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Summary and recommendations

In the project a literature study [1] was first carried out to collect the state-of-the-art numerical
modelling techniques using CFD methods. This was followed by a validation study where CFD results
for an LNG vessel were compared with SSPA’s model test data. As a result, a modelling strategy and
numerical schemes were proposed for the present work. Systematic simulations were then carried
out for targeted ships at full scale, with variation of a few key parameters defined in a simulation
matrix.

The report presents the main findings from the computational results carried out so far for the first
targeted vessel, Tanker-1. The study clearly indicates that the seabed is subjected to a higher bottom
shear stress (BBS) when the following parameter changes: at a higher ship speed, a fuller ship with
higher block coefficient, or at a lower water depth h/T. The maximum BBS occurs underneath the
fore shoulder of ship.

The current study demonstrates that it is feasible to predict the bottom shear stress and shallow
water ship resistance with the proposed CFD methodology. The increase of resistance and the
characteristic distribution of bottom shear stress are fully in line with the theoretical expectations.
Though the absolute accuracy level of the method is subjected to questions, for engineering
applications this level of accuracy may still be enough. The full scale computation with VOF module
takes substantially long time. Nevertheless, considering the relatively low cost of using CFD tool with
the costly on-site measurement of BSS, the CFD method offers a relatively efficient tool to predict
these quantities.

Future work should include the propeller effect and the effect of bottom roughness, for each studied
ship. Furthermore, the CFD calculation for the rest of 7 vessels defined in the simulation matrix
should be continued and completed before a sufficient database is acquired for regression analysis.
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Nomenclature

Water plane area (m?)

Cross section of ship at amidships = BxT, (m?)
Cross section of canal = bxh, (m?)

Beam (m)

Frictional resistance coefficient (-)

Total resistance coefficient (-)

Water depth (m)

Froude number based on water depth (-)
Froude number based on ship length Lpp (-)
Longitudinal moment of inertia of the water plane area (m?)
Turbulent kinetic energy, (m?/s2)

Wavelength, (m)

Lpp ship length between perpendiculars (m)

Loa ship overall length (m)

M Trimming moment (Nm)

N  Yaw moment (Nm)

N’ Non-dimensional yaw moment (-)
Rn  Reynolds number based on Lpp, (-)
RF  Frictional resistance, (N)

S Blockage factor, S= As/Ac, (-)

Sw  Wetted area of hull surface (m?)

T Mean draught (m)

Uo Ship speed (m/s)

(u, v, w) Velocity component in (x, y, z) direction (m/s)

UKC Under keel clearance (m)

X
X’
Y
v

+

y

~+ N

N

Tb

¢

Longitudinal force (N)

Non-dimensional longitudinal force (-)

Sway force (N)

Non-dimensional sway force (-)

Non-dimensional wall distance of the 1% grid layer (-)
Sinking/vertical force (N)

Trim (°)

Sinkage (m)

Bottom shear stress. The maximum bottom shear stress is denoted as Tb_max

€ =T/(h-T), non-dimensional water-depth (-).

SSPA Sweden AB - Your Maritime Solution Partner

4 (24)

SSPA Report No: RE40167965-02-00-A



1 Introduction

The waters around Sweden must meet many diverse interests such as good environmental status,
sustainable usage, commercial and social objectives, which are regulated by Havsplanerings-
forordningen (2015: 400), which entered into force on 15 July 2015. In order to evaluate the different
aspects that affect these interests SSPA wants to improve analytical methods for the ships impact on
the seabed and energy consumption, which is particularly interesting for ship operations in the
shallow water surrounding Sweden.

1.1 The goal of the project

The aim of the project is to gain a deeper understanding of the vessels impact on the seabed and
methods/tools to rationally quantify this, together with an analysis of the energy impact for the
vessel traffic. Of great interest is to find the so-called “sweet spots”, i.e. solutions where vessel
efficiency and reduced environmental impact can be achieved simultaneously.

This is not unrealistic since routes avoiding shallows can benefit both the seabed environment and
give reduced consumption.

By using CFD simulations of a representative series of ships to develop a general model that
calculates;

- How much energy that hits the seabed from given parameters of draught, depth, speed and size of
the ship.

- Combining CFD calculations with the developed methods for energy consumption calculations on
depth data of different resolution and sources together with actual or simulated AlS traffic to enable
large scale analysis of the impact on the environment and efficiency.

