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a  b  s  t  r  a  c  t

The  performance  of a  time  domain  Rankine  panel  method  applied  to the  seakeeping  problem  of two  ships
in  side-by-side  configuration  is investigated  in  this  article.  Benchmark  data  for  the numerical  results  are
provided  by  fundamental  seakeeping  tests  carried  out in  the  towing  tank  of  the CEHINAV-Technical
University  of Madrid.  The  multi-body  system  was  composed  by a barge  and a  prismatic  geosim,  which
were  subjected  to regular  head  waves  in  two  different  gap  distances.  The  motions  of  the  geosim  model
were  restricted  to surge,  heave  and  pitch,  whereas  the  barge  model  was  kept  fixed.  This  set-up  was
adopted  so  as  to  guarantee  that  the  gap  width  remained  constant  during  the  tests,  providing  a  favorable
situation  for  the  numerical  modeling  of  the  system.  Comparison  between  measurements  and  numerical
results  illustrates  the  limitation  of  potential  flow  solvers  concerning  the modeling  of  this  hydrodynamic
problem.  Numerical  wave  resonance  in  the  gap  led to  wave  elevations  and  body  motions  much  larger
than  those  observed  during  the  tests.  In  addition,  the  time  domain  method  also  presented  convergence

problems  for a  range  of frequencies  associated  to  the  gap  resonance  phenomenon.  In order  to  overcome
these  problems,  an  external  damping  factor  was  introduced  in  the  time  domain  simulations,  bringing  a
significant  improvement  to  the  numerical  convergence  of the  method.  Moreover,  despite  the  simplicity
of  the  damping  model  adopted,  the  results  showed  that  this  technique  was  indeed  able  to improve  the
computational  predictions,  leading  to a  closer  agreement  between  the  experiments  and  the  numerical
results.
. Introduction

The hydrodynamic interaction of two vessels in a side-by-side
rrangement is currently receiving substantial attention due to
ts practical application in the offloading process involving the
o-called FLNG (Floating Liquefied Natural Gas) units and LNG (Liq-
efied Natural Gas) carriers. As a result, much attention has been
iven to the analysis of multi-body interaction effects with regard
o the prediction of risk of collision between the vessels [1]. In this
egard, the correct modeling of the fully coupled dynamics of this
ulti-body problem and also the prediction of the vessels relative
otions are important aspects when planning of such a complex

peration [2]. Indeed, this analysis must also be taken into account
n the design of a mooring system for this kind of operation [3].

Wave resonant effects in the gap is one of the challenging prob-

ems in the hydrodynamic modeling of two bodies arranged in a
ide-by-side configuration. These resonances create different mode
hapes of wave elevation in the gap at each associated resonant
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frequency, which is a behavior quite similar to the one that takes
place in moonpools [4]. The three basic modes are normally referred
to as the piston mode, longitudinal and transversal sloshing. An
approximation formula for the estimation of these frequencies in
open boundaries may  be found in [5]. A comprehensive numerical
investigation with the purpose of studying the different resonant
frequencies and modes is given by Sun et al. [6].

Occurrence of gap wave resonant effects in problems involv-
ing bodies arranged in side-by-side has already been observed
by several authors (see for instance [7–9]). Although, in reality,
resonant effects in the wave height may  occur in the gap, they
are largely dampened by viscous effects and, therefore, the con-
ventional potential flow methods are known to over-estimate the
hydrodynamic forces, the wave elevation in the gap and conse-
quently the body motions. This occurs because these methods are
unable to model the viscous effects, namely skin friction and flow
separation on the hull side, that are deemed important, especially
the latter, for the flow in the small gap between the hulls [10,11].
CFD applications for dealing with the viscous effects in this
resonant problem are certainly envisaged, but, to this moment,
the high computational effort they demand still renders these
applications infeasible for practical engineering purposes. For this
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Fig. 1. Barge geometry and main dimensions in meters.
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Fig. 4. Models positions in relation to the towing tank walls. Dimensions in meters.
Fig. 2. Geosim geometry and main dimensions in meters.

eason, mixed approaches combining the benefits provided by vis-
ous and potential flow solvers may  be considered as a promising
lternative to handle the problem. Kristiansen and Faltinsen [12]
pplied this methodology in a two-dimensional numerical wave

ank with a floating body. Elie et al. [13] presented numerical results
omputed with their three-dimensional SWENSE (Spectral Wave
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Fig. 3. Details of the geosim geometry and main dimensions in meters.
Fig. 5. General view of the models positioned in the tank.

Explicit Navier–Stokes Equations) numerical method for two  side-
by-side fixed barges in different regular waves incident angles.

However, for the time being, computational methods most often
applied to model the side-by-side problem are based on the poten-
tial flow theory, in which suppression methods to deal with the
resonant problems are used as an attempt to better reproduce the

physics of the phenomenon. In the context of linear frequency
domain diffraction/radiation codes, Huijsmans et al. [7] imposed
a no flux vertical condition by applying a rigid lid along the gap

Fig. 6. Wave probes arranged along the gap centerline.
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ength. Newman [14] improved the lid method using the gener-
lized mode technique with a set of basis functions composed of
hebyshev polynomials. This method allows wave motion in the
ap, in which the wave elevation is controlled by imposing damping
actors for each generalized mode.

In a different approach, Chen [15] formulated a suppression
ethod, namely the damping lid method, introducing a damping

orce directly into the conventional free surface boundary condi-
ions. A major advantage of this method is that only one value of
amping factor is needed. A first attempt for applying this method
s presented in Fournier et al. [16], where comparisons between
umerical and experimental results, for a FSRU (Floating Storage
nd Regasification Unit) and a LNG carrier positioned in side-by-
ide, attested that the method was effective in attenuating the wave
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Fig. 8. Case 1: Comparison between WAMIT  numerical data and experimental va
body model. Dimensions in meters.

elevation in the confined zone, which consequently led to a better
reproduction of the first order motions and drift forces. Following
the same approach, Pauw et al. [17] applied the damping lid method
for the investigation of resonant effects considering LNG carriers in
side-by-side. Experimental tests were conducted considering only
one ship model, which was positioned at half-gap width from the
lateral tank wall. Results were discussed in terms of wave eleva-
tion in the gap, motion RAOs (Response Amplitude Operators) and
wave drift QTFs (Quadratic Transfer Functions). The authors con-
cluded that the damping factor has a much greater effect on the

drift forces than on the first order quantities and that an unique
value of damping parameter was  not enough to provide a full agree-
ment with the test data. Furthermore, a slight frequency shift in
wave elevations and vessels motions between measurements and
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WAMIT with walls
WAMIT without walls
Experimental

lues in terms of heave (top) and pitch (bottom) RAOs. Gap  width = 0.05 m.
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ig. 9. Case 1: Comparison between WAMIT  numerical data and experimental value
ap  width = 0.05 m.

iffraction results was observed. Bunnik et al. [18] overcame this
nconsistent frequency shift problem by applying the damping lid
echnique not only in the gap but also inside the hulls, in order
o remove the so-called irregular frequencies (those generated by
he spurious numerical solution of internal problems inside the
ulls). In fact, the authors have shown that such inconsistency of the
umerical scheme was related to the rigid lid imposed inside the
odies to remove the irregular frequencies of the solution, which
as introducing a strong grid dependence into the computations.

