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1 Prerequisites

The tutorial presents a simple case study with the purpose of demonstrating functionality in AquaSim.

It is assumed that the user is familiar with the basic principles of modelling and specifying material
parameters in AquaEdit, as well as conducting analyses. If you are looking for an introduction to AquaSim
we advise you to start with the Basic program tutorials. Furthermore, it is assumed that the user has some
experience with linear potential flow theory, and numerical sink-source algorithms.

2 Introduction

This tutorial introduces how wave excitation forces and radiation forces (hydrodynamic damping and added
mass) are calculated numerically in AquaSim based on the “diffraction module” and “radiation module”
from NEMOH, respectively.

The purpose is to provide an introduction to the load formulation, how these results are presented in
AquaSim, both locally on each element in AquaView and globally in the “Hydro-file”, as well as provide
some insight to relevant effects, corrections and considerations that are performed in the time-domain
simulations in AquaSim with respect to drift forces, added mass distribution, wave-current interaction,
irregular waves, water depth and more.

You will be introduced to:

- The basics of linear potential flow theory.

- Practical considerations with respect to hydrostatic forces and structural deformations, with
respect to the geometry that is sent to and evaluated in the NEMOH solver.

- How to initiate the NEMOH solver in AquaSim.

- Best practice with respect to mesh size and orientation of panels (especially concerning normal
vectors).

- How the total wave excitation pressure (Froude Kriloff + diffraction), diffraction pressure phase,
hydrodynamic damping and added mass are distributed on each panel on the structure.

- How the numerically calculated added mass, and hydrodynamic damping might be scaled
horizontally and vertically.

- How the total global wave excitation force (Froude Kriloff + diffraction), wave excitation force
phase (Froude Kriloff + diffraction), hydrodynamic damping and added mass is presented in the
“Hydro-file”.

- Present some comparisons between results obtained from AquaSim, compared to known
analytical solutions and to results from other numerical software, for verification.

- Options for how to account for infinite or finite water depth in numerical calculations.

- Considerations with respect to current-wave interactions.

- Different options for how to handle added mass and hydrodynamic damping in irregular waves.

- How drift forces are accounted for and how these are presented in the “Hydro-file”.

- Different options for how to handle added mass, with respect to the mean wetted surface and the
instantaneous wetted surface, as well as how to handle negative added mass and damping.

- How added mass and hydrodynamic damping are accounted for with respect to rigid body
rotations and arbitrary motions (hydroelasticity).

- Other things to be aware of e.g. vertically oriented elements close to water surface, irregular
frequencies and other possible singularities.
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3 Basics of linear potential flow theory

The load formulation “Numerical diffraction” in AquaSim is based on the open-source code NEMOH,
which is a linear potential flow theory algorithm using the Boundary Element Method (BEM), along with
the source-formulation to solve the hydrodynamic boundary value problem. In broad terms the numerical
algorithm solves the hydrodynamic boundary value problem by distributing sinks/sources on each panel,
assuming constant panel strength on each panel, and calculating the strength of each sink/source to satisfy
the boundary conditions on the structure (5). Note that the sinks/sources themselves could be thought of as
representing known “unit-waves” propagating away from the panel in all directions, that already satisfy the
conditions (1) to (4) below, but with unknown amplitudes/strengths that needs to be solved for.

The algorithm is based on linear potential flow theory. Linear potential flow theory assumes an inviscid,
irrotational, incompressible fluid, which in turn implies that the flow can be described using velocity
potentials (®). In linear potential flow theory, the hydrodynamic problem is divided into two main problems,
commonly referred to as the “diffraction problem” and the “radiation problem”. The entire solution to the
hydrodynamic problem is found by linear superposition of the solution of each of these two problems. In the
“diffraction problem” the structure is assumed to be stationary and subjected to incident waves, while in the
“radiation problem” the structure is free to move, but is not subjected to incident waves.

Overall, the numerical algorithm ensures the following is satisfied for both problems:

1. The governing Laplace equation is satisfied in the entire fluid domain, implying that
conservation of mass is obtained.

2. The far-field radiation condition is satisfied, meaning that the waves generated by the structure
(from diffraction/radiation), propagates away from the structure and dies out far away from the
structure.

3. The boundary condition on the seabed (assumed to be flat/horizontal) is satisfied, meaning that
the normal (i.e. vertical) fluid flow velocity acting on the seabed is zero, meaning there is no
fluid flow through the seabed.

4. The combined (kinematic and dynamic) linearized boundary condition on the free-surface is
satisfied, implying that water particles on the free-surface remain on the free-surface
(kinematic) and that the pressure on the free-surface is equal to the atmospheric pressure
(dynamic).

5. The boundary condition on the structure is satisfied, meaning that the total normal fluid flow
velocity acting on each panel is zero, meaning there is no fluid flow through the structure.

For practical purposes, the “radiation problem” provides us with hydrodynamic damping and added mass,
while the “diffraction problem” provides us with the wave excitation force and the wave excitation force
phase. The different hydrodynamic quantities represent the following:

- Hydrodynamic damping: represents damping due to energy being transported away from the
structure, because of waves generated by the motion of the structure.

- Added mass: represents the acceleration of water particles due to the motion of the structure.

- The wave excitation force and the wave excitation force phase: represents the disturbance of
the incoming waves due to the presence of the structure.

For more details regarding NEMOH and its theoretical background, see (A. Babarit, 2015), (R. Kurnia G.
D.,2022) and (R. Kurnia G. D.-C., 2022).
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4 Practical considerations for hydrodynamic analysis in AquaSim

In AquaSim it is important to note that the AquaSim solver performs a static analysis before the geometry
from the static analysis is sent into the NEMOH solver. The NEMOH solver is first initiated, when running
the dynamic steps. This implies that you need to at least perform both one static step and one dynamic step
to perform a “pure” hydrodynamic analysis in AquaSim, as shown in Figure 1.

Furthermore, one needs to be aware of that it is not the modelled/drawn geometry that is used as input to
NEMOH, but the deformed geometry after the static steps have been calculated. In case there is a current
present in the analysis, the deformed geometry from when 2/3 of the current velocity has been applied, is
sent to the NEMOH solver.

