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A B S T R A C T

With the rapid development of offshore renewable energy technologies, open source solvers for hydrodynamic
analysis can become beneficial to meet the numerical challenges within the field, particularly when they
are both accurate and computationally efficient. Hydrodynamic Analysis of Marine Structures (HAMS), a
recently developed open source Boundary Integral Equation Method (BIEM) frequency domain solver has
been shown to be a reliable, robust and computationally efficient for analysing single floating structures.
This research enhances the capabilities of HAMS further by developing and incorporating a multiple body
interaction formulation (henceforth referred as HAMS-MREL), which allows the solution of the diffraction
and the radiation problem for multiple floating structures, taking into account their interaction. To evaluate
proper performance of this new multi-body solver, comparisons are performed with semi-analytical solutions,
as well as with the commercial solver WAMIT in terms of the hydrodynamic coefficients and exciting forces.
The excellent comparison with semi-analytical solutions demonstrates the validity of the enhanced multi-body
version of HAMS. In addition, the computational comparison considering lower order panels between HAMS-
MREL and WAMIT (no symmetry) show that for deep water cases, HAMS-MREL is generally faster than WAMIT,
while for the finite depth cases, it is slower. Finally, the functionality to utilize OpenMP parallelization within
the multi-body formulation has been added, aiming to reduce the analysis time significantly for the finite
depth cases, offering an expected improvement for the future.
1. Introduction

The global population has increased from 2.5 billion people in 1950
to over 8 billion at the end of 2022, wherein the last 3 billion people
have been born since 1998. The world’s population is expected to go to
9.7 billion in 2050 [1]. With the world’s population growing rapidly,
dependence on fossil fuels is no longer a viable option. Therefore,
development of more renewable forms of energy particularly marine
renewables has gained traction in the last two decades, and challenging
energy targets have been set for the future. The strategy from the
European Union has set targets to deploy 60 GW of offshore wind and
1 GW of wave energy by 2030, and 300 GW of offshore wind and 40
GW of wave energy by 2050 [2].

In order to achieve these set targets with low Levelised Cost of
Energy (LCoE), wave energy converters (WECs) and floating offshore
wind turbines (FOWT) need to be deployed in large numbers (farms).
In addition to independent wave farms/offshore wind farms, collo-
cated wind-wave systems and hybrid wind-wave systems will also be

∗ Corresponding author.
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required since they offer many synergies including enhanced yield,
smoothed power output, common grid infrastructure, shared operation
and maintenance etc. [3].

Wave-structure hydrodynamic interactions considering multiple
bodies play an important role when studying the behaviour of wave
farms, collocated wind-wave systems and hybrid wind-wave systems.
Therefore, detailed studies on this are important. Sismani et al. [4]
studied the diffraction and scattering effects due to bottom fixed
offshore wind turbine foundation on the wave field considering regular
and irregular waves, and concluded that the fields depend heavily on
the incident wave angle and peak period. Furthermore, the impact of
the fixed foundation is more pronounced in front of the turbine and in
the region between the turbines. Many studies have been performed on
capturing the hydrodynamic interactions of wave energy farms focusing
on the diffraction and radiation effects [5–8]. Perez et al. [9] studied a
combined system containing an Oscillating Water Column (OWC) with
the monopile substructure of a floating offshore wind turbine, wherein
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Renewable Energy 237 (2024) 121577 
a detailed analysis of the incident and reflective waves from the hybrid
system and the Response Amplitude Operators (RAOs) for the free
urface of the OWC were validated against experimental results.

Borg et al. [10] proposed the idea of using a WEC on a floating
platform as a way to reduce the hydrodynamic loads on the FOWT
foundations as well as absorb energy through a Power Take-Off (PTO)
system simultaneously. By tuning the WEC to have its natural frequency
close to that of the FOWT, most energy could be captured by the

EC while maintaining small damping ratios. Furthermore, maximum
otion reduction of the FOWT was achieved by having a WEC with
 natural frequency slightly below that of the FOWT. Gkaraklova
t al. [11] investigated a circular array of semi-immersed heaving WECs
round a hybrid wind-wave monopile through a frequency-domain
odel and reported that the power absorption ability of the array was

ignificantly improved under both regular (≈ 50% increase in peak
power absorbed) and irregular waves (≈ 60% increase in peak power
absorbed). Gonzalez et al. [12] optimized the control of a collocated
offshore wind wave farm, wherein a time-domain hydrodynamic model
was developed to evaluate the wave field.

Frequency-based numerical tools and methods have been widely
deployed in the field of renewables, because: (a) they can provide ac-
curate and reliable results at the preliminary design stage and (b) their
output (frequency-dependent hydrodynamic quantities) are required
for their integrated analysis in time-domain. Among those methods,
the boundary integral equation method (BIEM) based on the linear
potential flow theory is one of the most popular choices. In BIEM, the
boundary integral equations are derived from the Green’s functions
and these can be numerically solved by discretizing the structures
into a large number of boundary elements [13]. This method of dis-
cretization referred to as panel methods for solving BIEM have been in
mployed in popular commercial codes such as WAMIT (Wave Analysis
IT) [14] and ANSYS AQWA [15] as well as open-source solvers

uch as Nemoh [16], Capytaine [17], Aquadyn [18], with WAMIT
and Nemoh being the most popular. Both WAMIT and Nemoh have
BIEM frameworks, that allow for diffraction radiation computations
with multiple bodies. Although Capytaine has been used for the analysis
of single structures [19], the hydrodynamic interactions considering

ultiple bodies have not been validated yet. The same holds true for
quadyn, which has only been used for analysing single bodies [20].

Therefore, Nemoh is currently the only available open-source option
for evaluating hydrodynamic fluid–structure interactions for multiple
bodies.

WAMIT implements Newman’s polynomial approximation methods
or the calculation of the free-surface Green’s function, which allows
or fast, accurate and reliable computations. On the other hand, Nemoh
mploys an interpolation method, wherein the wave part of the Green’s

function is calculated by interpolating the entries from a look-up table,
which can require high computational effort depending on the num-
ber of coefficients needed. This can range from 64,000 to 2,00,000
entries [21].