1.2 Shallow water effects

The hydrodynamic forces and moments acting on ships are very different when ships are sailing in
shallow and restricted waters like canals and harbours, as compared with in deep and open waters.
One way to category the extent of shallow water effects is to look at the ratio h/T, where h is the
water depth and T is the ship draught. The ratio h/T is used to classify shallow water [2] as shown in
Table 1.

Classification Ratio h/T Effect on ship
Deep water h/T>3.0 No effect

Medium deep 1.5<h/T<3.0 Noticeable
Shallow water 1.2<h/T<1.5 Very significant
Very shallow water  1.04<h/T<1.2 Dominates motion

Table 1  Classification of shallow water effect
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Figure 1 Deep water (top) vs. shallow water (bottom)

When a ship travels in shallow waters, the water around the ship is disturbed and forced to flow
faster beneath the ship due to the blockage effect of the passing ship. In this situation a
hydrodynamic interaction phenomenon between ship and seabed (or waterbed) occurs. The
increased flow velocity underneath the bottom of hull leads to a decrease of pressure between the
bottom and the seabed. The interaction has consequences on both the ship and the environment.
One the one hand, it causes ship resistance to increase, the Under Keel Clearance (UKC) to decrease,
and a slight change of trim (see Figure 1). The trim change and sinkage of UKC together are called
“Squat Effect” (SE). The increased resistance is the reason why a ship travelling in shallow water
consumes more energy than in deep water. Inappropriate operation during shallow water passage
may result in the grounding accident and damage on ships. One the other hand, the disturbed water
flow will affect the resuspended particles in the water. If the disturbance has reached the seabed, a
“Bottom Shear Stress” (BSS) is also developed on the seabed due to the viscosity of water. This shear
stress may trigger a transport of bottom sediment. It may further result in bottom erosion, causing
environmental concerns. In the past, the negative impact on seabed environment was overlooked
when speaking about shallow water effects due to extreme limited knowledge in the area.

The interaction is very complicated and influenced by ship dimension, speed, displacement, water
depth, tidal current, wind-induced waves, seabed geology, sediment type, grain size and their
physical/chemical properties etc. Multi-discipline sciences are necessary to fully understand the
shallow water interaction effects.

With the increasing size and number of new built ships in recent decades, the problem of shallow
water squat effect becomes more pronounced today. It is necessary to have knowledge in ship’s
response when navigating them through shallow water regions such as rivers, channels and
harbours. Accurate prediction of a ship’s squat is therefore essential, to minimize the risk of
grounding for ships. Prediction of ship resistance in shallow water is equally important, to be able to
calculate its power requirements. Knowledge on the risk of bottom erosion and sediment transport
are useful for harbour/canal planning, authorities and regulation makers from environmental point
of view.
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2 The scope of the work

To make it a representative group of modern merchant ships, the strategic plan was to calculate the
shallow water effects for two tankers, two container vessels, an LNGC, a cruise liner, a PCTC and a
BC. A total of 8 vessels are included in the study plan, and the following parameters are varied for
each vessel:

e Ship speeds Vs, 3~4 variations,
e Water depth h, 7 variations,
e Propeller effect,

e Equivalent sand grain roughness of seabed, 3 variations.

In the present project, three tasks were accomplished:
1) Aliterature survey and pre-study of shallow water effects, which was reported in [1].

2) A validation study of the computational results with experiment data for an LNGC in model
scale, from which a solution strategy was set up.

3) Systematic calculations of shallow water effects for Tanker-1 in full scale. (propeller effect
was not included yet)

SSPA Sweden AB - Your Maritime Solution Partner
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3 The methodology

As discussed in §1.2, the shallow water effects are complicated by many influential parameters, in
order to computationally predict the shallow water phenomenon, a strategy to compromise the
selection of parameters and a simplification in numerical modelling is necessary. The initial strategy
was based on a recent Ph.D. work carried out by Zou [3] at Chalmers University of Technology. In this
work the squat effect and the free surface effect were not included in the RANS calculation,
assuming that the influence of free surface effect is neglectable since the studied ships were
operated at low speeds. The squat effect was estimated afterwards after the RANS simulation is
completed.

During the validation study for the LNGC case in model scale, it was realised that free-surface effect
needed to be included in the present simulations, as the maximum ship speed to be studied in the
present project is substantially higher than that studied in [3] and free-surface effects have a
significantly larger contribution to the total resistance at higher ship speeds.