The important takeaway for this is that you need to be aware that you still need to think about the structural
aspects, like deformations and translations, of your model, since this can affect the geometry evaluated in
the hydrodynamic analysis, in addition to the fact that you need to analyse a minimum of one static step and
one dynamic step.

= Time serie

Preincrement 1
Max iterations pr step 1000
Mum total steps for waves 1
Mum steps for one wave 20
Convergence criteria 1.0
Change dynamic convergence criteria 0.0
Current reduction method Energy method ﬂ
Current reduction type Deformed by current and waves ﬂ
Infinite depth ]
Depth (wave profile) -1.0m
[ Cresting wave factor 0.0

Figure 1 Minimum required analysis steps to perform hydrodynamic analysis in AquaSim.
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5 How to initiate the NEMOH solver in AquaSim

There are mainly two different ways to initiate the NEMOH solver in AquaSim, and both of them requires
that the component group, representing the geometry and elements you want to calculate the hydrodynamic
properties of, is either set to element type “Membrane” or “Membrane X”, as shown in Figure 2.

The next step is then to go to the dropdown menu for “Load Formulation” and choose either “Lice skirt” or
“Closed compartment” as shown in Figure 3. You then go to the dropdown menu for “Wave excitation load”
and choose “Numerical diffraction”, as shown in Figure 4.

Companents

01 frame s |
B3 Moongy __ Stame s A
Type > TRUSS
Visibilty > BEAM
MEMBRANE

Lock

NODE2NODE
Deactivate

Operations >

Delete
Library
Edit

Figure 2 Membrane panels of barge, element type set to “Membrane X”'. Note orientation of global coordinate system in model, with global x-

axis (red) oriented longitudinally relative to barge, global y-axis (green) oriented transversally relative to barge and global z-axis (blue)
oriented vertically.

Ea Edit membrane: 2 ShipSurface X
Information Name ShipSurface
Material properties Description
Impermeable properties
Type Normal v
Load formulation | Closed compartment v
Regular net
Morison free plate
Surface tarpaulin

Figure 3 Load formulations that can be used to initiate the NEMOH solver in AquaSim, highlighted in yellow.
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Information Bl Fluid parameters internally in tank
Material properties Density of fluid inside enclosed volume 0.0 kg/m*~3
Impermeable properties Height of fluid level inside endosed volume relative to ... 0.0m
Free surface area of internal waterline 0.0m"2
Distance from water line to panel edge 0.0m
Scaling factor, fluid mass horizontal 0.0
Scaling factor, fluid mass vertical 0.0
Horizontal radius inner fiuid mass 0.0m
El Drag
Drag coefficent upstream 0.0
Drag coefficent downstream 0.0
Skin friction coeffident 0.0
Lift coefficent 0.0
E] Wave excitation load
Load formulation MNumerical diffraction
Scaling factor {Hybrid) 1.0
E Added mass and damping
Added mass coeffident horizontal 1.0
Added mass coefficient vertical 1.0
Added mass indicator 0: Mean free surface
Hydrodynamic damping coefficient horizontal 1.0
Hydrodynamic damping coefficent vertical 1.0
Damping coeffident (flexible tarp) normal 0.0
Damping coeffident (flexible tarp) tangential 0.0
B Advanced
Wave amplitude reduction 0.0
Current reduction 0.0
Indude drift O
Combined pressure from waves and current 0.0
Enable convolution integral O
Negative damping handling Megative added mass and damping set to 0
&l Sloshing
Table (none)

Figure 4 How to initiate NEMOH in AquaSim using “Lice skirt” or “Closed compartment”.

6 Panel orientation and meshing

When using the NEMOH solver in AquaSim, it is important to note that it is required that the normal vectors
(blue axis of local coordinate system) of each panel points into the interior of the structure.

To verify that the orientation of all panels is as desired, one might activate the “Membrane side” function.
The side that faces out towards the external fluid will then be coloured with a shade of blue, while the side
facing towards the interior of the structure will be coloured with a shade of red. In addition, one might also
select a few, or all, of the elements in the component, while having activated the “Normals” function, which
will show you the orientation of the blue local normal vector of each selected element. Both functionalities
are shown in Figure 5.

If you find that your model does not have all panels oriented with their normal vectors into the interior of the
structure, one can obtain this quickly by selecting all elements, then right-click and choose “Align
membranes to center”, as shown in Figure 6. All selected elements will then point towards their geometric
centre.

With respect to the mesh size, a rule-of-thumb is to use elements with a diagonal that is 1/6 or smaller than
the shortest wavelength you want to model, to obtain sufficient accuracy (DNV AS, 2021). As an example,
the barge presented in this tutorial has a uniform mesh size of 1.0m x 1.0m. Meaning that the length of the

diagonal is equal to d = V2 m = 1.41m, which will result in sufficient accuracy for wavelengths of
A = 6 xd = 8.49m, corresponding to wave periods T > /2%1 = 2.33s. If you are then considering

performing analyses with wave periods shorter than this, care must be taken, and you should consider
decreasing the mesh size.
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Gt hce antrare Mo e (v aon vt | Shopes Commctin (M| <0 0 (2] [ £ B 86 [0 B ot comis [§]/ O @ @ FOR M 1 X ®L BE % 4FDO®R
Tod scpates |
st mocel e

Addte smecoon

Quads (4900
5 Selected 4850 from ShipSusface
Component

ares “no

Figure 5 Membrane panels of barge, “Membrane side” and “Normals” activated to verify panel orientation in AquaSim.

Componerts
D1 fme B |
2 snosutce VORI X
@3 Moorgres euss [l

Bements >
Components >

Membrane >

Fip
Rotate

Calculate srea

Generate Hex

Align membranes to center
Align membrane normals

Membrane load >

Figure 6 Select all elements in the component group, right-click and choose “Align membranes to center”, to make sure all element points
towards the geometric center.
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7 Analysis model

The analysis model presented in this tutorial is a simple box-shaped barge with length of 100m, width of
20m, height of 12m and a draft of 6m. As previously mentioned, the “Membrane X” panels have a uniform
mesh size of 1.0m x 1.0m. The analysis model is shown in Figure 7.

