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MANAGEMENT SAMENVATTING
Eén van de werkpakketten in 2021 binnen het onderzoek vaargedrag van Rijkswaterstaat en MARIN
betreft het in CFD modelleren van een varend binnenschip boven zandduinen. De hoofdvraag van dit
werkpakket is: hoe kunnen we dit met het MARIN CFD pakket ReFRESCO modelleren? Daarbij ligt de
focus dit jaar op het realiseren van een aantal berekeningen.
Voor deze casus is het MARIN 110m binnenschip gebruikt, met een diepgang van 3.5m. Voor de
geometrie van de vaarweg is in eerste instantie een trapeziumvormige doorsnede gebruikt, later is
overgestapt op een rechthoekige doorsnede. De schematische zandduinen hebben een hoogte van
0.5m en de toppen liggen 4.2m onder het wateroppervlak (zie ook Figure 2-3).
De berekeningen zijn uitgevoerd in ReFRESCO waarbij het schip vrij kan stampen en dompen. De
geometrie van de romp is als “bare-hull” gemodelleerd, het effect van schroef en roeren is niet
meegenomen.
Eerst is een “double-mesh” aanpak toegepast. Deze aanpak is in een eerder project met succes
gevolgd. Er wordt een grid gedefinieerd rond het schip en een grid op de bodem. De simulatie wordt
uitgevoerd in een aard-vast assenstelsel. Bij het voorwaarts bewegen van het schip vervormt het grid
om het schip. Het grid achter het schip wordt uitgerekt, het grid voor het schip wordt indrukt, denk aan
een balg (blaasbalg, balg van een accordeon). Dit is geïllustreerd in Figure 4-2. Het bodemvlak van het
grid om het schip ligt min of meer op het grid op de bodem van de vaarweg. In deze berekeningen lukte
het onvoldoende de aansluiting van het scheepsgebonden grid op het raakvlak met het “bodemgrid” te
“managen”.
Vervolgens is een aanpak met één grid beproefd. In deze aanpak is het scheepsgebonden assenstelsel
als vertrekpunt gehanteerd: het schip blijft op zijn positie en het water en de begrenzing van de vaarweg
beweegt van voor naar achter om het schip, dit is geïllustreerd in Figure 4-5. Na een aantal verfijningen
bleek deze aanpak meer succesvol.
Met deze laatste aanpak zijn de volgende situaties doorgerekend:
1. Het schip vaart over 3 zandduinen na een aanloop over een vlakke bodem, twee snelheden 13.2
en 15 km/u, geen stroming. Deze situatie is vergeleken met een berekening over een vlakke bodem.
2. Het schip vaart over een vlakke bodem in een situatie zonder stroom, stroom af en stroom op
(stroomsnelheid 1.25 m/s, is 4.5 km/u).
3. Het schip vaart stroomop, en vaart na een aanloop over zandduinen.
In alle berekeningen bleef een oscillatie in inzinking en trim bestaan in de aanloop. Gegeven de
beschikbare tijd lukte het niet de oscillatie te laten uitdempen.
In de eerste situatie zien we in de configuratie met zandduinen dat er een oscillatie met een kleinere
amplitude boven de zandduinen ontstaat. Hierbij is de maximale inzinking iets groter dan in de situatie
zonder zandduinen.
De tweede serie berekeningen, bij een snelheid door het water van 15 km/u, toont een reductie van de
inzinking bij het varen stroomop in vergelijking met de situatie zonder stroom. Bij het varen stroomaf
neemt de inzinking toe. Dit verschijnsel wordt ook door de BAW beschreven, zie referentie [1].
De laatste berekening, stroomop over zandduinen, toont opnieuw een gering effect van de zandduinen
op de inzinking. In deze berekening is de invloed van de zandduinen nog wat kleiner vergeleken met
de berekeningen zonder stroom.
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Na een gecompliceerde aanloop bleek het mogelijk een aantal CFD-simulaties voor het varen boven
geschematiseerde zandduinen te realiseren. Belangrijke aandachtspunten voor een follow up zijn;
-

Het uitdempen van de verticale oscillatie van het schip in de aanloop.

-

De modellering van de stroming.

-

Verkennen van de mogelijkheden voor validatie.

Hoofdstuk 6 bevat de meer gedetailleerde conclusies.
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The following table indicates all deliverables written in the course of the present project:
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30957-1-MSCN

Program plan 2019

2019
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Inland ship (110 m); manoeuvring model tests in shallow water
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Inland ship (110 m); CFD calculations of hull forces
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Inland ship (110 m); manoeuvring mathematical model

2020
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Further analysis of contributions to dynamic sinkage
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30957-10-SHIPS

Squat of inland ships in shallow water, Further literature study on squat
(company confidential)

2021

30957-11-SHIPS

Squat of inland ships in a river section, Systematic calculations with empirical
formulas and RAPID

