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ABSTRACT

The field of ship hydrodynamics in confined water has received increased attention by the academic
community in recent years. Nevertheless, a number of phenomena occurring in confined waters are yet to be
examined using high fidelity Computational Fluid Dynamics (CFD) or experimentally. One particular case is
the presence of sheared currents and their impact on the performance of a ship. Such currents can be generated
in confined waters as a result of the natural flow of water in rivers or due to the action of tidal influences in
long canals. Alternatively, due to the short fetch of many inland waterways, the action of wind may result in
the production of a sheared current. This work aims to investigate these effects by making use of a
commercially available Reynolds Averaged Navier-Stokes (RANS) solver. A number of current profiles are
numerically modelled to determine their influence on ship performance and the manner in which ship waves
interact with the background current. The present study will contribute to the understanding of restricted water
effects by revealing the impact of shear currents on ship performance.
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NOMENCLATURE

Ship beam [m]
Wall distance [m]
Depth Froude number [-]
Gravitational acceleration [m/s?]
Water depth [m]
X Grid size [m]
Ship length [m]
Vorticity [m™]
Ship draught [m]
(z) Depth varying water velocity [m/s]
0 Water velocity at the free surface [m/s]
ship  Ship velocity [m/s]
y* Dimensionless wall distance [-]
z Vertical distance from the free surface [m]
CFD  Computational Fluid Dynamics
GCI  Grid Convergence Index
RANS Reynolds-Averaged Navier Stokes
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1. INTRODUCTION

The study of ship resistance is a rich and diverse field, comprising a multitude of methods and approaches. In
recent years, Reynolds Averaged Navier-Stokes (RANS) methods have emerged as the dominant approach in
the field. Virtually every conceivable aspect of numerical ship resistance prediction has been investigated (De
Luca et al., 2016, Elsherbiny et al., 2019; Kok et al., 2020, Mucha et al., 2016, Song et al., 2019; Terziev et
al., 2019). However, to the best of the authors’ knowledge, numerical investigations of the effect of a sheared
current on ship performance has yet to be conducted. From a physical point of view, this is a highly relevant
phenomenon that may occur in an open sea, in shallow, or confined waters. In the former case a current might
form due to a variety of reasons, such as the presence of wind, density and temperature variations in the water,
or tidal influences. For shallow water cases, Ellingsen (2014) derived a theoretical framework for investigating
the effects of a depth varying current on ship waves. Such a current can form a boundary layer when it is driven
by tidal forces, or alternatively, an approximately linear velocity profile might form resulting due to the action
of wind forces (Kirby and Chen, 1989).

This paper aims to investigate the effects of sheared currents on ship performance using a commercially
available RANS solver, Star-CCM+, version 15.02.007. To begin with, results are compared against the
experimental results of Elsherbiny et al. (2019) for a rectangular canal to build confidence in the approach.
Subsequently, cases are examined including different profiles and strengths of the depth-varying current. The
results are quantified in terms of the wave elevation and resistance encountered by the ship in each case. The
purpose of this work is to lay the foundations onto which a larger, more in-depth study can be built.

2. BACKGROUND

Although investigations of sheared current effects on ship hydrodynamics has not been studied with a
numerical solver previously, a large body of literature exists on the theoretical aspects of the problem (Chen
and Zou, 2019; Chen et al., 2019; Jonsson et al., 1978; Maissa et al., 2016, 2013; Skop, 1987; Swan and James,
2000; Trulsen and Mei, 1993). These investigations vary from analytical (Jonsson et al., 1978; Kantardgi,
1995; Peregrine, 1976; Swan and James, 2000) to approximate (Kirby and Chen, 1989; Skop, 1987). Recently,
the effects of a depth varying current were extended to the study of ship wave resistance (Li et al., 2019; Li
and Ellingsen, 2016). Additionally, experimental studies on the waves shed from a cylindrical structure have
also been investigated (Chen et al., 2019), while numerical solutions of wave-current interactions were
presented by Markus et al. (2013) and Zhang ef al. (2014). However, ship wave making is more complex due
to the possibility of interference between different components of the wave system (He ef a/., 2015; Noblesse
et al., 2014). This work will attempt to bridge this gap.

