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Abstract—W ithin the wave energy community,
hydrodynamic coefficients obtained from boundary
element methods (BEMs) are commonly used to
predict the behaviour of wave energy converters
(WECGCs) in response to incident waves. A number
of commercially-available BEM solvers exist, with
a number of open-source alternatives also available.
While open-source solvers have an obvious cost ad-
vantage compared to their commercial counterparts,
the results from such solvers are often susceptible
to so-called ‘irregular frequencies’, which arise from
ill-conditioning in boundary integral problems, and
result in large under- or over-estimation of hydrody-
namic parameters at certain excitation frequencies.
Furthermore, while commercial solvers may employ
techniques to suppress the effects of irregular frequen-
cies, such solvers may, under certain circumstances,
exhibit other problems in the hydrodynamic results
produced. For example, the results obtained for the
added mass at high frequencies, and the infinite
frequency added mass for a water column, may be
incorrect. The current work first focusses on an ap-
proach to remove the effects of irregular frequencies
from the results obtained for the radiation damping
of a particular WEC geometry. The use of radiation
damping results to obtain values for the added mass,
through the use of the Ogilvie relations, is then
considered. The technique described herein has been
implemented in BEMRosetta, an open-source tool
which allows a user to view the results from various
BEM solvers, as well as converting input files between
solvers. The results presented in this paper have been
obtained using the BEMRosetta implementation.

Index Terms—Boundary element methods, Irregu-
lar frequencies, Numerical modelling
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UMERICAL models of proposed WECs are an

essential design tool for the development of the
ocean energy industry, not least for the prediction of the
likely energy generated by a WEC, and for the design
of suitable model-based controllers/estimators/etc for
WECs. The behaviour of a WEC may be modelled in
either the frequency or time domains, and in single
or multiple degrees of freedom, using the equations of
motion for the WEC. The equations of motion are
parameterised using frequency-dependent hydrodynamic
coefficients including radiation damping and added mass.
The hydrodynamic coefficients for a given geometry may
be obtained from BEM solvers. A number of commer-
cial solvers exist, including WAMIT [1], AQWA [2],
and WADAM [3]. However, such commercial tools are
relatively expensive, and many early-stage developers,
and academic researchers, may prefer to make use of
open-source BEM solvers, notably Nemoh [4], and, more
recently, HAMS [5] and Capytaine [6] which can also pro-
vide satisfactory results [7]. All BEM solvers, commercial
and open-source, may suffer from so-called irregular
frequencies arising from ill-conditioning in the boundary
integral problem, which can result in significant localised
over- and under-predictions of the hydrodynamic param-
eters, localised at specific frequencies. It is important to
note that, while this phenomenon is commonly referred
to as an drregular frequency, (and this term is used
to refer to the phenomenon throughout the current
work), such localised over- and under-predictions of the
hydrodynamic parameters are in no way due to the
frequency, and indeed the frequency values themselves
are in no way irregular. Rather it is the values for
the hydrodynamic parameters around these frequencies
that behave in an irregular manner compared to the
adjacent values. Such over- and under-predictions, if left
unattended, will result in inaccuracies in the predictions
of the behaviour of a device modelled in the frequency
domain in and around the irregular frequencies. Further-
more, Cummins’ equation [8], often used to model WECs
in the time domain, estimates radiation forces using a
convolution between the velocity or acceleration of the
WEC and the corresponding impulse response function
(IRF) of the radiation forces. The IRF of the radiation
force in the time domain is commonly determined using
either the frequency-dependent radiation damping or
added mass, obtained from BEM solvers, in accordance
with the Ogilvie relations [9]. The process of obtaining
the IRF requires integration of either the added mass or
radiation damping over a range of frequencies from zero



to infinity. In practice, such integrations are truncated
at a suitably high frequency, but any errors in the hy-
drodynamics due to the presence of irregular frequencies
will impact negatively on the resultant IRF.