2021
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1

INTRODUCTION

In 2020 Rijkswaterstaat (RWS) and the Maritime Research Institute Netherlands (MARIN) agreed to
continue the joint research project on shallow-water effects that was initiated in 2019. In April 2020 a
three year contract was entered: "Zaak 31159000 "Vaargedrag binnenschepen op rivieren, beperkt
vaarwater", d.d. 23 April 2020." This study, made critical by the low water levels in Dutch rivers,
especially in 2018, aims at developing simulation models to investigate the effect of extreme shallow
water conditions. The two main themes are squat and manoeuvring.
The work plan 2021 is the basis for the agreed scope in 2021: “Vaargedrag binnenschepen op rivieren,
beperkt vaarwater, validatie m.b.v. modelproeven, versie 3.0, 30957, 14 april 2021”. This work is part
of the work that is described in Section 2.2 “Verkennen berekeningen van squat in een situatie met
zandduinen” (exploring calculations on determining squat in a condition with sand dunes). This work
package aims to explore the possibilities to apply ReFRESCO for this case: a free sailing ship hull
(110m ship) in a cross section with an irregular river bed (schematic dunes on the bottom). Furthermore,
the aim is to provide a first sensitivity analysis of the average sinkage of inland ships in different
situations. Already in the work plan the complexity of this subject was mentioned. This report describes
the different attempts to model this case in ReFRESCO in order to find a feasible approach. At the end
of the ‘’struggle’’ in this work package good progress has been made. One important remark has to be
made: even though the outcomes may appear realistic, validation of the results was not in the scope
and will be a challenge to perform in itself.
This report gives an overview of the realised CFD calculations of the study. The study is dedicated to
the calculation of the sinkage and trim when sailing over a set of sand dunes of predefined shape for
two different sailing velocities. The structure of the report is sketched below:


Chapters 2 and 3: the details of the ship and applied geometry and the way the calculations are
defined.



In Chapter 4 the different numerical approaches applied are described.



Chapter 5 describes the results of the calculations that realised feasible outcomes.

The conclusions and recommendations are provided in Chapter 6.
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GEOMETRY AND DEFINITIONS OF THE TEST CONFIGURATION
Inland ship

The ship investigated is a 110-metre long inland ship. Table 2-1 describes the main dimensions of the
ship. The full-load condition (T = 3.5m) is investigated in the present study.
Table 2-1:

Main dimensions of the inland ship.

Dimension

Notation

Value

Unit

Lpp

110.0

m

Breadth

B

11.4

m

Draught (at rest)

T

3.5

m

Displacement volume

∇

3876.05

m3

Water plane area

AWL

1200.9

m2

Block coefficient

CB

0.883

-

Length between perpendiculars

Figure 2-1 shows a 3D view of the ship hull, excluding the propulsion and steering system. A tunnel at
the aft-ship guides the flow towards the propeller and prevents ventilation at low draught.

(a) Starboard view

(b) Bow view

(c) Stern view

Figure 2-1: 3D views of the inland ship hull.

2.2

Waterway geometry

The geometry of the waterway is originally modelled as a realistic representation of a Dutch river with a
flat bottom and inclined side banks as shown in Figure 2-2. The water depth over the flat part of the
river is 4.45m which, with an undisturbed draught of 3.5m, leads to a keel clearance of 27%. However,
during the meshing procedure it was found that the extremely shallow incline of the banks leads to
computational cells of poor quality. Unfortunately this is a known issue of the meshing software
(Hexpress) used. Given the fact that the ship lies in the centre of the domain, the influence of the inclined
banks on the response to the sand dunes is considered negligible, and an equivalent rectangular
geometry of the waterway is subsequently constructed. The width of the equivalent domain, shown in
Figure 2-2, is such that the blockage factor compared to the original geometry remains unchanged. The
length of the domain varies depending on the numerical approach used. In the double-mesh approach,
the domain has a length of 1320m (12Lpp) while in the single-mesh approach the domain has length
770m (7Lpp).
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4.45m

4.45m

150m

89m

239m

Figure 2-2: Cross-section of the computational domain: original (left) and equivalent (right).

The sand dunes considered have an asymmetric sawtooth shape width a length of 110m and an
amplitude of 0.25m as shown in Figure 2-3. With an undisturbed draught of 3.5m and a water depth of
4.45m, the keel clearance varies between 20% and 34% when passing the dunes. A total of three dunes
are imposed on the river bottom.

4.45m

0.5m
36.7m

73.3m

Figure 2-3: Schematic geometry of the waterway including the sand dunes. This configuration is valid when
sailing without current or when sailing upstream. For downstream calculations, the dunes are flipped and
the shallow slope is encountered first.
Sign and unit conventions

Hull forces and ship motions are given in the ship-fixed direct coordinate system Rs (o, x, y, z). It is
defined as follows:





x-axis in the longitudinal direction of the ship, pointing from aft towards bow,
y-axis transverse to the direction of the ship, pointing portside,
z-axis in the vertical direction, pointing upward,
origin at the intersection of the midship section, the centreline, and the ship waterline.

A representation of the ship-fixed coordinate system used through this report can be found in Figure
2-4.
z
y

x
θ

Figure 2-4: Ship-fixed coordinate system Rs.

The angle θ represents the angle at which the ship is pitching. It is positive when the bow trims
downwards.