Hong et al. [19] presented a study comparing the performance of
 discontinuous HOBEM with a wetted surface damping condition
nd a constant BEM combined with a damped free surface condition
n predicting first-order solutions and repulsive drift forces of two
dentical caissons in side-by-side. Results showed that both meth-
ds were effective for damping the first-order quantities associated
o the first gap resonant frequency. Concerning the second-order
rift forces, a better prediction of available experimental data was
chieved by using the HOBEM with a tuned wetted surface damping
arameter.

Clauss et al. [20] compared numerical and experimental results
onsidering a barge-LNG carrier system and found numerical res-
nance peaks in the heave RAO, but not in the wave elevation

nside the gap. In contrast with the majority of the previous

orks, they concluded that no external damping was neces-
ary for modeling the wave elevations observed in the gap. This
ort of discrepancy found among recent works on the theme
rms of wave elevations RAOs in different points positioned along the gap centerline.

emphasizes that additional systematic studies are still needed for a
more comprehensive understanding of the flow phenomena and
the performance of the computational techniques available for
modeling them.

The analysis of multi-body hydrodynamic interactions have also
being studied in time domain [21,2,22,23]. This approach is often
used when the fully-coupled analysis involving not only the bodies,
but also the mooring lines and fenders must be assessed, a situation
in which a time domain approach must be necessarily applied. All
these works, however, were based on the use of Cummins’s equa-
tions [24], in which frequency domain hydrodynamic coefficients
are used as input data for the time domain calculations.

An alternative approach is to treat the hydrodynamic problem
directly in time domain. Kim and Kim [25] applied a time domain
boundary elements method for studying the motion responses of
adjacent vessels. They reproduced the resonant modes but did not
make any attempt to suppress the resonant effects. Although the
authors presented only linear results, the method can be extended
to nonlinear problems by considering the nonlinear restoring and
Froude–Krylov forces. Applications of time domain codes to side-
by-side problems, including nonlinear results, were also presented
by Yan et al. [26] and Hong and Nam [27]. In the latter, a poor

convergence on the time series of the second order sway forces
was observed for resonant frequencies. These studies were based
on the finite element method technique and also disregarded any
sort of artificial damping in the gap.
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Fig. 10. Case 2: Comparison between WAMIT  numerical data and experim

Although the number of studies related to the application of
ime domain hydrodynamic solvers is still small in comparison to
he conventional frequency domain method, it does represent a
romising approach for the seakeeping analysis of fully coupled
ulti-body systems comprised by floating bodies, mooring lines,

enders etc. Nevertheless, the performance of suppression methods
odeled in time domain potential flow solvers is a topic that still

equires further investigation.
With this in mind, this paper discusses the performance of a time

omain Rankine panel method (TDRPM) applied to a multi-body
ystem in side-by-side configuration. Currently, TDRPM neglects
he nonlinear effects originated from the presence of unknown free
urface and body surface positions [28]. TDRPM is being devel-
ped in the context of a research project that aims at coupling
he time domain hydrodynamic solver to the dynamic simulator of
he Numerical Offshore Tank of the University of Sao Paulo (TPN-
SP), which also takes into account the effects of wind, current,
ooring lines and risers. Nowadays, the TPN software is based on

ummins’s equations and considers, as input data, a set of lin-
ar hydrodynamic coefficients (added mass, potential damping,
xciting and drift forces, etc.) previously computed by the fre-
uency domain software WAMIT  [29]. One of the main issues of
his approach emerges from problems involving more than one
ody, in which the transient hydrodynamic interaction that results
rom large relative displacements of the bodies must be taken into
ccount. The offloading operation of an Floating Production Storage
nd Offloading (FPSO) unit is an example of this type of problem,

n which, due to the proximity of the FPSO and the shuttle tanker,
he wave effects induced by the vessels have an important role
n the hydrodynamic loads and, consequently, in the dynamics of
uch a complex operation ([30,31]). In this sense, a first benefit
values in terms of heave (top) and pitch (below) RAOs. Gap width = 0.1 m.

of incorporating a time domain hydrodynamic solver into the TPN
software would be the possibility to handle these multi-body tran-
sient problems more properly in the future, even when applying,
in a first moment, a linear method. In addition, in comparison to
models mathematically treated in frequency domain, this approach
also allows addressing future extensions to nonlinear descrip-
tions of the hydrodynamic problem in a more straightforward
manner. In this regard, extensions of the code to deal with non-
linear and wave–current interaction problems are already under
development.

For the present side-by-side problem, fundamental tests with
simplified geometries were carried out at the model basin of
CEHINAV-Technical University of Madrid (UPM) in order to provide
benchmark data for the TDRPM numerical simulations. Moreover,
the results were also compared to the ones calculated by the soft-
ware WAMIT, which was  also used for the conceptual planning of
the experiments.

As expected, results show that the numerical methods indeed
tend to overestimate the experimental data for the natural res-
onant frequencies of the two gaps tested. As will be presented,
these gap resonant frequencies cause problems of convergence in
the method, which were also observed in the computations per-
formed by Hong and Nam [27]. In order to eliminate this problem,
the damping lid method was  applied in the time-domain TDRPM
and the convergence of the time series with different damping lev-
els was  investigated. To the authors knowledge, this is the first
time that certain issues concerning the numerical modeling of the

resonant effects in time-domain are reported in the literature spe-
cialized in side-by-side operations. Furthermore, the results also
point out that the damping lid method improves the reproduction
of the experimental data, which may  be considered as a positive
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matrix are described; in Section 3, the numerical methods used are
ig. 11. Case 2: Comparison between WAMIT  numerical data and experimental valu
ap  width = 0.1 m.

ndication for future simulations involving irregular waves. Indeed,
reventing numerical convergence problems along the computa-
ions is a critical issue for simulating irregular wave conditions in
ime domain. This was the main goal for investigating the perfor-

ance of the damping lid technique, even though the limitations
f the simplified approach adopted herein are obvious. One must
ear in mind that not only the physics of the flow is not captured

y this sort of technique, but also that the damping factors that
ill be adopted to emulate this physics are considered constant in

his work, irrespective of the wave amplitudes and frequencies. It

Fig. 12. Barge, geosim and gap panel meshes for Case 1.
rms of wave elevations RAOs in different points positioned along the gap centerline.

is important to emphasize that, despite of the simplicity of the flow
model adopted, the numerical method was in fact able to reproduce
closely the trends observed in the resonant responses for most of
the cases, as the results ahead will show.