Commercial solvers typically include built-in routines
to eliminate, or at least mitigate, the presence of irregu-
lar frequencies in the generated output. Such techniques,
which take place when solving the boundary value prob-
lem (as opposed to during a post processing stage),
typically work by closing a geometry at the free surface
using the ‘lid method’ [10]. But, while steps have been
made to implement such routines in some open-source
solvers, irregular frequencies remain a significant issue
for some solvers, notably Nemoh, and solvers derived
from Nemoh, such as Capytaine. Furthermore, commer-
cial solvers may, under certain circumstances, exhibit
other problems in the hydrodynamic results produced;
for example, there are commonly issues with the results
for the high-frequency added mass and infinite frequency
added mass for an oscillating water column (OWC)
obtained from the commercial solver WAMIT. In the
methods outlined in this paper, no attempt is made to
prevent the occurrence of irregular frequencies, or other
related issues present in the hydrodynamic results in
the output from BEM solvers. Rather, post-processing
techniques to subsequently address irregular frequencies
(and other issues) are described, and the results from
applying these techniques to some typical test cases are
illustrated.

The first part of the current work describes the issues
that may arise with the hydrodynamics obtained from
BEM solvers. The second part of this paper focusses
on techniques to remove the effect of irregular frequen-
cies from the results obtained from BEM solvers for
the radiation damping of a geometry, while the third
part focusses on the use of radiation damping results
(either those directly obtained from the BEM solvers,
or results which have been post-processed as above)
to obtain values for the added mass through the use
of the Ogilvie relations. The techniques described may
also be used to improve the results obtained for the
infinite frequency and high-frequency added mass values
for OWCs obtained from some commercial solvers, or
remove discontinuities in the added mass results which
may sometimes arise in open-source solvers. As described
in Section II, a number of different issues may arise with
added mass results. While similar techniques as used to
address issue with the radiation damping values could
also be used to handle some issues with the added mass,
the use of the Ogilvie relations to obtain the added mass
from the radiation damping may be used to address all
the issues with added mass results described in Section
II.

II. ISSUES WITH HYDRODYNAMICS FROM BEM
SOLVERS

A. Irregular frequencies in the radiation damping

Irregular frequencies in a radiation damping curve
commonly manifest as large, localised increases (or de-
creases) in the values obtained for the damping as the
frequency increases. These increases (or decreases) in
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Fig. 1. An example of irregular frequencies in the radiation

damping for an ellipsoid in heave, obtained from Nemoh, showing
large, localised increases and decreases in the damping values.

the damping value deviate significantly from the values
that might be expected when considering the surround-
ing damping values. This is followed immediately by
similarly-sized sudden decreases (or increases) in the
expected value. Finally, the overall trend of the radiation
damping curve reverts to the trajectory it was following
prior to the irregular frequency event. Figure 1 illustrates
a typical set of radiation damping results obtained for
an ellipsoid in heave from the open-source BEM solver
Nemoh which contains irregular frequencies; one such
irregular frequency is circled. Irregular frequencies in
the radiation damping curve can also take the forms
illustrated in Figures 2 and 3. Figure 2 illustrates the
radiation damping for a hemispherical float in pitch
where the irregular frequencies take the form of nu-
merous relatively small and localised increases only as
frequency increases before returning to the expected
values. Figure 3 illustrates the radiation damping for a
cube in roll where the irregular frequencies take the form
of numerous relatively small and localised decreases only.
The radiation damping values in Figures 2 and 3 were
also obtained from Nemoh.

B. Irregular frequencies in the added mass

Irregular frequencies may also manifest in results ob-
tained from BEM solvers for the frequency-dependent
added mass for a geometry. Figure 4 illustrates the added
mass obtained from Nemoh for the same ellipsoid for
which the radiation damping is illustrated in Figure 1.
As in the radiation damping curve, similar, significant,
localised variations in the values for the added mass can
be seen corresponding to each irregular frequency event.
Note that the irregular frequency issues occur at the
same frequencies in both the added mass and radiation
damping.

C. Discontinuities in the added mass

Another issue which may arise in the frequency-
dependent added mass curves is the presence of discon-
tinuities in the data. This issue appears to primarily
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Fig. 2. An example of irregular frequencies in the radiation

damping for a hemispherical float in pitch, obtained from Nemoh,
showing localised increases in the damping values.
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Fig. 3. An example of irregular frequencies in the radiation
damping for a cube in roll, obtained from Nemoh, showing localised
decreases in the damping values.

affect open-source solvers, and Figure 5 illustrates an
example of this phenomenon for the added mass in the
pitch mode of an oscillating surge wave energy converter-
type (OSWEC) device obtained from Capytaine.