Report No. 30957-12-RD

3
3.1

4

COMPUTATIONAL SETUP
Setup and numerical settings

All calculations presented in this study are performed with the in-house CFD package ReFRESCO (see
https://www.marin.nl/en/facilities-and-tools/software/refresco). In these calculations, the ship is free to
heave and pitch, and sails at constant forward speed with respect to the water.
The propulsion and steering arrangement is not modelled here as only the squat is of interest. The freesurface is modelled as an essential part of the algorithm to determine the squat during the calculation.
The CFD simulations are conducted at full scale.
For the spatial discretisation of the momentum equations, a second-order (limited) scheme is employed,
while for the turbulence equation a first-order upwind scheme is used for improved robustness. The
linear systems that stem from the momentum and turbulence equations are solved using a GMRES
solver with a Block Jacobi preconditioner, and the pressure system is solved using a preconditioned
Conjugate Gradient method. The resulting set of equations is solved in a segregated manner. The
Menter k-ω SST (2003) model is used in the (RANS) turbulence equations. The time-dependent
simulations are solved with a second order time integration method using a time step such that the
average Courant number remains below five for robustness. Per time step 100 outer iterations are
performed in all simulations for a total of 1600 time steps per simulation.
3.2

Computational mesh

The computational grids used in this study are constructed with the hexahedral grid generator Hexpress.
Symmetry is exploited so that only the port side half of the domain is meshed. Local mesh refinement
is applied in the proximity of the ship and close to the free-surface to capture a potential wave pattern.
In the direction normal to the ship surface, viscous cell layers are applied to resolve its boundary layer
by keeping average y+ values at an appropriate value of approximately 160 which is suitable for full
scale computations with wall functions. This is justified under the assumption that the squat is
predominantly governed by pressure influences and much less by viscous effects from hull friction. The
mesh near the domain bottom close to the hull is also refined to guarantee sufficiently low y+ values at
this location. Figure 3-1 gives an impression of the volume mesh around the ship. In section 4, more
details of the number of cells in the grids are given.

Figure 3-1: Top view (left) and side view (right) of the mesh refinement around the hull.
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Boundary- and initial conditions

For the vertical sides and the bottom, either a homogeneous (no-slip) or a non-homogeneous Dirichlet
condition for the velocity (i.e. a moving wall) is imposed. The outflow and the top of the domain are
modelled as pressure boundaries, and the upstream vertical plane as an inflow boundary. Figure 3-2
shows the computational domain with the boundary conditions used.

BCPressure (top)
BCPressure
BCWall (port)

BCInflow

BCWall (bottom)
BCSymmetry (side)

Figure 3-2: Computational domain with boundary conditions used.

In the double-mesh approach (discussed in section 4.1), the velocity is initially zero everywhere in the
domain. In the single-mesh approach (discussed in section 0) and in the quasi-steady squat calculations
of section 4.3 the ship initially undergoes an impulsive start by placing it directly into the fully developed
flow. To assure robustness, initial damping of the flow field near the free surface is applied close to the
ship. This damping slowly decays as time progresses and the simulation stabilises. Furthermore, farfield damping is applied throughout the simulation to avoid the formation of artificial (numerically
induced) waves in the domain. The pressure is initialised as the hydrostatic pressure that equals zero
at the free surface level.
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NUMERICAL APPROACHES TO SIMULATE SAILING OVER SAND DUNES

This section provides an overview of the different numerical approaches that have been investigated
during the course of this research. Initially, a technique using two meshes (one containing the bottom
and dunes, and one containing the ship) with sliding interfaces was used due to familiarity from previous
studies (section 4.1). It is found, however, that this approach suffers from prohibitive issues. In response,
a single-mesh approach is adopted in which the dunes are modelled by localised deformation of the flat
river bottom (section 0). Finally, the quasi-static squat method is introduced as a means to obtain the
converged (steady-state) configuration of a ship, provided such a condition exists (section 4.3). At the
end of the section a summary is provided about the outcome of the investigation.
4.1

Double-mesh approach: sliding interface and deforming mesh

This approach is based on previous work on ship-irregular river bank interaction (MARIN Report No.
30306-1-CPO, ‘Investigation Into Ship-Irregular River Bank Interaction Using CFD’). The simulation is
performed from the earth-fixed perspective, i.e. the computational domain itself remains stationary in
time, while the hull moves in space by deformation of the interior of the grid. The computational mesh
consists of two subgrids connected by a sliding interface as shown in Figure 4-1. The upper domain
contains the ship hull and the lower domain contains the waterway bottom and the sand dunes.

Figure 4-1: Side view close-up of the two subgrids including the ship and the sand dunes. The blue
subgrid containing the sand dunes is stretched vertically by a factor 10 with respect to the actual height
for clarity.

Discretisation of the flow equations requires input from both subgrids for the upper layer of cells of the
lower subgrid and for the bottom layer of cells of the upper subgrid. A sliding interface is used to facilitate
this interaction between the two subgrids by providing a variety of interpolation techniques during each
time step in the simulation.
The sailing motion of the ship is modelled by translating the hull surface through the upper subgrid by
deformation of the internal mesh. Radial basis functions (RBF) are used to smoothly deform the mesh
around the hull and to guarantee the quality of deformed internal cells. A greedy algorithm selects an
optimal set of mesh nodes on the hull as the basis of the mesh deformation: this is much more efficient
than using all nodes that make up the hull as the limited ship motions would make such a larger point
set redundant. Three time instances of the forward motion of the ship are shown in Figure 4-2.
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Figure 4-2: Modelling forward sailing motion: three time instances during the simulation from start (top)
when sailing from left to right. The internal mesh deforms except close to the hull surface.

