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Abstract: The average and unsteady hydrodynamics of an inland convoy passing bridge piers in
a confined waterway were investigated using both numerical and experimental approaches. The
numerical simulations are realized by solving the RANS (Reynolds-averaged Navier–Stokes) equa-
tions accounting for the solid body motion using the sliding mesh technique, while the experiments
were carried out in the towing tank. The advancing resistance, trim, sinkage and ship-generated
waves were analyzed as functions of the water depth, distance between bridge piers, draught and
velocity. The existence of the piers is found to only influence the transient hydrodynamics of the
convoy, but not the averaged properties. The ship-generated waves, especially the wave profiles at a
specific lateral position, were characterized. Two wave crests exist at the pier position because of the
additional reflections, creating a very complex wave pattern in the confined waterway.

Keywords: hydrodynamics; inland convoy; bridge pier; confined waterway; resistance

1. Introduction

The interactions between ships and structures in water are of great importance, and
include ship overtaking, passing moored vessels, crossing bridge piers, etc. They can
influence the kinematic and kinetic properties of ships, and have to be considered during
ship design and manufacture. When ships are maneuvered near these structures, special
attention should be given to the rudder action and propulsion of the ship to avoid instabili-
ties and possible collisions. Among these phenomena, the first three (ship encountering,
overtaking, the passage of moored vessels) have been widely investigated [1–6], either by
theoretical analysis, experiments or numerical simulations. However, the passage of bridge
piers has not been studied in depth, but is equally important for ship navigation, especially
in confined waters. Normally, there exist multiple bridge piers in water, which increase
the restriction level of the waterway. When the distance between piers is very small (less
than 4 times the ship breadth), this interaction becomes evident. Accidents are prone to
happen at the pier position if the vessel is not properly controlled, causing damage to both
the ship and bridge, especially in shallow waters. The hydrodynamics during the passage
are therefore extremely significant to avoid accidents under these conditions.

Some work has been done to investigate the impact during a ship-bridge collision,
with emphasis on the impact force of the collision and the damage [7–16]. However, the
hydrodynamics during the passage are rarely investigated [17–21]. Tan and Gan [22] mathe-
matically studied the influence of water level on ship-bridge collision. They concluded that
the turbulence area near the bridge pier has a negative impact on safe passage. Li et al. [17]
developed a 3-D Rankine boundary element method and simulated the unsteady hydrody-
namic interaction during the process. A free surface re-meshing algorithm was proposed
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to treat the relevant moving boundary problem. The characteristics of the hydrodynamic
loads were specified and the critical positions for the peak values have been identified.
Zhang et al. [18] used a 3-D Rankine source boundary element method fully based on
NURBS (non-uniform rational B-spline). The interaction forces and moments were numeri-
cally predicted. Zhang et al. [23] used CFD (computational fluid dynamics) techniques for
this problem, where the unsteady viscous effect was considered. The transient forces and
moments were predicted and the influence of the distance between the ship and the pier
was analyzed. Xiang et al. [24] extended a method for evaluating the calm water-interacting
loads with a submerged floating tube bridge up to the point of collision. Guo et al. [20]
proposed an empirical formula relating to the minimum distance between the navigation
ship and the bridge, which demonstrated that this distance increases logarithmically with
flow velocity, and linearly with the pier’s diameter in the channel. Zheng [25] found that
pier scouring made the bending moments of pier bodies increase under the same ship
impact force and the reduction effect of the ship impact resistance force on piers by scouring
cannot be ignored. Khangaonkar et al. [21] presented an assessment of zone of influence
(ZOI) from the Hood Canal Bridge in the Salish Sea, Washington. The results confirmed
that this bridge obstructs the brackish outflow surface layer, which induces increased local
mixing near the bridge, causes pooling of water (up-current) during ebb and flood, and
results in shadow/sheltering of water (down-current). The study of this phenomenon is
still worthy, which is promising to uncover the unsteady hydrodynamic process and give
useful insights and suggestions for ship maneuvering actions.

In this study, an inland convoy passing bridge piers was simulated using CFD methods
to investigate the influence of the piers on the inland convoy in a confined waterway. The
advancing resistance, squat and wave patterns are analyzed and characterized.