D. High-frequency added mass issues for OWCs

An issue which is specific to the hydrodynamics ob-
tained by commercial BEM solvers when used to model
OWCs arises when the so-called massless disc approach
is employed. The piston mode of the water column is
represented by the heave motion of an infinitely-thin,
massless disc located on the water surface. Due to the
thin nature of this disc, BEM solvers incorrectly calcu-
late the added mass at high frequencies, which, instead
of being asymptotic to the infinite frequency added mass,
will tend to minus infinity. The modelling process can be
extended to the sloshing modes of the OWC, and it is
also common to find the added mass for sloshing modes
tending to plus infinity. Furthermore, BEM solvers often
fail to estimate the appropriate value for the infinite
frequency added mass in these cases. Figure 6 illustrates
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Fig. 4. An example of irregular frequencies in the added mass
for an ellipsoid in heave, obtained from Nemoh, showing localised
increases and decreases in the added mass values.
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Fig. 5. Added mass for an OSWEC-type device, obtained from
Capytaine, illustrating a discontinuity in the added mass curve for
the pitch mode.

an example of this issue for the piston mode of an OWC
using added mass values obtained from WAMIT. The
tendency of the added mass curve at high frequencies to
approach minus infinity can be clearly seen, as indeed
can the presence of some irregular frequencies at higher
frequencies.

While discontinuities in the added mass, and the issue
with high-frequency added mass values for an OWC, are
not caused by irregular frequencies, both are included
here as the same technique used to remove irregular
frequencies described herein may also be used to address
these issues.

III. POST PROCESSING THE RADIATION DAMPING

Two methods for post processing the radiation damp-
ing obtained from BEM solvers have been implemented
in the open-source tool, BEMRosetta. The first method
is to apply low-pass filtering to the radiation damping
data. The second approach is, to the authors’ knowledge,
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Fig. 6. Added mass for an OWC, obtained from WAMIT, illustrat-
ing the trend toward minus infinity at high frequencies, and some
irregular frequencies.

novel to the current implementation and is described in
Section III-B.

A. Low-pass filtering

A forward and reverse, low-pass Butterworth filtering
process may be applied to radiation damping results
in BEMRosetta. During the forward pass, the data is
filtered and the irregular frequencies removed based on
a user-defined cut-off frequency. The forward pass will
introduce a phase offset, which will cause the radiation
damping curve to shift with respect to frequency. The
filtered data is then reverse passed through the filter to
remove the phase offset.

B. Nowel approach to removing irregular frequencies

Low-pass filtering of the radiation damping data can
successfully remove the effect of irregular frequencies
from the radiation damping obtained from BEM solvers
in many cases. However, a robust automatic selection
process to determine suitable cut-off values for the filter,
which removes the effects of irregular frequencies without
leaving significant artifacts and also without attenuating
parts of the damping curve it is intended to retain,
has, to-date, proven elusive. The desire to automate the
process of irregular frequency removal to as large an
extent as possible led to the development of a novel
approach to removing the effect of irregular frequencies
in hydrodynamic results. This novel approach to han-
dling issues with the radiation damping and added mass
values (described in Section IT) has been implemented in
BEMRosetta. The technique first processes the radiation
damping values, before using the results obtained from
either that process or the filtering process outlined in
Section III-A, to obtain added mass results. The novel
technique for removing the effect of irregular frequencies
from the radiation damping comprises four main steps.
The raw data is first cleaned to ensure it is suitable for
the subsequent steps. Next, a so-called ‘Area of Interest’
is defined to facilitate the selection of specific damping
values (occurring at irregular frequencies) to be removed.

The third step identifies the irregular frequencies within
the data in the ’Area of Interest’ and removes the radia-
tion damping values at irregular frequencies in this data.
The final step is to repair the gaps in the data which arise
once the damping values for the irregular frequencies
are removed, and to add a ’tail’ to the damping curve
for frequencies which lie beyond the ’Area of Interest’.
Each step in the process is now described. Note that
in the processes described below a number of critical
parameters have been selected by a process of trail and
error, and based on the observations and experience of
the authors.