3.1 Modelling strategy

The adopted modelling strategy become as follow:
e Clean-up CAD geometry as much as possible.
e Use CADfix program to create and export the Parasolid format cad file.
e Use Hexpress program to generate mesh for all ships.

e Engage VOF module in ANSYS FLUENT but neglect the modelling of trim and sinkage changes
during speed (since 2DOF+VOF never worked). After the computation is completed, use Fz
and My to estimate sinkage/trim.

e Use SST k-o turbulence model.
e Propeller effect simulated by disk model.

e Near-wall treatment — No-slip wall BC for ship hull with a non-dimensional wall distance of
the first grid cell layer y*=200; Moving no-slip wall BC for the seabed with a y*=300;
Symmetry BC for the side and top boundaries of the computational domain.

3.2 CFD domain and Boundary Conditions (BCs)

The computational domain size is defined with reference to ship’s overall length Loa. The domain is
essentially a rectangle box. Due to symmetry between starboard and port side, only half of the ship is
computed in the simulation. In terms of Loa, the distance of various boundaries to the ship centre is
as follows:

e Inlet boundary: 1 Loa
e Qutlet boundary: 2 Loa
e Top boundary (above still water surface): 0.25 Loa

e Side boundary: 1 Loa

SSPA Sweden AB - Your Maritime Solution Partner
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A sketch of the CFD domain is given in Figure 2, in which the domain boundaries are shown in
different color (together with the surface mesh).

Snabar

Figure 2 Example of the computational domain

The corresponding Boundary Conditions (BCs) at these boundaries are defined as

e Inlet: Pressure Inlet with Open Channel option on, and prescribed Free Surface Level and
Velocity. The water depth is also defined here by giving a prescribed “Bottom Level” value.

e Seabed: No-slip moving wall with prescribed bottom-moving speed (=ship speed).

e Qutlet: Pressure Outlet with Open Channel option on, and prescribed Free Surface Level and
“Bottom Level”.

e Top and two side boundaries: Symmetry plane.

3.3 Grid generation

The grids were generated by FineMarine’s inbuilt mesh generator “Hexpress”. Hexpress generates
the majority of hexahedral cells that are in line with the Cartesian coordinate system and uses the
hanging-node technique to coarse the grid towards far field. First, it fills the fluid domain with
different sizes of hexahedral cells, when these cells intersect with geometry boundary they will be
cut and snapped on to the geometry boundary to become the surface mesh. Starting from the
snapped surface mesh, it grows out a number of prism layers in the wall-normal direction to create
the mesh for boundary layer flow. Simple geometries can be used to define a grid refinement domain
where finer grids are generated.

An example of Hexpress surface mesh for Tanker-1 is shown in Figure 3. The mesh in green is the one
at the symmetry plane. From Figure 3 (a) it is visible that a proper refinement in the z-direction is
made in order to capture the free surfaces (waves).

SSPA Sweden AB - Your Maritime Solution Partner
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(b)

(c)

Figure 3 Example of surface meshes on the hull side (a), bow (b) and stern region (c). The

mesh in green is on the symmetry plane.
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3.4 Numerical schemes
e Incompressible steady RANS solver, with Pseudo Transient option ON.
e  SST k- turbulence model.
e Pressure and velocity field are solved in a coupled fashion.
e Free surface is solved by VOF method, with Compressive scheme for volume fraction.
e QUICK scheme for the convective terms in momentum and turbulence equations.

e Pseudo time-step starts with 0.0001 and gradually increases to 0.05.

SSPA Sweden AB - Your Maritime Solution Partner
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4 The results and discussions

Representative computational results are discussed in this section to promote the understanding of
shallow water interaction effects. The results are presented in form of X-Y plots and contour plots to
illustrate how the shallow water effects are influenced by a number of key parameters.

4.1 Influence of ship speed

It is known that ship speed has a profound influence on resistance for a ship sailing in deep water.
This is more so in shallow water, where the increase of resistance due to interaction is closely related
to ship speed. The total resistance of Tanker-1 as a function of ship speed U, is plotted in Figure 4 for
seven different h/T ratios. It is clearly seen in Figure 4, at each depth ratio h/T, the higher the speed
is, the greater the resistance.