The presents article is organized as follows: In Section 2,
case studies geometries, main particulars, configurations and test
presented. Numerical and experimental results of motion and gap
wave heights are discussed in Section 4. Finally, Section 5 presents
the main conclusions and future works threads.

Fig. 13. Free surface panel mesh for Case 1.
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Table 2
Main characteristics of the geosim including the mechanical guiding arms data.

Feature GEOSIM

Guiding arms mass [kg] 5.5
Total mass [kg] 88.80
Pitch radius of gyration [m] 0.598
Fig. 14. Case 1: Comparison between WAMIT, TDRPM and experimenta

. Experimental setup

The experimental tests considered a multibody system com-
rising two bodies of canonical geometries, namely a barge and a
eosim, arranged in two different side-by-side configurations. The
ain characteristics of the models are presented in Table 1 and

llustrated in Figs. 1–3, the latter presenting the geosim geome-
ry in detail. The tests were conducted at the towing tank of the
EHINAV-Technical University of Madrid (UPM). The tank is 100 m

ong, 3.8 m wide and the water depth is 2.5 m.
The tests were restricted to very simple configurations, aim-

ng at providing benchmark data for the numerical results. Bearing
his in mind, during the tests the barge was kept fixed and the

eosim was attached to mechanical guiding arms, which restrained
ts sway, roll and yaw motions. Moreover, the geosim drift in surge

as controlled by two springs linking the mechanical device to
he model. This procedure enabled one to keep the gap width and

able 1
ain characteristics of the barge and geosim.

Parameter Barge Geosim

Length overall [m] 1.67 2
Breadth [m] 0.665 0.40
Depth [m]  0.205 0.32
Draft [m]  0.12 0.18
Displacement weight [kg] 133.26 83.30
CoG  above baseline [m]  (Exp) – 0.181
GMt  [m]  – 0.0350
GMl  [m]  – 1.87
CoG  from the stern [m] 0.835 0.802
Pitch radius of gyration [m]  – 0.56
Heave period [s] – 0.95
Pitch period [s] – 1.20
Heave period [s] 0.95
Pitch period [s] 1.26

length practically constant during the measurements, thus provid-
ing a convenient configuration for numerical modeling. Also for the
purpose of calibration of the numerical methods, the mass of the
guiding arms and the total mass and inertia of the complete system
were determined and are presented in Table 2.

The geosim model was positioned in the tank with its longitu-
dinal axis coincident with the longitudinal axis of the tank and the
barge was located aside of the geosim, as represented in the sketch
shown in Fig. 4.

Geosim heave and pitch motions were tracked by means of a
laser system installed in the towing tank carriage. Additionally, four
wave probes (P1, P2, P3 and P4, see Fig. 4) were used for mon-

itoring the wave elevation in different locations, three of them
being positioned inside the gap. The relative distances between
the wave probes are presented in Table 3. Figs. 5 and 6 present

Table 3
Relative distances between the wave probes.

L(P1–P2) [m]  0.48
L(P2–P3) [m]  0.475
L(P3–P4) [m]  0.485
L(P4–Stern Geosim) [m] 0.28
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ig. 15. Case 1: Comparison between WAMIT, TDRPM and experimental values in te
idth  = 0.05 m.

wo photographs of the experimental setup, including the probes
rrangement.

Since the experiments were conducted in a towing tank, spe-
ial care had to be taken in order to minimize the influence of
eflected waves from the tank walls within the frequency range
f interest (namely, the range where the gap resonant modes are
xpected to occur). In fact, the distance between the models was
efined considering previous numerical results calculated by the
oftware WAMIT, which aimed at evaluating the expected gap reso-
ant frequencies and whether the presence of the tank walls would

nterfere with the experimental measurements at these frequen-
ies. As will be demonstrated in the next section, by adopting proper
ap widths, it was possible to restrict the influence of the tank walls
o a range of frequencies different to the one in which we were
nterested in.

Once these preliminary investigations were performed, two
xperimental setups of gap widths 0.05 m and 0.10 m were selected
nd denoted as Cases 1 and 2, respectively. These tests were con-
ucted focusing on the study of linear effects and included a set
f 49 and 32 regular waves of small amplitude for Cases 1 and 2,
espectively, where H is the wave height and � is the wave length.
he wave height for every frequency was determined considering

 wave steepness smaller or equal to H/�≤ 3 % (limit established

or the highest wave frequencies) and the maximum allowed wave
eight was 0.04 m in order to guarantee a stable propagation of
he waves along the tank. For Case 1, which was tested first, the
umber of waves was larger because some of them were used with
f wave elevations RAOs in different points positioned along the gap centerline. Gap

the intent of evaluating the influence of the tank walls and also
checking whether the preliminary numerical models were provid-
ing reasonable results. For Case 2 the test matrix was reduced to
32 waves, concentrating most of the waves within the frequency
range where gap resonance had been predicted by the numerical
models. Due to the limitations concerning the width of the towing
tank, only head waves were considered.

Finally, before moving to the discussion of the numerical models
employed in this study, a comment on the model scale is necessary.
The size of the models and their geometries were chosen based
exclusively on the tank dimensions and on the equipment available
for the tests. Although it is for sure tempting to try to extrapolate
these dimensions to a full-scale side-by-side operation, one must
have in mind that the prime objective of the study was to create
appropriate conditions for an adequate verification of the numer-
ical method in the towing tank scale. This is even more important
when one reminds that the damping emulation methods adopted
to “correct” the potential flow results do not allow for a straightfor-
ward extrapolation of the results obtained in the tank. Considering
all that has been said, however, one may  also notice that at least
some relevant full-scale information can be obtained from the tests.
As an exercise, if one considers a 1:150 scale factor, then the length
of the geosim in full-scale would be 300 m,  which may  be consid-

ered a reasonable value for LNG ship vessels. In addition, as will be
further presented in this paper, the computational results indicated
that, for the multi-body configurations here studied, the gap reso-
nant frequencies are expected to occur around 8.0 s (in full-scale),
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Fig. 16. Case 2: Comparison between WAMIT, TDRPM and experimenta

hich may  be considered as a typical operational peak period for
ea waves.

. Numerical models

.1. WAMIT  numerical models

The higher order WAMIT  module was applied with the intent of
roviding preliminary information regarding the characterization
f the gap resonant frequency ranges, thus enabling the definition
f the gap widths and regular waves to be tested experimentally
s well as the investigation of the influence of the tank walls on
he results. Since WAMIT  is formulated in frequency domain and
pplies the well known free surface Green function, which elim-
nates the necessity of discretizing the free surface, the code is

ore suitable to be used for exhaustive variations of important
arameters that must be assessed in the problem, if compared to
he TDRPM solver.