1) Cleaning the raw data: Cleaning of the raw ra-
diation damping data is performed to ensure the data
is in a suitable form for the remaining steps in the
process. Firstly, any instances where the result obtained
by the solver is undefined, which typically appear as
NaN in the raw data, are removed from the data set.
Secondly, as a user may define any frequencies they
wish to be analysed by a BEM solver, it cannot be
assumed that each frequency is represented only once,
that the frequencies are in ascending or descending order
or that the spacing between frequency points is uniform.
Therefore, the algorithm checks for, and removes, any
duplicate frequencies. The data is then sorted in order
of ascending frequency, and re-sampled to ensure even
spacing between the frequencies. The re-sampling rou-
tine creates a histogram of all the intervals between the
frequencies in the data set. If one interval value occurs
80% (or greater) of the time, then that value is used to
re-sample all the data. Otherwise, the mean value of all
the intervals is used. Re-sampling is performed linearly.

2) Defining the ’Area of Interest’: The novel technique
identifies a range of frequencies, and a range of damping
values within the data set, which define the so-called
‘Area of Interest’. The width of this area is defined by
upper and lower frequency values, while the height is
bounded by zero and an upper value for the radiation
damping. The width and height of the ’Area of Interest’
are determined so as to encompass the majority of the
radiation damping information, and will therefore vary
depending on the geometry being analysed. The range
of frequencies over which the ‘Area of Interest’ spans is
determined using a two-stage process. The first step of
the process depends on the area bounded between the
radiation damping curve and the frequency axis. The
low frequency limit is set to the frequency where the area
bounded by a vertical line at the frequency, the radiation
damping curve and the frequency axis is equal to, or
greater than the 1%* percentile of the total area. The
upper limit is set equal to the frequency corresponding
to the 98" percentile. The percentile values have been
chosen based on experience. However, it is possible that
large peaks due to irregular frequencies at high frequen-
cies may result in an inappropriately high upper limit
for the frequency range, which will adversely effect the
second stage of identifying the ‘Area of Interest’, which
is the selection of the appropriate damping range. To
prevent this, the algorithm next divides the frequency
range defining the extent of the ‘Area of Interest’ thus
far into 20 frequency segments of equal length. The
average value of damping for each segment is checked
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in turn, starting from the lowest frequency, to ensure it
is at least 5% of the maximum damping value. If the
average damping value in a segment is below 5% of the
maximum value, the segment, and all segments at higher
frequencies, are not included in the ’Area of Interest’,
and the upper limit of the frequency range for the ‘Area
of Interest’ is reset to the upper frequency of the last
valid segment. It is worth noting that an upper limit for
the frequency range that could be considered is the value
at which the damping values returns to zero. However,
this would prove problematic for cases with a double-
peak radiation damping.

The second step in determining the ‘Area of Interest’
is to establish the range of damping values to con-
sider. These values are determined by first applying a
3rd-order, low-pass Butterworth filter to the radiation
damping data where the cut-off frequency is 20% of the
frequency range used to define the width of the ’Area
of Interest’. The lower limit of the damping values is set
equal to zero, while the upper limit it set equal to the
maximum value of the filtered damping. Figure 7 below
illustrates an example of the ‘Area of Interest’ obtained
for one data set.
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Fig. 7. Example of an ’Area of Interest’ for a typical radiation
damping data set.

3) Identifying and removing peaks: Two processes are
used to identify peaks due to the effects of irregular
frequencies within the damping data in order that the
phenomena illustrated in Figure 1 and Figures 2 and
3 may be captured and resolved. The first process,
used to remove the effects of irregular frequencies such
as those illustrated in Figure 1, where large localised
increases and decreases in the damping values occur,
initially identifies all peaks and troughs within the ’Area
of Interest’. Next, for each value of damping at a peak (or
a trough), the value is compared to the adjacent values
on both sides. If a difference of greater than 20% of the
upper damping limit defining the ‘Area of Interest’ is
found between the peak (or trough) value and either of
the adjacent values, the peak (or trough) is assumed to
be a result of the effect of an irregular frequency. While a
figure based only on experience, the value of 20% of the
maximum ‘Area of interest’ has, to date, proven effective

at identifying such peaks and troughs.