2. Numerical and Experimental Details
2.1. Governing Equations Accounting for Solid Body Motions

The governing equations of fluid flow (RANS) are as follows [26,27]:

∇ · u = 0, (1)

∂u
∂t

+∇ · (uu) = −∇p
ρ

+∇ · (νe f f∇u) + g + fσ, (2)

where u, ρ and p are the velocity, density and pressure of the fluid. The fluid is treated as
incompressible (ρ = const). The open-source code OpenFOAM is used throughout this
work. The pressure and velocity are decoupled using the merged-PISO-SIMPLE scheme,
which allows larger time steps and thus accelerates the simulations. νe f f = ν + νt is the
effective dynamic viscosity, consisting of the fluid viscosity (ν) and the eddy viscosity (νt)
calculated from a certain turbulence model. The SST k−ω model is adopted in this study.
It is a two-equation eddy-viscosity model which combines the advantages of the k − ε
and k−ω models. The k−ω model is used in the boundary layer and the k− ε model is
used in the free stream flow. Thereby it is less sensitive to free stream conditions and has
better performance predicting the flow separation and reattachment. Different turbulence
models, including the k− ε, k− w and SST k−ω models, were all tested as in Figure 1. It
can be observed that the SST k−ω model produces the most accurate resistance coefficient
among them. The SST k− ω model was ultimately selected, on account of its precision
performance.
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Figure 1. (a) Convergence histories of the drag (Fx) and (b) comparison of resistance coefficients with
different turbulence models of a KVLCC2 model. CT, CF, CP are the total, frictional and pressure
resistance coefficients, respectively. The experimental data can be found in [28].

The VOF (volume-of-fluid) model is adopted to capture the free surface between water
and air:

∂α

∂t
+∇ · (αu) +∇ · [α(1− α)ur] = 0, (3)

where ur is the compressive velocity field acting in the normal direction towards the
interface. α = Vw/V is the phase fraction, also called the indicator function, where Vw is
the volume of water inside a control volume V. The VOF method is conservative because α
is bounded between 0 and 1. α = 0 and α = 1 correspond with air and water. The last term
of Equation (3) can prevent excessive smearing of the free surface.

When the solid in the computational domain moves, the surrounding cells should
also be moved to maintain their shapes, i.e., the mesh quality. The grid velocity ug should
thus be added into the momentum Equation (2) through the ALE (arbitrary Lagrangian–
Eulerian) approach:

∂u
∂t

+∇ · ((u− ug)u) = −
∇p
ρ

+∇ · (νe f f∇u) + g + fσ, (4)

where the grid velocity ug can be determined by the space conservation law:

∂

∂t

∫
V

dV −
∫

S
ug · dS = 0, (5)

During the simulation, the sliding mesh technique is utilized to account for the process
of the convoy passing the bridge piers. Interfaces are created between the domains of
the convoy and the piers. The adjacent mesh domains exchange information through
interpolation at the interfaces. Each cell face of the local patch (slave patch) accepts
contributions from the overlapping faces of the neighbor patch (master patch) at the sliding
interface, with the weights defined as a fraction of the intersecting areas. For each face,
the sum of the weights should be 1. Interpolation weights at the interface are constructed
such that the interpolation results in conservation. Conservation errors are introduced
as the sum of weights deviates from 1 where the patch geometries are not well matched.
Consistent and conservative discretization across the interface is achieved using weighted
interpolation [29,30].

For the flow variables from the master patch to the slave patch [31]:

φSi = ∑
n

WMn−Si φMn , (6)
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where φ and W denote the flow variable and the weight. The subscripts ’M’ and ’S’
represent the master and slave patches, respectively. It can be observed that the value of the
flow variable at the slave patch is calculated from the weighted sum of that at the master
patch.

For the ones from the slave patch to the master patch:

φMj = ∑
m

WSm−Mj φSm , (7)

in order for the interface discretization to remain conservative, the following three con-
straints are obeyed:

∑ WMn−Si = 1.0, (8)

∑ WSm−Mj = 1.0, (9)

WMn−Si

∣∣∣SMn

∣∣∣= WSm−Mj

∣∣∣SMj

∣∣∣=∣∣∣SM∩S

∣∣∣, (10)

with the additional symmetry constraint:

WMn−Si > 0 ⇒ WSi−Mn > 0, (11)

where φS and φM are the variables of the slave and master patch, respectively. i and j
denote the ith and jth facets at the slave and master patches. n is the number of master
facets neighboring the slave facet i, and m is the number of the slave facets neighboring
the master facet j. WM−S and WS−M are the master-to-slave and slave-to-master weighting
factors, respectively. |SM|, |SS| and |SM∩S| are the surface area of the master facet, the
surface area of the slave facet and the intersection between the master and slave facets,
respectively.

