The pressure drop
around the aft shoulder becomes stronger, while the pressure at the
transom is larger. The following positive pressure gradient, which is
larger than in deep water, slows down the flow around the stern,
leading to the large wake.

Figs. 6 and 7 correspond to nominal calculations (i.e. without
propeller effect) only. However, it is important that the limitations
imposed by the river bottom also affect the effect that the propeller has
on the pressure distribution around the ship. Fig. 8 shows the changes
to the pressure distribution at the stern for four different water depths
after the propeller effect was included in the calculations. Again, the
effect is small at h T/ = 2.0, but at h T/ = 1.5 and lower, the pressure
distribution is clearly affected. Noting that the propeller induces a
pressure drop upstream of the propeller, the pressure gradients shown
in Fig. 7 decrease. Therefore, the growth of the wake towards the
propeller is suppressed. This underlines the importance of using the
effective wake fraction in Eq. (1).

Fig. 9 shows the distribution of longitudinal velocity obtained from

Fig. 7. Distribution of pressure coefficient, p p ρV( − )/0.5h S
2 on the stern at four different water depths. The pressure drop around the aft shoulder significantly increases in shallow water.

This leads to a stronger positive pressure gradient downstream of the shoulder, which can lead to separation.
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nominal calculations for two different ships, each at two different water
depths. Similar to Fig. 6, the velocity deficit in the wake field increases
in shallow water. Furthermore, if the propeller is positioned further
away from the center, the velocity of the flow that passes through the
propeller disk increases. At the tunnel skirt, the vortex being shed in
deep water is smaller if the propeller (and therefore also the tunnel
skirt) is located further away from the center. In shallow water,
however, the vortex moves more towards the inside of the tunnel skirt
due to a larger portion of the flow coming in from aside the ship
compared to deep water, where more flow comes in from underneath
the ship.

Fig. 10 shows similar data specifically for a change of the parameter
Vbottom. For a V-shaped bottom, the velocity deficit in the wake field is
larger.

Fig. 11 shows the effect of propeller action on the same ships as
presented in Fig. 10, for two different water depths. The colors indicate
the magnitude of local thrust deduction (i.e. the local propeller suction on
the hull surface). It shows that the effect of thrust deduction increases in
shallow water, and that the magnitude of thrust deduction on the ship hull
is larger for the V-shaped bottom compared to the S-shaped bottom.
Whereas Fig. 8 shows the pressure distribution, Fig. 11 shows the
distribution of the local resistance contribution (which is obtained by
multiplying the pressure with the x-component local surface normal and
adding the local x-component of the shear force). The smaller effect on the
resistance distribution is therefore explained by the fact that for an S-
shaped bottom, the normals on the hull surface close to the propeller have
a smaller component in longitudinal direction, leading to a smaller
contribution of local pressure to the ship's resistance.

3.2. Surrogate modeling

Figs. 9, 10 and 11 already showed how parameters Yprop and
Vbottom influence the flow around the ship. In order to perform
optimization, a surrogate model was created. The type of model to be
used in optimization is selected based on cross-validation. Fig. 12
shows the cross-validation test for the four different models consid-
ered. The graph shows similar quality for the Kriging model, universal
Kriging model and the quadratic model. The radial basis function (rbf)
interpolation model yields larger errors.

Furthermore, the estimation of parameter influence as explained in
Section 2 is applied to all models considered as well. Fig. 13 shows that
for the Kriging models and the quadratic response surface, similar
results are obtained expect for parameter V4 (Vtop). For Vtop, the
Kriging models show a larger influence whereas the other models show
no influence at all. An explanation for this is that if the influence of that
parameter does not follow a polynomial trend, the quadratic model -
which is a second order polynomial function - can not capture it (for
example, a sine-like effect with a period of half the design space width
will be approximated as a constant by a quadratic model), while the
Kriging models are able to capture such behavior.

