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Additional features in HAMS-MREL: a new
open-source BIEM solver for offshore energy
applications

V. Raghavan, A.V. Metrikine, and G.Lavidas

Abstract—HAMS-MREL is a recently developed open-
source BIEM (Boundary Integral Equation Method) solver,
which allows for the solution of the diffraction and
radiation problem for multiple floating rigid structures,
taking into account their interaction. This solver has
shown to be highly accurate when compared with semi-
analytical solutions/commercial solver WAMIT, within a
computationally efficient framework that is parallelized.
The solver is currently capable of providing the hydrody-
namic coefficients (added mass and radiation damping) and
exciting forces for all 6 rigid body modes per body. With
this research, the solver has been extended significantly
to include the following features for the multiple body
interaction problem 1) Removal of irregular frequencies, 2)
Global symmetry, 3) Wave fields and 4) Generalized modes.
This study contributes further to the open-source domain
with the development of highly accurate numerical tools
for the accelerated deployment of offshore renewables.

Index Terms—HAMS-MREL, BIEM, Wave fields, Irregu-
lar frequencies, Symmetry, Generalized modes

I. INTRODUCTION

Tools and simulations based on frequency domain
calculations have been extensively used in the field
of offshore renewables for analysing arrays, due to
their numerous benefits: (a) they can provide accurate
and reliable results at the preliminary design stage,
(b) their output (frequency-dependent hydrodynamic
quantities) are often required for their integrated anal-
ysis in the time domain, and (c) they have a signifi-
cantly lower computational requirement as compared
to higher fidelity models such as Computational Fluid
Dynamics (CFD) ( [1], [2]). Among these methods,
BIEM based on linear potential flow theory has been
one of the most popular choices.

There are many commercial BIEM solvers with
WAMIT [3], WADAM [4], Hydrostar [5] and ANSYS
AQWA [6] being some of the most popular. Then
there are in-house solvers, such as DIFFRACT [7] and
OREGEN-BEM [8] that are neither commercial nor
open-source. These have been extensively developed
and utilized for multiple body BIEM calculations with
Wave Energy Converters (WEC) and WEC arrays ( [8]-

[13]).
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A lot of work has also been put into the develop-
ment of open source alternatives. When considering
the open-source domain for array calculations (mul-
tiple body simulations), there are BIEM codes such
as Nemoh 2.x [14] , Nemoh 3.0 [15] and Capytaine
[16] which are being widely used by the renewable
energy community. All these solvers can calculate the
diffraction and radiation solutions for multiple body
wave-structure interaction problems, providing the hy-
drodynamic coefficients, excitation forces, free surface
elevations and pressure fields.

HAMS-MREL (Marine Renewable Energies Lab) is a
recently developed BIEM solver from Raghavan et.al.
[17], that has added to the open-source domain. It is
based on the single body open-source BIEM solver
HAMS [18]. HAMS has been validated with analytical,
semi-analytical, commercial solvers and experiments
for a number of different structural geometries in the
field of renewable energy ( [18]-[23]). HAMS is also
computationally much faster than other open-source
BIEM solvers such as Nemoh 2.x and Capytaine ( [23],
[24]).

HAMS-MREL builds upon the framework of single
body solver HAMS, to solve the multiple body fluid-
structure interaction problem for the diffraction radi-
ation problem using mixed source/dipole boundary
integral equations, to produce the hydrodynamic co-
efficients and excitation forces. It has also been vali-
dated with experiments, semi-analytical solutions and
cross-model validation for a number of different struc-
tural geometries used within the field of renewables (
[2], [17]). It has OpenMP parallelization implemented
which allows it to be at par or even faster than WAMIT
for some deep water cases.