—&— Ship-1: h/T=1.1

1400000 { —@—Ship-1: h/T=1.2
—8— Ship-1: h/T=1.5
1200000 Ship-1: h/T=2.0
—@— Ship-1: h/T=2.5
1000000
—@— Ship-1: h/T=3.0
= —@— Ship-1:
< 800000 Ship-1:
o
c
=
2 600000
[«5)
o
400000
200000
0
4 6 8 10 12 14 16 18

Uo [kn]

Figure 4 Ship resistance versus ship speed at seven different h/T

Ship speed also has a significant impact on the bottom shear stress (BSS) in shallow water. The
relationship between the maximum value of BSS (expressed as Tb_max) and ship speed (expressed in
terms of depth Froude number Fnp) is depicted in Figure 5 as an example, for different water depth
ratios h/T. It is observed that the maximum BSS increases with the increase of F., at each h/T.

Comparing the different BSS values between different water depths, one can see that the water
depth has an important impact on bottom shear stress: the shallower the depth, the higher the
maximum BSS. From the figure one can also see that even at depth ratio as deep as h/T=4, the
Tb_max is still non-zero.
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Figure 5 The maximum BSS versus depth Froude number at seven different h/T

4.2 Influence of water depth

The change of resistance and the Tb_max as a function of the non-dimensional water depth ratio
are shown in Figure 6 and Figure 7 respectively. As can be seen in the two figures, ship resistance and
Tb_max increase with the increase of water depth ratio . Recall the definition of £ in Nomenclature;
a greater { means a shallower water depth. As the water depth becomes shallower, the blockage
effect becomes more pronounced, therefore it is not strange that the BSS and ship resistance
increase with the decrease of water depth (or the increasing depth ratio §).

In Figure 6 there is an irregular hump at h/T=2.5 (or {= 0.667), this should not be a physical

behaviour, rather being a likely under-resolved result.
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Figure 7 The maximum BSS versus water depth ratio
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4.3 Flow field near seabed

4.3.1 Pressure distribution on hull

The pressure coefficient Cp (with the hydrostatic pressure excluded) around Tanker-1 at depth ratio
h/T=1.2 displayed in Figure 8 can be compared with the Cp at deep water in Figure 9. It is seen that
the ship at h/T=1.2 is subjected to a higher under-pressure (negative Cp) in a wider area of the fore-
and after shoulder, as compared with the hull in deep water case. This is an expected result due to
the blockage effect between the hull bottom and the seabed in shallow water.
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Figure 8 Contour of pressure coefficient Cp on Tanker-1 at h/T=1.2
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Figure 9 Contour of pressure coefficient Co on Tanker-1 at deep water
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4.3.2 Wave pattern near the ship

Examples of the wave pattern in close proximity to the ship hull are depicted in Figure 10 for depth
ratio h/T=1.2 and Figure 11 for h/T= 4.0, respectively. The wave height of the free surface is
represented by an iso-surface of the scalar variable VOF, a.=0.5. It is apparent that there is
substantially deeper wave troughs for the case with h/T=1.2 (Figure 10) than in deep water case
(Figure 11).

Figure 10 Wave pattern of the Tanker-1 at h/T= 1.2

Figure 11 Wave pattern of the Tanker-1 at deep water
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4.3.3 Bottom shear stress distribution

The contour plots of bottom shear stress (BBS) over the seabed are displayed in Figure 12 to Figure
15 for the case with depth ratio h/T=3.0, 2.0, 1.2 and 1.1, respectively, for Tanker-1 sailing at the
speed of 10kn. BSS can be regarded as an alternative way of expressing the total energy exerted on
the seabed due to the ship motion. It can be observed that with the decrease of water depth, both
the mean and the maximum magnitude of BBS increase rapidly, as expected. Note that the black
lines in the figures denote the contour of ship hull.
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Figure 12 Bottom shear stress induced by Tanker-1 at h/T= 3.0
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Figure 13 Bottom shear stress induced by Tanker-1 at h/T= 2.0
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Figure 14 Bottom shear stress induced by Tanker-1 at h/T=1.2
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Figure 15 Bottom shear stress induced by Tanker-1 at h/T= 1.1

4.3.4 Turbulence Kinetic energy

A contour plot of turbulence kinetic energy k is illustrated in Figure 16 for the case with h/T=1.2 and
ship speed 14kn. The turbulence kinetic energy appears to be a small quantity as seen in the figure.