From Figs. 12 and 13, the quadratic response surface is chosen as
the model for the remainder of the study. The reasons for this are that
the quadratic model is relatively simple, its estimates of parameter
influence for the most important parameters are similar to those from
other models and the model is relatively insensitive to errors in the
data. The Kriging models on the other hand, in general will fit all data
as close as the error parameter allows. It can therefore be more

Fig. 8. Difference of the pressure coefficient distribution after activating the propeller at four different water depths. The propeller induces a pressure decrease upstream of the
propeller, which leads to the thrust deduction effect but also lowers the pressure gradients in Fig. 7.
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accurate, but if a data point is further away from the general trend than
the chosen error parameter would allow, the Kriging models may show
off-trend behavior around such a point. Therefore, the robustness of a
quadratic model is favored over the accuracy of a Kriging model for this
study. The radial basis function interpolation is not used because it
showed the largest errors for the cross-validation test.

As stated in Section 2, 8 points that were randomly spread across
the design space had to be removed from the dataset. To test the effect
of removing these points, up to 10 randomly chosen additional points
are removed from the data set, while measuring the quality of the data
set using 5-fold cross-validation for a fitted regression model. This
process is repeated 10,000 times. Fig. 14 shows the (increasing) cross-
validation error of a regression model fitted to the results at h T/ = 3.0.
Both the maximum error and 95th percentile of the errors are shown.
This last one is a useful measure of the impact of point removal. The
first, the maximum error, occurs if the removed points are all in the
same area of the design space. Both values, however, are well within the
variational range of propulsion power (60 kW).

The quality of the chosen response surface with regard to data
representation is shown in Fig. 15. Cross-validation results are
presented for the four water depths considered. As shown in the
results, the model is well able to represent the data.

Fig. 16 shows how the amount of variation not explained by the
model decreases (i.e. how the model's data representation capability
increases) when parameters are added. In all cases, most of the
variation is explained by the first two parameters, being Yprop and
Vbottom respectively.

The results from Fig. 16 can also be shown in a way that directly

shows the influence of each parameter on the model. This is obtained
by taking the differences between subsequent points in the graphs in
Fig. 16, and plotting these values in Fig. 17.

An important observation that can be made from Fig. 17 is that the
influence of Vbottom (V2 in the figure) increases when water depth
decreases. This follows from the effect that Vbottom has on the ship
hull: it moves the surface of the ship hull closer to, or further away from
the propeller. Thereby, it affects the thrust deduction factor, which
increases for decreasing water depth, as shown in Fig. 11.

3.3. Optimization

Optimization is conducted using the surrogate models generated
from the data. The genetic algorithm NSGA-II is applied. The results
are shown in Fig. 18. The NSGA-II algorithm processes multiple
generations. The colors of the dots move from blue to red if the dots
belong to younger generations. The figure shows a clear Pareto front if
propulsion power predictions at h T/ = 3.0 and h T/ = 1.2 are used as
objectives. In cases where optimization is conducted for power predic-
tion at h T/ = 3.0 and h T/ = 2.0, or for those at h T/ = 3.0 and h T/ = 1.5,
the Pareto front is less clear. For the rightmost graph in Fig. 18, the
Pareto front shows that if solely optimizing for power at h T/ = 1.2
(vertical axis), propulsion power at deep water h T( / = 3.0, horizontal
axis) would increase by approximately 5 percent.

To address the importance of optimizing for power - which involves
propulsion parameters that also change in shallow water - Fig. 19
presents the optimization of the ship hull for resistance only. The
Pareto fronts are smaller than those in Fig. 18, if not entirely absent.

Fig. 9. Contour graph of longitudinal - nominal - velocity at the propeller position. for different Yprop values, showing that for a lower Yprop value, the propeller operates in a stronger
wake.
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This indicates that if the ship is only optimized with respect to
resistance, taking water depth into account does not affect the optimal
hull shape for the design space considered (i.e., the optimal ship in
deep water is still the optimal ship in shallow water).