For this analysis, numerical models with and without tank walls
ere computed in WAMIT. The numerical models with the tank
alls were emulated for both cases (1 and 2) by introducing sets of

odies images (barge + geosim) with respect to the vertical symme-
ry planes. Moreover, since two tank walls should be considered and
he exact solution of the problem would only be reached by using an
nfinite series of images, a convergence analysis was  performed in
rder to determine the minimum number of images above which

he results would not be significantly affected. In total, 5 sets of
ody images had to be considered for achieving a reasonable con-
ergence, resulting in a model composed of 12 bodies, which was
han solved by considering 6 bodies plus the symmetry plane. In
es in terms of heave (top) and pitch (bottom) RAOs. Gap width = 0.1 m.

order to illustrate the models, the symmetries are represented in
Fig. 7.

Concerning the bodies meshes, the panel size parameter was set
to 0.1 and 0.2 for the cases 1 and 2, respectively, values that were
defined after a convergence analysis of the mesh. One  should notice
that a smaller value of panel size was  required for case 1, since the
gap width was smaller.

3.1.1. Investigation of the tank walls effects
Fig. 8 presents a comparison between RAO calculations with the

WAMIT  model and the measured data for Case 1. The comparison
refers to the geosim heave and pitch RAOs and shows that the heave
motion amplifications observed in the experiment for frequencies
between 3.5 and 7.0 rad/s are caused by waves reflected by the tank
walls. The evidence for this comes from the fact that the WAMIT
numerical model with walls was indeed able to capture the same
trends of the experimental curve. Moreover, one should also notice
that the influence of the walls tends to be minimized for higher
frequencies (>7 rad/s), for which both WAMIT  numerical models
present similar results. It is also worth mentioning that the pitch
motion is not significantly affected by the presence of the walls.

The influence of the tank walls on the wave elevations at the gap
centerline is investigated in Fig. 9, from which it can be inferred
that the wall effects are of minor degree. Both WAMIT  numerical
models (with and without walls) present good agreement with the
experimental data for wave frequencies lower than <8 rad/s, in the

same range where the heave motions are significantly influenced
by the tank walls. Nonetheless, one should realize that the numer-
ical results provided by both models (with and without walls)
present significant wave amplifications for a range of frequencies
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ig. 17. Case 2: Comparison between WAMIT, TDRPM and experimental values in te
idth  = 0.1 m.

etween 8.0 and 9.0 rad/s, which are in general much larger than
he observed experimental values.

As aforementioned, potential flow solvers present some difficul-
ies when dealing with physical problems that contain narrow gaps,
ending to provide unrealistic wave elevations and body motions
or the associated gap resonant frequencies, where the potential
ow physics is not enough to represent the hydrodynamic phe-
omenon. A more complete discussion about this issue will be
resented in the next sections, along with the description of the
umerical modeling based on the time domain solver.

Analogous results for Case 2 are presented in Figs. 10 and 11.
y analyzing both figures, it is possible to observe that the results
resent a behavior similar to the ones obtained for Case 1, once
gain emphasizing that the influence of the tank walls is more
ronounced for wave frequencies lower than 7.0 rad/s.

Based on these analyses, it was possible to conclude that
lthough the experimental data was conducted in a towing tank
ith walls relatively close to the model bodies, the influence of

eflected waves was restricted to frequencies below the range of
ain interest to this study, namely the range where gap resonant

ffects are caused by the hydrodynamic interaction of the models
n side-by-side configuration.
.2. Time domain Rankine panel method (TDRPM)

A novel linear TDRPM developed by the Numerical Offshore
ank of the University of Sao Paulo [28] is also applied for
f wave elevations RAOs in different points positioned along the gap centerline. Gap

calculating the first order geosim motions and wave elevations in
the gap. Details of the method are presented in Appendix A, so only
the main features of the method will be described next, for the
sake of conciseness. The code is based on the three-dimensional
low order panel method and applies the Rankine source as Green’s
function. In this version, the nonlinear effects originated from the
presence of unknown free surface and body surface positions are
neglected. The robust and accurate solution of this linear problem
is a very useful first stage before dealing with more complex non-
linear problems. However, the nonlinear extension of the code is
already under development, in which the lower order approach
will be substituted by a higher order description of both the body
geometry and variable quantities in order to improve the accuracy
of the spatial derivatives inherent to the mathematical problem.

In a time domain simulation it is essential to solve the equa-
tions of the flow and of the body motions simultaneously, since
one needs to guarantee a dynamic equilibrium of forces between
the fluid and the floating body at all times. In this approach, the
simulations require an accurate prediction of the pressure field
for all time-steps in order to guarantee a consistent and sta-
ble numerical solution, especially when free floating bodies are
being assessed. Poor estimations of the pressure variation by finite
difference schemes normally give rise to numerical instabilities

[32].

In order to deal with this problem, the present TDRPM solves two
complementary boundary value problems defined for the veloc-
ity and acceleration potentials, the latter being used to avoid the
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ig. 18. Case 1: Gap wave elevation envelopes in spatial domain computed with 

ropagates from positive to negative x coordinates. Gap width = 0.05 m.

forementioned numerical problems in calculating the time deriva-
ives of the velocity potential. More specifically, the method applies
he implicit boundary condition method presented by van Daalen
32] and Tanizawa [33].

The time-marching of the problem is performed by a fourth
rder Runge Kutta method (RK4), which provides high accuracy
nd stability to the algorithm. The simulations are initialized with a
amp function in order to avoid impulsive responses in the domain,
ince they could induce long transient periods with no physical
nterest to our analysis. Furthermore, a numerical damping zone is
pplied to account for wave dissipation in the far field part of the
ree surface, so that waves reflected from the domain boundaries
ill not disturb the solution.

.2.1. Damping lid approach
Numerical methods based on the potential flow theory are

nown to have a poor performance when dealing with multiple
odies arranged in a side-by-side configuration, tending to provide
nrealistically high wave elevations in the gap between the vessels,
hich lead to poor estimations of forces and motions. In practice,

he wave elevations would be limited by viscous effects that are not

ccounted for by potential flow solvers. In this regard, the applica-
ion of suppression methods to handle these gap resonant problem
ecomes an interesting alternative for a better representation of
he physical problem.
. Incoming wave frequencies ω = 8.3 rad/s (top) and ω = 8.5 rad/s (bottom). Wave

In addition to the unrealistic values observed when the math-
ematical problem is solved in time domain, a very slow numerical
convergence for frequencies near the resonant ones is also
observed. In these cases, a considerable number of wave cycles is
necessary to reach a steady state.

