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of the vessel.

The paper studies the maneuvering capabilities of an inland bulk carrier designed to be operated in the
waterways of Bangladesh. Following the Planar Motion Mechanism (PMM) test, static drift simulations
have been performed, for varying drift angles, both in open and restricted waters, to determine the linear
hydrodynamic derivatives. All simulations have been performed using the open source CFD toolkit,
OpenFOAM. The vessel’s maneuvering capability in open and restricted water has been discussed based
on the values of the derivatives. The paper concludes that although the vessel encounters substantially
larger forces and moments in restricted water, channel restrictions minorly affect the static derivatives

1. Introduction.

Although roughly 90% of global goods are transported through

shipping, almost all the goods that cross the oceans through
ships end up being transported in trucks through the lands, ig-
noring the vast inland waterways in Europe and Asia. Like
ocean-going ships, inland vessels are also relatively econom-
ical and environmentally friendly. Bangladesh, being a riverine
country also relies heavily on it its rivers for the transportation
of goods.

Although, historically, emphasis has been limited on safety,
economy, and efficiency; with an improving economy, the coun-
try has started paying attention to such aspects following global
trends. As part of the effort, this paper studies the maneuvering
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capabilities of a commonly used inland class vessel for carrying
bulk goods.

According to International Maritime Organization (IMO)
adopted Standards for ship maneuverability, a ship’s safety heav-
ily relies on its path-keeping and path-changing abilities. Thus,
investigation of maneuvering derivatives during the design phase
of the vessel is essential to ensure the construction of a safe
and reliable vessel. Although early maneuvering studies mostly
relied on experimental studies, such studies are expensive and
time-consuming. Thus, with the development of Computational
Fluid Dynamics (CFD) tools, more and more researchers have
shifted focus to numerical studies. Planar Motion Mechanism
(PMM) simulations were first widely discussed in the SIM-
MAN 2008 workshop (SIMMAN, 2008), where benchmark Ex-
perimental Fluid Dynamics (EFD) data was made available and
compared with available CFD results. In the workshop, PMM
simulation results were presented for KCS (Somonsen and Stern,
2008), KVLCC2 (Broglia et al., 2008; Cura-Hochbaum et al.,
2008), and DTMB-5414 (Gullmineau et al., 2008; Miller, 2008)
hull models using different CFD solvers. Following the 2008
workshop, more EFD and CFD data were made available for
the SIMMAN 2014 workshop (SIMMAN 2014). Eventually,
more researchers started taking interested in the topic, and more
detailed CFD studies were made available like the work of Si-
monsel et al. (2012), Lee and Kim (2015), Shen et al. (2015),
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Kim et al. (2015), Hajivand and Mousavizadegan (2015a, b),
Yao et al. (2016), Islam et al. (2017), Islam and Guedes Soares
(2018a, b). However, as can be noticed, most of the studies fo-
cus on ocean-going vessels and maneuvering studies for inland
vessels remain very limited (Liu et al., 2015; Liu, 2017). Fur-
thermore, the influence of channel restrictions on maneuvering
derivatives is rarely discussed. .

2. Method.

The maneuvering capabilities of an inland bulk carrier have
been studied by performing PMM simulations. The OpenFOAM
version 2006 has been studied for the study. The open wa-
ter static drift simulations were performed with a heave and
pitch free motion. However, for the restricted water simula-
tions, heave and pitch motions have been kept restricted. lib-
sixDoFRigidBodyMotion library was used for the open water
static drift simulations. Simulations were performed at a high
Reynolds number with turbulent flows. Details on the solver,
ship model, simulation setup, and resources are given in the
following subsections.

2.1. The solver.

OpenFOAM is an open-source library that numerically solves
a wide range of problems in fluid dynamics from laminar to tur-
bulent flows, with single and multi-phases. The solver has been
elaborately described by Jasak (2009). The governing equa-
tions for the solver are the Navier-Stokes or momentum equa-
tion (1) and the continuity equation (2). In vector form, the
Navier-Stokes and continuity equation are given by:

0
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Here, v is the velocity, p is the pressure, u is the dynamic
viscosity, g is the acceleration due to gravity and V? is the
Laplace operator.