To characterise the shear current, the notation of Ellingsen and Brevik (2014) is adopted. Specifically, Eq. (1)
and Eq. (2) determine the strength and shape of the shear current:

U(z)=Uy+ Sz (D
S=Up/h (2)
where S is the vorticity, since its units are s, z is the local depth with z = —h at the seabed and z = 0 at the

undisturbed free surface where the sheared current causes the water to move with a speed equal to Uy, while
the depth varying current is U(z). A case where the flow varies in the vertical (z) direction according to Eq.
(1) is hereafter referred to as the “constant vorticity” case, reflecting the constant value of S.

3. CASE STUDIES

Physical values of S are difficult to estimate. Therefore, focus is shifted from defining S as a variable to defining
Uy, and predicting S as a function of a constant water depth, 4, and an assumed U,. To produce a range of
values, Uy is varied from 0% to 30% of the ship speed in intervals of 10%. These current velocities are initially
applied to the canal case investigated experimentally by Elsherbiny et al. (2019). Namely, the canal has a width



of 4.6m and a depth of 0.32m, therefore, h = 0.32m in Eq. (2). The well-known KRISO containership (KCS),
with a scale factor of 1:75, whose principal characteristics are shown in Table 1, advances through this canal.

In the present study, the KCS speed is limited to a depth Froude number, Fy, (Fp, = Ughip/+/gh) of 0.57
(U =1.001 m/s), although future work will incorporate a greater number of ship speeds.

Table 1. Principal dimensions of the KCS model and canal.

Quantity ~ Symbol Value Unit

Length L 3.067 m
Beam B 0429 m
Draught T 0.144 m
Water depth h 032 m
Canal width w 4.6 m

To investigate the impact of the depth-varying current’s profile, additional case studies to the canal mentioned
previously are modelled. Firstly, the computational domain is expanded in the lateral (y) direction to reach two
ship lengths wide in the port and starboard directions while preserving an identical mesh set-up. As shown
subsequently, the sheared current interacts strongly with the canal sides. Thus, it is instructive to examine a
shallow sea case and observe the differences in the flow. To this case, a 1/7"™ power law-shaped current velocity
profile is applied using the same U, values, namely U, = 0, 10%, 20%, and 30% of the ship speed. In cases
where currents are created by tidal influences, such velocity profiles are more likely to be realistic. The
equation describing this 1/7" power law profile is given in Eq. (3), where d is the wall distance (d = 0 m on
the canal bottom and side).

U(2) = Ug x (d/M)'7 (3)

Therefore, the water flows with identical speeds on the water surface in each case, allowing an assessment of
the depth-varying velocity profile influence on ship resistance and wave making.

4. NUMERICAL SET-UP

All numerical simulations are performed using the commercially available RANS solver, Star-CCM+, version
15.02.007. Following Terziev et al. (2019), the k- Wilcox turbulence model is used due to its computational
efficiency and accuracy (Wilcox, 2006). All discretisation terms are set to 2" order accuracy. Time is advanced
by 0.3hy /Uship, where hy is the mesh dimension on the finest part of the free surface. This ensures the Courant
number criterion of (<0.5) is satisfied everywhere in the domain. A high y* strategy is employed, with values
of 100~150 in all simulations.

The computational mesh is generated within the automatic facilities of Star-CCM+. Refinements are set at the
free surface, ship, bow and stern regions, and kelvin wedge. The resulting mesh numbers feature 2,386,928
cells for the canal case study, and 3,176,433 for the wider, shallow sea case. The discretisation uncertainty of
an example case is estimated in Section 6. It should be noted that mesh numbers are not altered when including
a sheared current. The computational domain dimensions, including the boundary conditions are shown in
Figure 1, while the generated mesh is depicted in Figure 2 for the canal case.