To provide buoyancy, hydrostatic stiffness and sufficient structural stiffness in the model, there is also used
“Beam” elements in a 2.0m x 2.0m frame with element lengths of 1.0m. The “Beam” element frame is
shown in Figure 8. This is only done for the sake of simplicity and calculation efficiency, and you could
easily obtain buoyancy, hydrostatic stiffness and sufficient structural stiffness by using “Membrane”
elements only. However, that is out of the scope of this tutorial, as this tutorial will mainly focus on
performing hydrodynamic analysis in AquaSim, using the NEMOH solver.

Furthermore, the model has 8 mooring lines, each with a length of 20m and oriented horizontally at z =
0.0m, with 4 lines being oriented along the global x-axis and 4 lines oriented along the global y-axis. The
model is fixed in all degrees of freedom (DOFs) at the ends of the mooring lines.

The properties of the frame, membrane panels and the mooring lines are provided in Figure 9 - Figure 11.

Figure 8 Frame consisting of “Beam” elements to ensure structural stiffness, hydrostatic stiffness and provide buoyancy.
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Information Bl Material properties Information [l Drag load
E-modulus 2.1E11N/m"2 Material / section properties E Drag coefficients
Stress caloulation G-modulus 8.08E10 Njm~2 Stress calculation ¥ 0.0
Element loads [ Cross sectional properties il z 0.0
Advanced Area 0.365681 m”2 Advanced E] Added mass coefficients
Ty 0.172199 m~4 Cay 0.0
Iz 0.172189 m"4 Caz 0.0
It 0.344339 m"4 B Diameter for drag
[ Weight and volume per meter length ¥ (depth) 0.0m
Volume 0.0 m~3/m Z (width) 0.0m
Mass density 6724,4296%4 kg/m 3 B Wave generated damping coefficient
Weight in air 2458,99594 ka/m % Horizontal motion 0.0
[ Weight in water 245893694 ka/m Vertical motion 0.0
B Advanced Rotstion 0.0
Rayleigh damping (mass) 0.0 E Advanced
Rayleigh damping (stiffness) 0.0 Slamming shape Circle =
Mass radiue 0.0m Wave amplitude reduction 0.0
Pretension 0.0 Current reduction 0.0
Longitudinal drag coeffident 0.0
0[] wind load
. . o » S
Figure 9 Properties of “Beam” elements in frame.
1 B Edit membrane: 2 ShipSurface x
|
= = Informaten B Fluid parameters internally in tank
Informaton B Thickness {for impermeable) | Materiel properties Density of fuid inside enclosed vokume 0.0kgm*3
Thickness ¥ 5.0285E-4m | Height of fuid level inside enclosed volume relafive tos... | 0.0m
Impermeable properties Thickness Z 5.0265-4m | Free surface area of nternal waterine 0.0m"2
Thickness LODS3E-3m | Distance from water ine to panel edge 0.0m
O Properties Scaling factor, fuid mass horizontal 0.0
E-module IE1LNfm~2 ‘ Sealing factor, fiuid mass vertical 0.0
Thread diameter 4E3m ‘ Horizontal radius inner fluid mass 0.0m
. — . | B Drag
Oarea 1.2566E-5m "2 Drag coeflident upstream 0.0
Mass density 1E-4kg/m*3 Drag coeffident downstream 0.0
() Relative density in water -1024.9393 kg/m 3 Skin fricton coeficient 0.0
Mo compression forces Lift coefficent 0.0
B Solidity 1 Wave excitation load
Pretension Y £5 Load formulation Numerical diffraction =l
Scaling factor (Hybrid) 1.0
Pretension 2 S © Added mass and damping
Grawth coefficient L3 Added mass coefficent horizontal 10
Maskwidth ¥ 0.025m Added mass cosffigent vertical 10
Maskwidth Z 0.025m ‘Added mass indicator 0: Mean free surface |
Salidity 32.0% Hydrodynamic damping coeffident horizontal 10
Sty ind cronth en Hydrodynamic damping coefficient vertical 10
i 4 4 Damping coefficient (flexible tarp) normal 0.0
EIACyance Damping coefficent (fexble tarp) tangential 0.0
Rayleigh damping stiffness 0.0 3 Advanced
Rayleigh damping mass 0.0 Wave ampiitude reduction 0.0
Non-inear data (none) Current reduction 0.0
Indude drift (]
Combined pressure from waves and current 0.0
Enable convolution integral
Negative damping handing Negative added mass and damping set to 0 k|
B Sloshing
Table (none) ..
oK Cancel o Y o

Figure 10 Properties of “Membrane X elements corresponding to the hull surface.

Edl Edi

ringlines

-

x

Information
Wind load
Damper
Advanced

E Information
Name
Description
E Properties
E-modulus
Area
Diameter
[0 Volume
Mass density
Weight in air
[ Weight in water
E Drag loads
Diameter
Diameter Z
Drag coefficdent ¥
Drag coeffident Z
Added mass coeffident ¥
Added mass coeffident Z

E Default values
Mo compression forces
Pretension
Breaking load
Material coeffident

Longitudinal drag coefficient

Rayleigh dampening (mass)
Rayleigh dampening (stiffness)

MooringLines
Applied from: Rope_14mm

2.1E10 Nfm~2
1.59E-4m"2
0.014003 m
1.54E-4m"3fm
1668.831169 kg/m~3
0.257 kgfm

0.09915 kgfm

0.0m
0.0m
0.0
0.0
0.0
0.0
0.0

]
0.0
0.0N
0.0
0.0
0.0

Cancel

Figure 11 Properties of “Truss” elements corresponding to the mooring lines.
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8 Load cases, postprocessing and analysis results
There are performed analyses with waves with amplitude of 1.0m and periods of 3.0s and 30.0s respectively,
as shown in Figure 12. The waves move in the direction of the width of the barge (beam sea).