HAMS [13,22] is a recently developed open-source BIEM solver
which employs approximation methods for the Green’s functions sim-
ilar to Newman’s methods. It offers some advantages over popular
olvers WAMIT and Nemoh for certain cases. The work of Raghavan
t al. [23] showed the high computational speeds of HAMS as compared

to both WAMIT (2-3x) and Nemoh (10–20x) for the cases of a semi-
immersed cylindrical point buoy as well as a Oscillating Surge Wave
Energy Converter (OSWEC), while also providing accurate results very
close to that of WAMIT. The work of Sheng et al. [24] showed that
HAMS provides better accuracy than Nemoh, as well as better speed of
simulations as compared to both WAMIT and Nemoh when no paral-
lelization is implemented. They tested several cases of a semi-immersed
cylindrical point buoy, the TALOS WEC, a semi-immersed cylindrical
point buoy with a heave plate, semi-immersed cylindrical point buoy,

ith gaps and semi-immersed cylindrical point buoy with overlapping

anels. Furthermore, when creating models with thin structures (such

2 
as a heave plate) and overlapping panels (examples include joints of
structures, modelling an OWC in a two-body system where the internal
water column modelled as a piston overlaps with the hull of the OWC),
HAMS matched the accuracy of WAMIT, while Nemoh is unable to deal
diffraction-radiation computation when panels there are overlapping
panels.

Uzunoglu et al. [25] compared HAMS and WAMIT for the hydro-
dynamic analysis of the CENTEC-TLP free float design. In the barge
mode, it has moon-pool type openings to improve the towing dynamics,
which make this a complex geometry. Within the frequency domain,
the hydrodynamic coefficients in HAMS and WAMIT delivered almost
identical results. Similar results were observed for the RAOs. Further-
more, when extending the study to a time-domain analysis, almost
identical response were obtained from the two solvers.

HAMS being an open-source solver, shows considerable potential for
marine renewable energies and offshore structures, owing to its high
computational efficiency and accuracy compared to other open-source
solvers such as Nemoh. One feature it currently lacks is the ability to
analyse hydrodynamic interactions considering multiple bodies [13,22,
24]. Immense applications are available within the field of renewables
including modelling offshore wind farms, wave farms, hybrid wind-
wave, collocated wind-wave farms as well as individual devices such
as the OWC that requires specific considerations.

This study extends the single body HAMS to multiple-body for-
mulations and validates its performance with several floating con-
cepts. The multi-body formulations incorporate the approaches used
in Newman [26] and Kashiwagi et al. [27], through the evaluation
of the diffraction and radiation boundary integral equations. These
formulations are utilized to determine the hydrodynamic coefficients
and exciting forces for exemplary WECs/multi-column foundations for
OWTs represented by cylindrical/spherical geometries, OWCs etc, thus
showcasing a wide array of multiple body fluid structure interaction
problems that can be resolved by HAMS-MREL. This is done for both
shallow and deep water cases. The incorporated formulations are then
validated with semi-analytical solutions as well as verified using a
cross-model comparison with the commercial BIEM solver WAMIT.
Offering a comprehensive validation of the physics, the extended new
version is referred to as HAMS-,MREL (Marine Renewable Energies Lab)
to signify its distinction from the existing single body formulation.

Another new element for HAMS-MREL is the openMP paralleliza-
tion, that has been extended and validated for the multiple body
interaction problem, hence providing a computationally efficient and
highly accurate open source BIEM solver for multi-bodies. The study
elaborates on comparisons between HAMS-MREL and WAMIT for the
onsidered cases and key insights into the codes themselves. With this

formulation, the authors hope to cover the gap of an open-source highly
accurate and computationally efficient BIEM solver with a wide array
f applicability.

Section 2 introduces the numerical formulation leading up to the
boundary integral equations and then providing the solution strategy
for the obtained set of algebraic equations, Section 3 discusses the
alidation of HAMS-MREL with semi-analytical solutions, and/or cross-

model validation with WAMIT for four test cases, Section 4 discusses
he comparison between WAMIT and HAMS in terms of the computa-
ional resources utilized, Section 5 discusses the potential reasons for

differences and similarities between HAMS-MREL and WAMIT focusing
n the numerical algorithms implemented in the two codes. Section 6

highlights the main conclusions of this research. Section 7 discusses
urther developments we are implementing in HAMS-MREL as part of

future work.

2. Numerical formulation and solution in HAMS-MREL

This section presents the formulation and solution of the fluid–
structure interaction problem within HAMS-MREL. The multiple body
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Fig. 1. Definition of the coordinate system for the multiple body interaction problem. 𝐺 𝐶 𝑆 refers to the global coordinate system and 𝐿𝐶 𝑆 refers to the local coordinate system
per body. 𝑄 denotes the source point on the immersed body surface and 𝑃 denotes the field point anywhere in the fluid domain.
fluid-interaction problem is first introduced based on the linear po-
tential flow theory and relevant boundary conditions. These are used
to derive the boundary integral equations both in diffraction and ra-
diation. Finally, the derivation of the hydrodynamic coefficients and
exciting forces are explained.

2.1. Velocity potential functions

The flow considering multiple bodies with variable geometries
within the linear potential flow theory is assumed to be inviscid,
irrotational, incompressible and free of flow-separation effects. This
is a fluid–structure interaction problem with 𝑀 bodies (body can be
floating or submerged) where the fluid in this case is water (this
is shown in Fig. 1). The flow is described through a total complex
spatial velocity potential 𝜙(𝑥, 𝑦, 𝑧) for all bodies which can be expressed
as a combination of three parts: the complex spatial incident wave
potential 𝜙𝐼 (𝑥, 𝑦, 𝑧), the complex spatial scattered potential 𝜙𝑆 (𝑥, 𝑦, 𝑧)
and the complex spatial radiated potential 𝜙𝑅(𝑥, 𝑦, 𝑧). (𝑥, 𝑦, 𝑧) refers to
the Cartesian coordinates expressed in m.This is shown in the following
equation:

𝜙 = 𝜙𝐼 + 𝜙𝑆 + 𝜙𝑅 = 𝜙𝐷 + 𝜙𝑅 (1)

The potential satisfies the Laplace equation given as:

∇2𝜙 = 0 (2)

In Eq. (1), 𝜙𝐷 is the complex spatial diffraction potential. The consid-
ered potentials are used for both finite and infinite depth conditions.

