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A series of systematic simulations were carried out to study the effect of the relative longitudinal and
lateral spacing on the ship-to-ship hydrodynamic interaction during lightering operations. The simu-
lations were performed on two KVLCC2 hulls advancing parallel in deep still water at a low Froude
number. The simulation was carried out using OPENFOAM, turbulence was modeled using RANS, the
k- SST turbulent model was used to close RANS equations. The validity of the numerical configura-
tions was examined by a published experimental benchmark, the numerical-experimental comparison
revealed a good agreement. The surface pressure distribution and the wave pattern surrounding both
hulls were presented and analyzed for various relative positions. The changes in the hydrodynamic
interaction forces and moments, as a function of the longitudinal and lateral spacings, were computed
and analyzed. The positive relative longitudinal position extending to 15% was found to be suitable for
conduction lightering operation.
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1. Introduction.

Although the ship spends most of her life sailing in open
waters, the cases in which she is subjected to the presence of
a close rigid boundary are not few, such as sailing in restricted
areas, overtaking or encountering other marine objects at small
lateral distances, and other investment operations such as ligh-
tering operations and ship-tug maneuvering.

Sailing close to a rigid boundary changes the pressure and
velocity fields surrounding the hull, leading to a distinct change
in the forces and moments acting on it, which can cause per-
ilous situations. So, studying this special case and evaluating
the mutual hydrodynamic effect is extremely important. Vari-
ous approaches were used to study the ship hydrodynamic inter-
action with rigid boundaries. Using the potential method, (Xi-
ang and Faltinsen, 2010) investigated the maneuvering of two
interacting ships travelling at low Froude numbers Fr < 0.2
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in calm water of infinite horizontal extent. Maneuvering hy-
drodynamic forces and moments were obtained by a developed
method based on assumptions of 3D potential flow. The method
was verified and validated by (de Decker B, 2006) experimental
results as well as (WANG, 2007) potential results which found
to give a good agreement, but effects of sea waves, wind and
current were not treated. (Yao and Zou, 2010) used the panel
method to calculate the sinkage and trim of a ship sailing in
a shallow channel. Numerical calculations were performed on
Series 60 ship using a Green function of Rankine type. The ver-
tical force and pitching moment were obtained by integrating
the hydrodynamic pressure over the hull surface, the sinkage
and trim were calculated according to dynamic equilibrium, in
the end the numerical results were validated against the exper-
imental data and found to be in a good agreement. (Yuan et
al., 2015; Yuan and Incecik, 2016), carried out their research to
predict the effect of forward speed on ship-to-ship interaction
forces, moments, and wave elevations during overtaking ma-
neuvering in shallow water. MHydro, a software based on the
3D Rankine source method was used. The accuracy of the nu-
merical predicted results revealed a high sensitivity towards the
panel size and ship forward speed. However, the results were
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compared with model tests as well as the published CFD results
and showed a satisfied agreement. (Yu et al., 2019) studied the
interactions between two ships during calm-water moderate-
speed overtaking maneuvers in a deep water in two ways: com-
putationally by a potential-flow panel method, and experimen-
tally by towing-tank tests. They reported that when two ships
travel at comparable speeds, the interference of ship waves con-
siderably changes the free-surface elevations between the two
vessels. Consequently, the hydrodynamic loads on both ves-
sels are considerably affected by the uneven free-surface ele-
vations around their hulls. (Skejic et al., 2011), based on the
three-dimensional potential flow theory, carried out a theoreti-
cal investigation of underway lightering maneuver in calm and
deep water. They reported that: when using the potential the-
ory to study the hydrodynamic interaction effects between ships
of modern hull forms, the three-dimensional method should be
a preferable choice compared to the analytical methods based
on the assumption of the near-field slender-body theories. (Ser-
ban, 2015) studied the ship-to-ship interaction between a bulk
carrier and an oil tanker passing through a narrow waterway in
Suez Canal. Their results showed that the yaw moment and lat-
eral force are strong enough to veer the course of the smaller
ship into the adjacent bank.