Prior publications (Zhao, 1984; Saha et al., 2004) that show a
different optimal ship for another water depth if only focusing on
resistance, took wave resistance into account. For the low Froude
numbers relevant to inland ships however, the wave resistance is only a
small portion of the total resistance. Therefore, it is not expected that
including free-surface effects would significantly change the outcomes
of the presented optimization study.

The existence of the Pareto front in Fig. 18 indicates that one or
more parameters change if optimization is performed for one water
depth or another. Fig. 20 therefore shows which parameters are
changing along the Pareto front. The parameter that changes is V2
(Vbottom). Furthermore, the value of Yprop (V1) is always 1.0, such
that the propeller is close to the ship centerline. Rbilge is not presented
in Fig. 20, because it has an negligible influence on the estimation of
propulsion power as shown in Fig. 16. Vtop is always 1.0, such that the
tunnel top curve is always in alignment with the propeller shaft. The
effect of Vtop on the prediction of propulsion power is small, however,
as shown in Fig. 17.

4. Analysis and discussion

In the parameter analysis, it is clear that for deep water, Yprop (V1)
is the most relevant parameter to the power requirement of the ship.
We can also see this in Fig. 9, which shows that in case of a smaller

Yprop value, the propeller moves into a stronger wake field, which
leads to increased hull efficiency (ηH). In shallow water however,
Vbottom (V2) becomes more important as presented in Fig. 17. The
influence of Rbilge (V3) decreases if the water depth decreases, and the
influence of Vtop (V4) is small or even negligible in any water depth
considered.

The increasing influence of Vbottom when the water depth
decreases can be explained using Fig. 10. For two ships with a different
bottom shape, the difference in the wake field is small at h T/ = 3.0. At
h T/ = 1.2 however, the wake fields of both ships differ significantly.
Futhermore, Fig. 11 shows that the extent of the propeller induced
resistance becomes larger in shallow water, and the bottom shape has a
strong influence on the part of the stern where the pressure distribu-
tion is affected the most by suction of the propeller.

That the influence of Rbilge decreases in shallow water is due to the
fact that flow comes in from aside the ship rather than from under-
neath. Therefore, the flow does not have to pass the bilge, which in
deep water leads to vortices being shed. These vortices are also present
in shallow water, but they do not significantly depend on Rbilge.

Fig. 18 shows that there is a trade-off between optimization for
deep water and optimization for shallow water. Since the horizontal
axis shows the percentage of power at h T/ = 3.0 relative to the mean
value, and the vertical axis does so for water depths at h T/ = 2.0, 1.5
and 1.2, a decrease of approximately 5 percent of power can be
achieved for h T/ = 1.2, if a 5 percent increase of power in deep water
is accepted. For water depths at h T/ = 2.0 and h T/ = 1.5, this trade-off
is much smaller. It is therefore important that already during the
design process, water depths that will be encountered by the ship are

Fig. 10. Flow visualization for different Vbottom values, showing a stronger wake field for the V-shaped bottom.
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taken into account. If h T/ ratio lower than 1.5 are frequently
encountered, optimization for water depths corresponding to those
h T/ ratio can prove beneficial. On the other hand, if the ship is expected
to mostly encounter h T/ ratios larger than 1.5, effects of shallow water
do not affect the optimization of the stern significantly. Furthermore,
the figures show that optimization for resistance only is not sufficient:
the trade-off is significantly smaller than that for propulsion power.

This is due to effects of shallow water on wake fraction and thrust
deduction (which can be observed in Figs. 9, 10 and 11), on top of
those on resistance. This is important and shows the need for further
research into the field of shallow water propulsion parameters as
available knowledge on that is lacking Raven (2016).

The increasing influence of Vbottom in shallow water, observed
from Fig. 17, is reflected by the ships that lie at the Pareto front in

Fig. 11. Distribution of the thrust deduction effect on resistance, for two ships that mostly differ for their bottom shape.

Fig. 12. Cross-validation for the estimation of power, for each of the model types
considered. The horizontal distance from the straight line indicates how close the
prediction is to the value computed from CFD.