To obtain the hydrodynamic coefficients and exciting forces, the
diffraction and radiation potentials need to be computed by solving
the diffraction and radiation boundary integral equation problem re-
spectively. The boundary conditions for these problems as well as the
boundary integral equations are explained the following sub-sections.

2.2. Diffraction problem

The formulation of the diffraction problem for a single floating body
within HAMS is provided in the work of Liu [22]. The single body
diffraction problem can be extended to incorporate interaction due
to the presence of 𝑀 bodies by building upon the single body fluid
interaction.

The boundary conditions to be satisfied by the total diffraction
potential, are on the free surface (Eq. (3)), on the body surface (Eq. (4)),
3 
at the sea bottom (Eq. (5)), and in the far field (Eq. (6) shows Som-
merfield’s radiation condition). The boundary conditions are shown as
follows.
𝜕 𝜙𝐷
𝜕 𝑧 = 𝜇 𝜙𝐷, 𝑧 = 0 (3)

where 𝜇 = 𝜔2∕𝑔 is the deepwater wave number and 𝑔 is the acceleration
due to gravity.
𝜕 𝜙𝐷
𝜕 𝑛 = 0, on 𝑆(𝑘)

𝐵 (4)

where 𝑆(𝑘)
𝐵 is the body surface of the 𝑘th body. This boundary condition

applies to all bodies.
𝜕 𝜙𝐷
𝜕 𝑧 = 0, 𝑧 = −ℎ, or 𝑧 → ∞ depending on the depth condition (5)

lim
𝑅→∞

[
√

𝜇 𝑅( 𝜕 𝜙𝐷
𝜕 𝑅 − 𝑖𝜇 𝜙𝐷)] = 0 (6)

where ℎ denotes the water depth considering finite depth, 𝑅 is the hor-
izontal distance from any of the bodies and ′𝑖′ refers to the imaginary
unit with its coefficient referring to the imaginary part of a complex
number. Within this formulation, the Sommerfield’s radiation condition
should be satisfied at large distances from the group of bodies.

To derive the boundary integral equations for the diffraction prob-
lem with the Green’s function approach as an extension of the fluid-
body interaction with HAMS, mixed source/dipole boundary integral
equations are derived. The scattered potential for body 𝑘, 𝑘 = 1, . . . ,
𝑀 , should consider the contribution from all bodies including itself.
The boundary integral equation considering this with 𝑆𝑇

𝐵 = 𝑆(1)
𝐵 +𝑆(2)

𝐵 +
⋯ + 𝑆(𝑀)

𝐵 can then be given as follows:

2𝜋 𝜙𝑆 (𝑥) +∬𝑆𝑇
𝐵

𝜙𝑆 (𝜉)
(

𝜕 𝐺(𝜉; 𝑥)
𝜕 𝑛𝜉

)

𝑑 𝑆𝜉 = −∬𝑆𝑇
𝐵

(

𝜕 𝜙𝐼
𝜕 𝑛

)

𝐺(𝜉; 𝑥)𝑑 𝑆𝜉 (7)

Here 𝑥 refers to the field point, 𝜉 refers to the source point, 𝐺 is the
Green’s function and the subscript ′𝐼 ′ indicating the incident wave.
The Green’s function for the shallow and deep water conditions are
explained in detail in the work of Liu [22] and Liang et al. [28] re-
spectively. The velocity potential for the incident wave can be specified
based on the complex wave amplitude and the wave frequency. In deep
water, the velocity potential of the incoming plane harmonic wave can
be defined as:

𝜙𝐼 = − 𝑖𝑔 𝐴
𝜔

𝑒𝜇 𝑧𝑒𝑖𝜇(𝑥𝑐 𝑜𝑠𝛽+𝑦𝑠𝑖𝑛𝛽) (8)

and for shallow depth as:
𝑖𝑔 𝐴 𝑐 𝑜𝑠ℎ𝜈(𝑧 + ℎ) 𝑖𝑘(𝑥𝑐 𝑜𝑠𝛽+𝑦𝑠𝑖𝑛𝛽)
𝜙𝐼 = −
𝜔 𝑐 𝑜𝑠ℎ𝜈 ℎ 𝑒 (9)
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Fig. 2. Two semi-immersed cylinders (Case 1).
Fig. 3. Cylindrical mesh with 1200 panels used in Case 1.

where 𝛽 is the angle between the direction of propagation of the inci-
dent wave and the positive 𝑥-axis, and 𝜈 is the wavenumber, defined as
the real positive root of the respective water wave dispersion equation.

2.3. Radiation problem

The radiation problem can be extended in a similar way to that of
the diffraction problem. It is assumed that the considered body is in
motion with all the remaining bodies being stationary. This is obtained
from the body surface boundary condition. Together with this boundary
condition, all the boundary conditions are given (Eq. (10)–Eq. (13)).
𝜕 𝜙(𝑘)

𝑗

𝜕 𝑧 = 𝜇 𝜙(𝑘)
𝑗 , 𝑧 = 0 (10)

𝜕 𝜙(𝑘)
𝑗

𝜕 𝑛 = 𝑛(𝑘)𝑗 , on 𝑆(𝑘)
𝐵 (11)

Here 𝜙(𝑘)
𝑗 refers to the radiation potential of the fluid velocity field

generated by the 𝑗th degree of freedom (dof) for the 𝑘th body. 𝑗 =
1, . . . ,6 and 𝑘 = 1, . . . , 𝑀 . 𝑛(𝑘)𝑗 is the normal vector in the 𝑗th dof for
the 𝑘th body. As stated previously, when the 𝑘th body is in motion, all
the other bodies are assumed to be stationary.
𝜕 𝜙(𝑘)

𝑗 = 0, 𝑧 = −ℎ, or 𝑧 → ∞ depending on the depth condition (12)