Once the peaks in the damping data due to the effects
of irregular frequencies have been identified, the peak at
the lowest frequency value is first removed. It is then
necessary to determine how much damping data from
either side of the irregular frequency should be removed.
A frequency window of damping values to be removed is
determined on the fractional height of the peak (or depth
of the trough) to the height of the ‘Area of Interest’
Specifically, the window width is set to 10% of the
fractional height of the peak multiplied by the frequency
width of the ‘Area of Interest’. Again, the figure of 10%
has been selected based on previous experience. Note
that a maximum window to remove is set to 20% of the
width of the ‘Area of Interest’ to prevent too much data
being removed. Once the window around an irregular
frequency has been removed, the height of the ‘Area of
Interest’ is recalculated using the same process described
in Section ITI-B2. Each peak identified as being due to
the effect of an irregular frequency is removed in turn
in order of the frequency of occurrence. As all data for
frequencies beyond the ’Area of Interest’ is replaced by
an exponential tail, see Section III-B4, any peaks in the
damping which lie beyond the ’Area of Interest’ are, by
default, removed.

If appropriate, a second process for identifying the
effects of irregular frequencies addresses issues such as
those illustrated in Figures 2 and 3 where localised
increases (in the case of Figure 2), or localised decreases
(in the case of Figure 3), in the damping values occur.
Again, this process begins by identifying peaks and
troughs, but only those which have a width of no more
than 10% of the ‘Area of Interest’ and which occur
at frequencies higher than that corresponding to the
maximum damping value. When identified, the damping
values which make up these irregular peaks are removed
based on the local slope of the curve. A maximum
allowable slope is calculated as six times the ratio of
the height to the width of the ‘Area of Interest’ If the
local slope to the left of a peak exceeds the maximum
allowable slope, these points are removed. Similarly, if
the local slope to the right of a peak is more negative
than minus the maximum allowed slope, these points are
also removed. The reverse is true for troughs.

Finally, any negative damping values in the data set
are discarded. Figure 8 illustrates an example of the
results of this process as applied to the damping results
shown in Figure 1 for an ellipsoid. Note the damping val-
ues associated with the the effects of irregular frequencies
have been largely removed.

4) Repairing the removed sections: Once the damping
values corresponding to the effects of irregular frequen-
cies have been removed, the gaps in the damping data are
interpolated. The nature of the interpolation performed
depends on how large a specific gap in the damping data
is. If the width of the gap is less then 10% of the width
of the ‘Area of Interest’, a simple linear interpolation be-
tween the end points of the gap is performed. For larger
gaps, a cubic curve is used to join the end points of the
gap. The cubic curve joining larger gaps is constructed so
that the slope of the start point (at the lower frequency)
is the average value of the slope at the four previous
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Fig. 8. Radiation damping curve corresponding to that in Figure 1
for an ellipsoid with the damping values associated with irregular
frequencies removed as described.

points, while the slope at the end point where the curve
rejoins the existing damping data is zero. It is intended
that, in future updates to BEMRosetta, the slope at the
start point will be the average of a number of points
based on a percentage of the horizontal width of the
"Area of Interest’, and also that the slope at the end point
where the curve rejoins the existing damping will be
determined by the average of the same number of points
after the end point. Regardless of whether a removed
section of the damping curve is replaced with a cubic
or linear section, the algorithm attempts to smooth the
transition between the existing data and the replacement
sections. The smoothing process preserves the position
and slope of the first point of the replacement section
of the damping curve. A cubic spline is fitted from the
third point before the first point of the replacement
section, passes through the first point (the position of
which is maintained) and ends at the third point after
the first point. The coefficients of the cubic spline are
obtained from the three points before and after the
central point. A similar process is used to smooth the
transition between the end point of the replacement
section and the existing damping data.

Finally, the high-frequency tail of the damping curve,
which lies outside the ‘Area of Interest’, is approximated
by a decaying exponential. The tail extends from the
final damping value within the ‘Area of Interest’ to
a distance from the origin of one and a half times
the width of the ‘Area of Interest’ The join between
the exponential tail and the remainder of the radiation
damping curve is smoothed using the same technique as
is used to smooth the joints between interpolated data
and the original, as described above. Figure 9 illustrates
the results of the process as applied to the data in Figure
8. Note that the tail of the radiation damping curve has
been replaced by the decaying exponential.