To model the fluid flow, a planar motion mechanism approach is adopted. The entire computational domain is
translated in space with the speed of the ship. In the U, = 0 case, the inlet boundary has a zero inflow and the



ship moves over a static fluid, which is adjusted according to the case study. Doing so allows the sheared
current to be introduced independently of the ship velocity. The canal side and bottom are assigned a flow
velocity equal to the combined flow in the opposite direction of the ship motion to prevent any relative motions
between wall boundaries and the flow. Thus, in the global coordinate system, the ship moves over static fluid
and sides/canal bottom. However, this cannot be achieved in the sheared current cases where a canal is
investigated because the combined flow speed varies across the side boundary in the z direction. The impact

of this is examined in the following section. It should be noted that sinkage and trim are not accounted for in
this work.
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Figure 1. Computational domain and boundary conditions, L = 3.067 m is the ship length.

Figure 2. Generated mesh within the automatic facilities of Star-CCM-+. Top: a full domain top view of the
mesh on the water surface; middle: a zoom in on the mesh near the ship; bottom: mesh on the ship hull. It
should be noted that the mesh characteristics do not change when studying different sheared currents.

5. RESULTS AND DISCUSSION

To begin with, the predicted resistance is compared from all case studies. A comparison is depicted in Figure
3. Here, the resistance is given in Newtons instead of in coefficient form, since it is not clear what velocity
should be used in making the data dimensionless. The result for the canal (4.49 N) at Uy = 0 (no current) is
0.244% lower than the experimental value reported by Elsherbiny et al. (2019) of approximately 4.50 N. On
the other hand, the resistance of the ship in the wide sea case is 9.68% lower than the experiment. This
highlights the importance of side wall effects. Hereafter, the simulations are considered of sufficient accuracy
for the purpose of this work.

Figure 3 demonstrates the importance of the shape of the current on ship resistance. The results for a canal
with a current of constant vorticity, S, (Eq. (1) and Eq. (2)) exhibit the lowest resistance. The side wall effect
is seen for Ug/Uship = 0. As Uy/Uspip attains values higher than 0, the canal case shows the least resistance,
partly due to the omission of sinkage and trim.



As shown in Figure 4, the flow is affected by the presence of the ship, marked by the local depression near the
canal side. As the shear current intensifies, this influence is magnified, creating waves that interact with the
primary wave system of the ship. The Kelvin wake of the ship is also modified noticeably by the presence of
the current. The case where Uy = 0, the waves resemble the well-known shape, however, the diverging wave
system appears to be supressed by the current at Uy = 0.3Ugpjp.
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Figure 3. Total resistance comparison for all case studies.

The depression characterising the near field disturbance is stronger in the presence of a shear current, which is
depicted in Figure 4. Therefore, the ship is likely to experience a greater sinkage and/or trim. If this was
accounted for, it may compensate partly for the observed difference in resistance values, reported in Figure 3.

The dynamic pressure distribution on the ship hull for these cases is depicted in Figure 5, where it is apparent
that as the sheared current effect influence becomes stronger, the dynamic pressure increases. The
aforementioned effect is particularly pronounced at the bow of the ship.

In the shallow sea cases, the resistance curve for the sheared current depicts a non-linear increase with changes
in Uy when S'is constant. However, when the current profile is that of a 1/7 power law, the increase in resistance
is approximately linear. At the highest U, the resistance experienced by the ship when subjected to a 1/7 power
law shape current is almost half that of the linear case (constant S).