[ ] Nr Amp[m] T[s] V[deg] oX[mfs] c¥[mfs] wix[m/s] w[m/s] Comment Group
[} 1 1 3 90.0 0 1] [v] 1] 01
[} 2 1 30 90.0 0 1] [v] 1] 1]
Add Edit Delete Import Generate irregular sea Generate irregular wind QK Cancel
El Time serie 8 Create max out file
Preincrement 1
Max iterations pr step 1000 B Export groups
Mum total steps for waves 1 @ Automati X 7=
utomatic groupin v
Mum steps for one wave 20 LIS
Convergence criteria Lo (8 Delete AVS files after run
Change dynamic convergence criteria 0.0
Current reduction method Energy method j @ Analyse immediately after export [ Quick open
Current reduction type Deformed by current and waves j .
Enable low priority processes
Infinite depth [} ) FEIE
Depth (wave profile) -Lom [ Omit PFAT files from analysis
C] Cresting wave factor 0.0

Bottom [ Verify model when exporting

Advanced (] spiit file by timesteps 100

[C] Extract timestep range

|aquasim_2_21.exe ~ Export

Figure 12 Environmental loads, for analyzed load cases.

8.1 Results in AquaView, “avz-file” and “PFAT-file”

In AquaView, from the “avz-file” and the “PFAT-file” you can see the distribution of added mass,
hydrodynamic damping, total wave excitation pressure and more, on each individual panel on the structure,
as seen from the dropdown menu for “Impermeable net” in Figure 13 and Figure 14, respectively.

The main difference between the results presented in the “avz-file” and the “PFAT-file”, is that for the “avz-
file” you are presented with the time-varying values that are applied in the analysis at any given analysis
step, meaning you can see in-and-out of water effects and other non-linear corrections that are done to the
actual instantaneous wetted surface of the structure, while the “PFAT-file” provides you with the “raw”
uncorrected time-independent results for the mean wetted surface of the structure, that are calculated by the
NEMOH solver.
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Color

Node number
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DragEnergyNet
DragForceNet

Global section forces
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Local section forces
Net

ReactionForce
Rotation

Sag

Slamming

Stress component
Von Mises stress [MPa]
Wind

Location

Distance
Displacement

Rigid body rotation
Membrane area [m*2]

Utilization

>

>

Information on springs >

Clear data

Color

Node number
Convergence norm
Coordinate
Environment
Global section forces
Impermeable max
Impermeable min
Impermeable net
Input data

Local section forces

Max Displacement

Max sea pressure [mH20]

Net
Nominal stress range

Rotation

Stresscomponent compress

Stresscomponent max

Von Mises stress max [MPa]

Wind

Location

Distance

Membrane area [m*2]
Utilization

Information on springs
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Added mass normal per m2 [mH20]

Added mass normal per m2 [mH20]
Buoyancy impermeable net [m3]
Damp(flexible tarp) per m2 [Ns/m]
Edge above inner water line [m]
Height to water surface [mH20]
Hydrodynamic damp normal per m2 [Ns/m]
Inner height waterline [m]

Inner mass normal per m2 [mH20]
Internal pressure [mH20]

Percent element in water [%]
Pressure from current [Pa]

Pressure from waveDIFF [mH20]

Pressure from waveFC [mH20]

Pressure from wave [mH20]
Relative pressure [mH20]

Volume incl inner heigt [m3]

Figure 13 Analysis results and postprocessing in AquaView from “avz-file” for load case 1.

re pressure factor

Cal

> aquasim

> Diffraction amplitude

> Min height to water surface [MH2
> Relative angle FC Diff [DEG]

> Wave pressure factor

>

>

>

>

Figure 14 Analysis results and postprocessing in AquaView from “PFAT-file” for load case 1.
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8.1.1 Pressure from waves and corresponding phases
Figure 15 - Figure 17 presents the total wave excitation pressure, the diffraction pressure and diffraction
pressure phase distribution, respectively, for load case 1.

In AquaView the total wave excitation pressure is presented in the “PFAT-file” by the unitless parameter
denoted as “Wave pressure factor”, which provides the ratio between the total wave excitation pressure and
the Froude-Kriloff pressure.

The diffraction pressure in the “PFAT-file” is presented in AquaView by the unitless parameter denoted as
“Diffraction amplitude” which provides the ratio between the diffraction pressure amplitude and the Froude-
Kriloff pressure amplitude.

The diffraction pressure phase in the “PFAT-file” is presented in AquaView by the parameter denoted as
“Relative angle FC Diff” and has unit degrees. This parameter provides the relative phase angle between the
diffraction pressure and the Froude-Kriloff pressure.

From Figure 15 it is possible to see that the “Wave pressure factor” is approximately 2.0, while Figure 16
and Figure 17 shows a “Diffraction amplitude” of 1.0 and a diffraction pressure phase of around 0 degrees at
the side facing the waves. This corresponds to the generation of a reflected wave with equal amplitude and
phase as the incoming wave, but with opposite wave propagation direction, resulting in a standing wave of
amplitude twice that of the incoming wave, which is the analytical solution expected for an infinite wall,
which the barge will resemble for such a short wave period, T = 3.0s.

On the opposite side of the barge (shadow side), it is possible to see that the “Wave pressure factor” is
approximately 0.0, and the “Diffraction amplitude” is 1.0, with a diffraction pressure phase of around 180
degrees. This corresponds to the generation of a transmitted wave with equal amplitude and wave
propagation direction as the incoming wave, but with opposite phase, resulting in a cancellation effect
behind the barge, which is the analytical solution that is to be expected.

In the “avz-file” the Froude-Kriloff pressure, diffraction pressure and the total wave excitation pressure are
presented in AquaView by the parameters denoted as “Pressure from waveFC”, “Pressure from waveDIFF”
and “Pressure from wave”, respectively, as seen in Figure 13. These pressures have unit [mH2O] meaning
that the pressure in pascal [Pa], is divided by the gravitational acceleration (g = 9.81m /s?) and the density
of seawater (p = 1025 kg/m?3). These parameters provide you with the time-variations of the different
pressures.
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Impermeable net > Wave pressure factor

%%%
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Figure 15 Wave pressure factor for load case 1 (wave amplitude 1.0m and wave period 3.0s).

Impermeable net > Difraction ampiitude
1.00 %%

aquasim

Figure 16 Diffraction amplitude for load case 1 (wave amplitude 1.0m and wave period 3.0s).

Impermeable net > Relative angle FC Diff [DEG]

aquasim

288.00
216.00
144.00

72.00

Figure 17 Diffraction pressure phase for load case 1 (wave amplitude 1.0m and wave period 3.0s).

aquastructures
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8.1.2 Added mass and hydrodynamic damping
Figure 18 and Figure 19 presents the added mass and hydrodynamic damping distribution, respectively, for
load case 2.

