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This paper examines the hydrodynamic interaction coefficients for added mass and damping of multiple
arbitrarily shaped three-dimensional (3-D) bodies floating freely in close proximity to one another. Nu-
merical simulations were performed using Hydrostar, a commercial hydrodynamic software developed
by Bureau Veritas. Initially, the simulations were carried out for a box-cylinder model and a modified
Wigley-rectangular barge model. The simulation results for the hydrodynamic interaction coefficients
were validated by comparing them with published results and the agreement was found quite satis-
factory. Subsequent simulations were conducted for an array of identical truncated composite circular
cylinders floating vertically in regular waves, positioned close to each other. During the computa-
tion of the hydrodynamic interaction coefficients for this multi-body configuration, both the number of
cylinders in the array and the gap width between them were varied. The study also investigated the oc-
currence of hydrodynamic resonances in the gaps between the floating bodies and the presence of sharp
spikes in the results of the diagonal and cross-coupling interaction terms. Finally, some conclusions
were drawn based on the findings of the analysis.

1. Introduction.

In offshore engineering, numerous applications involve two

by the presence of nearby structures. Additionally, the gaps
between them influence wave forces and the motion responses
of the bodies. To ensure the safety and optimal performance of

or more floating structures operating in close proximity within
harsh ocean environments. Examples include very large float-
ing structures, mobile offshore drilling units, floating bridges,
arrays of floating offshore renewable energy platforms, offshore
float-over installations, floating platforms supported by multi-
ple vertical columns, and loading/offloading operations for LNG-
FPSO systems.

In fact, when multiple floating bodies are positioned close
together in waves, each body is affected by interactions caused
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such a multi-body floating system, it is essential to investigate
the characteristics of the hydrodynamic interaction coefficients
of these structures.

The hydrodynamic interactions between multiple floating
bodies have been reported by many researchers. Oortmerssen
[1] used the 3-D linear diffraction theory to solve hydrody-
namic interaction problem for multiple floating bodies. Goo
and Yoshida [2] used combined source distribution method and
an interaction theory for predicting the wave forces on multi-
ple 3-D bodies of arbitrary shape freely floating in waves and
the resultant motion response of the multiple bodies. Inoue and
Ali [3] applied 3-D source distribution technique to compute
motion responses and drift forces for multiple floating bodies
in frequency domain and time domain simulations. Hong et al.
[4] used a higher-order boundary element method (HOBEM)
to predict motion and drift force of side-by-side moored LNG
FPSO and LNGC. Molin et al. [5] carried out model tests
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with two side-by-side rectangular barge models and measured
the free surface elevations at different locations along the gap.
Sayeed [6] conducted both experimental and numerical investi-
gation to study the hydrodynamic effects on small ice masses.
Ghafari et al. [7] studied the hydrodynamic interactions in fre-
quency domain and time domain for Amirkabir semi-submersible
and a Mono column FPSO floating platform in Caspian Sea
Conditions. Fenerci et al. [8] examined the hydrodynamic in-
teraction effects among the pontoons of a floating bridge. Liu
etal. [9] utilized the Reynolds-averaged Navier-Stokes (RANS)
method, and the hydrodynamic interference between two KRISO
Container Ships (KCS) operating in still water was investigated.

This paper investigates the hydrodynamic interaction co-
efficients for added mass and damping of multiple arbitrarily
shaped 3-D bodies floating freely in close proximity to one an-
other. Numerical simulations were performed using Hydrostar,
a commercial hydrodynamic software developed by Bureau Ver-
itas. Initially, the simulations were carried out for a box-cylinder
model and a modified Wigley-rectangular barge model. The
simulation results for the hydrodynamic interaction coefficients
were validated against the published results and the agreement
was found quite satisfactory. Subsequent simulations were con-
ducted for an array of identical truncated composite circular
cylinders floating vertically in regular waves, positioned close
to each other. During the simulations of this configuration, both
the number of cylinders in the array and the gap width between
them were varied. The study also investigated the occurrence
of hydrodynamic resonances in the gaps between the floating
bodies and the presence of sharp spikes in the results of the di-
agonal and cross-coupling interaction terms.