The generated free surface disturbances are shown in Figure 6, where the linear and 1/7 variants of the current
are compared. Here, the flow velocity of the water at the surface is the same in each column of the plot.
Nevertheless, the differences within each column are clearly noticeable. In the case of constant S (linear
current), the divergent wave system is initially supressed. However, at Uy = 0.3Ugpjp, the divergent waves
dominate the domain up to about 1.5 ship lengths in the y direction. At the same U, condition, the 1/7 power
law current has suppressed the divergent wave system. The only difference between these two cases is the
shape of the current in the z direction, i.e. as the seabed is approached.
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Figure 5. Dynamic pressure distribution on the ship advancing through the canal investigated by Elsherbiny
et al. (2019) (4.6m wide and 0.32m deep). The current strength increases from 0 (top) to 30% of the ship
speed (bottom).
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Figure 6. Effects of shear flow on ship-generated waves in a wide sea. Top: constant vorticity;
bottom: 1/7™ power law velocity distribution.
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Figure 7. Dynamic pressure distribution on the ship advancing through a shallow sea. Right: linear current
(constant vorticity); left: 1/7 power current (Eq. (3)).

Figure 7 depicts the dynamic pressure on the hull in the shallow sea cases. It is evident that a more uniform
flow (the 1/7" power law shape) causes a lower pressure peak at the bow, explaining the differences in the
wave field. However, it is important to examine why the divergent wave component of the constant vorticity

case was supressed in the canal. For this reason, Figure 8 is constructed to show the effect of the shear current
on the side boundaries.

Figure 8 shows the shear current interaction with the side wall has created a vortex by the time the water
reaches the ship. Once this happens, the near field pressure field of the ship pulls the vortex towards the centre
of the canal, splitting it into two parts. A top view of this phenomenon and the resulting dynamic pressure at
the canal bottom is depicted in Figure 9. Figure 9 demonstrates the vortex and boundary layer formed as a
result of the sheared current at the canal side is pulled into the wavefield and interferes with the divergent part
of the wave system, modifying it. This explains why the constant vorticity sheared current suppressed ship
waves in the canal, but magnified them in an open shallow sea. In the latter case, there is no vortex formation
to interfere and constrict the propagation of waves.

Once the flow passes into the coarse region of the domain aft of the ship (consult Figure 2), the boundary layer
and vortex begin forming anew. A factor in this is that waves are practically eliminated due to the coarsening
of the mesh. The boundary separating these two regions (waves resolved and waves unresolved due to mesh
size) is clearly visible both in the wave field, as well as the dynamic pressure scar left on the canal bottom as
a result of the vortex splitting mentioned earlier and shown in Figure 9. The same phenomenon is observed in
Figure 10 for the case Uy = 0.3Ugpijp.
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Figure 8. Shear current effects on the fluid flow around the ship sailing in a canal and subjected to
Uo/Uship = 0.1. Left: also includes the free surface. Note the velocity at the water surface due to the current

is approximately 0.1 m/s.
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Figure 9. Dynamic pressure on the canal bottom and velocity of the fluid relative to the earth-fixed
coordinate system. The top half of the figure contains the ship geometry, free surface and the velocity
distribution in the range 0.2-0.5 m/s. Case depicted: Uy/Uspip = 0.1.

Figure 10 demonstrates the effect of the current on ship wave disturbance in terms of velocity. Ship-generated
waves modify the flow considerably when compared to the region upstream of the ship. Additionally, the
aforementioned vortices block the wave field from extending toward the sides of the canal. This blockage is
also responsible for an elevated flow velocity in the region adjacent to the ship, causing the waves to be swept
downstream faster than would otherwise be the case. Although this phenomenon is largely restricted to the
upper layers of the water column, wave effects decay exponentially with depth.

Shallow water waves typically extend their influence to the seabed, however, at F;, = 0.57, the deviation in
the dispersion relation of shallow water waves from their deep water counterparts is less than 1% (Caplier et
al., 2016). Therefore, the exponential decay with depth holds largely true in this case, and is predominantly
the reason for the observed changes.



Figure 10. Shear current effects on the fluid flow around the ship sailing in a canal and subjected to
Uo/Uship = 0.3. Left: also includes the free surface. Note the velocity at the water surface due to the current

is approximately 0.3 m/s; colour bar is the same as in Figure 8 (0 to 0.3 m/s).