Fig. 13. Parameter influence on the estimation of power, for each of the model types
considered. The parameter influence is normalized with the standard deviation in the
data (std).
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Fig. 18. The value of Vbottom (V2) decreases when the ship is
optimized for shallow water (thus increased deep water power in
Fig. 20), meaning that the bottom should become V-shaped in shallow
water, while a slightly more S-shaped bottom is favorable in deep
water. This is due to the fact that in shallow water, the V-shaped
bottom yields a stronger wake, which is favorable for hull efficiency. In
deep water, the differences between the two wake fields are smaller (see
Fig. 10), but the increased resistance following from the fuller V-
shaped bottom here causes the optimization algorithm to favor an S-
shaped stern.

Parameters Yprop (V1) and Rbilge (V3) are constant along the
Pareto front: In any case, situating the propeller closer to the ship
center yields a stronger wake field and therefore larger hull efficiency.

This results in lower propulsion power. This underlines the need to
optimize for power instead of resistance, as situating the propeller
closer to the ship center will lead to increased resistance (Rotteveel and
Hekkenberg, 2015). Rbilge is always around the value of 0.8: it was
expected to be at 1.0 as the largest bilge radius results in less vortices
being shed and therefore less resistance. This is due to the fact that the
fitting approach for the quadratic response surface minimizes the
average value of summed squared errors between data points and
predictions (least-squares fitting). Since it is the average value that is
minimized, errors in certain areas of the design space can increase if in
that case errors in other areas decrease more, achieving a lower error
average. This may especially affect the behavior of parameters with a
relatively low influence on the predictions, or in regions where the
parameter is near its optimal value (in such a region, the prediction
does not change significantly if the parameter value changes). Another
conclusion applies as well: apparently, further increasing the para-
meter Rbilge does not lead to a significant decrease of the power
requirement. Otherwise, the errors between the predictions and the
data from CFD would have been larger.

Parameter Vtop (V4) is at the maximum value in general, which
means the tunnel top curve is aligned with the tunnel skirt. However,
once Vbottom reaches the minimum value and the bottom is V-shaped,
Vtop starts to decrease. It is important to note, however, that the
influence of Vtop on the power prediction is negligible, as seen in
Fig. 17. The effect of the decrease is negligible, and occurs because the
genetic algorithm aims to find the absolute minimum of the response
surface within the design space. If other parameters are at the borders
of their range, and any further decrease - although small - can be
achieved, it will change other parameters as well. Hence, one should be
careful with drawing conclusions on the Vtop parameter from graphs
such as Fig. 20.

That other parameters are at the border of their range implies that
further improvements may be possible if the parameter range is
widened. However, in case of Yprop for example, further moving the

Fig. 14. Regression model cross-validation (CV) error upon removal of points from the
dataset. The maximum CV error and the 90th percentile of CV errors are presented. The
total range of variation is 60 kW.

Fig. 15. Cross-validation for the estimation of power using quadratic response surfaces. All predictions are within 4 percent of the value computed from the CFD result.

E. Rotteveel et al. Ocean Engineering 141 (2017) 555–569

565



propeller towards the ship center would be unfeasible since either the
wake field will be of too low quality, or the two propellers will interfere
with each other or hit the hull surface. The optimization algorithm does

not take feasibility into account and will therefore try to put the
propeller position as close as possible to the ship center, since that
increases the wake fraction and will therefore decrease the power

Fig. 16. Effect of adding parameters to the power prediction response surface for different water depths. The first two parameters, V1 and V2, respectively Yprop and Vbottom, explain
most of the variation in the models. Note that because each parameter addition leads to a better approximation of the data, the vertical axis shows the amount of error not explained by
the model. From h T/ = 3.0 to h T/ = 1.2, it can be observed that the influence of V4 (Vtop) decreases. In very shallow water is equally (un)important as V3 (Rbilge). In fact, adding V4
(Vtop) to the model even has a small negative impact on the amount of explained variation. Therefore, V4 is added later to the model in case h T/ = 1.2.