The current study further develops the capabilities
of HAMS-MREL with the validation of new features.
These features include the calculation of individual
fields for diffraction and radiation for free surface
elevation and pressure, global plane of symmetry,
suppression of irregular frequencies and generalized
modes. HAMS-MREL v1.0 is the currently available
open-source version of HAMS-MREL. The paralleliza-
tion with OpenMP has already been applied to the
calculation of the Green’s function, the solution of the
set of linear algebraic equations to obtain the potentials
and the calculation across a number of incident wave
directions. In HAMS-MREL v2.0, these new features
will be implemented with OpenMP parallelization,
thus immensely improving their computational gain .
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Fig. 1: Definition of the coordinate system for the
multiple body interaction problem. GCS refers to the
global coordinate system and LCS refers to the local
coordinate system per body. () denotes the source point
on the immersed body surface and P denotes the field
point anywhere in the fluid domain. (This figure is
taken from [17])

IT. CURRENT FRAMEWORK OF HAMS-MREL

HAMS-MREL solves the diffraction and radiation
multiple body problem, based on the linear potential
flow theory considering relevant boundary conditions.
The flow is described through a total complex-valued
spatial velocity potential ¢(x) for all considered bodies
which can be expressed as the summation of three
parts: the complex-valued spatial incident wave poten-
tial ¢;(x), the complex-valued spatial scattered poten-
tial ¢s(x) and the complex-valued spatial radiated po-
tential ¢ (x). Here, x refers to the cartesian coordinates
(z,y, z) expressed in m. This is shown as:

d(x) = ¢1(x) + ¢5(x) + dr(X) = dp(x) + dr(X) (1)

where ¢p is the complex-valued diffraction potential.
The potential satisfies the Laplace equation.

V=0 @)

When considering the diffraction and radiation prob-

lem, the following boundary conditions are considered.
o The free surface boundary condition

0
2 — i,z =0 )

o The body boundary condition
k
b _ 96" _ B
on T on J

where Sg“) is the body surface of the k** body.
o The sea bottom boundary condition

,on St @)

%:O,z:fh,orz%oo (5)
0z
e Sommerfield’s radiation condition
. dgr . B
Rh—{noo[v MR(@ —iudr)] =0 (6)

p = w?/g is the deepwater wave number and g is the
acceleration due to gravity. h denotes the water depth
considering finite depth, R is the horizontal distance
from any of the bodies and '/’ refers to the imaginary
unit with its coefficient referring to the imaginary
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part of a complex number. d);k) refers to the radiation
potential of the fluid velocity field generated by the j!"
degree of freedom (dof) for the k' body. j = 1,...,6 and
k=1,.,M. n;k) is the normal vector in the j** dof for
the k" body. ¢, can be ¢p or (b;-k) depending on if it
is diffraction or radiation.

The total velocity potential in HAMS-MREL can then

be defined as follows.

6 M
o) = 6p(x) —iw )y _ (%) )

where (; represent the complex motion amplitudes in
each mode.

The boundary integral equation for the diffraction
problem (for the complex-valued scatter potential) con-
sidering these boundary conditions with S% = Sg) +
51(32) + ..+ S%M) is given as follows.

2765(x) + [z 05(6) (2520) dSe = — [fgy (52) G(&:x)dSe
®)
Here x refers to the field point, £ refers to the source
point, G is the Green’s function and the subscript "I’
indicating the incident wave. Similar to the diffraction
problem, the boundary integral equation for the com-
plete radiation problem can be given as follows.

276 (%) + [y 01() (25920) s = [[y0 G(&520m{ase

©)

By utilizing the 'collection” method wherein the cen-
troids of the panels represent the collection points, the
boundary integral equation for the diffraction problem
and radiation problem are solved to obtain the poten-
tials [17].

Once the velocity potentials on the body surfaces are
obtained, the hydrodynamic coefficients and excitation
forces can be computed. By integrating the pressure
multiplied by the j** component of the normal vector
over the k' body, the hydrodynamic forces acting in
the j'" dof of the k' body can be computed. These are
as follows.