The added mass presented in AquaView by the parameter denoted as “Added mass normal per m2” and has
unit [mH20]. Meaning that the added mass of the panel in [kg], is divided by the area of the panel and the
density of water (p = 1000 kg/m?). This parameter represents the amount of water that the panel
accelerates per area (m?).

The hydrodynamic damping presented in AquaView by the parameter denoted as “Hydrodynamic damp
normal per m2” and has unit [(Ns/m)/m?]. This parameter represents the hydrodynamic damping force, due
to wave generation, that acts on the panel per area (m?).

One should also note that if the scaling parameters for added mass and hydrodynamic damping in AquaEdit,
highlighted in Figure 20 are set to any other value than 1.0, the horizontal and vertical contributions for the
added mass and hydrodynamic damping used in the analysis, as well as the results presented in AquaView
for the for the added mass and hydrodynamic damping, will be scaled in accordance with the input values
provided by the user for these parameters.

Impermeable net > Added mass normal per m2 [mH20]

@%@

aquasim

16.67

12.50

8.33

417

0.00

Figure 18 Added mass for load case 2 (wave amplitude 1.0m and wave period 30.0s).
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Impermeable net > Hydrodynamic damp normal per m2 [Ns/m]
782.55 %

aquasim

626.04

469.563

313.02

156.51

0.00

Figure 19 Hydrodynamic damping for load case 2 (wave amplitude 1.0m and wave period 30.0s).

Bd Edit ne: 2 ShipSurface X
Information B Fluid parameters internally in tank
Material properties Density of fluid inside endosed volume 0.0 kg/m~3
Height of fluid level inside endosed volume relative to s... | 0.0m
Free surface area of internal waterline 0.0m"2
Distance from water line to panel edge 0.0m
Scaling factor, fluid mass horizontal 0.0
Scaling factor, fluid mass vertical 0.0
Horizontal radius inner fluid mass 0.0m
B Drag
Drag coefficent upstream 0.0
Drag coefficient downstream 0.0
Skin friction coeffident 0.0
Lift coeffident 0.0
El Wave excitation load
Load formulation Mumerical diffraction ;I
Scaling factor (Hybrid) 1.0
B Added mass and damping
Added mass coefficient horizontal 1.0
Added mass coefficent vertical 1.0
Added mass indicator 0: Mean free surface LI
Hydrodynamic damping coefficent horizontal 1.0
Hydrodynamic damping coeffident vertical 1.0
Damping coefficent (flexible tarp) normal 0.0
Damping coeffident (flexible tarp) tangential 0.0
B Advanced
Wave amplitude reduction 0.0
Current reduction 0.0
Include drift O
Combined pressure from waves and current 0.0
Enable convolution integral
Negative damping handling Megative added mass and damping set to 0 LI
E Sloshing
Table (none) LI

oK Cancel

Figure 20 Scaling factors for added mass and hydrodynamic damping in AquaFEdit.
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8.2 Results in “Hydro-file”

If you are interested in the total added mass, total hydrodynamic damping and/or total wave excitation force,
Froude-Kriloff force, diffraction force and the phases of these forces, you will find these results provided in
the text file appended with the name “hydro”, as shown in Figure 21. This file is in this tutorial referred to as
the “Hydro-file”.

From Figure 22 you can see how added mass, hydrodynamic damping, hydrodynamic forces and their
phases are presented in the “Hydro-file” for load condition 2.

Furthermore, when analysing with several steps you will also be provided with the total instantaneous
hydrodynamic forces acting on the structure at any given step, as shown in Figure 23, where load condition
1 has been analysed with 20 steps per wave and a total of 40 dynamic steps.

One should also be aware that the total instantaneous hydrodynamic drift force acting on the structure is
calculated and presented in the “Hydro-file” as well, when analysing at least two full wave cycles. Meaning
that at least one entire wave cycle with full wave amplitude is required for calculating the drift force.

The drift force is calculated based on the total instantaneous hydrodynamic forces averaged over the last
number of steps corresponding to one wave cycle, which in this case means the last 20 steps. This is done
for each step from the second wave cycle and onwards. Since in this case there is only analysed a total of
exactly two wave cycles, there is only calculated drift forces for the one step, namely the very last analysis
step, as seen in Figure 23.

barge_19
| barge_19
| barge_ 19
| barge_19%conv
| barge_19-elerments

| barge_1%energy

. barge_1%hydro

| barge_19%key
| barge_19-nodes
barge_T19PFAT

| barge_1%val

Figure 21 “Hydro-file”.
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Values in global goordinate system
STEP 2
Ioner water mass [Tonne]

X Y, Z,
Component 2 ©.00000000E+00 2.000000008+00 0.200000008100
Added mass [Tonne]

X, Y, z,
Component 2 ©.15153013E+04 ©.91044396E+04 ©.35614368E+85
Hydcodynamic damping [Nm/s]

X, Y, z,
Component 2 ©.61626211E+84 ©.73586184E+04 ©.15228690E+87
Damping flexible face [nm/s]

X, Y, z,
Component 2 ©.00000000E+00 0.00000000E+00 ©.00000000E+00

Total areas gf all element with features stated

Surface area
Total area [m2] Wetted area [m2]
Component 2 ©.48900991E+04 ©.34400000E+04

Proigcted areas [m2]
(Sum of dot products areas with normal yectors)
Y

X, > z
Component 2 0.22867316E-07 -8.58177188E-01

3
-0.20006175E+84

Predected areas abselute [m2]
(Sum of dot products areas with the abselute of normal yectors)
X Y

s s z,
Component 2 ©.60285414E+03 ©.24920062E+24 ©.20467104E+84

Hydcodynamic waye force RAO [N] (per m wave amplitude)
(Ecouds Krileff + diffraction
Component 2 Waye 1 8.67881810E-01 ©.91811361E+06 2.18015685E+08

Hydcodynamic wave force RAO phase [DEG]
(Ecouds Krileff + diffraction)
Component 2 Yaye 1 20.76 -89.97 -1.02

Eroude Kriloff wave force RAO [N] (per m wave amplitude)
(Ecouds Krileff only)
Component 2 Wave 1 ©.22731781E-01 ©.53218728E+06 ©.19571628E+08