𝜕 𝑧

4 
lim
𝑅→∞

[
√

𝜇 𝑅(
𝜕 𝜙(𝑘)

𝑗

𝜕 𝑅 − 𝑖𝜇 𝜙(𝑘)
𝑗 )] = 0 (13)

Similar to the diffraction problem, the boundary integral equation
for the complete radiation problem can be given as follows:

2𝜋 𝜙(𝑘)
𝑗 (𝑥) +∬𝑆𝑇

𝐵

𝜙(𝑘)
𝑗 (𝜉)

(

𝜕 𝐺(𝜉; 𝑥)
𝜕 𝑛𝜉

)

𝑑 𝑆𝜉 = ∬𝑆𝑇
𝐵

𝐺(𝜉; 𝑥)
𝜕 𝜙(𝑘)

𝑗

𝜕 𝑛 𝑑 𝑆𝜉 (14)

Considering the boundary condition on the body surface (Eq. (11)), this
can be reduced to the following equation:

2𝜋 𝜙(𝑘)
𝑗 (𝑥) +∬𝑆𝑇

𝐵

𝜙(𝑘)
𝑗 (𝜉)

(

𝜕 𝐺(𝜉; 𝑥)
𝜕 𝑛𝜉

)

𝑑 𝑆𝜉 = ∬𝑆(𝑘)
𝐵

𝐺(𝜉; 𝑥)𝑛(𝑘)𝑗 𝑑 𝑆𝜉 (15)

2.4. Discretization of the Integral Equations and solution of the linear
algebraic system

The boundary surfaces are discretized into a set of quadrilateral
or triangular plane panels to approximate the exact geometry of the
bodies. The radiation and diffraction velocity potentials are represented
by piecewise constant functions over each panel, as in the existing
HAMS formulation [22]. By extending the existing ‘collection’ method
wherein the centroids of the panels represent the collection points,
the boundary integral equation for the diffraction problem (Eq. (7)) is
discretized into:

2𝜋 𝜙𝑆 (𝑥𝑖) +
𝑁𝑇

𝑝
∑

𝑙=1
𝐷𝑖𝑙𝜙𝑆 (𝑥𝑙) =

𝑁𝑇
𝑝

∑

𝑙=1
𝑆𝑖𝑙𝑉𝐼 (𝑥𝑙), (𝑖 = 1, 2,… , 𝑁𝑇

𝑝 ) (16)

Here 𝑁𝑇
𝑝 is the summation of panels over all bodies. The integrations

of the sources and dipoles within the mixed source/dipole formulation
over each panel for the scattering problem is given as follows:

𝐷𝑖𝑙 = ∬𝑆𝐵 ,𝑙
𝜕 𝐺(𝜉; 𝑥𝑖)

𝜕 𝑛𝜉
𝑑 𝑆𝜉 (17)

𝑆𝑖𝑙 = ∬𝑆𝐵 ,𝑙
𝐺(𝜉; 𝑥𝑖)𝑑 𝑆𝜉 (18)

and

𝑉𝐼 (𝑥𝑙) = − 𝜕 𝜙𝐼
𝜕 𝑛 (𝑥𝑙) (19)

Similarly, the collection method can be applied to the radiation prob-
lem and is given as:

2𝜋 𝜙(𝑘)
𝑗 (𝑥𝑖) +

𝑁𝑇
𝑝

∑

𝐷𝑖𝑙𝜙
(𝑘)
𝑗 (𝑥𝑙) =

𝑁𝑘
𝑝

∑

𝑆𝑖𝑚𝑛
(𝑘)
𝑗 (𝑥𝑚) (20)
𝑙=1 𝑚=1
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Fig. 4. Hydrodynamic coefficients and exciting forces for both cylinders in Case 1.
Fig. 5. Two submerged sphere interaction problem (Case 2).
with 𝑖 = 1, 2,… , 𝑁 (𝑀)
𝑝 , 𝑗 = 1, 2,… , 6 and

𝑛(𝑘)𝑗 (𝑥𝑙) =
𝜕 𝜙(𝑘)

𝑗

𝜕 𝑛 (𝑥𝑙) (21)

This assembly for the radiation problem is done for all 𝑀 bodies to
obtain the final set of linear algebraic equations for all 𝑀 bodies.

For both the diffraction and radiation problem, 𝑁𝑇
𝑝 number of linear

equations are obtained which need to be solved simultaneously. The
LU decomposition solver currently available in the HAMS package is
adapted to solve the set of linear algebraic equations for both the
diffraction and radiation problem.

2.5. Derivation of the hydrodynamic coefficients and exciting forces

Once the velocity potentials on the body surfaces are obtained, the
hydrodynamic coefficients and exciting forces can be computed based
on [27]. By integrating the pressure multiplied by the 𝑗th component
5 
of the normal vector over the 𝑘th body, the hydrodynamic forces acting
in the 𝑗th dof of the 𝑘th body can be computed. These is as follows:

𝐸(𝑘)
𝑗 = 𝑖𝜔𝜌∬𝑆𝑘

𝐵

𝜙𝐷𝑛
(𝑘)
𝑗 𝑑 𝑆 (22)

𝐴(𝑘)(𝑞)
𝑗 𝑠 − 𝑖𝐵(𝑘)(𝑞)

𝑗 𝑠 = 𝜌∬𝑆𝑘
𝐵

𝜙(𝑞)
𝑗 𝑛(𝑘)𝑠 𝑑 𝑆 (23)

where 𝐸(𝑘)
𝑗 is the wave exciting force in the 𝑗th dof of the 𝑘th body,

and 𝐴(𝑘)(𝑞)
𝑗 𝑠 and 𝐵(𝑘)(𝑞)

𝑗 𝑠 are the added mass and radiation damping
coefficients, respectively, in the 𝑠th dof of the 𝑘th body due to the 𝑗th
mode of motion of the 𝑞th body.