2. Mathematical Formulation of the Problem.

2.1. Assumptions and coordinate systems.

Consider an array of ’m’ number of 3-D bodies of arbi-
trary shape, oscillating sinusoidally in close proximity with the
waves in water of uniform depth. The amplitudes of the motions
of the bodies and waves are assumed to be small, whereas the
fluid is supposed to be homogeneous, incompressible, inviscid
and the flow is irrotational. Two coordinate systems, a global
coordinate system (Og — X Y9Z,) which is fixed in space and lo-
cal coordinate systems (O; — X1Y1Z,),(0> = XoY2Z5) ... .. -
(O — X;nYimZ,,) which are fixed with respect to the mean posi-
tion of each body floating freely close to each other, is shown
in Fig. 1. The origin of each coordinate system is placed on
a calm water surface and the z-axis is positive vertically in the
upward direction.

2.2. Velocity Potentials.

In regular waves a linear potential (), which is a function
of space and of time, can be written as a product of space-
dependent term and a harmonic time-dependent term as fol-
lows:

0(x,y,z;1) = Re[@ (x,y,2) .e (1)

Figure 1: Definition of coordinate system for multiple floating
bodies in waves.
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where ¢(x, y, z) is time independent quantity and the poten-
tial function ¢(x, y, z) can be separated into contributions from
all modes of motion of the bodies and from the incident and
diffracted wave fields as follows:

6

6
¢ =—iw|(po+¢7) du + Z 77_}«,0} +oeet Z el ()
=1 =

where ¢ is the incident wave potential, ¢7 is the diffraction
wave potential, tp} represent potentials due to motion of body
1 in the j-th mode, ¢’ represent potentials due to motion of
body m in the j-th mode i.e., radiation wave potentials, 77}. is the
motion of body 1 in j-th mode, 77’].” is the motion of body m in
J-th mode and ¢, is the incident wave amplitude. The incident
wave potential can be expressed as:

g cosh[k(z + h)]
coshkh ¢

where § is the angle of incident wave relative to the posi-
tive x-axis, & is the depth of water, g is the acceleration due to
gravity and k is the wave number. The individual potentials are
the solutions of Laplace equation and they need to satisfy the
boundary conditions. According to the 3-D source distribution
method, the potentials ¢7 and cp’]’.’ can be expressed in terms of
well-known Green functions and as a result, boundary condi-
tions are reduced to only on the wetted surfaces of the bodies
[12].

ik(xcosp+ysinf3)
-5 3)

(2]

2.3. Source density and Green’s function.

The potential function at some point (x, y, z) in the fluid re-
gion in terms of source distribution can be written as:

1
— [[o™E&n. O G(x,y, 60,0 dS
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where G(x,y,z;&,n,{) denotes the Green’s function of a
source, singular in (¢, 7, {) and 0"/’.1 (&,7,¢) is the complex source
strength. Since Green’s function satisfies the boundary condi-
tions, applying the kinematics boundary condition on the im-
mersed surface yields the following integral equation:

ogi(x.y,20) 1
T e

I ?
o [ oEn05-Glay.z 5)
g Sff 7€ .05 Gy, z£.1.0)dS
J=(1,2,3,....,7)

2.4. Hydrodynamic Interaction Coefficients.

Based on the linearized Bernoulli’s equation, the hydrody-
namic pressure distribution can be calculated by the following
equation,

oo
p = —.03—
= pw’ ij(900 oo+ X e+ DS | e
(6)
Hydrodynamic reactive forces in the k-th mode on body *m’
can be written as follows:

6
FI' = —pwze-"wfz f f ) [¢}q}+...¢';’ ;”]nkmdS @)
<

The reactive forces can be thought of having one component
in phase with the body acceleration and another in phase with
body velocity as follows:

Fy=- (akjﬁii'i'bkjn.j) = (wzak.j + ia)bkj) nje*iwt ®)

Upon equating the real and imaginary parts of equations
(7) and (8), the added mass and damping coefficients due to
own body motion and due to other body motion i.e., interaction
coeflicients can be written as presented in Table 1:

Table 1: Hydrodynamic Interaction Coefficients.