When it comes to viscous approaches, various situations
were studied, such as interacting during overtaking maneuvers,
interacting between passing and moored ships, and interacting
between two ships traveling parallel. (Wngk et al., 2018) stud-
ied the hydrodynamic interaction (surge, sway forces and yaw
moment) between two ship models, which are widely differ-
ent in their dimensions (a tug and a tanker), advancing in still
water parallel to each other with different lateral distances and
two different values of the fluid depth. For each depth, CFD
Computations were carried out with four different flow models,
viscous and inviscid flow with double hull and free surface case.
the results showed a fair agreement with both available experi-
mental data and panel method results. The study concluded that
the viscosity has a comparatively weak influence, while at the
same time the wave-making effects are important especially at
small clearance between ships. (Benedict et al., 2011) used the
overset mesh technique to study the interaction phenomena be-
tween two ships sailing in parallel during overtaking maneuver-
ing. The results were compared with the experimental data and
showed a good overall agreement, but an exception to this gen-
eral agreement is the clear discrepancy between the results and
experimental data at some specific relative positions of the in-
teracting ships. (Zhang and Zou, 2011) investigate the encoun-
tering and overtaking maneuver in shallow water at low Froude
numbers using FLUENT packet with dynamic mesh technique.
The sway forces and yaw moment coefficients were calculated
for different values of canal width, effects of canal depth and
lateral distance to the bank were also studied. (Sian et al., 2016)
investigated the overtaking maneuver in shallow water between
an LNG and a Series 60 model. A computational domain of two
million cells was simulated with Fluent CFD packet using the
k—m SST turbulence model. The experimental and numerical
results showed rather satisfied agreement with moderate under-
or over-prediction for some cases. (Nandhini and Nallayarasu,

2020) studied the interaction forces between a passing ship and
a moored ship. Initially, the CFD simulation was validated
against existing experimental data and then extended to include
a number of parameters such as displacement, speed and lateral
distance of the passing ship. It was found that the longitudinal
and lateral forces acting on the moored ship become negligible
when the lateral distance is more than three times the width of
the ship.

Most of the reviewed studies investigated the hydrodynamic
interaction between ships of vastly different size, or between
ships moving at different speeds, which is not the case dur-
ing lightering operation. Furthermore, the longitudinal space
in some cases exceeded the cargo transfer limit between ships.

In this paper, the viscous fluid flow around two close ships
advancing in calm and deep water in parallel course at the same
constant low speed were simulated. Wide range of lateral and
longitudinal distances were tested, their effects on the interac-
tion forces and moments were obtained, surface pressure distri-
bution and wave contour around the hulls were analyzed. The
paper starts by defining the problem in section 2, which in-
cludes a brief description of the geometrical and operational
characteristics of the kvlcc2 hull, governing equations, and tur-
bulence modeling approaches. Then, a detailed review of the
computational domain, mesh specifications, numerical settings,
and boundary conditions are described in section 3. Validation
with experimental data is subsequently performed. Finally, re-
sults and discussion of the effect of lateral and longitudinal dis-
tance on flow characters and interaction between ships are dis-
cussed in the sections 4 and conclusions are presented in section
5.

2. Problem definition.

2.1. Hull form.

Figure 1: Body plan and geometry of the KVLCC2.
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Source: Authors.

The ship under consideration is the second variant of the
MOERI tanker, the Very Large Crude Carrier (KVLCC2), a
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tanker ship with bulbous bow, U-shaped stern frame-lines and
low service speed of 15.5 kt. Being a tanker makes it very suit-
able for lightering operation study. In addition to that, KVLCC2
is a well-known hull form with abundance in experimental re-
sults of resistance and is widely used as a benchmark case for
the CFD validation.

During lightering operation, the ships are generally of the
same type but of different lengths. Therefore, two different
scaled model 1/75 and 1/106 of KVLCC2 will be used. It is
worth noting that the type and dimensions were not chosen ar-
bitrarily, but rather chosen in accordance with the models and
dimensions used in the experimental work of (de Decker B,
2006).

The hull shape of the KVLCC2, and the principles dimen-
sions and coefficients of the original, as well as the two scaled
models, are shown in Fig. 1 and Table 1, respectively.

2.2. Axis Conventions.

Two sets of parallel right-handed coordinate systems are
used, the earth-fixed coordinate system O(X, Y, Z) and two moved
coordinate systems O;(x,y, 7).

The moved coordinate system O;(x,y,z) is linked to each
ship with the x-axis pointing forward, y-axis to the port side,
and the z-axis upwards. Its origin is defined as the intersection
of the center-plane, midship plane, and water-plane.

The earth-fixed coordinate system is used to identify the co-
ordinate of COG of each ship at start time, while the moved
coordinate system will be used to define the relative position of
each ship to another one, as well as to determine the direction
of the interaction forces and moments acting on both ships.

In the comparative experimental work conducted by Decker,
z-axis was oriented downward. So, during the validation stage,
the directions of the obtained forces and moments will be cor-
rected to conform to the decker convention.

The corresponding right-handed coordinate systems and the
positive signs convention of the hydrodynamic interaction forces
and moments are shown in Fig. 2.

Figure 2: Coordinate system and signs conventions.
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2.3. The non-dimensionality.

The service ship SS and the ship to be lightered STBL will
travel in a parallel course at equal speed v without drift. The SS
is always located on the port-side of the STBL, her position is

defined by the origin location of her moving coordinate system
in the STBL moving coordinate system.