2.6. OpenMP parallelization on machines with multiple cores

Within the existing HAMS formulation, OpenMP, an application
programming interface (API) for writing shared memory parallel appli-
cations had been implemented. Being easily implementable for existing
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Fig. 6. Spherical mesh with 625 panels used in Case 2.

serial codes and highly suitable for multi-core architectures, it was cho-
sen to adapt its current implementation for the multi-body formulation
as well. This was done for the computation of the Green’s function,
resolving the complex linear system of algebraic equations as well as
the calculation of the hydrodynamic coefficients and exciting forces.

3. Validation of HAMS-MREL

This section focuses on the validation of HAMS-MREL. Various
geometrical shapes in finite and infinite depth condition are showcased
focusing on the field of renewables while considering the availability
of analytical/semi-analytical solutions of other investigators found in
literature. These include cylindrical/spherical shapes, that are used
for point absorber WECs, multi-column foundations for offshore wind
turbines, submerged pressure differential WEC and OWCs. Validation is
realized through comparison of hydrodynamic coefficients and exciting
forces with those obtained from analytical/semi-analytical solutions
and/or from WAMIT. For all the cases, with regard to the HAMS
meshes, the normal vector of the panels points from the body towards
the fluid.

3.1. Case 1 - Semi-immersed cylinders

The solutions for the hydrodynamic coefficients and exciting forces
from interaction theory proposed by Kagemoto and Yue in [29] for a
two semi-immersed floating cylinder were used for validation here.

The theory considers plane wave diffraction and radiation within
the formulation of the linear potential flow for multiple bodies. The
propagating and evanescent wave fields (also referred to as local waves)
are decomposed into cylindrical waves in terms of Henkel and modified
Bessel functions. To account for the interactions among the bodies
when solving the diffraction problem, the scattered potential 𝜙𝑆

𝑖 for the
𝑖th body is represented through the incident potentials 𝜙𝐼

𝑗 of body 𝑗,
𝑗 ≠ 𝑖 based on addition theorems for Bessel functions. Furthermore, the
authors use the diffraction characteristics of an isolated body through
‘‘diffraction transfer matrices’’ that relate to the incident and diffracted
cylindrical partial waves. The derivation of the radiation problem
follow closely with the development here (see [30] and [31]). The
radiation coefficients are derived from the culmination of radiation
coefficients of a body in isolation in combination with the partial cylin-
drical wave contributions (both propagating and evanescent) from the
scattering and incident potentials. In addition to the aforementioned
6 
Table 1
Properties used for the simulation in HAMS-MREL and
WAMIT for Case 1.

Property Unit Value

Diameter, 𝐷 m 4
Spacing, 𝐿 m 5.2
Water Depth, ℎ m 8
Draft, 𝐻 m 4
Angle of incidence, 𝛽 deg 0

algebraic method, a cross-model comparison is also carried out here
with WAMIT.

The two-cylinder case is shown in Fig. 2, 1200 panels were used
for the mesh (shown in Fig. 3) for both WAMIT and HAMS-MREL
in this comparison. The properties selected for the two-cylinder case
have been shown in Table 1. The number of panels were based on a
convergence study that was carried out, and the mesh discretization is
exactly the same in HAMS-MREL and WAMIT to minimize discrepan-
cies. Fig. 4(a) shows the total surge added mass (Eq. (24)), Fig. 4(b)
shows the total surge radiation damping (Eq. (25)), Fig. 4(c) shows the
total surge exciting forces (Eq. (26)) and Fig. 4(d) shows the total heave
added mass (Eq. (27)) for the two cylinders together. The quantities are
made dimensionless as indicated in the figures. , 𝐷 = 2𝑎 with 𝑎 is the
radius of the cylinder and 𝑎0 is the wave amplitude. Refer to Eq. (22)
and Eq. (23) for the definitions of the exciting force and hydrodynamic
coefficients respectively.

𝐴𝑡𝑜𝑡𝑎𝑙 ,𝑠𝑢𝑟𝑔 𝑒 = 𝐴(1)(1)
11 + 𝐴(1)(2)

11 + 𝐴(2)(1)
11 + 𝐴(2)(2)

11 (24)

𝐵𝑡𝑜𝑡𝑎𝑙 ,𝑠𝑢𝑟𝑔 𝑒 = 𝐵(1)(1)
11 + 𝐵(1)(2)

11 + 𝐵(2)(1)
11 + 𝐵(2)(2)

11 (25)

𝐸𝑡𝑜𝑡𝑎𝑙 ,𝑠𝑢𝑟𝑔 𝑒 = |𝐸(1)
1 + 𝐸(2)

1 | (26)

𝐴𝑡𝑜𝑡𝑎𝑙 ,ℎ𝑒𝑎𝑣𝑒 = 𝐴(1)(1)
33 + 𝐴(1)(2)

33 + 𝐴(2)(1)
33 + 𝐴(2)(2)

33 (27)

As seen from the results, HAMS-MREL is close to both WAMIT as
well as the semi-analytical method. For the total surge added mass,
HAMS-MREL slightly under-predicts the results as compared to the
algebraic solution, particularly for 𝜈 𝐷 > 2. However, it can also be
seen that WAMIT slightly over-predicts the values as compared to the
semi-analytical solution in the same regime. The potential reasons for
these differences between HAMS-MREL and WAMIT are mentioned in
Section 5.

3.2. Case 2 - Two submerged spheres

The semi-analytical solution for two interacting submerged spheres
is used for validation from the work of Wu [32]. This case was chosen
to highlight the capability of HAMS-MREL for modelling submerged
bodies, as this would be crucial to model devices such as the submerged
pressure differential WEC among others. A spherical geometry is chosen
to showcase a different geometry as compared to Case 1.

Wu’s work extends on the multipole expansion theory proposed
by Thorne [33] for a single sphere using the linear potential flow
theory. The theory proposed by Thorne expresses the velocity potential
through a series of singularities placed within the considered body.
With the extension of this theory, Wu proposes an interaction theory
that is applicable for any number of spheres with arbitrary radii and
submerges.

The two submerged sphere case is shown in Fig. 5. The properties
considered are shown in Table 2. The mesh used within HAMS-MREL
and WAMIT is shown in Fig. 6. The semi-analytical solution for the
hydrodynamic coefficients and exciting forces from Wu [32] were
compared with HAMS-MREL and WAMIT for the cases of surge (Fig. 7),
sway (Fig. 8) and heave Fig. 9. All the results are for the Sphere 2.