The value of the weighting factors is basically the percentage of the surface intersection
between two overlapping facets deduced from Equation (10):

WM−Si =

∣∣SM∩Si

∣∣
|SMn |

∈ [0.0, 1.0], (12)

WS−Mi =

∣∣∣SS∩Mj

∣∣∣
|SSn |

∈ [0.0, 1.0], (13)

Because of the domain discretization, the two meshes may not overlap with each other,
making the weighting factors underestimated (smaller than 1.0), i.e., the simulation will
not be conservative. It is therefore suggested to use enough mesh resolution at the interface
and use similar mesh sizes between the master and slave patches for the sake of accuracy. If
this cannot be satisfied, remedies can be adopted. Corrections for low weight are used here,
which rescale the face weighting factors so they will sum up to 1.0. For each neighboring
face involved, the rescaling will be proportional to the initial value of the neighbor face
weighting factor, so the overall correction for each face ends up being weight interpolated.

2.2. Testing Setups

The experiments were carried out in the ANAST laboratory of the University of Liège.
The testing setup and parameter definitions can be found in Figure 2. The towing tank was
adjusted with trapezoidal banks with a slope of 2:1, resembling the real conditions of an
inland waterway. Two bridge piers were designed and placed symmetrically in the channel.
An inland convoy model with one pusher and one barge was used with the scale ratio 1/25,
according to the dimension of the towing tank. The length of the convoy in model scale
was 7.0 m. This convoy is widely-used during inland waterway transport in Europe. In the
experiments, the convoy model was towed by the carriage with a specific velocity. It passed
through the space between the piers, which are composed of two concrete blocks with the
dimensions 40 cm× 16 cm. A six-component dynamometer balance was used to measure
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the forces and moments on the vessel. The system was calibrated before the experiments,
with reported uncertainty of 8% for the force. More details about the experiments can be
found in [32,33].
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Figure 2. Schematic and photo of the inland convoy passing the bridge piers.

The computational domain was designed as the experiments in Figure 2. The length
of the channel was 14.5 m. Since the domain is symmetrical in the y direction, only one-half
was simulated with the symmetry boundary condition to reduce the grid number. The
boundary conditions and principal dimensions of the domain are denoted in the figure.
The advective boundary condition was adopted to avoid wave reflections at both ends
of the channel. The sliding interfaces were designed between the convoy and the bridge
pier/channel bottom [6]. The area near the pier is zoomed in Figure 3b to demonstrate
their relative position. The computational mesh is shown in Figure 3c. The areas of the
convoy, free surface and the bridge pier are clearly refined to capture the complex flow
and accurately calculate the forces. Boundary layers were added near the hull with the
dimensionless wall distance y+ being about 60. The converged solution of a towed case
was used as an initial condition to reduce the influence of the impulsive start.

The channel dimensions and testing conditions were designed as in Table 1. All
tests were performed with the channel bottom width 1.44 m. Two pier distances, two
draughts, three water depths and several velocities were tested during the simulations
and experiments. The maximum Froude number was 0.738, which means that all our tests
were in sub-critical conditions (Frh < 1). The initial position of the convoy was placed
6.5 m away from the pier to guarantee the fully-developed wakes generated by the vessel.
The vessel took about 16~18 s to finish the whole passing process in the current domain.
The dimensions of the channel and pier resemble real conditions during inland waterway
transport. The mesh was generated using the snappyHexMesh utility in OpenFOAM. The
mesh numbers can be found in Table 1.

Verification and Validation (V & V) studies were carried out in advance using the
standard hull forms KCS and KVLCC2. A grid convergence study with three mesh reso-
lutions and a time step convergence study with four timesteps were performed to select
appropriate mesh generation strategy and time steps. The resistance was also validated
with the ITTC benchmarks. Details of the grid and the time step independence study can
be found in our earlier work [34]. The accuracy of the simulation can thus be guaranteed.
A fixed time step of 0.001 s was selected in this work.
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Table 1. Test configurations and mesh numbers of the convoy passing the bridge piers. The units of
the channel bottom width Wb, distance between bridge piers Db, draught Td and water depth hw are
(m). The unit of the maximum velocity Vmax is (m/s). Frmax

h is the maximum depth-Froude number
in each case, corresponding with Vmax. Nmesh is the mesh number.