A challenge in the use of the two-mesh/sliding interface configuration is the accuracy of the flow solution
around the sliding interface, i.e. in the region where the two subgrids connect. Due to the compression
and stretching of the mesh that is required to facilitate the sailing motion of the ship, the lengths (in
sailing direction) of the computational cells in the upper mesh change significantly (this can be seen
already in Figure 4-2). This results in regions with huge cell size differences along the sliding interface
as shown in Figure 4-3. The difference in cell size has at least two effects:
1. Although a variety of interpolation techniques is available (both first and higher order), robustness
is impaired when the cell sizes in both subgrids differ too much. In particular the higher order
interpolation methods that require gradients or polynomial fitting suffer from this.
2. Irrespective of the interpolation method used, the accuracy around the sliding interface is ultimately
determined by the largest cell.

Figure 4-3: Difference in cell size on both sides of the sliding interface.

The difference in cell size along the sliding interface is inherent to the configuration used. It could be
mitigated using adaptive mesh refinement (AMR). Using this technique, any cell that is too big compared
to its neighbour in the other subgrid can be refined to keep the cell size difference under control.
However, such a refinement criterion is not easily defined within the current AMR framework
implemented in ReFRESCO, and this path is therefore not pursued.
Dividing the complete domain in two meshes introduces the question on where to horizontally separate
the grid, i.e. on where to place the sliding interface between the hull and the sand dunes. On the one
hand, the ship must have sufficient space to squat during the simulation. Since mesh deformation near
boundaries is computationally expensive, and given the condition that the sliding interface itself cannot
deform, the sliding interface should be placed as close to the bottom as possible. On the other hand, it
must be located above the top of the dunes (the interface cannot contain intersections), and too little
space between the interface and the dunes leads to meshing problems (notice how thin the blue mesh
is near the top of the dune in Figure 4-1). The vertical location of the sliding interface is therefore a
trade-off between the mentioned arguments based on anticipated squat of the ship and special care
during meshing of the bottom domain.
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During the meshing procedure of the bottom domain containing the dunes a similar issue as discussed
in section 2.2 arises. The slope of the sand dunes is very shallow, and the meshing software is not able
to capture such geometries well. The resulting mesh is extremely skewed and of poor quality as shown
in Figure 4-4. Various attempts are made at improving the mesh quality but it appears this is an inherent
limitation of Hexpress with settings commonly used for ship applications.

Figure 4-4: Close-up of the mesh of the bottom domain along the slope of a sand dune (no vertical
scaling). Notice the extreme skew and poor orthogonality in the blue mesh compared to the green mesh
of the upper domain containing the ship.

A number of tentative simulations were performed to investigate among others:





Computational time step size;
Interpolation schemes at the sliding interface;
Mesh deformation settings;
Equation of motion settings.

Table 4-1 shows some of the properties of the constructed mesh used in the experiments.
Table 4-1:

Properties of the mesh used in the double-mesh approach.
Property

Value

Domain length

1320m (12Lpp)

Domain width

119.5m

Domain height

110m (Lpp)

Volume cells

8.4 ∙ 106

Surface cells on ship

8.7 ∙ 104

The iterative convergence during the simulations is rather poor, in particular for the z-component of the
velocity. This is very likely due to the influence of the sliding interface. On average, L2-residuals of the
velocity are of order 10-3-10-4 and pressure, turbulence and volume fraction of order 10-5 after 100 outer
iterations per time step.

Report No. 30957-12-RD

4.2

9

Single-mesh approach: deforming boundary mesh

Identification of the bottlenecks in the double-mesh approach from section 4.1 has led to a revised
configuration to facilitate the simulation of sailing over an irregular waterway bottom. In the revised
approach, a single mesh is used to remove the necessity of the sliding interface in combination with the
strength and versatility of the deforming mesh capabilities in ReFRESCO.
Contrary to the double-mesh approach, the single-mesh approach assumes a ship-fixed frame of
reference: during the simulation the hull remains stationary (with regard to the forward sailing motion)
and the water and river boundaries move along with the sailing velocity. The sand dunes are introduced
by locally deforming the flat river bottom geometry. This is done in ReFRESCO through so-called
usercoding, which is an interface that allows users to provide ad hoc functionality to the main source
code. An analytical description in space and time of the shape of the dunes 𝑧 = 𝑧(𝑥, 𝑡) is established
first. This expression is subsequently fed into the simulation by applying the usercode on the bottom
wall. The resulting mesh is shown in Figure 4-5 for three time instances with the dunes in front (top),
under (centre) and behind (bottom) the ship.

Figure 4-5: Submerged part of the computational mesh for three time instances (from top to bottom). A
vertical scaling factor of 10 is used for clarity.