In all cases, it can be observed that the results from HAMS-MREL
exactly match to both the semi-analytical solution from Wu [32] as well
as WAMIT.
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Fig. 7. Hydrodynamic coefficients and exciting forces for surge of Sphere 2.
Fig. 8. Hydrodynamic coefficients and exciting forces for sway of Sphere 2.
Fig. 9. Hydrodynamic coefficients and exciting forces for heave of Sphere 2.
Table 2
Properties used for the simulation in HAMS-MREL and
WAMIT for Case 2.

Property Unit Value

Diameter, 𝐷 m 6
Spacing, 𝐿 = 4𝑎 m 12
Water Depth, ℎ m Infinite
Submergence, 𝑆 m 9
Angle of incidence, 𝛽 deg r ees 45

3.3. Case 3 - Three semi-submerged cylinders

The third case for validation is taken from the work by Mavrakos
[34], which provides a solution for the hydrodynamic coefficients
based on a semi-analytical method. The work focuses on obtaining the
hydrodynamic coefficients (added mass and radiation damping) from
the different combination of axisymmetric bodies. Here the cylindrical
case is considered. This case was chosen as it allows for validation
of hydrodynamic coefficients for pitching motion as well as solving a
fluid-body interaction problem with greater than two bodies, which is
observed in all the other cases.

The radiation problem is solved using an semi-analytical method
that combines single body hydrodynamic characteristics with the mul-
tiple scattering approach to account for the interaction phenomena. By
superimposing various orders of radiated/scattered waves emanating
from one body oscillating in the vicinity of the others, the velocity
potential is derived for each body within the multi-component system.
7 
This methodology is applicable for any number of axisymmetric bodies
with any geometrical arrangement, provided the vertical projections of
any two bodies not overlap.

The three semi-immersed floating cylinder problem is shown in
Fig. 10. The mesh used for this case in both HAMS-MREL and WAMIT
is shown in Fig. 11. The properties selected for the three-cylinder case
have been shown in Table 3. The number of panels were based on a
convergence study that was carried out as part of the research.

The results comparing the added mass in surge and pitch-surge for
cylinder 1 is shown in Figs. 12(a) and 12(b). HAMS-MREL is very close
to the semi-analytical solution and WAMIT for 𝜈 𝑎 < 1.5. Beyond that,
small differences are observed between HAMS-MREL and WAMIT. The
results comparing the radiation damping in surge and pitch-surge for
cylinder 1 is shown in Figs. 12(c) and 12(d) respectively. The results for
the surge added mass and radiation damping for cylinder 2 are plotted
in Fig. 13(a) and Fig. 13(b) respectively. A trend similar to cylinder 1
is observed. The potential reasons for these differences are explained
in Section 5.

3.4. Case 4 - Floating OWC

The final validation case selected is that of a floating OWC. In
addition to modelling a new type of wave energy device with an
internal water column, as compared to the first three cases, this case
also highlights the capability of HAMS-MREL in delivering accurate
solutions when the source and field points are very close.
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Fig. 10. Three semi-immersed floating cylinders (Case 3).
Fig. 11. Cylindrical mesh with 900 panels used in Case 3.

Most literature showing modelling approaches for OWCs with BIEM
utilize WAMIT as the BIEM solver, particularly when doing experi-
mental validations. To this extent, WAMIT is also the most developed
BIEM solver for OWCs as it offers the ability to model the OWC in
two different ways. The first method models an imaginary piston above
the internal water column as a thin massless disk in combination with
generalized degrees of freedom that can use all 6 modes [35] (usually
8 
Table 3
Properties used for the simulation in HAMS-MREL and
WAMIT for Case 3.

Property Unit Value

Radius, 𝑏 m 6
Spacing, 𝑙 m 15
Water Depth, 𝑑 m 120
Draft, 𝐻 m 10.95
Angle of incidence, 𝛽 deg r ees 0

heave is only used). This method utilizes dipole panels to model the
thin disk, which also requires a high resolution for the mesh. However,
since only the disk is modelled with dipole panels, the computational
effort is reasonable. The second method models the hull of the OWC
and an imaginary piston in a two-body system, where the length of the
piston is varied so as to replace part of the water column [36]. This is
particularly useful when the water column moves only in heave.

The second method is adopted here for modelling the floating
OWC in HAMS-MREL since it does not have the feature of generalized
degrees of freedom for modelling the massless disk. An inter-model
comparison is performed with WAMIT. The case from the work of
Penalba et al. [37] has been considered wherein a simplified version of
the Sparbuoy is modelled. The length of the imaginary piston is chosen
to be equal to the length of the column based on the work of Sheng
et al. [36] since this better captures the hydrodynamics of the OWC
system including the added mass at infinite frequency, which becomes
essential when performing time domain analysis of the OWC system.

It has been shown in the work of Sheng [36], that considering
different lengths of the piston will result in different added masses due
in heaving. However, the total mass, which is equal to the sum of the
mass of the piston (which is the mass of the water column replaced
by the piston from the free surface to the length of the water column)
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Fig. 12. Hydrodynamic coefficients for surge and pitch-surge for Cylinder 1.
Table 4
Properties used for the simulation in HAMS-MREL and
WAMIT for Case 4.

Property Unit Value

Inner Radius, 𝑟1 m 2
Outer Radius, 𝑟2 m 3
Water Depth, ℎ m Infinite
Draft, 𝐻 m 10
Angle of incidence, 𝛽 deg r ees 0

and the added mass due to the heaving piston, are approximately
constant over all considered piston lengths. Therefore, the combination
of added mass and mass of the piston in HAMS-MREL, as obtained from
the second method, is compared here with the added mass obtained
with the generalized modes case (first method) and two-body method
(second method) as obtained from WAMIT. These comparisons are
shown assuming motion only in heaving.