E](-k) = iwp // ¢Dn§k)dS (10)
Sk

AW@ 4 (/) BPW :p//Sk 6Dn®ds (1)
B

where E](k) is the wave excitation force in the j** dof

of the k'" body, and A;’;)(q) and Bj(-];)(q) are the added
mass and radiation damping coefficients, respectively,
in the s'" dof of the k' body due to the j'" mode of
motion of the ¢ body.

The new features showcased in the next section are
built upon this current framework in HAMS-MREL.

IIT. NEW FEATURES IN HAMS-MREL

This section focuses on the validation of the new
features in HAMS-MREL. For all the new features, the
simulations were performed in Snellius High Perfor-
mance Computer (SURF Netherlands) in a 64 GB node
with AMD Rome 7H12 processor (3.3 GHz).
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A. Wave fields

The wave fields comprise of the pressure and free-
surface elevation fields. HAMS-MREL is capable of
calculating both these quantities. However, for the
purposes of this study, only the free-surface elevation
is showcased.

The free-surface elevation 7(x,t) can be obtained
from the total velocity potential. This is obtained from
the dynamic free-surface condition as follows.

1 (0¢(x,t)
— | == 12
g ( at z2=0 ( )
In the frequency domain, the complex-valued free sur-
face elevation 7(x) is given below.

77(X7 t) =

U@%:%M@FO (13)

To validate the free-surface elevation wavefield in
HAMS-MREL, a simulation of a three cylinder case
was run and compared with WAMIT. The free-surface
elevation for diffraction and radiation are individually
considered here. The case is taken from the work of
Raghavan et.al. [17]. The case is shown in Fig. 2 and
the mesh is shown in 3. The properties of the case are
shown in Table L

Fig 4 and Fig 5 show the non-dimensional diffrac-
tion free-surface elevation np/A and non-dimensional
radiation free-surface elevation n§2) /A. The obtained
fields compare very well with WAMIT giving a Mean
Squared Error (MSE) of less than 1 %.

TABLE I. Properties of the three cylinder case for
obtaining wave fields

Property Value
Diameter, D (m) 6
Draft, d (m) 10.95
Water depth, h (m) 120
Spacing, L (m) 15
Incident wave angle, 8 (deg) 0
Amplitude of wave, A (m) 1

B. Global symmetry

The computational efficiency of the solution from
HAMS-MREL can be significantly improved by uti-
lizing symmetry. With the current implementation, a
single global plane of symmetry (either along « or y)
can be utilized ( [18], [25]). The discretized form of the
boundary integral equation (diffraction or radiation)
can be expressed as follows.

[A{¢} = {B} (14)

Considering a single plane of symmetry, it is possible
to partition the matrix A, vector ¢ and matrix B (see
Fig. 6, where the partition is made about y=0. This
indicates that for the panels in +y, the vector with the
potential is given as ¢,. For the panels in -y, the vector
with the potential is given as ¢).

In order to reduce the number of linear equations
to be solved, an orthogonal transformation matrix [R]
can be utilized such that
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Fig. 2: Three cylinder case - wave fields (This figure is
taken from [17])

Fig. 3: Cylindrical mesh with 900 panels used for
computing wave fields

MFﬂmmm (15)
{6} = [Rl{¢} (16)
{B} = [R|{B} (17)

with v = 2, since there are two regions due to a single
plane of symmetry. The transformation reduces the
linear system to a simplified diagonal form

o B

o@ | 7| B®
From this {¢} can be obtained.

In order to demonstrate the application of symmetry,
a single row of floating cylinders is considered. This is
shown in Fig. 7, where three cylinders are considered.
The mesh for one of the cylinders is shown in Fig. 8a.
The properties for the case are given in Table II. The

half cylinder mesh utilized thanks to the symmetry is
shown in Fig. 8b.