IV. POST PROCESSING THE ADDED MASS

A number of possible issues with the frequency-
dependent added mass are illustrated in Section II.
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Fig. 9. Radiation damping curve for an ellipsoid with the effects
of irregular frequencies removed, the gaps in the curve interpolated
and smoothed, and a fitted exponential-based tail.

A single technique is implemented to address all the
issues with the added mass which have been identified,
i.e., the effects of irregular frequencies, discontinuities
and the high-frequency issues in the added mass for
OWCs. The technique is similar to that described in
[11], but differs in how the infinite frequency added
mass is determined. The process described herein of
addressing issues with the added mass assumes that the
frequency-dependent radiation damping values are free
of the effects of irregular frequencies; if necessary the
damping values may first be post processed as described
in Section III. The radiation damping and added mass
of a geometry are related to each other (and the impulse
response of the radiation forces) through the well-known
Ogilvie relations given in (1) and (2):

A@)Amémkmgmmmt 1)

B(w) = /000 k(t) cos(wt)dt (2)

where A is the so-called infinite frequency added mass,
and k(t) is the radiation impulse response in the time
domain, also known as the radiation kernel, and which
contains the memory effect of the fluid response. Equa-
tion (2) allows k(t) to be expressed in terms of the
frequency-dependent radiation damping as:

uﬂ:iAmbn%wmm 3)

The technique to resolve issues with the added mass
implemented in BEMRosetta first constructs the im-
pulse response of the radiation forces from Equation
(3), where the integration is calculated using Simpson’s
rule and is truncated at a sufficiently high frequency
that the radiation damping curve has returned to zero,
at which point the damping from higher frequencies
will make no further contribution (assuming the range
of frequencies available is sufficient that the damping
curve has returned to zero). The added mass is then
constructed from Equation (1). However, this operation
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requires knowledge of A... While some (but not all)
BEM solvers will calculate a value for A, the technique
employed herein does not assume knowledge of A...
Instead, the added mass is first found from Equation (1)
assuming A, = 0. Next, the frequency corresponding to
the maximum value of radiation damping is identified.
For each value of the added mass, up to the frequency
at which the maximum damping occurs, the value of A,
required to make the added mass obtained from (1), and
the value obtained directly from the BEM solver equal
to each other, is calculated. The final, single, value of
A produced by the technique, and used to produce the
added mass curve for all frequencies, is the average of
all the values obtained for each value of the added mass
up to the chosen frequency. The choice of the range of
frequencies to consider when determining A is based on
two observations in an attempt to ensure the robustness
of the process. The first is that the effects of irregular
frequencies typically manifest at frequencies higher than
the frequency at which the maximum radiation damp-
ing occurs. The second observation is that the added
mass curve for an OWC does not begin to exhibit the
behaviour illustrated in Section II at frequencies lower
than that at which the maximum damping occurs. The
selection in this manner of the maximum frequency when
determining the values to be averaged to obtain A,
ensures the values are not adversely biased by either
phenomenon.

V. SAMPLE RESULTS

Some examples of the results obtained using the tech-
niques described herein to address the issues with the
results from BEM solvers (illustrated in Section II) are
now presented. Figure 10 overlays the radiation damping
for an ellipsoid following the removal of the effects of
irregular frequency on top of the unprocessed damping
results obtained from Nemoh (previously illustrated in
Figure 1). Figure 11 overlays the added mass for the
ellipsoid following the removal of the effects of irregular
frequency on top of the unprocessed added mass results
(previously illustrated in Figure 4).

Figure 12 illustrates the result of applying the novel
technique to process the radiation damping results for
the OSWEC-type geometry (which was analysed with
Capytaine to obtain the results previously illustrated in
Figure 5), and using the processed damping values to
obtain the added mass for the device. Note that the
discontinuity in the added mass curve, clearly visible in
the unprocessed results, has been addressed.