Case Wb Db Td hw Vmax Frmax
h Nmesh

1

1.44

0.7
0.04

0.12 0.80 0.738 1,284,531

2 0.18 0.91 0.685 1,423,626

3 0.24 0.91 0.593 1,426,806

4
0.1

0.18 0.80 0.602 1,340,223

5 0.24 0.91 0.593 1,437,711

6

0.8
0.04

0.12 0.80 0.738 1,278,281

7 0.18 0.91 0.685 1,419,086

8 0.24 0.91 0.593 1,534,598

9
0.1

0.18 0.80 0.602 1,331,889

10 0.24 0.91 0.593 1,471,276

During the solution of the RANS equations, the time derivative term was discretized
using the implicit Euler scheme. The convection terms in the momentum and VOF equa-
tions were discretized with the second-order linear upwind scheme and the second-order
TVD (total variation diminishing) scheme with van Leer’s flux limiter. The diffusion
term was discretized by a second order central differencing scheme with non-orthogonal
correction. Five outer corrections and two pressure corrections were employed for the
velocity–pressure coupling. All equations were solved to the tolerance of O(−8) [35,36].
Each case used 52 processors and takes about 12 CPU hours to finish. The actual physical
time was about the same level.



J. Mar. Sci. Eng. 2021, 9, 1125 7 of 15

To characterize the process of the convoy passing bridge piers, a parameter ξsb similar
to that of ship–ship interaction is defined in this study.

ξsb = xsb/Lm, (14)

where ξsb is the longitudinal distance between the convoy and the bridge pier.
Lm = (Ls + Lb)/2 is the average length of the convoy and the pier. The unsteady forces
and wave changes can then be characterized as functions of the relative position between
the amidships of the convoy and the pier. Figure 4 demonstrates the three most important
positions of the passing process. When ξsb = −1, the convoy meets the piers. When
ξsb = 0, the centers of the convoy and the pier are located at the same longitudinal position.
When ξsb = 1, the passing ends. The positions within −1 < ξsb < 1 are important for the
transient properties of the convoy.
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3. Results and Discussions
3.1. Advancing Resistance during the Convoy Passing Bridge Piers

The transient effects while the convoy is passing bridge piers are significant since they
may change the unsteady hydrodynamics and maneuverability during the crossing. The
instantaneous resistance coefficient (Cx = Rx

1
2 ρv2BT

, B and T are the width and draught of

the vessel) is plotted against the relative position (ξsb) in Figure 5 as a function of the pier
distance, with two smaller windows showing a shorter period of time. To concentrate on
the transient process, the average value is removed from the resistance directly obtained
from the simulations. With a smaller pier distance, the oscillation of the resistance is
stronger since the space restriction is increased. The force oscillation mainly lies in the
range of −1 < ξsb < 1. The resistance changes intensively near the position ξsb = 0 where
the centers of the convoy and the piers coincide during the passing process. This means
that the convoy experiences the strongest time-varying interactions with the piers at this
position, to which attention should be paid during real maneuvering. Similar trends can be
found in Figure 6 as a function of the water depth. The oscillation is higher with a smaller
water depth. However, slight unsteady effects can also be observed when ξsb < −1 and
ξsb > 1. This can be caused by the disturbances introduced by the evolution of the system,
because the initial conditions may not be realistic at the beginning.
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is 0.8 m.

The average resistance during the passing process is measured in the experiment. In
Figure 7a, the simulated values are compared with the experiments. The direction of the
convoy advancement is defined as positive, which is the reason why the resistance values
are all negative in the results. The simulations agree with the experimental data, but the
resistance was underestimated. The largest error between the two was about 7%. This
means that our simulations can predict the unsteady process with acceptable accuracy.
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Figure 7. (a) Comparison between experimental and numerical resistances of the convoy pass-
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piers and the draught, respectively. The units of hw, Db, Td are (m). The error bar denotes the error
between the experimental and simulation results.