The meshes for the two considered cases are shown in Figs. 15
and 16. When modelling the OWC with the generalized modes, the
internal column surface mesh is modelled as part of the hull mesh.
The properties of the model are specified in Table 4. The number of
panels used for the two-body case was based on a convergence study
conducted as part of this research. The results for the total mass (added
mass + mass of piston) is shown in Fig. 17 and the radiation damping is
shown in Fig. 18. As seen, the results match perfectly between the two
codes validating this extension of HAMS-MREL for obtaining a solution
with overlapping panels.

4. Computational resources

This section focuses on comparing the computation time between
WAMIT and HAMS-MREL for the four cases considered. Furthermore,
the parallelization capabilities of HAMS-MREL for multiple bodies are
investigated with varying number of cores.
9 
Table 5
Simulation times for the 4 cases with HAMS-MREL and WAMIT (Time in min).

Case 𝑁𝑇
𝑝 𝑁𝜔 WAMIT HAMS-MREL

Case 1 2400 80 18.00 131.50
Case 1 Infinite depth 2400 80 9.25 9.30
Case 2 1250 100 6.00 3.05
Case 3 2700 100 65.45 716.67
Case 3 Infinite depth 2700 100 61.86 23.67
Case 4 two body system 1024 202 18.5 4.16

Comparison is done between WAMIT and HAMS-MREL in terms
of the analysis time for the considered four cases. In addition to the
four mentioned cases, two for finite depth (Case 1 and Case 3) and
two for infinite depth (Case 2 and Case 4), two additional cases are
considered. Specifically, Case 1 and Case 3 are also analysed in infinite
depth to compare the analysis time between finite and infinite depth
cases. The analyses were carried out in a 4 core, 8 GB RAM PC with a
Intel Core i5-4440 CPU processor (3.10 GHz). The computation times
for the analyses are shown in Table 5. Since WAMIT v6.1 was used for
these analyses, no parallelization was available in WAMIT. Accordingly,
for this comparison, no parallelization was used in HAMS-MREL.

In Table 5, 𝑁𝑇
𝑝 is the total number of panels and 𝑁𝜔 is the number

of frequencies used in the analysis. From Table 5, it can be observed
that for the considered infinite depth cases, HAMS-MREL is generally 2
to 4 times faster than WAMIT, whereas for the considered finite depth
cases, it is 7 to 11 times slower than WAMIT. HAMS-MREL does employ
parallelization, which can speed up the calculations. This feature was
added in WAMIT for v7 or higher [24].

To explore parallelization in HAMS-MREL, the analyses were carried
on the Snellius High Performance Computer (SURF Netherlands) for
Cases 1 and 3, both for finite and infinite depth conditions. All the
analyses were carried out in a 64 GB node with AMD Rome 7H12
processor (3.3 GHz). The number of cores for the calculations were
varied from 1 core to 32 cores. The computation ratio (Percentage ratio
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Fig. 13. Hydrodynamic coefficients for surge cylinder 2.
of the speed in 𝑝 cores to the speed with one core, where 𝑝 varies from
1 to 32) with the number of cores is shown in Fig. 19 and the speed-up
ratio (ratio of the speed in 1 core to the speed with 𝑛 core, where 𝑛
varies from 1 to 32) with the number of cores is shown in Fig. 20. As
seen, the computations can be speeded up as much as 12 to 14 times
for the finite depth cases as compared to the infinite depth case, where
the ratio is a little over 2.

This also shows the effectiveness of the OpenMP parallelization in
HAMS-MREL with regard to the finite depth cases, where it also takes
the most time. Comparing the finite depth and infinite depth cases, the
finite depth cases are 5 to 3 times slower than the infinite depth cases
with increasing number of cores.

5. Discussion

Case 1 and Case 3 have the finite depth condition, while Case 2
and Case 4 have the infinite depth condition. For the infinite depth
cases, the results from WAMIT and HAMS-MREL are very close to
each other. When solving for the infinite depth free-surface Green’s
function, WAMIT breaks down the entire flow domain into four sub-
domains based on parameters 𝑋 = 𝜈 𝑅 and 𝑌 = 𝜈|𝑧 + ℎ| (𝑅 is
10 
the distance between the source and field point and ℎ is the water
depth). Different semi-analytical expansions are used to approximate
the Green’s function in each sub-domain as proposed by Newman [21].
In HAMS, a different approach is used with a global approximation
algorithm utilized which is valid within the entire flow region, that is
used to compute the infinite depth Green’s function which is accurate
up to the second order, as proposed by Liang et al. [28]. Liang et al.
mentions that Newman’s algorithms, as well as the proposed global
approximation algorithms within HAMS-MREL have an accuracy of up
to 10−6. This could explain why HAMS-MREL and WAMIT are very
close for the infinite depth cases.

When considering Cases 1 and Case 3, which have the finite depth
condition, some differences are observed. These are observed at 𝜈 𝑎 >
1.5 particularly for the added mass in surge and pitch-surge degrees of
freedom and slightly for the radiation damping for the same degrees of
freedom for Case 3. There could be two potential reasons for this:

1. The algorithms used for the computations of the finite depth
Green’s functions: Similar to WAMIT, HAMS (and HAMS-MREL)
decomposes the flow domain into four sub-domains based on
the ratio 𝑅∕ℎ to evaluate the finite depth free-surface Green’s
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Fig. 14. Floating OWC (Case 4).
Fig. 15. Modelling Sparbuoy floating OWC using a thin massless disk for the piston
in combination with generalized mode in heave. Thin disk (purple) and hull of OWC
(green). 2275 panels in total across the entire model.

function; Here 𝑅 is the distance between the source point and
the target point, and ℎ is the water depth. HAMS (and HAMS-
MREL) employs different semi-analytical expansions in different
regimes including one in the vicinity of the logarithmic singu-
larity [13]. To make the algorithm computationally efficient,
expressions are derived to calculate the number of terms for
these semi-analytical solutions, which are based on performing
meticulous convergence studies [13]. In WAMIT, the polynomial
expansions in different domains are computed based on evalu-
ating the converging solution of the Green’s function, as part of
the algorithm itself.