Figure 13 illustrates the radiation damping results
obtained for a bottom-mounted OWC from WAMIT.
Note that the original results contain two large peaks
at approximately 2 rad/s and 4 rad/s, as well as a low
peak at approximately 7 rad/s. (The effects of some
irregular frequencies can also be seen at high frequencies,
but these occur after the damping has returned to zero
and are at frequencies that would typically be beyond
those of interest to a designer.) While processing the
damping results as described herein has removed the
effects of irregular frequencies at high frequencies, the
algorithm has also removed entirely the third peak at
7 rad/s, which lies outside the ’Area of Interest’ and
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Fig. 10. Radiation damping curves for an ellipsoid before and

after the effects of irregular frequencies have been processed by
the techniques described herein.
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Fig. 11. Added mass curves for an ellipsoid before and after

the effects of irregular frequencies have been processed by the
techniques described herein.

which is not due to the effect of an irregular frequency.
In this case it may in fact be better to use the original
damping curve truncated at a suitably high frequency
(e.g., by discarding values after 9 rad/s). Regardless,
using either of the damping curves illustrated in Figure
13 to obtain the added mass curve produces virtually
indistinguishable results for the added mass.

Figure 14 illustrates the comparison between the
added mass results obtained directly from WAMIT for
the same bottom-mounted OWC, and the added mass
obtained from BEMRosetta using the radiation damp-
ing in conjunction with the Ogilvie relations and de-
termining A, as described in Section IV. Note the
absence of the effects of any irregular frequencies in
the processed results and also that the added mass no
longer tends to minus infinity at high frequencies, but
rather is asymptotic to the infinite frequency value. In
this case, the value for A, obtained from BEMRosetta
is approximately 13,305 kg and the added mass curve
illustrated in Figure 14 is asymptotic to this value.
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Fig. 12. Added mass curves for an OSWEC-type device in pitch
before and after the added mass discontinuity was addressed.
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Fig. 13. Radiation damping curves for a bottom-mounted OWC,
obtained from WAMIT, before and after the effects of irregular
frequencies have been removed.

The final set of results presented here in Figures 15
and 16 illustrates the radiation damping of a cuboid
geometry, obtained from Nemoh, before the removal of
the effects of irregular frequencies (which were previously
illustrated in Figure 3) and the corresponding damping
results after the effects of irregular frequencies were
removed. This is a particularly challenging set of results
to process due to the large number of irregular frequency
effects closely spaced together, and while the resultant
radiation damping curve is an improvement on the orig-
inal, it does retain artifacts of the effects of irregular
frequencies following the removal process. The processed
radiation damping results do, however, produce a clean
impulse response function, which is then used to generate
the added mass results presented in Figure 16.

VI. FUTURE IMPROVEMENTS

The techniques described herein to mitigate the effects
of irregular frequencies on the radiation damping and
added mass results from BEM solvers have been imple-
mented in BEMRosetta. However, the effects of irregular
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Fig. 14. Added mass curves for a bottom-mounted OWC obtained
directly from WAMIT and as found using the techniques described
herein.
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Fig. 15. Radiation damping curves for a cube before and after the
effects of irregular frequencies have been removed.

frequencies may also impact on the results obtained
from BEM solvers for the wave-induced exciting forces.
It is the intention of the authors that future releases
of BEMRosetta may also include tools to mitigate the
effects of irregular frequencies on the exciting forces. One
technique which is currently being investigated is the
potential use of the 3-D Haskind relations [12] to obtain
the exciting force from the radiation damping after
the effects of the irregular frequencies on the radiation
damping have been reduced for symmetrical bodies.

VII. CONCLUSION

It is the hope of the authors that the post-processing
techniques described herein, and implemented in the
open-source tool BEMRosetta, may prove to be of use to
the wider wave-energy community. The techniques have
been extensively tested on multiple data sets generated
from both commercial and non-commercial BEM solvers,
for a wide range of geometries, in all rigid body modes of
motion. To date, the techniques have proven robust and
reasonably successful in removing the effects of irregular
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Fig. 16. Added mass curves for a cube before and after the effects
of irregular frequencies have been removed.

frequencies from the hydrodynamics obtained from BEM
solvers, and in addressing the high-frequency added mass
issues for OWCs. Although not shown here, the tech-
niques have also been tested on the results obtained for
the coupled hydrodynamics between different modes for
rigid bodies, and between multi-body systems. However,
a number of critical parameters required by the algo-
rithms are not determined a priori, but are based on the
experience of the authors. Should users identify data sets
where the techniques fail to improve the results directly
obtained from BEM solvers, totally fail to remove the
effects of irregular frequencies, or should any issues arise
with the use of these tools, the authors would welcome
correspondence on the matter.
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