All the advancing resistances with various water depths, pier distances, draughts and
velocities are demonstrated in Figure 7b. Clearly, the resistance increases with the convoy
velocity and draught. With the decrease of the water depth, the advancing resistance
increases because of the enhancement of the confinement level, which makes the convoy
consume more fuel and increases the difficulty of ship maneuvering. When the water
depth is too small, the possibility of grounding also increases. This relates to the squat
effect, a combination of trim and sinkage, which will be analyzed later. Similar to the water
depth, the resistance is reckoned to increase with the decrease of the pier distance, which
also increases the confinement of the waterway. However, this is not evident in the figure.
The distance between the bridge piers does not seem to influence the average resistance of
the convoy. The bridge piers do increase the confinement, however, because of their small
size, their influences are temporary and instantaneous. The unsteady effect of the passing
process will counteract it. Therefore, the appearance of structures near the convoy only
influences transient properties, but not averaged ones, which means that the overall fuel
consumption is not affected by the passing process.

3.2. Trim and Sinkage Analysis

Squat is caused by the overall reduction in under keel clearance (UKC) forward or aft
between a convoy at rest and underway due to the accelerated flow around the moving
body [37–40]. It greatly influences resistance and maneuverability. In shallow water, a
large squat can lead to grounding, posing potential dangers to the ship navigation. Squat is
actually the combination of the trim and sinkage of the convoy. As the resistance, averaged
trim and sinkage values are plotted against the water depth hw, distance between bridge
piers Db, draught Td and velocity V. Their definitions can be observed in Figures 8 and 9.
The trim is defined as the pitch angle underway. It can be seen that the trim increases with
the augmentation of the draught and velocity, and the reduction of the water depth. The
same trend can be observed for the sinkage. However, the distance between the bridge
piers does not influence the averaged properties. The trim and sinkage are caused by the
return current around the convoy. When the space is restricted, the flow there will be
accelerated, which leads to pressure reduction. Thus, an attracting force to the nearest wall
is generated, causing the so-called sinkage. Because of the flow direction and the hull form,
the motions of the bow and stern are different, a pitching moment is also generated; the
trim then appears.
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3.3. Ship-Generated Waves Influenced by Bridge Piers

The appearance of the bridge piers will inevitably influence the wave pattern gener-
ated by the convoy. The ship waves with different speeds are shown in Figure 10, and were
well captured by our simulations. Two important positions with ξsb = 0 and ξsb = 1 are
demonstrated. The traditional Kelvin wave pattern can be clearly observed [41]. The waves
generated by the bows of the two barges and the pusher are the most evident. Because of
the bank, the waves are reflected and then superposes with the original ones, creating a
very complicated wave pattern. With a higher velocity, the wave change becomes more
intensive, which can be observed by the isolines in the figure. It is clear that the wave fields
are disturbed by the bridge piers. To quantitatively characterize the wave properties, the
wave profiles at the lateral position y/L = 0.037 (the center between the convoy and the
bridge pier) are extracted for comparison in Figure 11. The overall ship waves are lower
than the initial water level. The wave crests originate from the bows and sterns. A larger
speed makes the wave profile higher in front of the convoy and lower in the middle. The
wave change is more violent with a higher convoy velocity. At the position of the pier,
two wave crests were observed. The waves there are zoomed in Figure 11b. It can be seen
that this is caused by the wave reflection of the pier, which further superimposed with
the original wave pattern. Because of the restricted space, the wave change becomes more
intensive.
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Figure 11. Wave profiles at the lateral position y/L = 0.037 (the center between the convoy and the
bridge pier) with different speeds. L is the ship length. The red line denotes the sampling position of
the wave. (b) is the zoomed view of the box in (a). The draught, water depth and pier distance are
0.04, 0.24 and 0.8 m, respectively. The dotted lines in (b) represent the position of the pier.

Figure 12 demonstrates the influence of water depth. The wave contours are different
for the two water depths, especially near the pusher. The waves created by the two barges
finally superimpose with the pusher waves and form a very complex wave pattern. The
influence becomes clearer in the extracted wave profiles in Figure 13. The positions of
the wave crests remain the same. With a smaller water depth and pier distance, the wave
elevation becomes higher because of the space restriction. The water level is more easily
influenced by the channel bottom when the water depth is lower, creating a more deformed
wave pattern.
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The influence of the pier distance can be found in Figure 14. Since the pier distances 
are small, no significant differences can be observed. However, they are evident enough 
in the extracted profiles (Figure 15). The pier will create a more confined condition beside 
the channel, and the water level will be elevated. A smaller pier distance will create a more 
confined condition, which will make the water level higher. Nevertheless, the pier dis-
tance will not influence the overall wave pattern because the wave crests and troughs are 
at the same positions. This is also the reason why no significant differences can be seen in 
Figure 14. 