A major advantage compared to the double-mesh approach is that the initial domain without dunes is
rectangular which results in good quality cells. Any deformation later on to introduce the dunes is
handled by the RBF mesh deformation algorithm and produces excellent mesh quality results. An
example of the mesh above a sand dune is shown in Figure 4-6. Here, the mesh upstream is quite
coarse as the dune still lies far upstream from the ship. A fine mesh is not required here and would be
a waste of resources. As the dunes approach the ship, the dunes are captured with increased resolution
by the mesh refinement that is placed around the ship (bottom figure). After the dunes have passed the
ship, the resolution decreases again as their influence becomes negligible. Compared to a fixed mesh
around the dunes, this approach is more efficient as the mesh resolution is increased only when required
(i.e. near the ship) and refinement of cells around the sliding interface is not required.
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Figure 4-6: Formation of the sand dunes by deformation of the bottom geometry: far upstream (top) by a
coarse mesh and near the keel (bottom) by a more refined mesh. A vertical scaling factor of 10 is used for
clarity.

Both the squat motion of the ship as well as the formation of the dunes are governed by the deforming
mesh algorithm in ReFRESCO in the single-mesh approach (in the double-mesh approach, the squat
of the ship is also facilitated by the deforming mesh algorithm). Previous studies on shallow water
manoeuvring have already demonstrated that mesh deformation close to domain boundaries can
become computationally expensive.
A number of tentative simulations were performed to investigate among others:





Computational time step size;
Creating usercode to model both the dune geometry and a current profile;
Mesh deformation settings;
Equation of motion settings.

Table 4-2 shows some of the properties of the mesh that was used during initial experiments and, after
selection as method of choice, subsequent calculations in this study.
Table 4-2:

Properties of the mesh used in the single-mesh approach.
Property

Value

Domain length

770m (7Lpp)

Domain width

119.5m

Domain height

110m (Lpp)

Volume cells

5.5 ∙ 106

Surface cells on ship

9.5 ∙ 104

Compared to the double-mesh approach, the iterative convergence during the simulations is much
better. The residuals are more consistent and around two orders of magnitude smaller than in the
double-mesh approach. On average, L2-residuals of the velocity and air fraction are of order 10-5 and
pressure and turbulence of order 10-7 after 100 outer iterations per time step.
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Quasi-static squat approach

Ship squat motions resulting from shallow water simulations tend to be oscillatory compared to deep
water results. On the one hand, this can be attributed to more complex physics that has to be resolved
in the confined shallow waterways, but surely also numerical inaccuracies contribute to the oscillatory
response. In particular start-up effects are found to decay slower in shallow water compared to deep
water.
It is generally not computationally feasible to run a simulation until the oscillations originating from
initialisation have completely disappeared: this would require too many costly time steps in which the
equations of motion for the ship are coupled to the hydrodynamic loads that follow from the flow
equations. The quasi-static squat approach aims to reduce this computational effort by moving the ship
less frequently, i.e. not every time step but once per several time steps (MARIN report no. 70058-11RD, ‘ReFRESCO Multi Bodies, FSI and Free-Motion for Complex Applications’). The idea is to
let the hydrodynamic loads stabilise over a number of time steps and then, based on the stabilised
loads, predict the equilibrium (steady-state) configuration of the ship based on hydrodynamic pressure
influence alone. After a change in attitude towards the prediction, the loads are set to stabilise again for
a number of time steps, after which the following prediction is constructed, and the attitude is changed
again accordingly. In this way, the frequency of the mesh deformation, which is by far the most
expensive procedure of the simulation, is much lower compared to the approach in which the equations
of motions are solved in every time step (and which requires multiple mesh deformations per time step).
Furthermore, the dynamics of ship motions do not need to be taken into account, also reducing the
number of time steps required to arrive at an equilibrium squat position. The iterative change in attitude
finally converges to the steady-state configuration of the ship in which net forces and moments are zero,
provided such a condition exists. A reduction in computing time of a factor 10 can be obtained compared
to solving the equations of motion in each time step.
However, the quasi-static squat approach cannot be used for dynamic situations (since it will filter out
physically changing loads on the hull), for example when sailing over sand dunes, but it is very suitable
for sailing over flat river bottoms. Therefore, in this study the approach is used to be able to compare
its results with the results from the simulations of sailing over a flat river bottom.
4.4

Lessons learnt

Through many attempts and simulations it was found that the double-mesh approach described in
section 4.1 exhibits too many issues to be reliably used in the current study. The mandatory use of the
sliding interface to connect the two subgrids introduces inaccuracies due to the extreme mesh stretching
required. Furthermore, the sliding interface proves not sufficiently robust when higher order interpolation
is used. Because the simulation is performed from an earth-fixed perspective, the domain has to be
large to accommodate the start-up of the motion, the subsequent passage of the dunes and some space
afterwards, which implies a relatively large number of computational cells and long duration. Any change
in dune geometry furthermore requires the construction of a new mesh.
The single-mesh approach from section 0 has proven to be a more accurate and versatile method. The
single mesh implies no loss of accuracy by interpolation nor robustness issues compared to the doublemesh approach, and shows better iterative convergence. Because of the ship-fixed perspective, the
domain size can be limited and the number of cells is lower resulting in less computational cost. The
introduction of the dunes by an analytic expression through usercoding provides much more freedom
in the course of a simulation so that a single mesh suffices for all cases (with and without current). It
must be kept in mind, though, that the resolution of a dune shape is limited by the mesh resolution
present at that location. For coarse meshes, this can lead to excessive rounded dune edges, but care
was taken in this study to prevent this by providing sufficient mesh resolution throughout the complete
domain.
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The quasi-static approach is a new development in ReFRESCO and has to date not been tested in
shallow water conditions. It has shown tremendous advantages in deep water where computational
costs can be cut by an order of magnitude. The experiments performed in this study have shown that
also in shallow water simulations, which tend to be more oscillatory than deep water results, the quasistatic approach yields good results. The computational cost is typically reduced by 75-80%, less than
in deep water but very satisfactory nonetheless.
Based on the observations mentioned, it was decided to go forward with the single-mesh approach for
this study, supplemented by the quasi-static approach. The latter is used to compare the results when
sailing over a flat river bottom.
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RESULTS