To describe the case clearly and to reduce the number of
variables associated with it, the relative position of the two ships
is defined non-dimensionally as follows:

o The non-dimensional lateral distance (17),7 = dy/Bg,,Where
dy is the lateral distance between the centerlines of the
ships, B, is the average molded breadth of the SS and
STBL.

o The non-dimensional longitudinal distance (¢),£ = 0x/Lay,
where dx is the longitudinal distance between the mid-
sections of the ships, L, is the average length between
perpendiculars of the SS and STBL.

Obviously, when the interacted ships float in symmetry po-
sition, their midship planes coincide and so the & = 0.

The hydrodynamic resistance forces F, lateral forces Fy
and the yaw moment N acting on the COG of both ships will be
presented non-dimensionally as follows:

C.=F,/(05-p-B-T-1?)

Cy=Fy/(0.5-p-Ly, TV
Cpo=M,/(05p-Ly, B-T-V)

Where, Lpp, B, T are the main dimension of STBL model,
v [m/sec] is flow velocity in model scale.

In this study, both models proceed at the same constant full-
scale speed v = 4 [Knot], the corresponding constant speed on
STBL model scale is 0.237 [m/sec], Froude number for the
STBL and SS are 0.037 and 0.044 respectively. The lateral dis-
tance 7 and the longitudinal distance & are varied systematically
so the SS covered all the possible location near the STBL. The
numerical values for all parameters are given in Table 2.

2.4. Governing Equations, Turbulence Model.

The continuity equation and the Navier-Stokes equations
are the basic equations governing fluid flow. The differential
forms of these equations are:

dp  dpu;)
htad =0
ot " ox
c')(pu,) + G(pujui) _ o a_p + @
ar ox; P8 o THaxp

Where p is the density, u is the dynamic viscosity, p is the pres-
sure, u; is the velocity vector and x; ; is the spatial vector.

Together, they form a set of coupled, non-linear partial dif-
ferential equations (PDEs), which can be solved analytically for
only a very limited number of simple cases. For complex cases,
numerical methods are used to discrete the differential equa-
tions over the studied domain, and then the resultant system of
linear algebraic equations are solved using a suitable matrix so-
lution method. The Finite Volume Method (FVM) is among the
most widely used numerical methods in fluid dynamics.
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Table 1: Main particulars of the ship models.

62

Full-scale CFD Experiments
Scale 1.000 1/75 1/106 1/75 1/106
Main particulars Original Full-scale STBL S8 STBL S8

Lpp (m) 320.0 42360 3.0190 42360 3.0190

Lwl (m) 3255 43088 3.0709 - -
Bwl (m) 58.0 0.7678 0.5472 0.7640 0.5140

D (m) 30.0 0.3971 0.2830 - -
T full (m) 20.8 0.2753 0.1962 0.2670 0.1980
Displacement (m3) 312622 0.7252 0.2625 0.6850 0.2550

S w/o rudder (m?2) 27194 4.7652 2.4205 - -
CB 0.8098 0.8098 0.8098 0.792 0.830

CM 0.9980 0.9980 0.9980 - -

LCB (%), fwd+ 3.48 348 3.48 - -

LCG (m) 11.1 0.1474 0.1051 - -

GM (m) 5.71 0.076 0.054 - -

1xx/B 0.40 0.40 0.40 - -

iyy/Lpp 0.25 0.25 0.25 - -

1zz/Lpp 0.25 0.25 0.25 - -

Source: Authors.
Table 2: Set of lateral and longitudinal distances.
E, n :
0.037 1.06 ‘ 12 ‘ 14 ‘ 1.8 -0.5 ‘ -0.3 ‘ -0.15 | 0 ‘ 0.15 ‘ 0.3 | 0.5

Source: Authors.

As it is known, turbulent flow around the ships is highly un-
steady, irregular and characterized by a wide range of different
length and velocity scales. Capturing all the turbulent scales re-
quires a very fine mesh and so a huge number of computational
cells, which consumes a lot of time and resources. To over-
come this problem, many methods were introduced to describe
the turbulent flow based on simplified assumptions as Large
Eddy Simulation (LES), Detached Eddy Simulation (DES) and
Reynolds-averaged Navier-Stokes (RANS).

RANS is the most used approach in engineering practice
nowadays. However, it is the fastest and the least consum-
ing of computational resources. According to RANS the aver-
aged continuity and the momentum equations for incompress-
ible flow are written as follows:

di;
Ox; -

D, p 0 __

E —F,'—a—xi+a—xj(7'ij—puiuj)

Where: 7;; is the viscous stress, while pu’;u’ ; is the Reynolds

stress.