Added mass coefficient Damping coefficient

ay* = —Re [p J:" (p}‘nkmds] bt = —Im [pw J] (,a}’nﬂ‘dj‘]
sm sm

agj* = —Re [p J] (p}”nﬁdS] bt = —Im [pm JT (p}"nﬂd.‘_’f]
5“ .‘;“

Source: Authors.

where a’,gﬂ and b’,f]f’ are the added-mass and damping coeffi-
cient respectively in the k-th direction of m-th body due to j-th
mode of motion of n-th body.

According to Dmitrieva [10], for multi-body motions the
hydrodynamic interaction coefficients satisfy the symmetry re-
lationships, i.e.,

ak’”; = a?,’{" ©)]
bZ'j” = b;’,t" (10)

3. Results and Discussions.

Numerical simulations were performed using Hydrostar, a
commercial hydrodynamic software developed by Bureau Veri-
tas. Initially, the simulations were carried out for a box-cylinder
model and a modified Wigley-rectangular barge model. The
simulation results for the hydrodynamic interaction coefficients
were validated by comparing them with published results and
the agreement was found quite satisfactory. Subsequent simu-
lations were conducted for an array of identical truncated com-
posite circular cylinders floating vertically in regular waves, po-
sitioned close to each other. During the simulations for this
configuration of multi-bodies, both the number of cylinders in
the array and the gap width between them were varied. The
study also investigated the occurrence of hydrodynamic reso-
nances in the gaps between the floating bodies and the presence
of sharp spikes in the results of the diagonal and cross-coupling
interaction terms.

3.1. Rectangular Box and Vertical Cylinder Model.

To study the characteristics of hydrodynamic interaction co-
efficients for multiple floating bodies, numerical computation is
initially carried out for a vertical cylinder (body 1) and a rect-
angular box (body 2) model freely floating in close proximity
in regular waves [10]. The vertical cylinder is 95.8 m in diam-
eter and 30.0 m in draft, whereas the rectangular box is 109.7
m in length, 101.4 m in breadth and 30 m in draft. The wetted
surfaces of the vertical cylinder (body 1) and the rectangular
box (body 2) are divided into 1034 and 2240 panels respec-
tively. The 3-D mesh arrangements and the plan view of the
box-cylinder model in side-by-side configuration are presented
in Fig. 2(a) and 2(b) respectively.

Numerical simulations are conducted for the gap width of
50.0 m between the two bodies floating in water of 220 m in
depth. The hydrodynamic interaction coefficients of added mass
and damping for surge and heave are non-dimensionalized by
dividing with p,V and pZ,V \/ﬁ respectively and the wave
frequency is non-dimensionalized by multiplying with \/7 ,
where the characteristics length /is 101.4 m.

Figs. 3(a) and 3(b) show the results of diagonal terms (surge-
surge) of non-dimensional hydrodynamic interaction coefficients
for added mass ''a}, and *?a}, of the body 1 (cylinder) and
body 2 (box) due to their own motion for surge mode. Figs. 4(a)
and 4(b) on the other hand, present the results of cross-coupling
(surge-heave) non-dimensional hydrodynamic interaction co-
efficients for added mass *'a;; and '*aj; damping *'b;, and
12p*.of body 1 (cylinder) and body 2 (box) due to the motion
of other bodies and vice versa. The present numerical results
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Figure 2: (a) 3-D view of mesh arrangements and (b) Plan view
for box and cylinder model.
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Source: Authors.

are compared with the numerical and experimental results of
Oortmerssen [10]. As can be seen from these figures, that the
agreement between the calculated results are quite satisfactory,
however the agreement with the experimental results present
some deviations. Moreover, figures 4(a) and 4(b) demonstrate
that the symmetry relationships exist for hydrodynamic interac-
tion coefficients.

3.2. Modified Wigley and rectangular barge model.

The second multi-body problem selected for the present study
is a modified Wigley (Ship-A) and a rectangular barge model
(Ship-B) [11]. The principal dimensions of these floating bod-
ies are presented in Table 2. For numerical simulations, the
wetted surfaces of Ship-A and Ship-B are divided into 480 and
608 panels respectively, as shown in Fig. 5. During the sim-
ulations of this configuration, the water depth is taken as 7.00
m. Figs. 6(a) and 6(b), present the hydrodynamic interaction
coeflicients for added mass and damping for this model when
the separation distance between them is 1.797m. The present
numerical results are compared with the numerical and exper-
imental results of Kashiwagi et al. [11]. As can be seen from
these figures, that the agreement between the present and pub-
lished results are quite satisfactory.