The volume of fluid (VOF) method is used to model the
fluid as one continuum of mixed properties. This method de-
termines the fraction of each fluid that exists in each cell, thus
tracking the free surface elevation. The volume fraction is ob-
tained by equation (3):

Oa
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where v is the velocity field, and « is the volume fraction of
water in the cell, varying from O to 1, with O representing a cell
full of air and 1 representing a cell full of water.

The Finite Volume Method (FVM) is used to discretize the
governing equations. Pressure-velocity coupling is obtained
through the PIMPLE algorithm. OpenFOAM incorporates sev-

eral turbulence models, and for the present paper, the two-equation

SST k-w model was used. Rough wall function has been used
to account for the frictional resistance.

2.2. Ship model.

The studied vessel is an inland bulk carrier that is in oper-
ation in the inland waterways of Bangladesh. It is a standard
82m bulk carrier with a blunt bow and twin propellers. The
vessel is designed to be 3000DWT and has a service speed of
10 knots. The design has been approved by The China Plan Ap-
proval Center, RINA. Table 1 provides the specifications of the
hull model and Figure 1 shows its side view. All the simulations
have been performed on a model scale.

2.3. Mesh.

For the open water simulation mesh domain, general ITTC
guidelines have been used, with one and a half ship length In-
front of the bow, two and a half ship lengths behind the stern,
one ship length at each side, one ship length for depth, and half
ship length above the free water surface.

For the restricted water simulations, a class III channel was
considered following the definition by Bangladesh Inland Wa-
ter Transport Authority. The class III routes are feeder routes
with regional importance. Such routes generally have a mini-
mum vertical clearance of 7.62m and a horizontal clearance of
30.48m. As such, since the simulations have been performed
for a 1:10 scale model, the restricted channel has been created
using a draft to depth ratio of 2 (8.7m) and width of 3.8m on
each side (assuming a two-way channel).

OpenFOAM mesh generation tools have been used for mesh
generation. The initial simulation domain was created using
blockMeshDict, with even resolution in the x and y direction,
and denser mesh resolution near the free surface in the verti-
cal direction. The mesh was refined in the x-y direction using
topoSetDict and refineMeshDict near the hull area. Six suc-
cessive refinements were performed around the hull form to
confirm the y+ criterion for proper viscous and pressure force
capturing. For the drift simulations, the refinement areas were
enlarged depending on the drift angle to accommodate the hull
form. Next, snappyHexMeshDict was used to integrate the hull
form into the simulation domain. The average mesh resolution
used for the drift simulations was around 2.2 million, whereas
the mesh resolution used for sway and yaw simulations was
around 1.6 million. The minimum cell size in the x and y direc-
tion in the mesh is 0.0125m and z-direction is 0.01m. Further,
four layers have been included around the hull form with a min-
imum layer thickness of 0.0025m.

In all the cases, the hull was rotated following the drift angle
and then was integrated into the domain using snappyHexMesh.
For the restricted water simulations, the mesh topology and cell
size were kept the same. However, the refinements were ex-
tended both in the bottom and side section to better capture the
interaction with the sides. The general mesh assembly used in
the open and restricted water simulations is shown in Figure 2.

2.4. Computational resource.

All the simulations have been performed on a laptop with
an intel core i7 processor and 8GB of RAM. The static drift
simulations were run until 100s (simulation time) for steady
results and each case took roughly 18 physical hours.
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Table 1: Specifications of the bulk carrier ship model.

Specification Symbol Full scale Model scale
Length between perpendicular Lpp (m) 81.209 8.1209
Breadth B (m) 14.0 1.4

Depth D (m) 5.65 0.565

Dratt T (m) 4.35 0.435
Wetted surface area S (m?) 1668.44 16.68
Displacement volume V (m?) 4335500 4335.5

Source: Authors.

Figure 1: Side view of the 3000DWT inland bulk carrier vessel.