Eroude Kriloff wave force RAO phase [DEG]
(Ereude Kriloff only)
Component 2 Yaye 1 90.00 -90.00 e.ee

Diffraction waye force RAO [N] (per m wave amplitude)
(Diffractien only)
Component 2 Wave 1 ©.58888132E-01 ©.38592646E+06 8.15916127E+87

Diffraction waye force RAO phase [DEG]
(Diffraction only)
Component 2 Yaye 1 1.14 -89.94 -168.35

Figure 22 Example of results in “Hydro-file” for load condition 2.
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Hydredynamic forces [N]

Component, Step, X, ¥, z,

Component 2 Step 2 9.682908820E-82 -8.28998785E+86 8.12856916E+89
Component 2 Step 3 9.13942412E-081 -8.38186813E+86 8.12856874E+29
Component 2 Step 4 @.18674267E-81 -@.4532381B8E+R6 @.12855741E+29
Component 2 Step 5 @.17518918E-81 -@.41521845E+86 8.12856113E+29
Component 2 Step B @.180a83754E-21 -8.23209233E+86 8.12857296E+29
Component 2 Step 7 -8.28215392E-83 @.11343684E+86 8.12859282E+89
Component 2 Step 8 -8.13559122E-81 @.68257236E+86 8.12861859E+89
Component 2 Step 9 -8.25729653E-01 @.123338R1E+87 8.12864676E+89
Component 2 Step 18 -8.38845575E-081 @.18848716E+87 8.12867388E+89
Component 2 Step 11 -8.51316724E-81 @.24789780E+87 8.12863865E+89
Component 2 Step 12 -8.64973474E-81 @.28562837E+87 8.12869436E+89
Component 2 Step 13 -8.888358085E-081 @.29834861E+87 8.12863885E+89
Component 2 Step 14 -8.89637178E-81 8.25633633E+87 8.12866844E+89
Component 2 Step 15 -8.98445236E-081 8.18462741E+87 8.12863585E+29
Component 2 Step 16 -8.81385861E-21 @.89266431E+06 @.12858576E+29
Component 2 Step 17 -8.53612889E-21 -@.14992817E+86 @.12852686E+29
Component 2 Step 13 -8.95478196E-82 -8.18694929E+87 8.12846778E+29
Component 2 Step 19 8.58666811E-21 -8.19815484E+87 8.12841371E+89
Component 2 Step 28 8.11382355E+28 -8.25272447E+87 8.12836948E+89
Component 2 Step 21 @.15665133E+06 -8.29693875E+87 8.12833868E+89
Component 2 Step 22 @.16643708E+00 -8.38539539E+87 8.12833763E+89
Component 2 Step 23 @.15175131E+88 -8.29118368E+87 B.12835829E+@9
Component 2 Step 24 @.11773979E+28 -@.25289841E+87 8.12839739E+a9
Component 2 Step 25 @.73985231E-681 -8.19112388E+87 8.12845278E+89
Component 2 Step 26 8.27373978E-81 -8.10129762E+87 8.12852198E+89
Component 2 Step 27 -8.13658227E-061 8.12490083E+86 8.12859982E+29
Component 2 Step 28 -8.45473129E-81 @.16253558E+87 @.12867833E+09
Component 2 Step 29 -8.66276426E-81 @.32583928E+87 8.12874145E+29
Component 2 Step 38 -8.77725556E-81 @.47488589E+87 8.12878616E+29
Component 2 Step 31 -8.98425749E-81 @.57382895E+87 8.12881358E+29
Component 2 Step 32 -8.11859796E+28 @.688876577E+87 @.12882875E+89
Component 2 Step 33 -8.13844348E+28 @.56880438E+87 8.12888574E+89
Component 2 Step 34 -8.14425822E+08 @.46688841E+87 8.12877339E+89
Component 2 Step 35 -8.14835341E+88 @.32198662E+87 8.12872838E+89
Component 2 Step 36 -8.12681816E+28 @.16515776E+87 8.12867364E+89
Component 2 Step 37 -8.89978154E-81 @.28636969E+86 8.12868686E+89
Component 2 Step 38 -8.31357153E-681 -8.92459128E+86 8.12854859E+89
Component 2 Step 39 8.37661877E-081 -8.18198659E+87 8.12843498E+29
Component 2 Step 48 @.18377748E+28 -@.24453936E+87 @.12844141E+29
Component 2 Step 41 @.15215823E+28 -@.28598726E+87 @.12841198E+29

Drift faprces [NM]
Component, Step, Xy ¥,

Component 2 Step 41 -8.11826873E-81 @.87663956E+86

Figure 23 Example of results in “Hydro-file” for load condition 1.
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8.3 Comparison with WADAM/HydroD

Table 1 provides a comparison of the total vertical added mass and total vertical hydrodynamic damping for
load case 2, obtained from AquaSim using the analysis model shown in Figure 7 and from
WADAM/HydroD using a corresponding analysis model shown in Figure 24. Very similar results are
obtained, with AquaSim calculating a slightly larger added mass and hydrodynamic damping. However,
some numerical differences are to be expected since AquaSim is based on the source-formulation, while
WADAM/HydroD is based on the potential-formulation, when solving the hydrodynamic problem.

Table 1 Comparison of total vertical added mass and total vertical hydrodynamic damping for load case 2.
AquaSim WADAM/HydroD Difference [-]

A33 [tonne] 35614.4 34146.3 1.04
B33 [Ns/m] 1522869.0 1440000.0 1.06

Figure 24 Analysis model from WADAM/HydroD used for comparison with AquaSim.
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9 Notes on additional aspects

9.1  Accounting for finite water depth

In AquaSim you can account for finite water depth in the hydrodynamic analysis done in NEMOH by un-
toggling the parameter “Infinite depth” and specifying your desired water depth in the parameter “Depth
(wave profile)” in the Export-window, as shown in Figure 25.

B Time serie

Preincrement 1
Max iterations pr step 1000
Num total steps for waves 1
Num steps for one wave 20
Convergence criteria 1.0
Change dynamic convergence criteria 0.0
Current reduction method Energy method ;l
Current reduction type Deformed by current and waves LI
Infinite depth B
Depth (wave profile) 100.0m
() Cresting wave factor 0.0

Figure 25 Accounting for finite water depth in the hydrodynamic analysis in AquaSim.