Figure 3: Hydrodynamic interaction coefficients for floating
box and cylinder model.
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3.3. Array of Truncated Composite Cylinders.

The third multi-body model selected for the present study
is an array of identical truncated composite circular cylinders
freely floating vertically close to each other in regular waves.
The wetted surfaces for each of the composite cylinders are di-
vided into 1566 panels and the 3-D view of the mesh arrange-
ments of an isolated cylinder is shown in Fig. 7. The top di-
ameter, base diameter and total draft of each cylinder are 16.5
m, 27.0 m and 21.5 m respectively. The center of gravity of
each cylinder is considered at 15m below the free water sur-
face and the depth of water is 100m. The schematic view of
an array of equally-spaced 5 identical cylinders (Sbody case) is
shown in Fig. 8, where the center to center distances between
adjoining cylinders are 54m. For numerical simulations, four
different cases namely 1body (body 1 only), 2body (bodyl and
body?2 only), 3body (body1, body2 and body3 only) and Sbody
(body1, body2, body3, body4 and bodyS5) are considered. The
gap width between these equally-spaced cylinders is varied as
27 m, 54 m and 81 m.
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Figure 4: Hydrodynamic interaction coefficients for floating
box and cylinder model.
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Table 2: Principal dimensions of Wigley-barge model.

tions become more and more prominent as the number of bodies
in the array is gradually increased. The interaction effects are
almost absent (weak) for lower frequency range (w* < 1.0).

Figure 5: 3-D view of mesh arrangements for a modified
Wigley and rectangular barge model.

Source: Authors.

Figure 6: Hydrodynamic interaction coefficients for a modified
Wigley and rectangular barge model.

Wigley hull {s =1.797 m)

Parameters Modified Rectangular
wigley model barge
Length 2.00m 2.00m
Breadth 0.30m 0.30m
Draught 0.125m 0.125m
Waterplane area 0.416 m? 0.600 m?
Displacement 0.04205 m?® 0.075 m?

Source: Authors.

The non-dimensional hydrodynamic interaction coefficients
are shown in Table 3 and the numerical results are presented
against non-dimensional wave frequency (w* = w \/%), where
the characteristics length, I = 27.0 m. Figures 9(a)-9(f) show
the results of diagonal terms (11, 33 and 55) for surge, heave
and pitch mode of non-dimensional hydrodynamic interaction
coefficients of added mass and damping. And the figures dis-
play only body1 results for 1body, 2body, 3body and Sbody
cases for a fixed gap of 27m between adjoining cylinders. It
is clearly evident from these figures that hydrodynamic interac-
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Figure 7: 3-D view of the mesh arrangement of an isolated com-
posite cylinder.
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Table 3: Definition of non-dimensional hydrodynamic interac-
tion coefficients.

Added mass Damping Mode
* akj bkj k :)" =1
Ay = —¢ bpi = ——— o B
PéaV K fayl X=J=3
. Ay by
AQyi=——=5 bf,=— " _
TR e o KIS
o oo Ok X by i ke=1,j=5
G =orwi by=——"=— k=3j=5
Pla PGVl g/l !

Source: Authors.

For surge added mass and damping results, i.e., Figs. 9(a)
and 9(b), strong interaction is observed with spikes and rapid
fluctuation within a frequency range of (1.0 < w* < 2.5). On
the other hand, interaction effect is weak for heave mode as dis-
played in Figs. 9(c) and 9(d). For pitch added mass and damp-
ing results, i.e., Figs. 9(e) and 9(f), strong interaction is ob-
served with spikes and fluctuations for higher frequency range
(w* > 1.0). Moreover, a noticeable sharp spike appears for
surge and pitch damping at w* = 1.65, which may be attributed
due to resonance of water within the gap.

Figures 10(a)-10(f) also present the results of diagonal terms
(11, 33 and 55) for surge, heave and pitch mode of non - dimen-
sional hydrodynamic interaction coefficients of added mass and
damping. In this case, the figures give only body1 results due to
its own motion within an array of 5 bodies (5body case) for the
gap widths of 27m, 54m and 81m between adjoining cylinders.