On the other hand, when the current follows a 1/7 power law shape, the changes in the upper parts of the water
column in terms of velocity distribution are small. Hence, the net effect of the current is mostly that of an
increase in the depth Froude number. If this reasoning is followed, the waves shown for Uy /Ugpjp = 0.3 for
the shallow sea case are representative of those of Fj, =0.74 (if the flow velocity at the water surface is assumed
to be representative). However, if one compares deep and shallow water dispersion characteristics in this case,
the errors will be closer to 10% at this depth Froude number (Caplier et al., 2016). Therefore, the change in
velocity profile exerts influence on the behaviour of the wave system, explaining the differences.

6. DISCRETISATION UNCERTAINTY

In this section, the discretisation uncertainty is estimated for an example case. This is necessary to understand
what confidence interval one can place in the numerical solution. To accomplish this, the Grid Convergence
Method (GCI) is used, as described by Celik et al. (2008). Although the relations used to produce the overall
uncertainty are omitted in this work, the reader is referred to the openly available literature for the derivation
of each term (ASME (American Society of Mechanical Engineers), 2009; ITTC, 2008; Roache, 2016).

The main output from an discretisation uncertainty assessment is a symmetrical band around the fine solution
to indicate the 95% confidence interval. This uncertainty stems from the mapping of the continuous governing
equation onto a discrete set of points (Terziev et al., 2020). To estimate the uncertainty, one magnifies the fine
grid size by a (in this case) constant factor, equal to v2 (ITTC, 2017), twice to produce a medium and coarse
solution. The results from the uncertainty assessment are given in Table 2. The uncertainty assessment shows
that an oscillatory behaviour is reproduced as the grid size changes. Nevertheless, the overall uncertainty
according to the GCI method is £ 0.0029 N, or 0.064% of the fine solution, which is negligible.



Table 2. Results from the uncertainty assessment

Quantity Value Units
Refinement ratio V2 -
Fine simulation resistance 4.4947 N
Medium simulation resistance 4.2663 N
Coarse simulation resistance ~ 4.5054 N
GCI uncertainty 0.064% or £ 0.0029 N -

The medium and coarse solutions featured 960,453 and 398,140 cells, respectively. To ensure this assessment
is carried out adequately, the Courant number and aspect ratios of the grid must remain constant (Salas, 2006;
Salas and Atkins, 2009). Therefore, the time-step is adjusted accordingly, according to the rule mentioned in
previous sections of this paper. Namely, in all simulations, the Courant number is equal to 0.3 in the vicinity
of the ship.

7. CONCLUSIONS AND FUTURE WORK

This paper presented a useful starting point for further investigations into sheared current effects on ship
hydrodynamics. It was demonstrated that the presence of such a current modifies ship-generated waves in
unexpected ways. In a canal, a sheared current supressed divergent waves by forming a boundary layer on the
canal side, blocking the propagation of the wave system away from the ship, and accelerating the near-surface
flow in the vicinity of the ship. This caused waves to be swept downstream at a faster rate, thereby limiting
their formation.

When a ship advances through a shallow sea with a shear current, the effect is different. The top layers of the
water column are swept downstream faster, causing the waves to stretch reinforcing the divergent wave system
in particular. The phenomenon causes a non-linear increase in the resistance of a ship. It was demonstrated
that a ship’s resistance advancing against a shear current of constant vorticity can be approximately double
that of a ship advancing in a shear current in the form of a 1/7 power law.

The present study also showed that high predictive accuracy in terms of resistance can be achieved when
comparing CFD to experimental results. It was found that an error in the region of 0.24% when considering
the canal case study can be obtained. On the other hand, the resistance is 9.68% lower in a wide shallow sea
than the canal case, highlighting the importance of considering side wall effects on ship performance.

This study can be extended in a variety of ways, including incorporating additional cases in the prediction of
the discretisation uncertainty. Additionally, different shapes of current can be modelled in shallow and in deep
waters to study their effects.
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