Figure 12. Ship-generated waves with different water depths. ξsb = 0 for (a,b). ξsb = 1 for (c,d).
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0.91 m/s, 0.04 m and 0.8 m, respectively.
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Figure 13. Ship wave profiles at the lateral position y/L = 0.037 (the center between the convoy and
the bridge pier) with different water depths. L is the ship length. The water levels are adjusted using
the initial value for comparison. The convoy speed, draught and pier distance are 0.91 m/s, 0.04 m
and 0.8 m, respectively. The dotted lines denote the positions of the convoy and pier.

The influence of the pier distance can be found in Figure 14. Since the pier distances
are small, no significant differences can be observed. However, they are evident enough in
the extracted profiles (Figure 15). The pier will create a more confined condition beside
the channel, and the water level will be elevated. A smaller pier distance will create a
more confined condition, which will make the water level higher. Nevertheless, the pier
distance will not influence the overall wave pattern because the wave crests and troughs
are at the same positions. This is also the reason why no significant differences can be seen
in Figure 14.
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exert stronger confinement apart from the channel banks. The ship dynamics and maneu-
verability change during this process. In this study, the hydrodynamics including the ad-
vancing resistance, trim, sinkage and ship-generated waves of the inland convoy passing 
the bridge piers in a confined waterway were investigated using the CFD and experi-
mental approaches. The RANS equations were solved during the numerical simulations, 
using the sliding mesh technique for the motion of the convoy. The experiments were 
carried out in the towing tank of the ANAST laboratory in the University of Liège. 

The averaged and transient resistances were both analyzed as functions of water 
depth, pier distance, draught and velocity. The averaged values agree well between sim-
ulations and experiments. The averaged resistance was found to increase with the increase 
of the draught and velocity and the decrease of the water depth. The influence of the 
bridge piers on the mean properties is not evident, since the averaged resistance does not 
change with the distance between the piers according to our results. In reality, this means 
that the fuel consumption remains the same with or without the bridge piers. However, 
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for (c,d). Db = 0.8 m for (a,c). Db = 0.7 m for (b,d). The convoy speed, draught and water depth are
0.91 m/s, 0.04 m and 0.24 m, respectively.
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water depth are 0.91 m/s, 0.04 m and 0.24 m, respectively. The dotted lines denote the convoy and
pier positions.

4. Conclusions

During inland shipping, vessels will inevitably pass bridges, where the bridge piers
exert stronger confinement apart from the channel banks. The ship dynamics and ma-
neuverability change during this process. In this study, the hydrodynamics including the
advancing resistance, trim, sinkage and ship-generated waves of the inland convoy passing
the bridge piers in a confined waterway were investigated using the CFD and experimental
approaches. The RANS equations were solved during the numerical simulations, using the
sliding mesh technique for the motion of the convoy. The experiments were carried out in
the towing tank of the ANAST laboratory in the University of Liège.

The averaged and transient resistances were both analyzed as functions of water depth,
pier distance, draught and velocity. The averaged values agree well between simulations
and experiments. The averaged resistance was found to increase with the increase of the
draught and velocity and the decrease of the water depth. The influence of the bridge piers
on the mean properties is not evident, since the averaged resistance does not change with
the distance between the piers according to our results. In reality, this means that the fuel
consumption remains the same with or without the bridge piers. However, the appearance
of the piers has great influence on the transient properties of the convoy. A parameter
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of the relative position between the convoy and the pier was defined to characterize the
crossing process. The fluctuation of the resistance during the procedure clearly increased
when the space restriction of the piers increased.

The increase of the squat may lead to grounding. To characterize the squat in a
confined waterway, the trim and sinkage were first analyzed as functions of the water
depth, pier distance, draught and velocity. The averaged characteristics were emphasized
here. Similar conclusions with the resistance can be drawn for the averaged squat.

The ship-generated waves were successfully captured by our simulations. Wave crests
were found to originate from the bow and stern. In a confined waterway where both sides
and the bottom are restricted, the ship waves are reflected at these positions, and further
superpose with the original ones, creating a very complex wave pattern in the waterway.
When influenced by the bridge piers, the waves will reflect once more, leading to the
appearance of two wave crests near the pier.

As a result, the averaged and transient parameters were analyzed for a convoy passing
bridge piers. The wave pattern near the bridge pier was analyzed to characterize the flow
fields. These data provide insights into this phenomenon and can be used for their further
predictions.
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