9.2 Current-wave interaction
There are mainly two different effects with respect to current wave-interaction that is accounted for in
AquaSim.

The first effect is the Doppler effect and corresponding correction according to the frequency of encounter
(Aquastructures AS, 2025a). When a wave propagates in a medium with a current of velocity U, the
observed (encounter) angular frequency w, differs from the intrinsic frequency w,. For deep-water waves,
the Doppler-shifted encounter frequency is approximated as:

2
woU

g

W, = Wq +

where:

° w, = 2. Encounter angular frequency (rad/s).

* wy= z?n: Intrinsic angular frequency (rad/s).

e U: Current velocity (m/s), positive if in the same direction as wave propagation, negative if opposing.

In practice this means that a wave traveling in a current field acting in the same direction as the waves, will
result in the wave becoming longer, and vice versa when the current and waves act in opposite directions.

AquaSim assumes that the wave period given as input is a wave period for an observer following the current
velocity, this means that when waves and current rides in the same direction and the period of encounter is
kept constant, the period given to AquaSim should be increased appropriately.

As an example, the environmental conditions in Figure 26 results to the same period of encounter (4.2s),
which is the period that will remain constant for a wave entering a current field.

Page 21 of 27



© aquasim

#2112 aquastructures

It is important to note that for all these environmental conditions, the periods in the column “T[s]” (i.e. 4.2s,
4.75s and 4.9s) are used to describe the wave that is used in the simulation in AquaSim and are also the
periods that are evaluated in the “diffraction module” in NEMOH, when calculating the Froude-Kriloff
force, diffraction force, total wave excitation force and the phases of these forces.

On the other hand, the period of encounter (4.2s) is applied in the calculations of added mass and
hydrodynamic damping by the “radiation module” in NEMOH for all these environmental conditions, since
this is the period experienced by the structure.

Nr Amp[m]  T[s] V[deg] X[mfs]  c¥[mfs]  wX[mfs]  wY[m/s]

[ ] 1 0.4 4.2 0.0 0 0 0 0
a | 2 | 0.4 4.75 0.0 1 0 0 0
] l 3 l D.4l 4.9[ o.ol 1.3‘ 0‘ ol ul

Figure 26 Periods in analysis giving the same (4.2s) period of encounter.

The second effect is the correction of the combined water particle velocity (current velocity + undisturbed
water particle velocity from waves) that is used when calculating the pressure from drag acting on the
membrane panels (Aquastructures AS, 2024a).

The pressure from drag is can either be calculated based on an uncorrected velocity on each panel or based
on the average velocity for all elements at the same depth, as shown in Figure 27. This is done by setting the
parameter “Combined pressure from waves and current”, shown in Figure 28, to either 0.0 or 1.0. If this
parameter is set to a value between 0.0 and 1.0, the two methods are weighted in accordance with the input
provided by the user, i.e. a value of 0.4 results in 40% of the uncorrected velocity being used and 60% of the
averaged velocity being used.

Combined pressure fromdrag = 0 Combined pressure fromdrag = 1

Cy!mde’r panel S

/ Vaverage = 3
"l | va, | Vs, b o |

Figure 27 Combined pressure from waves and current.
= Advanced

Wave amplitude reduction 0.0

Current reduction 0.0

Indude drift ]

Combined pressure from waves and current 0.0

Enable convolution integral [

Megative damping handling Megative added mass and damping set to 0 ﬂ
= Sloshing

Table (none) j

Figure 28 Parameter for adjusting the combined pressure form waves and current.
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9.3 Irregular waves

In AquaSim, when analysing with irregular waves, the total wave excitation force is calculated for the
“diffraction problem” using NEMOH and accounting for all wave components (and their different
amplitudes, periods and phases) in the irregular wave spectrum.

For the “radiation problem” on the other hand you have the option of either using a fixed value for the wave
period that is evaluated by NEMOH for the calculation of added mass and hydrodynamic damping, or
alternatively enabling convolution, by toggling the parameter “Enable convolution integral” shown in Figure
29, thus accounting for the frequency-dependency of the added mass and hydrodynamic damping by
evaluating all periods in the irregular wave spectrum. For details see (Aquastructures AS, 2025b).

By default, AquaSim uses a fixed value for the calculation of added mass and hydrodynamic damping with
irregular waves, which is set equal to the mean zero crossing period of the wave spectrum, Tz
(Aquastructures AS, 2025c¢).

However, in AquaSim, it is also possible to use a wave period that differs from the mean zero crossing
period of the wave spectrum (Tz), as described in (Aquastructures AS, 2025d). Thus, enabling the use of for
example the wave spectrum’s peak period, Tp, or alternatively a natural period Tn (corresponding to a
certain degree of freedom or eigenmode of the system), depending on whether the system response is force-
driven or resonance-driven. Additionally, for double-peaked wave spectra (with both wind-generated waves
and swell), this allows selecting which of the peaks’ Tp to use in the calculations.

E Advanced

Wave amplitude reduction 0.0

Current reduction 0.0

Indude drift [

Combined pressure from waves and current 0.0

Enable convelution integral ]

Megative damping handling Megative added mass and damping set to 0 j
= Sloshing

Table (none) j

Figure 29 How to enable forces caused by convolution for hydrodynamic response.
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9.4 Drift

In AquaSim the total pressure from waves acting on the membrane panels, when using a diffraction load
formulation, are always calculated to the instantaneous wetted surface as described in (Faltinsen, 1990) and
as shown in Figure 30. Meaning that second order drift forces are always accounted for, by default.

When activating the parameter “Include drift”, shown in Figure 31, the quadratic term in Bernoulli’s equation
1 . . . . .
(5 pv?) is included in the evaluation of the total pressure from waves and is calculated to the instantaneous

wetted surface. Meaning that this represents the inclusion of a third order drift force.

The velocity (v) in this term, does in this case represent the water particle velocity stemming from the
incoming and diffracted waves (Note: contributions from radiated waves are not included), acting on each
panel. For a stationary structure, the velocity (v) will then act tangentially on each panel, since the boundary
condition on the structure requires the total normal fluid flow velocity on each panel to be zero, ensuring no
fluid flow through the structure, as mentioned previously.