A

0 A® (18)
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Fig. 4: Non-dimensional diffraction wave field np/A
for wavenumber v = 0.0625 m~! and vh = 7.5 (deep
waters)

TABLE II: Properties of the Three cylinder case for
symmetry

Property Value
Diameter, D (m) 6
Draft, d (m) 1.5
Water depth, h (m) 120
Spacing, L (m) 18
Incident wave angle, 8 (deg) 0

Number of frequencies, N, (-) 300

Two cases, one with symmetry and another without
symmetry are considered. As seen from Fig. 9, for both
cases, the results of the hydrodynamic coefficients and
excitation forces match perfectly. A spike is observed
close to the wave period of 2 s resulting from an irreg-
ular frequency. Its suppression will be demonstrated in
the next section.

When comparing the computational gain due to the
application of symmetry, without considering paral-
lelization, a factor of 3.0 was obtained, which would
be beneficial when analysing large arrays.

C. Suppression of irreqular frequencies

When solving the BIEs in HAMS-MREL, substantial
errors can occur at ‘irregular frequencies’. This is ob-
served as a significant jump or dip in the hydrody-
namic coefficients and excitation forces, and can result
in unrealistic estimations of the response of floating
structures.
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Fig. 5: Non-dimensional radiation wave field 77§2) /A for
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(a) Whole cylinder mesh (b) Half cylinder mesh

Fig. 8: Cylinder mesh and half cylinder mesh - Sym-
metry
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(c) Heave excitation force

Fig. 9: Hydrodynamic coefficients and excitation forces
for heave for Cylinder 1 - Symmetry

Irregular frequencies are purely numerical and arise
from ill-conditioning of the boundary integral prob-
lems [26]. These coincide with the eigen frequencies
of the hypothetical sloshing modes (flow that fills the
interior of the structure), which are obtained from the
internal Dirichlet problem [27] and are numerically
caused by the interaction of the water-plane section of
floating bodies intersecting with the free-water surface
[28].

An extended BIE is thus developed and utilized,
which assumes the potentials on the interior of the
water plane are zero. This is only performed for bod-

700-5

AR

Fig. 10: Water plane mesh (pink) together with the
cylinder mesh (green)

ies where the input waterplane mesh is provided (In
HAMS-MREL, it is possible to provide the water plane
mesh for specific bodies). By applying the Green's
equation in the interior of the floating body, additional
BIEs are introduced which are combined with the
conventional BIEs.

Considering the total number of elements as N,
for all the water plane meshes and N} for all the con-
sidered bodies, a set of overdetermined linear algebraic
equations are obtained by combining the additional
BIE on the waterplane with the conventional BIE.

[A](NVTVP+NI§)XN};{¢}N; = [B}(NVTVP+N};)XN}Z (19)

The least squares method implemented for solving
the set of linear algebraic equations implemented in
HAMS, is extended to this problem. For more details,
see [28].

In order to validate the suppression of irregular
frequencies with HAMS-MREL, the three cylinder case
from the previous section (see Fig. 7) is utilized. It was
observed from Fig. 9, that a spike was observed close to
2 s. The waterplane mesh is shown in Fig. 10 .To make
a comparison with and without the suppression of
irregular frequencies, three different simulations were
preformed

o Simulation 1 - No suppression of irregular fre-
quencies (No-IR)

« Simulation 2 - Suppression of irregular frequencies
for Cylinder 1 and 2 (IR-2)

« Simulation 3 - Suppression of irregular frequencies
for all cylinders (IR-all)

The results are shown in Fig. 11. When considering
the three cylinder case with no irregular frequency
suppression, it is observed that the irregular frequency
occurs at around 2 s for all the cylinders. This can be
seen in the 'No-IR’ simulation in Fig. 11 (a)-(c). When
considering Simulation 2, wherein the waterplanes are
only utilized for Cylinder 1 and 2, it is observed that
the irregular frequency is suppressed while it is not
suppressed for Cylinder 3. When the waterplane mesh
is used in all cylinders, the irregular frequency for each
cylinder is suppressed for all cylinders.