The Reynolds stress term in RANS equations breaks the
system closure. Turbulence modeling is only an attempt to
close the RANS equation and to predict Reynolds stress val-
ues. In this paper, the KW-SST turbulent model with a wall
function near-wall treatment approach will be used.

3. Numerical formulation.

3.1. Computational Domain.

A box-shaped domain was chosen to conduct the entire se-
ries of simulations. The computational domain’s dimensions
were chosen according to ITTC recommendations. The com-
putational domain consists of eight boundaries: the inlet plane,
outlet plane, atmosphere plane, bottom, two side planes and two
hull surfaces. The inlet plane is located at 2L in front of STBL,
while the outlet plane is located at SL. behind it, and the domain
width is extended laterally by 2L away from the model hull.
The air and water phases are extended to a distance of 2L from
the still water-free surface.
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Figure 3: Overview of the computational domain and Grid structure around STBL and SS. (a) Computational domain. (b) Free
surface and near hull refinement. (c) Bow refinement. (d) stern refinement.
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To automate the domain creation process and minimize the
configuration time, a python tool, CreatMesh.py, was prepared
to modify the computational grid structure according to the in-
tended case. The generated 3-D multi-zone structured mesh is
divided, depending on its discretization density, into two dif-
ferent zones: fine and coarse mesh. A fine zone surrounds the
interacting hulls and forms the inner zone of the computational
domain, and a coarser one encloses the inner zone and expands
gradually away from it by 1.2 growth rate towards the domain
boundaries. A general view highlighting different zones of the
computational domains is shown in Fig. 3. Also, exactly as
in the Decker tests, the transverse location of the STBL was
in the domain’s central longitudinal plane, while the SS was
shifted in the lateral direction corresponding to the required
non-dimensional distance 1 between the center-planes of the
model hulls.

Viscous effects near walls are characterized by the non-
dimensional wall distance y* = u,y/v, where u, is the friction
velocity, y is the distance to the wall, and v is the kinematic
viscosity of the fluid. In this study, wall functions will be used
to treat the turbulent near the walls and to approximate the vis-
cous quantities in the boundary layer surrounding the hull sur-
faces. This approach of near-wall treatment allows increasing
y* value, which decreases the grid volume and minimizes the
computational time. To satisfy wall function requirements, the
first grid point must be placed in the log-law region, and thus
y* ~ 30 was desired to be achieved during the mesh stage. The
geometrical features of the model hulls were correctly captured
by snappyHexMesh with one level of refinement.

3.2. Numerical settings.

The well-known CFD packet OPENFOAM is used to sim-
ulate the turbulent viscous flow around the interacted ships and
solve the Reynolds-averaged Navier-Stokes (RANS) equations.
RANS equations are closed with the two-equations turbulence
model K-w SST. Finite Volume Method (FVM) is used to dis-
crete the flow domain into a finite number of control volumes.
The air-water interface is captured using the Volume of Fluid
(VOF) method, (Hirt and Nichols, 1981). The discretization is
performed with a linear second-order central differencing scheme
for the convection and diffusion terms.

The simulation is treated as unsteady. PIMPLE, a pressure-
velocity coupling algorithm based on the finite volume method
is used. The total time of the simulation is adjusted to 35s. Time
step is left to OPENFOAM by turning on the adjustTimeStep
option. According to ITTC recommendations about the resis-
tance computations in calm water with a low Froude number,
the maximum time step is limited to 0.02s. Three iterations for
each time step is used. According to the results reported by (Ali
and Tryaskin, 2019), turbulence intensity 7,, and eddy viscos-
ity ratio u,/u are set to 5 and 60, respectively. According to
the environment of the experimental work, the water condition
is modeled as fresh water at 17°C, the corresponding value of
density p and kinematic viscosity v are set to p = 998.8 [kg/m?]
and 1.09E7% [m?/sec], respectively.

Uniform flow velocity condition is set on the inlet, a No-
Slip boundary condition is set to the stationary hull surfaces

immersed in the viscous fluid. Pressure values on the walls
are assumed to be fixed with zero gradients. Pressure equal to
atmospheric pressure is set at the outlet of the flow domain and
appropriate wall functions for turbulent fields are set on hull
surfaces.

Computational fluid dynamics (CFD) simulations require
significant computing time along with specialized hardware.
The cost of a CFD simulation consists of computational cost
and 'man hours’. So, to reach the results within a reasonable
timeframe, CreatMesh.py Script was used to automatically ad-
just the settings and prepare the mesh according to the rela-
tive position of the studied hulls, this procedure significantly
reduced the preprocessing time to about 10 ~15 minutes. Sim-
ulations were run about one month on a cluster with totally 32
GB RAM and 120 cores. Home developed scripts were used to
extract and handle data during the post-processing stage.