Source: Authors.

Figure 2: General mesh assembly used in the simulations: (a)
the domain represents open water and (b) represents restricted
channel (with limited depth and width).

(b)

Source: Authors.

3. Results.

Static drift simulation is the towing of a vessel in the oblique
condition in a numerical towing tank. The vessel heading is
adjusted based on the drift angle and then the vessel is towed
forward. Since the vessel is in oblique condition, it experiences
higher lateral force and yaw moment.

Static drift simulations have been performed for an inland
bulk vessel with 3000 DWT in open and restricted waters. The
open water simulations have been performed with a heave and
pitch free motion. Whereas, for restricted waters, all motions
have been kept restricted. All simulations have been performed
at the design Froude number of 0.182 or model scale veloc-
ity of 1.627 m/s. Finally, using the simulation results, linear
maneuvering derivatives have been calculated to assess the ma-
neuvering capabilities of the vessel in both waterways.

3.1. Verification Study (open water simulations).

Initially, a verification study was performed to assess the
uncertainty in the simulation results. Three different grid res-
olutions were used with a refinement ratio of 1.25, to perform
the verification or uncertainty study following the ITTC 2011
guidelines. Both factor of safety and correction factor based
approaches were used. The methods have been elaborately dis-
cussed by Islam and Guedes Soares, 2019. The uncertainty
study was performed for the static drift case with 6 degrees drift
angle. The mesh resolutions used are shown in Table 2. The cell
size in the table indicates the minimum cell size in the x, y, and
z-direction before the application of layers. Later, minimum
cell size is shown after the application of layers.

Verification or uncertainty estimation has been performed
for the surge and sway force, yaw moment, sinkage, and trim
motion. Corrected uncertainty has been calculated using the
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Table 2: Mesh resolutions used for the verification study for the PMM simulations.

Total Mesh
Mesh No. (million) Cell size (X XY x 7) Min. cell size (layer) Grid Coarsening Ratio
Mesh 1 (Fine) 7.1 0.01 x 0.0099 x 0.0075  0.002 1
Mesh 2 (Mid) 4.03 0.0125x0.025x 0.01 0.0025 1.25
Mesh 3 (Coarse) 1.8 0.0156 x 0.0156x 0.015  0.00312 1.25

Source: Authors.

factor of safety and correction factor based approach. The sum-
marized results are shown in Table 3.

The uncertainty estimation results show that all the results
show convergence, except the sway force result, which is diver-
gent. Nevertheless, the estimated uncertainty remains at a 5%
level for all the cases following the correction factor based ap-
proach, and at around 1% for most cases following the factor
of safety based approach. Thus, assuming a required level of
uncertainty of 5%, the case can be considered validated.

Unfortunately, no model or full scale experimental study
has been performed for the vessel before or after it was built.
Thus, validation data for confirming the results are not avail-
able. Nevertheless, the low level of uncertainty in the results
suggests that the estimations should be reliable.

3.2. Static Drift simulations in open waters.

Six different drift angles have been studied from O to 12
degrees with a 3-degree interval. All simulations have been
performed with a heave and pitch free motion to understand
how vessel sinkage and trim change while maneuvering. From
the simulations, surge force, sway force, yaw moment has been
recorded, along with sinkage and trim. The results are shown
in Table 4. For the non-dimensionalization of the results, the
following equations have been used.

/ fy N)
Fy= ———— 4
Y pxvIxLy )
: m, (N)
M= — )
p X v XLy,

The lateral force and yaw moment variations based on drift an-
gles are also shown in Figures 3 and 4, and the sinkage and trim
history are shown in Figure 5. The force and moment show
almost a linear correlation with the drift angle, and the expe-
rienced force and moment increase with increasing angle. As
for motion results, the trim shows minor variation with drift an-
gle. However, in full scale, the sinkage results would show a
variation of 150 cm from O to 15-degree draft, which might be
significant in the case of navigation through shallow channels.

Figure 3: Change in non-dimensional lateral force with chang-
ing drift angle in open water.