2. The solver used for solving the set of linear algebraic equations:
WAMIT offers three different solvers (i) A special iterative solver,
(ii) a direct solver, and a (iii) block iterative solver. For the
considered finite depth cases, the special iterative solver was
utilized, based on generalized minimum residual, that obtains
11 
Fig. 16. Modelling Sparbuoy floating OWC as a two-body system where the piston is
modelled to the length of the internal water column. Internal water surface (purple)
and hull of OWC (green). 640 panels for the hull and 384 panels for the internal water
column.

the lowest residual error. This solver is highly recommended for
lower order panels (in this we work with the constant panel
method), and does not require temporary storage which makes
it computationally efficient [38]. For both case 1 and 3, con-
vergence was obtained with a maximum of 22 iterations. In
HAMS-MREL, a direct solver based on LU decomposition is the
only currently available option. This was incorporated in the
original HAMS tool as it only requires the left side of the matrix
(for both the diffraction and radiation problem) to be evalu-
ated once even for multiple wave headings, making the solver
computationally efficient when calculating the hydrodynamic
coefficients and exciting forces in a variety of sea states and
incident wave angles [13]. The usage of two different solvers
between HAMS-MREL and WAMIT could also be contributing to
the differences observed the results of Case 1 and 3.
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Fig. 17. Total mass (Mass of piston + Added mass) in heaving for the internal free surface.
Fig. 18. Radiation damping in heaving for the internal free surface.
Comparing the differences in computational resources between fi-
nite and infinite depth cases for the two solvers, it is observed that
HAMS-MREL is generally faster than WAMIT for the considered in-
finite depth cases, while WAMIT is faster than HAMS-MREL for the
considered finite depth cases. The parts of the code that are expected
to take the most time is the computation of the Green’s function [13],
followed by the solution to the set of linear algebraic equations. While
the computational time of the iterative solver in WAMIT is proportional
to (𝑁𝑇

𝑝 )
2, the computation time for the direct solver with LU de-

composition in HAMS-MREL is proportional to (𝑁𝑇
𝑝 )

3 [39]. Therefore,
for the infinite depth cases it is possible that the calculation of the
Green’s function in HAMS-MREL compensates for the lower speed of
its direct solver, thus making it faster than WAMIT. However, in the
finite depth cases, the increased computation time due to the direct
solver in HAMS-MREL is not compensated by the computation of the
finite depth Green’s function. This is hard to confirm in WAMIT, since it
is commercial and its code is not accessible. It should be noted, that all
comparisons are drawn when the same number of panels are considered
in both HAMS-MREL and WAMIT. WAMIT offers the possibility of
12 
symmetry, which could significantly make it faster. However, this is
not within the scope of this research, since the focus is on comparing
HAMS-MREL with its current capabilities as an open-source solver.

6. Conclusions

The paper presents a new open-source multiple body solver HAMS-
MREL, which can be considered as an extension for the existing fast,
reliable and robust solver HAMS. Building upon the multiple body
interaction theory provided by Newman and Kashiwagi, the diffraction
and radiation boundary integral equations are derived and solved to
obtain the hydrodynamic coefficients and exciting forces for all bodies.
This is done for both finite and infinite depth cases.

To validate the proposed formulation, the hydrodynamic coeffi-
cients and exciting forces obtained from HAMS-MREL are compared
with semi-analytical solutions found in literature along with inter-
model comparison with the popular and widely used commercial BIEM
solver WAMIT (v6.1) for four cases. The cases are selected based
on varying geometries being representative of various floating struc-
tures within the field of renewable energy including point absorbers,
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Fig. 19. Computation ratio with number of cores for Case 1 and 3 - Finite and Infinite depth.
Fig. 20. Speed up ratio with number of core for Case 1 and 3 - Finite and Infinite depth.
submerged pressure differential WECs, multi-column foundations for
offshore wind turbines and OWCs.

When considering the finite depth cases, it is generally observed
that HAMS-MREL is close to the semi-analytical solutions as well as
the commercial solver WAMIT with minor differences. The potential
reasons for these differences could be the difference in the algorithms
used to solve the finite depth Green’s functions as well as the solver
used to solve the set of linear algebraic equations. When considering
the infinite depth cases, HAMS-MREL matches perfectly with both the
semi-analytical solutions as well as the commercial solver WAMIT.

Considering the computation times between HAMS-MREL and
WAMIT, it is observed that for the considered deep water cases, HAMS-
MREL is generally 2 to 4 times faster than WAMIT. For the considered
finite depth cases, HAMS-MREL is 7 to 11 times slower. This is poten-
tially due to the balance between the time taken for solving the set
of linear algebraic equations (direct solver in HAMS-MREL vs iterative
solver in WAMIT) and the computation of infinite/finite depth Green’s
functions. All comparisons are drawn when the same number of panels
are considered in both HAMS-MREL and WAMIT. WAMIT offers the
possibility of symmetry, which could significantly make it faster. This
is however not within the scope of this research since the focus is on
13 
comparing HAMS-MREL with its current capabilities as an open-source
solver. Within the HAMS-MREL formulation, OpenMP parallelization
has also been implemented as part of this work. Therefore considering
parallelization, the computations can be speeded up to 12 to 14 times
for the finite depth cases, and up to 2 times for infinite depth cases,
when comparing single core to 32 core computations, which shows its
computational effectiveness.

While there are many commercial BIEM solver with multiple body
interactions (WAMIT, ANSYS AQWA, WADAM), there is a lack of highly
accurate, computationally efficient and parallelized validated open-
source BIEM solvers. With this research, the authors hope to contribute
to the open-source domain; and enable the development of highly
accurate and highly efficient numerical tools, for the deployment of
marine renewable energies, such as wave energy arrays and floating
wind.

7. Future work

The authors are currently working on adding more features to
HAMS-MREL, as well as improving on existing features. The new
features in the pipeline include removal of irregular frequencies, global
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symmetry, generalized modes and wave fields (free surface displace-
ent and pressure) considering multi-body interaction. Furthermore,

he authors are also looking into the implementation of more computa-
ionally efficient solvers such as the iterative solvers based on general-
zed least residuals method as well as mesh refinement techniques for

more complicated geometries.
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