3.3. Validations.

The experimental findings of Decker and Opheim for two
hulls progressing at a close lateral distance 7 = 1.2 with a con-
stant speed of 4 kt during a lightering operation in deep water,
were used as benchmarks to evaluate the CFD results. A se-
ries of successive mesh smoothing was done, and the mesh that
combines the accuracy of the results and the consumption of
time was adopted. Fig. 4 shows a comparison between CFD,
(de Decker B, 2006) and (Opheim, 2005) results.

Figure 4: CFD and Experimental results comparison for n=1.2.
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It is worth to say that both de Decker and Opheim used two
models of the same type “Tanker” and different size to inves-
tigate the influence of ship speed during lightering operations,
their independent experimental works were performed using the
facilities at Marintek, a research institute in Trondheim, Nor-
way.

Despite that both de Decker and Opheim conducted the same
tests using the same models and test facilities but the results
were clearly varied as it is shown in Fig. 4. This discrepancy in
the results can be attributed to the difference in the test setup.



R. Ali. / Journal of Maritime Research Vol XX. No. I (2023) 59-74 65

Opheim attached both models directly to the carriage and mea-
sured the forces immediately in both models, while Decker at-
tached both models to each other using a rod system and mea-
sured the forces only on the ship to be lightered. Curves in
Fig.4. Indicate that the results of the numerical simulations
have a good agreement with Decker results in values and in
the direction of influence.

4. Results

The validation presented above provides a brief view of the
hydrodynamic interactions between two ships during lightering
operations. Fluid flow characteristics around the ship hull in
the presence of another one is governed by several parameters
such as the length and area of the flow section formed between
the two ships, longitudinal distance, lateral distance, length ra-
tio, water depth etc. These parameters affect the velocity and
pressure distributions near the ships simultaneously, and so the
hydrodynamic interaction forces and moments. In this paper,
longitudinal and lateral distances will be treated independently
to ensure an exact understanding of their effects.

The details of the researched cases are presented in Table 2.

4.1. Longitudinal spacing.

4.1.1. Hydrodynamic Forces and Moment.

For a certain value of ship length ratio Lg7p./Lss = 1.4, the
flow surrounding two models, advancing in parallel at a con-
stant full-scale speed of 4kt, was simulated in deep still water
at various longitudinal and lateral distances.

Curves demonstrating the behavior of hydrodynamic force
coeflicients Cy, C, and yaw moment coefficient C, as a function
of the longitudinal distance between STBL and SS were plotted
in Fig. 5, Fig. 6 and Fig. 7.

The resistance force, F:

The resistance of the interacting ships varies depending on
their relative longitudinal position. Within the studied range of
the longitudinal distances & = —0.5 to & = 0.5, the correlation
of resistance with longitudinal position may be approximated to
a nonlinear relationship of the third degree with a peak at a for-
ward position of ¢ = +0.3. Changing the relative longitudinal
position of the ships has the opposite impact on their resistance.
Shifting the service ship SS from the rear to the front positions
leads to a decrease in the STBL resistance, while at the same
time, this action causes an increase in the SS resistance.

At any lateral distance 7, the change rate of SS resistance is
greater than the STBL. For transverse spacing = 1.2, the max-
imum and minimum values C, for SS are 0.0624 and 0.0229,
thus the relative change in SS resistance, based on the maxi-
mum value of Cy, is about 63%, while it is only 30% for STBL.
As the lateral distance ?? increases, the change rate of ship re-
sistance decreases. The relative change of STBL resistance has
a value of 30% at a transverse distance n = 1.2, while only a
26% at a transverse distance n = 1.8. Regarding SS ship, these
ratios are 63% atn = 1.2 and 39% atn = 1.8.

Figure 5: Effect of longitudinal distance on resistance coeffi-
cient C, at different values of 1 for both STBL and SS.
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Source: Authors.

The lateral force, F:

The curves in Fig. 6 indicate that each of the interacting
ships experiences attraction forces within a specific range of
longitudinal positions, while experiences repulsion forces out-
side of it.

The width of the ship’s attraction range decreases as the
lateral distance increases. The absolute value of the hydrody-
namic lateral interaction forces increases by moving away from
the ends of this range.

The boundaries of the SS and STBL attraction ranges are
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not corrosponding. It was noticed that the width of the range
of relative longitudinal positions, within which both vessels are
subjected to attraction forces, decreases as the lateral distance
n increases. It extends from ¢ = —0.4 to & = 0.42 for lateral
distance 1 = 1.2 while only from & = —0.32 to nearly ¢ = 0.28
for n = 1.4 and disappears at n = 1.8.