In order to deal with these gap resonant effects, we  present a
new development in the TDRPM, in which the free surface boundary
conditions (kinematic and dynamic) are reformulated by means of
the damping lid technique used in frequency domain by Chen [15],
Fournier et al. [16], Pauw et al. [17] and Bunnik et al. [18]. In this
method, a constant damping factor � is included in the free surface
boundary conditions ((A.4) and (A.5)), as presented in Eqs. (1) and
(2):

∂�

∂t
= ∂�

∂z
− �� on z = 0 in the gap, (1)

∂�

∂t
= −�g − �� on z = 0 in the gap. (2)

One should notice that the undamped free surface elevation is
recovered by setting the damping factor � equal to zero. As will be
heuristically demonstrated later in the paper, the imposition of the

damping parameter attenuates the numerical convergence prob-
lems, stabilizing the solutions much faster. Another characteristic
of the method is that the damping parameter influences the results
only in the resonant frequency range. Moreover, one of the main
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Fig. 19. Case 2: Gap wave elevation envelopes in spatial domain computed with TDRPM. Incoming wave frequencies ω = 7.7 rad/s (top) and ω = 7.8 rad/s (bottom). Wave
propagates from positive to negative x coordinates. Gap width = 0.10 m.
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Fig. 20. Case 1: Heave (top) and pitch (bottom) motions time series, computed with TDRPM, for different values of damping factor �. Incoming wave frequency ω = 8.3 rad/s.
Gap  width = 0.05 m.



R.A. Watai et al. / Applied Ocean Research 50 (2015) 69–90 81

0 10 20 30 40 50 60 70 80 90 100 110
−0.5

0

0.5
ω=8.5 rad/s

t [s]

ξ 3(t
)/

A
I [

m
/m

]

0 10 20 30 40 50 60 70 80 90 100 110
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6
ω=8.5 rad/s

t [s]

ξ 5(t
)/

A
I [

ra
d/

m
]

 

 

TDRPM ε = 0.0 [1/s]

TDRPM ε = 0.0625 [1/s]

TDRPM ε = 0.125 [1/s]

F  TDRP
G

a
t
N
i

f
t
t
o
o
t

4

4

q
4
t
e
1
a

n
b
c
t

ig. 21. Case 1: Heave (top) and pitch (bottom) motions time series, computed with
ap  width = 0.05 m.

dvantages of this method is that it does not require the use of addi-
ional degrees of freedom in the model, as the technique applied by
ewman [14]. Instead, only one value of damping factor is included

n the free surface boundary conditions.
On the other hand, it is important to mention that the � value is,

or the moment, not defined rationally, but it is merely “tuned” with
he experimental data considering that the coefficient depends nei-
her on the wave amplitude or frequency. Despite the simplicity
f this technique, it will be shown that reasonable results can be
btained in terms of wave elevations and body motions in most of
he cases.

. Results

.1. TDRPM grids for the case studies

The barge and geosim hulls were modeled with 1584 and 1504
uadrangular panels, respectively. For the free surface meshes,
797 panels were applied in Case 1 and 5751 panels in Case 2,
he difference being associated exclusively to the number of pan-
ls required to model the gap surface (750 panels for Case 1 and
500 for Case 2). These values were obtained after a convergence
nalysis in terms of the geosim motions and wave elevations.

Since the analysis conducted with WAMIT  did not indicate sig-

ificant wall effects in the gap resonant frequencies, the walls have
een neglected in the TDRPM simulations, thus reducing signifi-
antly the number of panels and, consequently, the total processing
ime.
M, for different values of damping factor �. Incoming wave frequency ω = 8.5 rad/s.

By taking Case 1 (gap equal to 0.05 m)  as an example, Figs. 12 and
13 present the bodies (with the gap) and free surface meshes used
in the TDRPM computations, respectively. Notice that the meshes
have been refined towards the bodies edges, with a larger con-
centration of panels near the gap region in order to improve the
numerical convergence. In addition, the free surface mesh has been
designed to allow a smooth transition from the gap region to the
outer free surface. The same mesh topology has been applied in
Case 2.

The TDRPM has been run for several regular wave frequencies
within the range of frequencies tested experimentally. Each simula-
tion has provided a set of time series describing the geosim motions
in the 3 D.O.F. (surge, heave and pitch) and the wave elevation at the
wave probes locations (Table 3), from which the signal amplitudes
have been characterized with the root mean square (rms) from a
steady state interval. The time-step of each simulation has been set
to �t  = T/30 s, whereas the numerical damping zone has been set
with a length equal to b = 2� and intensity a = 1.5 for all cases (see A).
Moreover, three different values of damping factors � = (0, 0.0625,
0.125) [1/s] applied in the gap between the bodies have been inves-
tigated. In this relations, T and � refer to the incident wave period
and length, respectively.

4.2. Comparisons between TDRPM, WAMIT  and experimental

data

The comparison between TDRPM, WAMIT  and experimental
results in terms of geosim motions and wave elevations for Case
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ig. 22. Case 1: Wave elevation time series, computed with TDRPM, at P2 (top), 

requency ω = 8.3 rad/s. Gap width = 0.05 m.

 are presented in Figs. 14 and 15, whereas for Case 2 they are
resented in Figs. 16 and 17. One should notice that only the
AMIT  model without walls is being considered, since the results

re focused exclusively on the range of frequencies in which the
nfluence of tank walls can be disregarded (see Section 3.1.1).

The overall agreement between TDRPM and WAMIT  results is
ood for all the RAO curves. Even considering the fact that the
DRPM is formulated in time domain, such an agreement was
ndeed expected since the boundary value problem solved by both
omputational codes is exactly the same when the damping fac-
or � is equal to zero. Also, it is clear that the numerical results
end to overestimate, in both cases, the experimental data for some
requency intervals.

For Case 1 (Fig. 14), one should notice that in the frequency range
–9 rad/s there is a numerical resonance, which may  be identified
y the spurious peaks in the heave and pitch RAOs at approximately
.3 and 8.5 rad/s, respectively. The same trends are observed for
he wave elevations RAOs (Fig. 15), especially for the measurement
oints that are in fact inside the gap between the bodies (P2, P3
nd P4). Since the wave probe P1 was positioned outside the gap,
t does not present significant influence from the resonant effects,
esulting in a smoother RAO curve when compared to the other

robes. At this location, a perfect agreement between numerical
nd experimental results was observed.

The wave modes associated to the resonant frequencies of
.3 and 8.5 rad/s are presented in Fig. 18, which illustrates the
iddle) and P4 (bottom) for different values of damping factors �. Incoming wave

envelopes of wave elevation inside the gap in spatial domain cal-
culated by the TDRPM for Case 1. For the resonant wave frequency
8.3 rad/s, it is possible to observe that the wave elevation in the gap
presents a piston type resonant mode, in which the wave behaves
like a column of water moving up and down in the region between
the vessels [4]. Regarding the resonant frequency 8.5 rad/s, one may
realize that instead of a piston mode, a second longitudinal mode is
visualized. It is interesting to observe that this mode is related to the
spurious amplification of the pitch motion at this same frequency
(Fig. 14).