Fig. 17. Influence of each of the parameters on the power prediction quadratic response surface. In water of less depth, the influence of Vbottom (represented as V2 here) becomes
larger, while effects of V3 and V4 diminish. Again, parameter influence has been normalized with the standard deviation (std) in the data.
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requirement. The parameter ranges have therefore been chosen such
that the design space only includes realistic hull forms.

A note should be made, however. One is that the used propeller
model - an actuator disk - is not affected by the quality of the wake
field. Hence, a stronger wake field - whether the velocity distribution is
close to uniform or heavily fluctuating - always leads to a decrease of
the power requirement. In reality, a low wake quality with large
changes of inflow velocity across the propeller disk can increase the
risk of cavitation and vibrations. Another note concerns the estimation
of the effective wake field: the current actuator disk theory based
approach only addresses longitudinal flow. Although this is the largest
contribution to the wake fraction, part of the propeller thrust will in
reality convert transverse flow into longitudinal flow, which in this case
leads to a slightly incorrect estimation of the effective wake fraction.
Despite this, the observed trends among the ships are expected to hold
per water depth, since the variation of Yprop is not such that large
variations of the transverse flow contribution on the wake fraction can

be expected. Between water depths, the contribution of transverse flow
to the wake fraction may change. The optimization results still hold as
those are performed per water depth.

5. Conclusions

This paper presents an optimization study of an inland ship hull
form with four shape parameters. The Parnassos RANS Solver has been
used to obtain results for a series of hull forms. Then, surrogate models
have been generated and used to analyze the influence of the
parameters and to optimize the hull form for different water depths.
From this study, the following conclusions are drawn:

• In different water depths, other parameters are important to the
power prediction. In this study, the importance of the bottom shape
increased in shallow water.

• A decrease of power requirement in shallow water can be achieved if

Fig. 18. Optimization of the ship hull where the objects are the propulsion power estimates at two different water depths. The values on the axis are relative to the mean value of data in
the corresponding surrogate models. The Pareto front can be identified, especially for the case where the power at h T/ = 1.2 is optimized against that for h T/ = 3.0 (rightmost graph).

Fig. 19. Optimization of the ship hull for resistance at different water depths. The values on the axis are relative to the mean value of data in the corresponding surrogate models. The
Pareto fronts are smaller than observed in Fig. 18, where optimization is presented for propulsion power.
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optimization is conducted at that water depth rather than in deep
water. In this case, a five percent decrease of power was achieved in
shallow water h T( / = 1.2) at the cost of a five percent power increase
in deep water h T( / = 3.0).

• Optimization for resistance only is not sufficient. Compared to
optimization for power, parameters obtain different optima and

trends along Pareto fronts may be opposite.

• Given the current set of parameters involved, the propellers should
be situated close to the center plane in any water depth.

• In shallow water, the bottom should be V-shaped in order to
minimize the power requirement. In deep water, the favorable
bottom shape changes to an S-shape.

• For optimization of propulsion power, water depth should be taken
into account if the h T/ ratio is below 1.5 for the parameters currently
considered.

For further study, more parameters and a wider range for the
currently used parameters could be included in the analysis. Also, the
results show that the effects of shallow water on wE and t are
significant. Apart from wE and t, the relative rotative efficiency ηR
might also change due to different flow behavior in shallow water. Since
there are no easily applicable models available to estimate effects of
shallow water on wake fraction and thrust deduction, and the research
into this field is limited, investigation of shallow water effects on
propulsion rather than resistance is advised.
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Appendix

Figs. A1 and A2

Fig. 20. Values of hull form parameters of ships that lie on the Pareto front in Fig. 18.
The horizontal axis depicts the power estimate in deep water. Therefore the estimated
amount of required power in shallow water decreases from left to right. The figure shows
that along this Pareto front, Vbottom (V2) varies most. Hence, this parameter is subject
to a trade-off in optimization for one water depth or another.

Fig. A1. Nominal resistance coefficient R ρV S( /(0.5 ))N S
2 versus deduction factor for all ships at four different h T/ ratios.
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