D ) )- I

Figure 16 Turbulence kinetic energy at seabed at h/T= 1.2 and ship speed 14kn
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4.3.5 Velocity vector of flow

Velocity vector of flow particles in a horizontal plane 1 meter above the seabed is shown in Figure 17
at one instantaneous time-step. The ship in the figure, shown by the grey contour lines, is moving
from the right to the left. The red colour of a velocity vector indicates a high velocity magnitude
whereas the blue colour a low velocity magnitude. It can be seen in the figure that flow particles at
this horizontal plane are clearly disturbed by the ship motion: the flow in the region ahead of the
bow and aft of the stern tend to move in the same direction as the ship, whereas the flow in
between the Lpp is moving in the opposite direction of ship motion.
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Figure 17 Velocity vectors of flow particle movement at z= 1m over the seabed, for the case
with h/T= 2.0 and ship speed 14kn

4.4 Bottom shear stress variation with time

The time histories of BBS variation at 7 transverse locations, all located on the inlet plane of the CFD
domain, are depicted in Figure 18 for the case with depth ratio h/T=1.5 and ship speed Vs=10kn. The
same information but with ship speed at Vs=14kn is given in Figure 19. These two figures illustrate
how the BBS varies with time during a ship passage. The BBS curves are characterised with two high
peaks, corresponding to the BBS level when the fore- and aft-shoulder of the ship passes by the
observer location.
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Time history of bed shear stress at 7 transverse seabed locations at Inlet Plane. Vs=10kn & h/T=1.5
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Figure 18 Time variation of bottom shear stress at 7 transverse locations at the inlet plane,
for the case at h/T= 1.5 and Vs= 10kn

Time history of bed shear stress at 7 transverse seabed locations at Inlet Plane. Vs=14kn & h/T=1.5
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Figure 19 Time variation of bottom shear stress at 7 transverse locations at the inlet plane,
for the case at h/T= 1.5 and Vs= 14kn
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4.5 Bottom shear stress energy

The energy transported to the seabed bottom, or the work made by the sailing ship to overcome the
bottom shear, can be calculated by integration of the bottom shear force over the seabed surface
and multiplication by the distance the ship has travelled through the domain of interest. Such a shear
stress energy Eb is shown in Figure 20 as a function of depth Froude number for seven different
depth ratio h/T. The data in the figure represent only the energy in the x direction (ship moving
direction) in the unit of kWh. It is seen that the higher the ship speed, or the shallower the water
depth, the greater the shear stress energy. Since the energy is proportional to the shear stress on
bottom, it is not strange to see that the energy variation pattern is a very similar to that of bottom
shear stress with regard to F., and h/T.
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Figure 20 The bottom shear stress energy versus depth Froude number at seven different h/T

4.6 Mathematical model

A preliminary mathematical model is envisaged for estimation of BSS and resistance but needs more
CFD data to develop further. An ideal model should reflect a physically sound relationship between
the target variable and the influential parameters in the most simplified manner, with reasonable
constraints for the independent variables involved. When sufficient CFD results are acquired for a
coverage of representative hull forms, a regression analysis can be conducted to help develop a
mathematical model. This will be the future work.
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5 Summary and Concluding Remarks

A literature study was first carried out in the project, to collect the state-of-the-art numerical
modelling techniques using CFD methods. This is followed by a validation study for an LNG vessel
where the SSPA’s model test data was used for comparison with CFD results. As a result, a modelling
strategy and numerical schemes were proposed for the present work. Systematic simulations were
then carried out so far for Tanker-1 at full scale, with variation of a few key parameters defined in a
simulation matrix.

The study so far clearly indicates that the seabed is subjected to a higher bottom shear stress (BBS)
when the following parameter changes: at a higher ship speed, a fuller ship with higher block
coefficient, or at a lower water depth h/T. The maximum BBS occurs underneath the fore shoulder of
ship.

The current study demonstrates that it is feasible to predict the bottom shear stress and shallow
water ship resistance with the proposed CFD methodology. The increase of resistance and the
characteristic distribution of bottom shear stress are fully in line with the theoretical expectations.
Though the absolute accuracy level of the method is subjected to questions, for engineering
applications this level of accuracy may still be enough. The full scale computation with VOF module
takes substantially long time. Nevertheless, considering the relatively low cost of using CFD tool with
the costly on-site measurement of BSS, the CFD method offers a relatively efficient tool to predict
these quantities.

Future work should include the propeller effect and the effect of bottom roughness, for each studied
ship. Furthermore, the CFD calculation for the rest of 7 vessels defined in the simulation matrix
should be continued and completed before a sufficient database is acquired for regression analysis.
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