D. Generalized modes (Dry modes) approach

The generalized modes approach can be used to
model flexible structures or structures with constraints,
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Fig. 11: Hydrodynamic coefficients and excitation
forces for heave for Cylinder 3

an example of such bodies are attenuator/terminators
wave energy converters, and/or large floating bodies
with several hinged components. In order to incor-
porate any generic motion of the structure, the body
boundary condition in the BIEM problem needs to be
modified. This is based on the dry modes approach
introduced in [29].

The body boundary condition (Eqn 4) can be ex-
pressed as a general expression:

(k)
90, _ g
on J

where SJgk) is a 3D vector shape function of the k'"
body, with cartesian components ugk),vj(k),w§k)
nk) = (n:(f),nék),n,(zk)) is the normal vector projecting
from the k' body towards the fluid [29]. In general,
for the rigid body translational degrees of freedom
( = 1,2,3), the shape function is a unit vector in
the corresponding direction, and for the rigid body
rotations (j=4,5,6), S; = S;_3 X r, where r is the lever
arm vector with respect to a rotation center( [29], [30]).

The projection of the normal vector can then be
written as follows.

Sjgk).n(k) = ugk)n;,k) + v;k)ngk) + wj(-k)ngk) (21)

n® (20)

and
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TABLE III: Properties of the flap(all dimensions in m)

Part Dimension (W x T' x H)
Flap top
Rectangular box
Triangular box
Flap bottom
Rectangular box

18 x 1.8 x 8.5
18 x 0-1.8 x 0.9

18 x 1.8 x 1.5

Vi e

Fig. 12: Mesh of the flap in HAMS-MREL - top (green)
and bottom (pink) - from [22]

Therefore, by deriving this vector shape function for
any additional mode/degree of freedom, the radiation
and diffraction problem can also be solved considering
this degree of freedom in HAMS-MREL.

In order to demonstrate this approach in HAMS-
MREL, the rigid flap from the work of Van 'T Hoff
[31] is taken, which has been validated with scaled
experiments. The derivation of the shape function has
been done in Raghavan et.al. [22]. Therefore, the shape
function is summarized here.

The flap is modelled as a two body problem, where
the top and bottom are two different bodies. The
geometry of the flap is shown in Fig 13. The flap
top combines two geometries, a rectangular box and a
triangular box, while the flap bottom, which is rigidly
fixed to the sea bottom, is composed of a rectangular
box. The dimensions of these parts is shown in Table
III. The hinge is located at Ly = 8.9 m from the free
surface. The water depth is 10.9 m, thus the hinge being
at 2 m above the sea bottom.

The shape function for the additional degree of free-
dom/mode shape for the flap top is given as follows.

SV = (Ly + 2,0, —x) (22)

Since the flap bottom is stationary, the shape function
for the bottom is a null vector.

S® = (0,0,0) (23)

Using this as the body boundary condition for the
additional pitch motion about the hinge, the radiation
and diffraction problems can be solved to obtain the
hydrodynamic coefficients and excitation forces.
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Sea bottom

Fig. 13: Schematic representation of rotation of the flap

(from [22])
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Fig. 14: Added mass flap A%l)

The cross-model validation with the commercial
solver WAMIT was performed. The considered ge-
ometry and results for the hydrodynamic coefficients
and excitation force for the flap, were taken from the
work of Van ‘T Hoff [31], since this was experimentally
validated. However, it should be noted that Van ‘T Hoff
utilized a slightly lower resolution mesh as compared
to the converged mesh resolution with WAMIT, since

the influence on the final results was little.

A convergence study was performed for choosing
the number of panels. With 1720 panels, good conver-
gence is achieved. Considering the added mass, A(7171)
(see 14), it is observed that the two solvers match very
well till 14 s. Beyond 14 s, there is a small underesti-
mation from HAMS-MREL, which is less than 5%. It
is stated here again, that the mesh utilized in WAMIT
has a mesh resolution lower than the converged mesh.