In this section the results of the CFD calculations are presented after selection of the numerical
approach in section 4. First, the squat resulting from sailing over sand dunes without current is
addressed in section 5.1. Then section 5.2 presents a critical look at some of the input settings for the
simulations with regard to solving the equations of motion for the ship. Finally, section 5.3 introduces
the addition of current to the simulations.
5.1

Sailing over sand dunes without current

After selecting the single-mesh approach as the method of choice, full simulations of a ship sailing over
sand dunes are performed using input from the results obtained in preliminary numerical experiments.
A full simulation consists of the following occurrences:
1. During the first 105 time steps (around one ship length of travelled distance) the ship is held captive
in its rest position while the flow field around it stabilises. This phase can be identified in the graphs
by the initial period without change in squat.
2. From time step 106 on, the ship is allowed to heave and pitch freely according to the incoming flow.
3. If the simulation contains dunes, then these enter the domain at the inlet boundary after anywhere
between 45 and 200 time steps (depending on the current). The bow starts encountering the first
dune after around 4.5 ship lengths travelled. A total of three dunes are simulated.
The simulations are performed with sailing speeds of 13.2km/h and 15km/h without any current. First,
base line results are obtained for a flat river bottom to be able to identify the effect of the sand dunes
on the squat later on (only step 1 and 2 from above). The quasi-static approach is also applied to the
base line cases to serve as an additional reference. The base line simulations are then repeated but
with the addition of sand dunes (all three points above). The resulting squat is presented in Figure 5-1
and Figure 5-2 for the sailing velocities of 13.2km/h and 15km/h, respectively. Time is made nondimensional by scaling with V/Lpp, and the left figure shows the sinkage starting at rest. Furthermore,
the location of the three sand dunes in time with respect to the centre of the ship is denoted by a black
horizontal bar for reference.

Figure 5-1: Sinkage (left) and trim (right) for the case with a sailing speed of 13.2 km/h.
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Figure 5-2: Sinkage (left) and trim (right) for the case with a sailing speed of 15 km/h.

The results are characterised by periodic oscillations in both sinkage and trim, most likely as a result of
the impulsive start of the simulation in combination with reflections from the vertical river wall. The
oscillations appear to reduce in time in the case of the higher sailing speed, while for the lower speed
they remain mostly constant throughout the simulation. The signals from the sinkage have a sinusoidal
shape while the trim consists of beat signal. The influence of the dunes is clearly visible and is
characterised by high frequency noise on the undisturbed signal. Before encountering the dunes, both
squat signals largely coincide: this can expected in the absence of current. After the dunes have been
cleared, it can be seen that the squat returns to the values in the undisturbed river. A further observation
is that the quasi-static results (represented by the dashed horizontal line) appear to predict the limiting
values of the squat well for both velocities.
5.2

Effect of coupling with the equations of motion

After an initial number of time steps in which the flow around the captive ship stabilises, the squat of the
ship is computed every time step of the simulation as described in the previous section. Within a time
step, outer iterations are performed to solve the non-linear flow equations. Each outer iteration in turn
yields the solution of the linearised system of flow equations. Solving the equations of motion (EOM) to
obtain the squat of the ship is done sequentially in ReFRESCO: after a number of outer iterations, the
equations of motion are solved based on the flow solution available from the last outer iteration. The
solution of the equations of motion then determines a mesh deformation, after which the outer iterations
continue based on the revised geometry. This iterative process should lead to a situation in which both
the flow field (i.e. the hydrodynamic loads on the hull) and the attitude of the ship are in equilibrium (up
to a certain tolerance), after which the next time step can commence. Convergence of this process is
imperative for accurate modelling of any ship motion in CFD, but unfortunately the procedure can easily
lead to unexpected results if handled incorrectly. Most notably, if the convergence tolerance is too high,
the movement of the ship is finished prematurely and oscillatory motions can be missed entirely because
the ship movement is underestimated. The same happens when the number of coupling actions
between the flow and the equations of motion within a time step is insufficient to reach convergence.
However, choosing a very low tolerance and coupling every outer iteration is not a feasible solution
because such a setting would require a large amount of mesh deformation, which is by far the most
expensive procedure of the simulation (made worse even by the shallow water configuration). Hence,
efficiently solving the equations of motion for the ship requires a balance between accuracy and
computational cost.
Because the settings for the equations of motion used in ReFRESCO need to be investigated for this
complex scenario, two configurations are simulated. Setting 1 is on the conservative side with a relative
strict convergence tolerance and many coupling actions during a time step. Setting 2 has a less strict
tolerance and much less coupling, so it is assumed to yield shorter computing times. The input for both
configurations is summarised in Table 5-1.
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Table 5-1: Input variables for the two settings used.
Input variable
EOM convergence tolerance
Max nr of couplings per time step
Cost (core-hours)
Greedy tolerance