3,0E-03
2,5E-03
32,0E-03
(N
Q
9,56-03
=]
(N
3,0E-03
3
§,0E-04

0,0E+00

-5,0E-04

o

D 12 15
Drift Angle (aeg)

Source: Authors.

Figure 4: Change in non-dimensional yaw moment with chang-
ing drift angle in open water.
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Table 3: Uncertainty estimation for the 6 deg static drift simulation results using ITTC 2011 guidelines.

i Sinkage Trim
Property Fx (N) Fy (N) Mz (N-m) (mm) (deg)
@1 (fine) -129.77 100 576.15 -12.13 -0.476
Output values @3 (mid) -136.428 95.5 607.01 -12.585 -0.483
@s(coarse) | -132.96 94.04 601.08 -12.49 -0.496
Convergence €21/e32 -1.92 3.08 -5.20 -4.79 0.54
Grid convergence index | GCI?!gg. 0.0698 0.0271 0.0159 0.0124 0.0216
(GCI) GCPgpe 0.0346 0.0092 0.0029 0.0025 0.0395
Factor of safety based approach
Corrected uncertainty 1.40% |054% [032% [025% | 043%
Correction factor based approach
Corrected uncertainty | -5.13% | NA 536% |-3.75% | 0.89%
Source: Authors.
Table 4: Static drift simulation results for the 3000DWT inland bulk vessel.
Lateral Yaw moment, Sinkage Trim
Drift Angle Drag force coef. C; force, F'y M', (mm) (deg)
0 5.05E-03 -6.05E-05 2.46E-05 -10.720 -0.477
3 5.32E-03 1.21E-04 2.64E-04 -11.325 -0.480
6 6.19E-03 5.48E-04 4.29E-04 -12.585 -0.483
9 7.10E-03 1.18E-03 5.26E-04 -14.300 -0.475
12 8.22E-03 1.62E-03 7.51E-04 -16.490 -0.470

Source: Authors.

Figure 5: Change in sinkage and trim angle for the inland bulk
carrier with changing drift angle.
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3.3. Static Drift simulations in restricted waters.

For the restricted water simulations, a class III inland chan-
nel for Bangladesh has been considered. The class III routes are
important for cargo transportation and thus were studied. Detail
regarding the channel class and the simulation domain has been
provided in section 2.3.

Static drift simulations have been performed for varying
drift angles from O to 12 degrees with a 3-degree interval. The
hull has been kept static for these cases with all motions re-
stricted. This has been done since the force measurements were
showing relatively high oscillation due to the shallow draft and

relatively high speed. However, the impact of heave and pitch
free motion on force and moment measurements have been found
to be minor for the initial case study. Thus, motions have been
kept restricted for the simulations. As before, surge and sway
force, and yaw moment have been recorded from the simu-
lations, and equations 4 and 5 have been used for the non-
dimensionalization of the results. The static drift simulation
results for the restricted water are shown in Table 5.

Comparing to the simulation results for open water, all re-
stricted water cases show notably higher forces and moment
results. This added drag and moment is mostly caused by the
shallow draft of the waterway and the interaction of the Kelvin
wave with the side walls of the channel, as can be seen in Figure
8. Figure 8 shows pressure distribution on the free surface and
the side of the hull for drift angles of 6, 9, and 12 degrees, for
both open water (left) and restricted water (right) cases. All the
images in the figure shows the same pressure range. The seem-
ingly pitch like position of the hull in restricted channel cases
is due to the drift angle and camera position. As expected, for
both cases, the flow field shows gradually increasing pressure
with increasing drift angle. However, for the shallow channel
cases, the observed drag at the bottom of the hull is substan-
tially higher. The free surface pressure distribution also shows
a higher drag. Finally, a comparison among the time histories
for the forces and moment for both the open and restricted water
simulations is shown in Figure 9. A notable difference between
the two sets of cases is the oscillation in forces and moment.

The restricted channel simulations show notable higher os-
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Table 5: Static drift simulation results for the 3000DWT inland bulk vessel in restricted water.