The same qualitative behavior observed for Case 1 may  be stated
for Case 2 (Figs. 16 and 17). In this case, however, since the gap
width was  increased to 0.10 m, the numerical resonant frequencies
are slightly shifted towards lower frequencies 7.5–8.5 rad/s. In this
configuration, the numerical resonant peaks for heave and pitch
RAOs are approximately 7.7 and 7.8 rad/s. Once again, these reso-
nant frequencies coincide with the piston and second longitudinal
modes of the gap, respectively, as may  be observed in Fig. 19. It is
also interesting to observe that, for waves that are outside of the
gap resonant frequency range, the numerical results agree with the
experimental data very well.
4.3. TDRPM model with damping lid

As an attempt to improve the numerical results for the geosim
motions and wave elevations within the resonant ranges, the
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Fig. 23. Case 1: Wave elevation time series, computed with TDRPM, at P2 (top), P3 (middle) and P4 (bottom) for different values of damping factors �.  Incoming wave
frequency ω = 8.5 rad/s. Gap width = 0.05 m.
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Fig. 24. Case 1: TDRPM and experimental comparisons of the gap wave elevation
envelopes in spatial domain for different values of damping factors �. Incoming wave
frequency ω = 8.3 rad/s. Wave propagates from positive to negative x coordinates.
Gap width = 0.05 m.
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Fig. 25. Case 1: TDRPM and experimental comparisons of the gap wave elevation
envelopes in spatial domain for different values of damping factors �. Incoming wave
frequency ω = 8.5 rad/s. Wave propagates from positive to negative x coordinates.
Gap  width = 0.05 m.
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Fig. 27. Case 2: TDRPM and experimental comparisons of the gap wave elevation

The associated envelopes of wave elevation in the gap for Case
nvelopes in spatial domain for different values of damping factors �. Incoming wave
requency ω = 7.7 rad/s. Wave propagates from positive to negative x coordinates.
ap width = 0.10 m.

esults obtained with the TDRPM code with the damping lid model
iscussed in Section 3.2.1 are presented in this section. For compar-

son purposes only three different damping factors have been used
 = (0.0, 0.0625, 0.125) 1/s.

First, a sensitivity analysis concerning the behavior of the time
eries of motions and wave elevations with respect to the vary-
ng damping factor � is presented. Considering as an example the
esults of Case 1, Figs. 20 and 21 display the histories for heave and
itch motions considering waves with frequencies 8.3 and 8.5 rad/s,
hich correspond to the gap resonant frequencies for heave and
itch motions, respectively. The results show that the imposition of

 damping factor on the gap is effective in reducing the amplitudes
f heave and pitch motions at their respective resonant frequencies.
otice that, for the wave frequency of 8.3 rad/s (heave resonance

requency), the amplitudes of the pitch motions are not affected by

he variation of � values, while the opposite occurs for the heave

otion when the wave frequency of 8.5 rad/s (pitch resonance fre-
uency) is considered.
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ig. 28. Case 1: TDRPM and experimental comparisons in terms of heave (top) and pitch (b
envelopes in spatial domain for different values of damping factors �. Incoming wave
frequency ω = 7.8 rad/s. Wave propagates from positive to negative x coordinates.
Gap width = 0.10 m.

The time series of wave elevations at points P2, P3 and P4 are
presented in Figs. 22 and 23 for the wave frequencies 8.3 and
8.5 rad/s, respectively. As for the geosim motions, the use of the
damping lid technique reduces the wave amplitudes in the gap,
which is a good indication that the method may  be used in order
to more closely emulate the wave behavior observed in the exper-
iments more closely.

One should also realize that the inclusion of the damping fac-
tor in the formulation clearly favors the convergence of the time
series (Figs. 22 and 23). It is possible to observe that the time series
obtained with non-zero � values reached a steady state much faster
than the cases with zero �. In fact, with zero � more than 150 wave
cycles in the simulation were necessary to stabilize the motions
and wave elevations. This behavior is analogous for the motions
and wave elevations obtained in Case 2.
9 9.2 9.4 9.6 9.8 10
ad/s]

9 9.2 9.4 9.6 9.8 10
ad/s]

TDRPM ε = 0.0 [1/s]

TDRPM ε=0.0625 [1/s]

TDRPM ε=0.125 [1/s]
Experimental

ottom) motions RAOs for different values of damping factors �. Gap  width = 0.05 m.

1 are presented in Figs. 24 and 25. In these figures, the experi-
mental amplitudes of the three monitored points in the gap are
also included for comparison purposes. It can be noticed that the
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Fig. 31. Case 2: TDRPM and experimental comparisons of wave elevat

amping lid technique implemented in this work greatly improved
he results, presenting a much better agreement between the com-
uted wave elevations and the experimental data, especially for the
amping factor value of � = 0.125 1/s, which provided the best fit
ith the measured data.

Figs. 26 and 27 present the wave elevation envelopes for Case
, considering the resonant frequencies ω = 7.7 and ω = 7.8 rad/s.
nce more, the damping technique provides a considerable

mprovement to the wave profile patterns in the gap, reprodu-
ing the test data reasonably well. In this case, the damping factor

 = 0.0625 1/s presented a slightly better performance in relation to
 = 0.125 1/s.

The influence of the damping factors on the motions RAOs is
resented in Figs. 28 and 29 for Cases 1 and 2, respectively. In
eneral, the damping factor decreases the resonant values in the
requency range of interest, eliminating the spurious characteris-
ic of the curves. Nevertheless, in both cases, the numerical results
f heave motion present different trends when compared to the
xperimental data. Regarding the pitch motions, the inclusion of
he damping coefficient improves the matching with the test data,
ecovering the trends of the RAOs.

For the wave elevations RAOs in the gap, presented in

igs. 30 and 31, the use of the damping factor also improved
he predicted wave amplitudes in comparison to the measured
ata, eliminating most of the irregular oscillations observed for

 = 0.0 1/s. For probes P2 and P4, the application of the method
 the gap for different values of damping factors �. Gap width = 0.10 m.

enabled to recover the wave amplitudes inside the gap reasonably
well. Concerning P3, a larger discrepancy between the results is
observed, since the experimental data presented higher elevations
in comparison with TDRPM even without the inclusion of a damp-
ing factor. It is also noticeable that all the TDRPM results tend to
the same asymptotic value when the waves are outside of the reso-
nant frequency range. In addition, it is possible to observe that the
inclusion of different damping values did not modify the resonant
frequencies.

One should notice, however, that although the damping lid
method applied does not intend to capture the physics of the flow
in the gap, the use of this simplified technique, which incorpo-
rates damping factors independent on the wave amplitudes and
frequencies, has provided reasonable numerical results with a fair
agreement with the experimental data for most of the cases. Over-
all, in terms of the motions and wave elevations, the value of
damping of � = 0.125 1/s has provided the best agreement with the
test results in general.