Setting 1
5∙

10-7

Setting 2
1 ∙ 10-5

18

6

11900 (approx)

10800

5∙

10-3

7.5 ∙ 10-3

Two simulations are performed with both settings in the case of a sailing speed of 13.2km/h over sand
dunes. The resulting squat is presented in Figure 5-3 and the computational cost is added to Table 5-1.
Since the computation with setting 1 was a restart from setting 2 for reasons of efficiency (from about
time instance 4), the cost for setting 1 is only approximately. It can be seen that the computational cost
of setting 1 is about 10% higher than the cost of setting 2.

Figure 5-3: Sinkage (left) and trim (right) for the case with a sailing speed of 13.2 km/h for different coupling
settings.

From Figure 5-3 it can be seen that the largest discrepancies in motion occur when the ship is located
above the dunes (represented by the black horizontal bar), as can be expected. The sinkage in setting
1 shows a clear peak when the dunes are first encountered, whereas for sinkage 2 the effect on sinkage
is much less. The differences are more pronounced in the trim, where the results with setting 1 show
oscillations with a higher frequency and amplitude compared to the rest of the signal above the dunes.
Instead, with setting 2 the encounter of the dunes is hardly noticeable. For both the sinkage and the
trim it can be seen that the signals start to coincide again after the dunes are cleared.
From these results, it can be concluded that, despite the lower computational cost of setting 2, the input
of setting 1 should be used throughout the CFD calculations. The loss of accuracy with setting 2 results
in a nearly complete failure to capture the influence of the sand dunes on the squat of the ship.
5.3

Simulation of current flows

Replacing the stagnant water with a current advances the level of realism of the simulations (by
definition, a river must contain a current). For this study, a current velocity Vc of 1.25 m/s is assumed
for both up- and downstream currents.
The presence of a current increases the complexity of the CFD calculations because of the formation
of a boundary layer at the river bottom. In particular, the shape of the boundary layer is unknown a priori
since no known solutions of the boundary layer equations exist for a fully developed flow enclosed by a
wall (the bottom) and a free surface. From the Blasius solution for the boundary layer along a flat plate
it is known that the thickness of the boundary layer at a distance 𝑥 from the inlet is proportional to either
𝑥 0.5 for laminar flows and 𝑥 0.8 for turbulent flows. The seemingly indefinite grow of the boundary layer,
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according to theory, is halted in practice by the free surface. Hence, it can be expected that, given the
shallowness of the river, the complete flow is in fact a boundary layer flow. This study did not include a
literature review of boundary layers in rivers, but for future studies this is highly recommended.
The ship is sailing with a velocity V with respect to the water, and the water itself has a current speed
of Vc with respect to the ground (both positive for forward motion). The ship therefore moves with velocity
𝑉 + 𝑉𝑐 with respect to the ground. The simulations are all done from this ship’s perspective, i.e. all
velocities are translated by the ship’s velocity 𝑉 + 𝑉𝑐 . Assuming a no-slip condition at the bottom, the
velocity profiles for different sailing conditions are schematically drawn in Figure 5-4.

V V+Vc 0

V

0

V+Vc V

0

Figure 5-4: Ship-based velocity profiles for different sailing conditions: sailing upstream (left), sailing without
current (centre) and sailing downstream (right) with velocity V with respect to the water and current speed
Vc with respect to the ground.

Sailing with an incoming current (Vc<0), i.e. upstream sailing, is shown in the left figure. The bottom wall
has a lower velocity than the bulk flow and therefore has a decelerating effect. Without current, the
bottom does not influence the bulk flow as shown in the middle figure. Finally, sailing downstream
implies Vc>0 and the bulk flow is now accelerated through the influence the bottom. The blue shaded
area represents the volumetric flow rate below the ship, i.e. the amount of water that passes a fixed
location in the domain per unit time measure. It can be seen that sailing downstream results in the
highest flow rate and sailing upstream results in the lowest flow rate, with the situation in stagnant water
in between.
To obtain an approximation of a fully developed velocity profile when current is present, a onedimensional domain (one cell thickness) is created based on a slice in the x-z plane of the original mesh
(i.e. the same refinement in z-direction) without ship. A Dirichlet condition is imposed on the bottom
where the velocity in x-direction is set at 𝑢 = −(𝑉 + 𝑉𝑐 ). At the inlet, a uniform inlet velocity of 𝑢 = −𝑉 is
set. The computational domain is stretched in the flow direction to a total length of 42L pp to allow the
flow to stabilise. After a calculation a representative velocity profile 𝑢 = 𝑢(𝑧) is subsequently extracted
by considering the value of 𝑢 along a vertical line near the outlet of the domain. This profile is then
closely approximated by a power law which can be inserted into ReFRESCO using usercoding as
before.
5.3.1

Sailing with current over a flat river bottom

The first case considers three current velocities, which are denoted ‘upstream’ (Vc = -1.25 m/s), ‘no
current’ (Vc = 0 m/s) and ‘downstream’ (Vc = 1.25 m/s), and a flat river bottom to isolate the effect of
current on the squat of the ship. The velocity profile is imposed on the inlet boundary throughout the
simulation and as initial condition for the flow field. The vertical port boundary is changed to a free-slip
wall to allow the formation of the velocity profile. The sailing velocity in all three simulations is 15 km/h
with respect to the water. The resulting sinkage and trim are shown in Figure 5-5.
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Figure 5-5: Sinkage (left) and trim (right) for the case with a sailing speed of 15 km/h over a flat river
bottom.