Figure 6: Effect of longitudinal distance on lateral force coeffi-
cient C, at different values of ) for both STBL and SS.
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The lateral force, Fy:
The curves in Fig. 6 indicate that each of the interacting

ships experiences attraction forces within a specific range of
longitudinal positions, while experiences repulsion forces out-
side of it.

The width of the ship’s attraction range decreases as the
lateral distance increases. The absolute value of the hydrody-
namic lateral interaction forces increases by moving away from
the ends of this range.

The boundaries of the SS and STBL attraction ranges are
not corrosponding. It was noticed that the width of the range
of relative longitudinal positions, within which both vessels are
subjected to attraction forces, decreases as the lateral distance
n increases. It extends from & = —0.4 to & = 0.42 for lateral
distance n = 1.2 while only from & = —0.32 to nearly &£ = 0.28
for n = 1.4 and disappears at 7 = 1.8.

Dependency of the hydrodynamic interaction forces on lon-
gitudinal distance & could be approximated in a good agreement
to a nonlinear equation of fourth degree.

The Yaw moments, N:

Within the studied range of non-dimensional longitudinal
distances &, the yaw moment influencing the service ship SS
varies linearly with the longitudinal distance. Its intensity de-
creases, and the direction of its influence is reversed at a nega-
tive longitudinal position & < 0, Fig. 7. The bow of the service
ship SS turns towards the STBL stern at the rear longitudinal
positions and rotates in the opposite direction at the forward
positions. The yaw affecting the service ship SS at the rear po-
sitions is lower compared to its values at forward longitudinal
positions.

Regarding the STBL, the dependency of the yaw moment
impacting the STBL on the non-dimensional longitudinal dis-
tance & can be approximated by a nonlinear equation of the
third degree characterized by the presence of the front and rear
peaks, corresponding to the longitudinal positions ¢ = —0.15
and £ = +0.3. The rear peak is more intensive than the front
one; the yaw decreases between them and changes its sign by
approaching forward, at a positive longitudinal position & > 0.
STBL bow turns away from the service ship SS at the rear po-
sitions while it rotates in the opposite direction at the forward
longitudinal positions.

Generally, the bow of the rear vessel is attracted towards the
stern of the front vessel, this is accompanied by a corresponding
rotation of both ships in the same direction. An exception is the
rear longitudinal position extended from & = —0.15to ¢ = 0,
where the SS and STBL rotate in opposite directions.

Zero yaw moments are not compatible. So, whatever the
longitudinal position is, one of the two interacting ships will be
subjected to yaw moments. This result remains true over the
investigated range of lateral distances.
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Figure 7: Effect of longitudinal distance on yaw moment coef-
ficient C,, at different values of n for both STBL and SS.
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The maximum values of yaw moments decrease as the lat-
eral distance 1 between the two ships increases. The range ex-
tents from & = 0 to & = 0.15 ensure relatively small yaw for
both ships, and it includes, at = 1.2, a zero-yaw moment for
STBL, which make this range suitable for conducting lightering
operations.

4.1.2. Wave Pattern.

Fig. 8 shows the effect of the non-dimensional longitu-
dinal positions ¢ on the wave pattern surrounding two inter-
acting ships. Analyzing the wave contours presented in Fig.8

indicates that as the non-dimensional longitudinal position &
changes from —0.5 to +0.5, the wave heights increase in front
of the SS and decrease behind her. This simultaneous and op-
posite change in wave heights in front and behind the SS leads
to an increase in her wave resistance. However, this change in
& has a smaller effect on the STBL wave contour.

Furthermore, the bow of the rear vessel and the stern of the
front vessel are subjected to the influence of a low-pressure
area, indicated by the trough formed between the interacting
ships, which explains the increase in the resistance of the inter-
acting ship at the forward positions compared to her resistance
at the rear positions.

4.1.3. Surface pressure.

To properly understand the mechanism of the formation of
the hydrodynamic force, its intensity, point of impact, and di-
rection of influence, it is necessary to study the pressure distri-
bution for each hull separately. Also, it is necessary to study and
compare the pressure distribution on both sides of the hull in-
volved in the case of interaction with another one. Studying the
pressure distribution only on the facing surfaces of the interact-
ing ships is not enough to properly understand the phenomenon.
For this aim, the pressure distribution over the submersed sur-
faces of the two interacting ships SS and STBL, advancing in
parallel at a lateral distance 7 = 1.2, are presented on Fig. 9 for
different values of &.

The intensity of the pressure affecting a certain surface of
the hull, the areas of the surface subjected to a certain pressure
value, the location of this surface in relation to the ship’s cen-
ter of gravity, all these factors collectively affect the resulted
hydrodynamic force and its moment.