. .
Hydrostatic pressure —_
N

1 P90 ~
—_——— — e e e _ — —
) ~
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Fig. 2.3. Pressure variation under a wave crest and a wave trough according
to linear wave theory.

Figure 30 Pressure variation under a wave, as presented in (Faltinsen, 1990).

B Advanced

Wave amplitude reduction 0.0

Current reduction 0.0

Indude drift ]

Combined pressure from waves and current 0.0

Enable convolution integral ]

Megative damping handling Megative added mass and damping set to 0 ﬂ
= sloshing

Table {none) ﬂ

Figure 31 Option for enabling the quadratic term in Bernoulli’s equation for calculations of drift forces.
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9.5 Added mass waterline corrections

In AquaSim, it is possible to adjust how the added mass on the membrane panels should behave with respect
to in-and-out of water effects, by choosing different options for the parameter “Added mass indicator” as
shown in Figure 32 (Aquastructures AS, 2024a).

The different options are:

- 0: Mean free surface: The added mass is distributed to the mean free surface, and the mass is
distributed to the nodes based on the principle of “consistent mass” (Note: no mass is included in
rotational DOF’s). The mean free surface is the surface at the steady state condition where
approximate 2/3 of the current velocity has been added to the system. This option is suitable for
flexible membrane panels where water underneath the panel will tend to follow the panel with the
wave.

- 1: Mean free surface, lumped mass: Same as “0”, but the mass is distributed to the nodes based on
the principle of “lumped mass”.

- 2: Actual waterline: The added mass is distributed to the actual wetted surface (actual waterline)
during the analysis, meaning that elements that have moved out of water will experience no added
mass, as well as added mass will be included when elements initially above the waterline gets
submerged. The mass is distributed to the nodes based on the principle of “consistent mass” (Note:
no mass is included in rotational DOF’s). This option can be suitable for a stiff cylinder going in and
out of water in a rather wall-sided manner. It is combined with consistent mass.

- 3: Actual waterline, lumped mass: Same as “2”, but the mass is distributed to the nodes based on
the principle of “lumped mass”.

B3 Edit membrane: 2 ShipSurface X
Information B Fluid parameters internally in tank
Material properties Density of fiuid inside endosed volume 0.0 kg/m~3
Impermeable properties Height of fiuid level inside endosed volume relative tos... 0.0m
Free surface area of internal wateriine 0.0m"2
Distance from water line to panel edge 0.0m
Scaling factor, fiuid mass horizontal 0.0
Scaling factor, fiuid mass vertical 0.0
Horizontal radius inner fiuid mass 0.0m
El Drag
Drag coeffident upstream 0.0
Drag coefficent downstream 0.0
Skin friction coeffident 0.0
Lift coeffident 0.0
B Wave excitation load
Load formulation Numerical diffraction =l
Scaling factor (Hybrid) 1.0
E Added mass and damping
Added mass coeffident horizontal Lo
Added mass coeffident vertical L0
Added mass indicator 0: Mean free surface -
Hydrodynamic damping coefficient horizontal 0: Mean free surface
Hydrodynamic damping coefficient vertical 1: Mean free surface, lumped mass
Damping coefficent (flexible tarp) normal 2: Actual wateriine
Damping coefficient (flexible tarp) tangential 3: Actual wateriine, lumped mass
B Advanced
Wave amplitude reduction 0.0
Current reduction 0.0
Indlude drift O
Combined pressure from waves and current 0.0
Enable convolution integral 0
Negative damping handiing Negative added mass and damping set to 0 LI
Bl Sloshing
Table (none) =|...

oK Cancel

Figure 32 Option for waterline corrections for added mass.
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9.6 Arbitrary motions and hydroelasticity

In the calculations of added mass and hydrodynamic damping, pure translatory rigid body motions are
assumed, when solving the “radiation problem” in NEMOH. This means that for rigid body rotations (i.e. roll,
pitch, yaw) and arbitrary deformations (i.e. hydroelasticity) only the contribution from the “cross-terms”
stemming from the pure translatory rigid body motions (i.e. surge, sway, heave) are considered for the added
mass and hydrodynamic damping (Aquastructures AS, 2025c¢).

9.7 Negative added mass and hydrodynamic damping
In AquaSim, you have the option of how to handle numerically calculated added mass and hydrodynamic
damping, that are negative, as seen in Figure 33.

You can either use the numerically calculated added mass and hydrodynamic damping “as is” on every panel,
by setting the parameter “Negative damping handling” to “Negative added mass and damping allowed”.

Alternatively, you can ensure that the added mass and hydrodynamic damping are set to 0 for panels where
the numerically calculated added mass and hydrodynamic damping are negative. This might be desirable, in
cases where negative added mass and/or negative hydrodynamic damping, results in problems with respect to
convergence.

B Advanced
| Wave amplitude reduction 0.0
Current reduction 0.0
Include drift O
Combined pressure from waves and current 0.0
Enable convolution integral O
MNegative damping handling Megative added mass and damping setto0
:EI Sloshing Negative added mass and damping set to 0
Table Negative added mass and damping allowed

Figure 33 Options for handling negative added mass and hydrodynamic damping.

9.8 Other considerations

It is important to be aware of the limitations of linear potential theory solvers and especially with respect to
parametric singularities (e.g. irregular frequencies), as well as geometrical singularities such as horizontally
oriented panels close to the free-surface or close to the seabed (for finite water depth), panels very close to
each other (especially parallel panels such as narrow gaps), and sharp corners (especially convex corners
with small internal angles), since this might result in numerical instabilities and non-realistic results. It is
therefore recommended to consider all these aspects when evaluating the results that are obtained, especially
if the results seem unphysical.

10 Summary

In this tutorial we have seen how we can use the linear potential flow theory solver NEMOH in AquaSim to
perform hydrodynamic analysis, exemplified by the analysis of a simple rectangular barge. Themes such as
the theoretical background, preprocessing (panel orientation, meshing, structural aspects etc.),
postprocessing and verification of results has been covered, as well as details concerning finite water depth,
current-wave interaction, irregular waves, drift and different corrections e.g. around the free surface.
Furthermore, different types of singularities relevant for linear potential flow theory BEM solvers have been
discussed.
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