Drift Angle Drag force coef. C; Lateral force, F'y Yaw moment, M';
0 1.21E-02 3.25E-05 1.13E-05
3 9.51E-03 4.72E-04 3.72E-04
6 1.02E-02 1.32E-03 5.97E-04
9 1.19E-02 1.99E-03 9.61E-04
12 1.48E-02 2.89E-03 1.34E-03

Source: Authors.

cillation in forces and moments, which is mostly attributed to
the interaction with the channel bottom and sides. The restric-
tion of heave and pitch motion also attributes to it.

Figure 6: Change in non-dimensional lateral force with chang-
ing drift angle in restricted water.
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Figure 7: Change in non-dimensional yaw moment with chang-
ing drift angle in open water.
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Figure 8: Hydrodynamic pressure distribution on the free sur-
face and on the side of the hull for drift angles of 6, 9, and 12
degrees, for the open water (left) and restricted water (right)
cases.

Source: Authors.

3.4. Derivatives calculation.

Hydrodynamic derivatives or coefficients represent the rate
of change in force or moment, with the rate of change in direc-
tion and velocity or acceleration. The values of hydrodynamic
derivatives help to determine the stability and maneuverability
characteristics of a vessel. Generally, captive model tests (like
Planar Motion Mechanism-PMM test) are used with conditions
to derive added mass and damping coeflicients (Lewis, 1988).

By using curve fitting to the data for forces and moments
as a function of drift angle, the linear hydrodynamic derivatives
or coefficients, Y, and N, can be predicted from the slopes.
The predicted derivatives from the presented study are shown
in Table 6.

Following theoretical hydrodynamics, Yv is expected to be
a relatively large value, whereas Nv is expected to be small.
Thus, according to static derivatives, the vessel has relatively
low lateral stability. The instability increases slightly with chan-
nel restrictions. The vessel shows relatively better yaw stability,
which also decreases slightly in restricted conditions. However,
overall, the vessel shows relatively good stability in both open
and restricted channels, considering that it will only be operat-
ing in inland waters without waves.
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Table 6: Hydrodynamic derivatives predicted from PMM simulations results for an inland bulk carrier.

Drift Angle Drag force coef. C; Lateral force, F'y Yaw moment, M';
0 1.21E-02 3.25E-05 1.13E-05
3 9.51E-03 4.72E-04 3.72E-04
6 1.02E-02 1.32E-03 5.97E-04
9 1.19E-02 1.99E-03 9.61E-04
12 1.48E-02 2.89E-03 1.34E-03

Source: Authors.

Conclusions.

Static drift simulations have been performed to assess the
maneuvering capabilities of an inland bulk carrier designed for
the waterways of Bangladesh. After the initial verification study,
static drift simulations have been performed in open water for
varying drift angles. Next, drift simulations have been per-
formed for the vessel in restricted waters with narrow width and
shallow depth. Finally, linear derivatives have been calculated
from the simulation results to assess the stability of the vessel
while maneuvering.

The verification study showed that simulation uncertainty
is limited to 5% for most of the results. Assuming a required
uncertainty level of 5%, the study remains validated. Unfortu-
nately, direct validation of simulation results was not possible
for any of the cases due to the absence of experimental or sea
trial data.

The static drift results for open water show an almost linear
change in lateral force and yaw moment with changing drift
angle. Although the change in trim angle remains very small
due to changing drift angle, sinkage shows notable variation
with changing drift angle. This is important information for
vessels while passing through shallow channels.

The static drift simulations in restricted waters show a no-
table increase in experience forces and moment. The increase
in forces and moment has been explained by the interaction of
the vessel with the channel bottom and sides. The lateral force
and yaw moment shows a linear trend with respect to changing
drift angle, like in the case of open waters.

Finally, the linear hydrodynamic derivatives predicted from
the simulation results show that the vessel has relatively good
stability. Although channel restrictions increase the instability,
the change remains minor. Nevertheless, this is only in the case
of linear derivatives and the conclusion might change in the case
of dynamic derivatives.
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