For ¢ = 0.5, for example, the difference in pressure on
both sides of the STBL stern, in addition to the presence of high
pressure on the port side of her mid-hull, leads to the formation
of a negative hydrodynamic force. The resulted hydrodynamic
force acts in front of the STBL center of gravity and generates
a negative yaw moment that causes the STBL stern to rotate
toward the SS bow.

For position ¢ = —0.3, a positive pressure is concentrated on
the port side of the STBL mid-hull, but the surface area exposed
to negative pressure on the STBL stern port is larger, and the
pressure value on stern port is lower than on the stern starboard.
Thus, the hydrodynamic force is a positive lateral force that
acts on the rear part of the STBL hull, behind her center of
gravity. So, this lateral force generates a negative yaw moment
and causes the STBL stern to rotate toward the SS bow. The
behavior of STBL and SS for different values of £ is discussed
in the same way.

4.2. Lateral spacing.

The yaw moments affecting the interacting ships have min-
imum values within the range of longitudinal positions extends
from &= 0 to &€= 0.15 while reach critical values outside of this
range. Therefore, two different longitudinal positions outside of
this range £=+0.3 were selected to present the effect of lateral
spacing i on the hydrodynamic interaction forces and moments
as well as on the wave pattern and surface pressure distribution.
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Figure 8: Effect of longitudinal distance of SS on wave pattern at n=1.2, (¢ = —0.5 ~ 0.5).
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Figure 9: Effect of longitudinal distance on surface pressure distribution for n=1.2, (¢ = —=0.5 ~ 0.5).
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4.2.1. Hydrodynamic Forces and Moment.

The resistance force, F,:

The curves in Fig. 10 indicate that, within the studied range
of transverse distance, increasing the lateral distance 1 oppo-
sitely affects the two ships. For rear longitudinal position ¢ =
—0.3, increasing the transverse distance 7 leads to a decrease in
the STBL resistance while it leads to an increase in the SS resis-
tance. Increasing the lateral distance fromn = 1.06 ton = 1.8
causes a decrease in the resistance forces by 14% on STBL and
an increase by 13% on SS.

For front longitudinal positioning & = +0.3, the opposite ef-
fect on the resistance of the two ships remains dominant. How-
ever, increasing the lateral distance causes an increase in the
STBL resistance while causes a decrease in the SS resistance.
Increasing the lateral distance from n = 1.06 to n = 1.8 causes
an increase in the resistance forces by 8% on STBL and a de-
crease by 28% on SS.

The lateral force, F:
The Cy curves of STBL show that as the lateral distance
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n decreases, the repulsion forces gradually decrease and turn
into attraction forces. Curves show a noticeable change in the
intensity of the attraction forces in the range n = 1.2 ton =
1.06. In this range attraction forces increases at rear positioning
¢ = —0.3 while decease at forward positioning & = +0.3.

However, more points are required to accurately define the
behavior of attraction forces in this range. Forces affect SS ex-
hibit a same behavior.

The Yaw moments, N:

The curves in Fig. 12 show that both ships, STBL and SS,
rotate in the same direction regardless of whether the longitu-
dinal position is &€ = —0.3 or ¢ = 0.3. Generally, the yaw mo-
ments affecting both ships decrease as the transverse distance 5
between their centerlines increases. This is clearly shown at the
rear position & = —0.3, but for the forward position & = 0.3, a
noticeable change in STBL yaw behavior is observed within the
range 7 = 1.06 to n = 1.2. Adjusting the yaw behavior within
this range requires more points.
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Figure 10: Effect of lateral distance on resistance coefficient C,
at different values of & for both STBL and SS.
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4.2.2. Wave Pattern.

The presence of ships close to each other leads to a decrease
in the height of the waves between them, which forms a trough
that connects the opposite surfaces of the two interacting ships.
As the transverse distance between the two ships increases, the
height of this trough decreases, indicating an increase in pres-
sure, which in turn leads to an increase in the resistance of the

rear ship and a decrease in the resistance of the front ship, Fig.
13.

4.2.3. Surface pressure.

Fig. 14 shows the change in pressure with increasing trans-
verse distance 1 at two values of the longitudinal position & =
—0.3and £ =0.3.

For ¢ = —0.3, reviewing the pressure distribution on STBL
surface at n = 1.06 show that the surface area exposed to the
negative pressure is greater on the STBL port side than on star-
board side, and its intensity is also higher, which makes the
STBL subjected to a positive hydrodynamic force. As the trans-
verse distance 1) increase, the pressure intensity on the STBL
port side (both positive and negative) decreases and therefore
the pressure difference between port and starboard surfaces de-
creases, which explains the resulted decrease in the lateral hy-

Figure 11: Effect of lateral distance on lateral force coefficient
C, at different values of & for both STBL and SS.
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drodynamic force. The effect of lateral distance on pressure
distribution on SS and STBL surfaces at & = 0.3 is discussed in
the same way.