5. Conclusions

The hydrodynamic interaction of two ships arranged in side-by-

side configuration considering two gap widths has been analyzed
using an in-house developed time domain Rankine panel method.

The numerical results have been compared to seakeeping tests
conceived in a very fundamental setup, assuming a fixed barge
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nd restraining the geosim motions to surge, heave and pitch only.
hrough this approach, the gap width was kept fixed during the
easurements, providing an adequate scenario for the numerical
ethod. Tests have been carried out with two gap distances defined

n a preliminary numerical analysis conducted with the frequency
omain software WAMIT. Since the tests have been performed in

 towing tank, special care has been taken in order to avoid the
nfluence of the tank walls on the results, especially in the range of
requencies where gap resonant modes are expected to occur.

Results have been discussed in terms of the geosim motions and
ave amplitudes in the gap. Both TDRPM and WAMIT  presented
ndesirable overestimations of the experimental values for a range
f frequencies, which are dependent on the gap width. In fact, the
umerical and experimental results have shown that the resonant

requencies were lower for the system with the largest gap width.
Different resonant frequencies have been observed for heave

nd pitch motions. As demonstrated by the wave envelopes inside
he gap computed by the TDRPM, the heave motion is significantly
mplified due to the presence of a piston-type mode inside the
ap, whereas the pitch motion is influenced by the occurrence of

 second longitudinal mode. The same conclusions could be drawn
n this respect for both gap widths.

The TDRPM solver presented numerical convergence problems
hen simulating wave frequencies near to the resonant ones. In

hese cases, the motions and wave elevations time series showed
 long transient period, attesting the numerical problems to reach
he steady-state. This problem has been solved by the application
f a damping lid method, which incorporates a damping factor in
he free surface boundary conditions. By considering this method,
he time series reaches the steady state much faster. This is indeed

 positive indication regarding future applications of the method to
he analysis of multi-vessels in irregular wave conditions. In addi-
ion, despite the simplicity of the damping model, the use of the
amping lid technique has also improved the numerical results,
educing the discrepancies observed with the experimental data.
evertheless, it should be noticed that the choice of the damping
arameter has been done heuristically and for a better insight about
he influence of this parameter on the numerical solutions, further
nalysis is still required.

Concerning future improvements of the TDRPM numerical
odel, a new version of the code with the inclusion of a second

rder module for the calculation of drift forces is under develop-
ent. Algorithms for representing both the body geometry and

he velocity potential, in a higher-order numerical scheme using
URBS functions is ready and the nonlinear model is currently
eing implemented. This new version will enable the future eval-
ation of the damping lid method not only in terms of first order
uantities, but also its effects on the second-order forces, which are
lso supposed to play an important role in practical side-by-side
ffloading operations.

Another topic of interest concerns the investigation of the prob-
em not only under the view of the potential flow theory, but
lso applying viscous CFD numerical tools in order to have a bet-
er insight of the physical behavior of the problem, especially,
egarding the influence of different bilge geometries, which are
nown to be important parameters for the flow in the gap [10,11].
n fact, this approach might also be envisaged with the purpose
f calibration of the present damping lid method, which, nowa-
ays, must be adjusted based on results obtained in particular
caled model tests. Indeed, Molin et al. [10] showed that a better
greement between potential flow results and experimental data is
btained when the models present a rounded shape bilge, which is
 good indication that the damping values is affected by the model
eometries. In addition, the application of CFD tools could also be
sed with the intent of defining an appropriate methodology to
xtrapolate the damping values tuned with model test data to full
Research 50 (2015) 69–90 87

scale dimensions, which is a complex issue not yet well defined.
Nevertheless, one must keep in mind that the application of CFD
simulations for this kind of problem is very time consuming and
requires the implementation of sophisticated algorithms to deal
with multi-body problems in free floating condition. Moreover, this
difficulty is even more evident when using viscous flow solvers for
full scale simulations, since in order to keep enough grid resolu-
tion the number of cells increases as approximately the square of
Reynolds number.
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Appendix A. Time domain Rankine panel method

A.1. Theoretical formulation

The mathematical description of the physical problem here
addressed considers the same situation tested in the towing tank
(Section 2), which comprises two bodies with zero forward speed,
being one fixed and the other free to oscillate in surge, heave and
pitch. Moreover, the system is arranged in a side-by-side configu-
ration and is subjected to the action of incoming gravity waves that
may  be assumed to be propagating in infinity fluid.

The flow is assumed irrotational and incompressible whereas
the fluid is assumed inviscid and homogeneous, allowing the prob-
lem to be solved under the hypothesis of the potential flow theory,
in which the velocity field is defined by the gradient of a scalar field
or velocity potential ˚.

In order to describe the mathematical problem, we  consider
three sets of right-handed orthogonal coordinate systems as pre-
sented next.

1. The first system of coordinates O − (x, y, z) is a right-handed
earth-bound axes cartesian system with origin O, with x and
y axes in the mean free surface and positive z axis pointing
upwards. A point in space has position or displacement vector
�ı = (x, y, z);

2. The second system Og − (Xg, Yg, Zg) is a right-handed body-
bound axes system with origin at the center of gravity of the
geosim, with positive Xg axis pointing to the geosim bow direc-
tion and the positive Zg pointing upwards. The hull surface is
defined exclusively in this coordinate system, being a point on
the geosim surface described by the vector �rg = (Xg, Yg, Zg). The
orientation of a surface element is defined by its normal vector
�ng = (ngx, ngy, ngz), pointing inwards.

3. The third system is equal to the second one, but applied for the
barge B. In this way, the index g must be replaced by b.

Accordingly, the geosim body-bound coordinate system is used
to describe its oscillatory motions in three degrees of freedom with
amplitudes 	i, being i = 1, 3, 5. Here i = 1, 3, 5 represent surge, heave

and pitch motions of the geosim, respectively.

The incident wave and the resultant body motions are here
assumed to be of small amplitude. In addition, the problem is
linearized by expanding the velocity potential and other physical
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where P and Q are field and source points, respectively.
In this method, the integral equations for the velocity and accel-
8 R.A. Watai et al. / Applied O

uantities in power series and by applying the boundary conditions
ith respect to the mean surface positions.

By following this approach, the total velocity potential  ̊ is split
n a sum of the incident wave velocity potential �I and the disturbed
elocity potential �(1), the latter representing both the disturbance
f the incident waves diffracted from the bodies and the waves
adiated due to the oscillations of the geosim.

The incident regular wave field potential for infinite waters is
efined as follows:

I = AIg

ω
ekz cos(kx − ωt)  on z ≤ 0, (A.1)

hich needs to satisfy the wave dispersion relation for infinite
ater depth:

 = ω2

g
, (A.2)

here g, AI, ω and k are the acceleration gravity, the incident wave
mplitude, the wave angular frequency and the wave number,
espectively.