It can be observed that the sinkage is less when sailing upstream compared to sailing in stagnant water.
On the other hand, sailing downstream leads to increased sinkage. This observation can be explained
by considering the volumetric flow rate addressed in the previous section and shown in Figure 5-4. A
higher flow rate is expected to reduce the pressure between the hull and the bottom, and hence leads
to more sinkage than the case of a lower flow rate. In a publication of BAW, [1], chapter 4, some more
on squat sailing upstream and downstream is provided. In their research for the condition sailing
downstream, the average squat of a single ship is larger and a higher bow down sinkage is found,
compared to the upstream sailing condition (at the same speed relative to the water).
Initially, the sinkage values are more or less equal, but it can be seen that after the initialisation the
values start to diverge from each other. A (statistically) steady state is not reached in the time span of
the simulation for the cases with current.
The trim values show much less differences than the sinkage. It can be seen that sailing upstream gives
slightly less excitation on average, whereas sailing downstream leads to a somewhat higher average
and, additionally, a smaller amplitude towards the end of the simulation. The case without current lies
in between, as is the case with the sinkage.
5.3.2

Sailing with current over sand dunes

The simulation with an incoming current from the previous section is repeated with sand dunes to study
their influence on the squat of the ship. Since the configuration with both current and dunes is
considered exploratory, only a single case is computed for budgetary reasons. Because the bottom of
the domain deforms to the shape of the sand dunes, the current profile at the inlet boundary now
becomes a function of both space and time, i.e. 𝑢 = 𝑢(𝑧, 𝑡), in order to maintain a fixed velocity at the
bottom while it deforms. The resulting squat of the ship is shown in Figure 5-6 for a sailing speed of
15km/h.

Figure 5-6: Sinkage (left) and trim (right) for the case with an upstream sailing speed of 15 km/h in a
current with velocity 1.25m/s.

Report No. 30957-12-RD

18

It can be seen that the presence of the dunes starts influencing the squat nearly immediately after the
ship is released to move freely. The sinkage shows little influence from the dunes when sailing over
them, except towards the end of the simulation when it appears to be more affected after the dunes
have been cleared. The same is found for the trim, which is slightly more pronounced towards the end
of the simulation after the dunes have been passed. Compared to the same configuration in stagnant
water in section 5.1, the effect of the dunes on the squat is less. In particular, the high-frequency noise
on the pitch signal is limited to a nearly negligible beating on the signal when incoming current is present.
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CONCLUSIONS

This study was focused on a preliminary investigation into the possibilities of simulating sailing over an
irregular bottom using ReFRESCO. Based on the results of the ReFRESCO calculations, the following
conclusions can be drawn.
1. The single-mesh approach, where the geometry of the sand dunes is introduced by localised
deformation of the flat river bottom, can be used in simulating sailing over an irregular river bottom
as long as the irregularity can be described by an analytical expression. This approach resulted in
a robust calculation. The result of the calculations give insight into the influence of prescribed sand
dunes on the squat of an inland ship.
2. The double-mesh approach, which consists of two subgrids connected by a sliding interface, is not
sufficiently accurate nor robust when simulating sailing over an irregular river bottom. Interpolation
issues and meshing problems are identified as the main culprits.
3. In the computations the influence of the sand dunes on the squat of the ship in stagnant water is
characterised by high frequency noise on the squat signal of an undisturbed river bottom.
4. The quasi-steady approach gives satisfactory results in shallow water conditions and is a valuable
tool to verify the results of unsteady calculations even though it can only be used for flat river
bottoms. The unsteady results exhibit significant oscillations with slow decay, and the statistical
average of the oscillations appear to converge to the quasi-steady results.
5. The settings used in solving the equations of motion of the ship need to be relatively tight to fully
capture the influence of the sand dunes on the squat.
6. Sailing upstream a current results in less sinkage compared to sailing in stagnant water, while sailing
downstream results in increased sinkage for a river with a flat bottom. The trim remains largely
unaffected by the current.
7. Preliminary results show that the effect of sand dunes on the squat when sailing in an incoming
current is less than the effect in stagnant water.
The simulation of current in this study is a laborious task since it requires a preliminary run and
subsequent fitting of the obtained velocity profile. Future studies should contain:
1. A literature research into the state-of-the-art modelling of current in rivers and their application in
CFD.
2. Further investigation in how to reduce the oscillations when sailing in a stable situation (flat bottom).
3. An exploration on the validation of these kind of simulations.
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