Conclusions.

The bow and stern of the ship are surrounded by two high-
pressure areas, while each side of the parallel body of the ship
advancing in calm weather conditions is surrounded by a low-
pressure area. These areas are considered distinctive signs of
flow around the hull of the ship. As the non-dimensional lon-
gitudinal position of the interacted vessels changes, these pres-
sure areas overlap with each other and therefore their distribu-
tion around the body differs causing a difference in the flow ve-
locity between the port and starboard sides of the hull for each
ship, which leads to changes in the values and directions of the
hydrodynamic forces and moments.

OPENFOAM, an open-source CFD packet was used to sim-
ulate the hydrodynamic interaction forces and moments affect-
ing during lightering operation between two KVLCC2 hulls ad-
vancing at low Froud number in deep water and calm weather
with the same speed. RANS method was used for turbulence
modeling, k-w SST turbulent model was used to close RANS
equations.
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Figure 12: Effect of lateral distance on yaw moment coefficient
C, at different values of & for both STBL and SS.

——— STBLZ_-0.3 S5 7_-0.3
0.00
10 » o 1.6 1.3
0.01
5 0.02
0.03
0.04
n
—@— STBLZ 0.3 $57.0.3
0.014
0.012
0.010
0.008
0.006 -9
0.004
1.0 1.2 1.4 1.6 8

Source: Authors.

A series of systematic computations were performed to in-
vestigate the influence of the relative longitudinal and trans-
verse distances on the hydrodynamic interaction forces and mo-
ments. Numerical results were validated by experimental re-
sults. The changes in the hydrodynamic forces and moments
as a function of the longitudinal and transverse spacing were
simulated and analyzed.

A noticeable change in the hydrodynamic forces and mo-
ments was observed within the range of the lateral distances
n = 1.06 to n = 1.2. Adjusting the hydrodynamic behavior
within this range requires more points and thus additional sub-
sequent investigation is required.

The following results were obtained for ship length ratio
1.4, and longitudinal distances ¢ = —0.5 to & = 0.5.

Longitudinal spacing:

F: There is no ideal longitudinal location for the ship’s
resistance since altering the longitudinal position oppositely af-
fects the resistance of the interacting ships. The service ship
SS is more influenced by altering the longitudinal position than
the ship to be lightered STBL. The interacting ship has a lower
resistance when she is located at rear positions than at front po-
sitions, whatever she is “SS” or “STBL".

F: The intensity and direction of the lateral hydrodynamic
force exerted on each ship change as the longitudinal position
varies. The interacting ships experience maximum attraction
force at longitudinal position ¢ = 0. Each ship has a range
of longitudinal positions; within it, the ship is subjected to an
attraction force, while outside of this range, she is subjected
to a repulsion force. As the non-dimensional lateral distance
n increases, the width of the attraction range decreases until it
vanishes.

The boundaries of the attraction ranges of the interacting
ships are not corresponding. The range of longitudinal posi-
tions where both ships are subjected to attraction forces disap-
pears at lateral distance n = 1.8.

N: Zero yaw moments of the interacting ships are not cor-
responding. Therefore, whatever the longitudinal position, at
least one of the interacting ships will be subjected to yaw mo-
ment. The bow of the rear vessel is attracted towards the front
vessel stern; this is accompanied by a corresponding rotation
of both ships in the same direction. An exception is the rear
longitudinal position extended from ¢ = —0.15 to € = 0, where
the SS and STBL rotate in opposite directions. Yaw moments
of both ships decrease as lateral distance increases.

Lateral spacing:

F,: Changing the lateral distance differently affects the re-
sistance of the interacting ships, both at front and rear longitu-
dinal positions. For rear positions of SS, increasing the lateral
distance will increase her resistance while decrease the STBL
resistance. An opposite interaction will occur when SS is lo-
cated at front longitudinal positions.

F,: Decreasing the lateral distance between the interacting
ships will turn the repulsion forces into attraction forces. The
attraction force increases as the lateral distance decreases.

N: Lateral distance has a similar effect on the yaw moments
of the interacting ships, both at front and rear longitudinal po-
sitions. Increasing lateral distance will decrease yaw moments
of both STBL and SS.

Nonetheless, these results must be interpreted with caution
and a possible primary limitation should be borne in mind. The
ship length ratio has a major effect on the velocity and pressure
field distribution around the interacting ships, and so, on the
wave pattern and boundary layer characteristics. Therefore, the
effects of this factor on the interacting ships during lightering
operation could be addressed in future research.
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Figure 14: Effect of lateral distance on surface pressure distribution. (a) é= —0.3. (b) £= +0.3.
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