Hence it is expected, that smaller differences would be

observed when using a higher resolution mesh.

When considering the radiation damping coefficient

(given as B%l)), both the solvers are generally close

700-7

le?
=== WAMIT

1720 panels HAMS-MREL

41 1
)
31 ‘\
v “
4 \
i r
2 f N
i %
F, \\
14 I Y
] M
{ e
U
ol -4 T —
0 5 10 15 20 25
Period (s)
. - . (11)
Fig. 15: Radiation damping flap B;,
le?
A ——- WAMIT
1.4 1 r 3 1720 panels HAMS-MREL
] ‘\
1.2 4 f k!
] 1
fr A\
1.0 4 } LS
/ %
f ,
'é‘ ] ] \\
§ os { 5
] ~
= J N
Y 0.6 A A >
0.4 1 ==
/ -
0.2 1 4
|
[
A
004 -
0 5 10 15 20 25

Period (s)

Fig. 16: Excitation force flap Egl)

with HAMS-MREL slightly overestimating close to the

peak at 5 s.
The results for the excitation forces Egl)

in Fig 16. When considering the excitation forces, both
solvers are close, with slight overestimation (of about

5%) close to the peak at 6 s.

The slight overestimation with the peaks of B%l)
and Eél), and the slight difference in the location of
the peaks between WAMIT and HAMS-MREL with

(1D could also be due to the mesh utilized

regard to By, 7,
in WAMIT having mesh resolution lower than the

are shown

converged mesh.
An unusual peak is observed at the low period

of 1 s in both the radiation damping coefficient and
excitation force, and is less pronounced in the added
mass coefficient. This can be attributed to the irregular
frequency, which is usually observed at high wave
frequencies. This can be nullified by using a waterplane
mesh in addition to the hull mesh, and solving the
extended boundary value problem (refer Section III-C).
This is however, not relevant for this section.

IV. CONCLUSIONS

The paper presents the validation of the new fea-
tures in open-source BIEM solver HAMS-MREL. These
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includes free-surface elevation and pressure fields (to-
gether referred to as wave fields), global symmetry,
suppression of irregular frequencies and generalized
modes (dry modes) approach.

When considering the wave fields, the case of the
three cylinder array in a triangular configuration is
considered and the free-surface diffraction and radi-
ation fields are obtained. Cross-model validation is
performed for the RAOs and wave fields with the
commercial solver WAMIT. Both the diffraction and
radiation free surface elevation fields are seen to match
very well between the two solvers with less than 3%
€IToT.

When considering the implementation of the global
symmetry, the case of a single line of three cylinders is
considered. The hydrodynamic coefficients and excita-
tion forces were the same with and without symmetry
which validates this feature. A gain by a factor of 3.0
was obtained in this case.

When considering the suppression of irregular fre-
quencies, the same case of three cylinders as used
for global symmetry is considered. It is observed that
HAMS-MREL is able to suppress the irregular frequen-
cies based on the utilization of the water plane mesh
for solving the extended BIEM problem.

When considering the generalized modes approach,
the case of a two body flap is considered, where
the flap bottom is stationary. The implemented shape
function is taken from our previous work [22], and
validated with WAMIT. With a mesh resolution of 1720
panels, results between the solvers are close (less than
3%).

With the aforementioned features, the open-source
solver HAMS-MREL has been significantly enhanced.
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 energy arrays.

V. FUTURE WORK

A journal paper is currently under review with
the theory and validation of these new features in
HAMS-MREL. This work also provides a detailed anal-
ysis of these features and examines the parallelization
techniques implemented in HAMS-MREL, which have
been extended to enhance them.

The features introduced in this paper are part of the
HAMS-MREL v2.0. The code will be made available
on Gitlab as well as the MREL website (under the tab
Datasets & Models) - www.tudelft.nl/ceg/mrel.
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