Upon these considerations, the well known first order boundary
alue problem may  be summarized as follows:

. Laplace’s equation:

∇2� = 0 in fluid domain. (A.3)

. Kinematic free surface condition:

∂�(1)

∂z
= −∂�(1)

∂t
on z = 0. (A.4)

. Dynamic free surface condition:

�(1) = −1
g

∂�(1)

∂t
on z = 0. (A.5)

. Bodies boundary conditions:

∇�(1) · �ng = ∂�ı(1)
g

∂t
· �ng − ∇�I · �ng on Sg, (A.6)

∇�(1) · �nb = −∇�I · �nb on Sb. (A.7)

. Far field radiation condition:

∇�(1) → 0 at
√

x2 + y2 + z2 → ∞,  (A.8)

here �(1) is the first order free surface elevation, �nAg is the geosim

eroth unit order normal vector and �ı(1)
g is the time-dependent

isplacement of the geosim hull, respectively.
In Eq. (A.6), �ıg reads:

�(1)
g (t) = �	(1)

Tg (t) + �	(1)
Rg (t) × �rg, (A.9)

n which �	(1)
Tg (t) and �	(1)

Rg (t) are the translational and rotational

otions of the geosim, respectively, and �rg is the zeroth order posi-
ion vectors of a point on the body surface relative to its respective
ody-bound axes coordinate system.

The geosim motions are calculated with the equation of motion
resented in (A.10):

3×3
∂2�	(1)

∂t2
+ K3×3

�	(1) =
( �F (1)

g

�M(1)
gO

)
, (A.10)

here M and K are the inertial and restoring matrices, and the
ector �	(1) contains the first order motions for the three degrees of

reedom here considered.

In order to conclude this Initial Boundary Value Problem (IBVP),
n initial condition must be imposed at the free surface so as to
etermine the subsequent fluid motions. As demonstrated by [34],
Research 50 (2015) 69–90

for flows beginning from rest we  may  set the velocity potential at
the initial instant t = 0 s, to:


 = 0 on t = 0 s. (A.11)

The first order unsteady hydrodynamic pressure, forces and
moments on the body hulls are calculated with Eqs. (A.12), (A.13)
and (A.14), respectively:

p(1) = −�

(
∂�(1)

∂t
+ ∂�I

∂t

)
, (A.12)

�F (1) =
∫ ∫

SB

− �

(
∂�(1)

∂t
+ ∂�I

∂t

)
�n dS, (A.13)

�M(1)
O =

∫ ∫
SB

− �

(
∂�(1)

∂t
+ ∂�I

∂t

)
(�r × �n) dS. (A.14)

One should notice that special care must be given to the linear
pressure calculation, since there is not an exact equation for the
calculation of the potential time-derivative ∂�(1)/∂t. In this way,
we applied the numerical procedures demonstrated in [32,33], in
which the pressure is evaluated directly using the first order accel-
eration potential (A.15), which also satisfies Laplace’s equation in
the fluid domain:

� (1) = ∂�(1)

∂t
. (A.15)

By following this method, a second boundary value problem is
written for the acceleration potential. The bodies boundary condi-
tions can be defined by derivation in time of the expressions (A.6)
and (A.7), as can be seen in (A.16) and (A.17):

∇� (1) · �ng = ∂2�ı(1)
g

∂t2
· �ng − ∇

(
∂�I

∂t

)
· �ng on Sg, (A.16)

∇� (1) · �nb = −∇
(

∂�I

∂t

)
· �nb on Sb. (A.17)

In addition, the free surface boundary condition is determined in
terms of the dynamic free surface condition for the velocity poten-
tial, as presented in (A.18):

� (1) = −g�(1) on z = 0. (A.18)

The initial condition imposed is presented in (A.19).

� (1) = 0 on t = 0 s. (A.19)

From now on, the superscript (1) denoting the first order quan-
tities of the formulation will be suppressed in order to simplify the
notations.

A.2. Numerical method

In order to solve the initial boundary value problems defined for
the velocity and acceleration potentials, the present TDRPM adopts
a low order boundary element method using the Rankine’s source
as Green’s function GPQ:

GPQ = 1√
(xp − xq)2 + (yp − yq)2 + (zp − zq)2

, (A.20)
eration potentials, presented in Equations (A.21) and (A.22), are
solved at a certain time step, whereas a Fourth Order Runge–Kutta
Method (RK4) time marching scheme is applied to update the
boundary conditions to a new time step.
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 ∫
∂′

−P

[
�Q

∂GPQ

∂nQ

− GPQ
∂�Q

∂nQ

]
d∂′ =

⎧⎨
⎩

−4��P if P inside ′,

−2��P if P is at ∂′,

0 if P is outside ′,
(A.21)

∫
∂′

−P

[
�Q

∂GPQ

∂nQ

− GPQ
∂�Q

∂nQ

]
d∂′ =

⎧⎨
⎩

−4��P if P inside ′,

−2��P if P is at ∂′,

0 if P is outside ′.
(A.22)

Aiming at guaranteeing a stable evolution of the solution until
he achievement of a steady-state, the numerical scheme also con-
iders the use of a ramp function fr(t) defined by:

r(t) =

⎧⎨
⎩

1
2

[
1 − cos

(
�t

Tr

)]
if t ≤ Tr,

1 if t > Tr.

(A.23)

here Tr is the ramp time which is set as a multiple of a character-
stic wave period involved in the simulations.

Moreover, in order to prevent the diffracted and radiated waves
eaching the free surface boundaries and being reflected back to the
odies positions, the numerical damping zone concept, firstly pro-
osed by Israeli and Orszag [35], is imposed near the free surface
dge. In fact, this numerical damping zone works similar to the
amping lid approach, already discussed, in which a dissipation
erm is included in the free surface boundary conditions. Among
everal variations of the method that may  be observed in the liter-
ture, such as the ones applied in [36–39], in this work the following
ne [40] has been used:

∂�

∂t
= ∂�

∂z
− �(x, y)� at z = 0 and

√
x2 + y2 > Ldz, (A.24)

∂�

∂t
= −g� − �(x, y)� at z = 0 and

√
x2 + y2 > Ldz, (A.25)

n which Ldz is the distance from the global coordinate origin until
he begining of the damping region and �(x, y) is a function that
efines the dissipation characteristic of this region, described by:

(x, y) = aω

(√
x2 + y2 − Ldz

b�

)2

, (A.26)

here a defines the intensity of dissipation and b the damping zone
ength. These values must be tuned by preliminary tests in order
o avoid the occurrence of reflected waves which may  spoil the
olution. In general, we observe that the damping zone must have

 minimum length of one wave length, b = 1, whereas the intensity
ust be set in such a way that permits a progressive and smooth

issipation of the waves. Damping zones with large values of a (i.e
 ≥ 3) may  behave as a fixed wall.
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