Figure 8: The schematic view of an array of equally-spaced 5
identical cylinders (5Sbody case).

S4m 54m

(b)

Source: Authors.

Figure 9: Hydrodynamic interaction coefficients for array of
identical freely floating circular cylinders for surge, heave and
pitch mode.

0] ®
Source: Authors.

It is evident from these figures that strong hydrodynamic
interactions occur as the gap width is reduced in the array. Sim-
ilar to the previous results, the interaction effects in this case are
also almost absent (weak) for lower frequency range (w* < 1.0).
For surge added mass and damping results, i.e., Figs. 10(a) and
10(b), strong interaction is observed with spikes and rapid fluc-
tuation within a frequency range of (1.0 < w* < 2.5). On the
other hand, interaction effect is weak for heave mode as dis-
played in Figs. 10(c) and 10(d). For pitch added mass and
damping results, i.e., Figs. 10(e) and 10(f), strong interaction
is observed with spikes and fluctuations for higher frequency
range (w* > 1.0). Similar to Figs 9(b) and 9(f), noticeable
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sharp spike appears for surge and pitch damping at w* = 1.65.

Figure 10: Hydrodynamic interaction coefficients for an array
of identical freely floating circular cylinders for surge, heave
and pitch mode.
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Figs. 11(a)- 11(f) display the cross-coupling term (13, 35
and 15) results of hydrodynamic interaction coefficients. The
gap width between the array members is fixed at 27m for 2body,
3body and 5body cases. Unlike the results for diagonal terms,
the cross-coupling term results are not affected significantly as
the numbers of cylinders are increased in the array. Moreover,
the numerical results clearly exhibit that the symmetry relation-
ships exist for hydrodynamic interaction coefficients.

Observing the numerical results presented in Figs. 9, 10
and 11, one can find some characteristics trends for hydrody-
namic interaction coefficients among the members in the array
of floating cylinders. Spikes and rapid fluctuations are present
in most of the curves while comparing to that of an isolated
cylinder (1 body) results. One of the probable reasons might be
the presence of surrounding bodies as well as their sheltering
effect on body1 within the array for which most of the results
are presented. The other reason might be the existence of pis-
ton mode and sloshing modes of the water body in-between the
floating cylinders [5]. The oscillating local peaks in the co-
efficients at certain frequencies indicate resonances occurring
between the members in the array. And the numerical compu-
tations show that the non-dimensional resonance wave frequen-
cies (w*) appears around \nm where, (n=1,2,....,00) with a
corresponding frequency shift for different array configurations

[5]. Using this simplified formulations the estimated lowest
two mode of non-dimensional resonance frequencies (w*) are
found as 1.77 and 2.50 for n = 1 and n = 2 respectively. Using
the simplified formulations of Thus, the location of resonance
frequencies and the characteristics of numerical results for hy-
drodynamic interaction coefficients will depend on the complex
geometry of the composite cylinders as well as the gap in be-
tween these floating bodies.

Figure 11: Hydrodynamic interaction coefficients for an array
of identical freely floating circular cylinders for surge, heave
and pitch mode.

() ®
Source: Authors.

Conclusions.

Based on the 3-D source distribution method, a commercial
hydrodynamic software, Hydrostar has been adopted to study
the hydrodynamic interaction coefficients of added mass and
damping for an array of identical truncated composite circular
cylinders freely floating vertically close to each other in reg-
ular waves. Hydrodynamic interaction effects are very weak
at lower frequency range (w* < 1.0). For a fixed gap width,
hydrodynamic interactions become more and more prominent
as the number of bodies in the array is gradually increased.
For a particular array of floating bodies, as the gap widths be-
tween the members are gradually decreased, spikes with higher
magnitude appear in the numerical results. As the number of
bodies in the group is increased the influence of hydrodynamic
interaction coeflicients for diagonal terms are affected signifi-
cantly, however for cross-coupling terms the influence is very
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weak. Resonance phenomenon may be attributed for the pres-
ence of sharp spikes in the computed results. The symmetry re-
lationship exists for the hydrodynamic interaction coefficients
of added mass and damping for floating multi-body problem.
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