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1 INTRODUCTION

AquaSim is an analysis tool developed by Aquastructures AS. It utilizes the Finite Element
Method (FEM) for calculation and simulation of structural response. The software is well
suited for slender, lightweight- and large volume structures, flexible configurations and
coupled systems exposed to environmental loads such as:

- Wwaves

- currents

- wind

- impulse loads
- operational conditions

- resonance

This manual describes the AquaSim analysis tool and the theory for the main use. For more
detailed understanding, this report should be complemented with papers and technical reports
regarding the specific area of concern.

1.1 Terminology
Throughout this manual, certain terms appear. These are defined as:

Term
Node
Element

Beam

Membrane
Truss

Component

E-modulus
Incident wave
Conservation
of momentum
Cross-flow
principle
Dummy

AguaSim 2.20

Aquastructures AS

Definition

Point in 3D space that describes end points of element.

Object between two nodes (straight element) or four nodes (membrane element).
The simulation process will treat each element as a discrete object.

A beam is a structural element that is capable of withstanding load primarily by
resisting torsion and axial loads.

Structural element used for nets and tarps.

Structural element where forces in the members are either tensile or compressive
forces. l.e. ropes.

A group of elements which is defined by the same material data. Components are
defined either as beam, truss, membrane or node2node.

Young’s modulus, or the modulus of elasticity (force per unit area).

Wave(s) propagating towards an object.

Newton’s second law.

The fluid velocity relative to an object is split into its components normal and
parallel to the object’s axis.

A variable, or categorical effect, that is not taken into account in the AquaSim
analysis.
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2 THE AQUASIM PACKAGE IN BRIEF

The software consists of a preprocessor (AquaEdit), a solver, and postprocessors (AquaView,
AquaTool, and other tools). For practical use of these, reference is made to their respective
user manuals.

AquaSim handles global analysis and interactions of forces transmitted between stiff and
flexible components. Displacements, accelerations, velocities, and deformations in the
structure is calculated. The results are presented in the form of e.g. local section forces,
stresses, and stress ranges in each system component, applicable for further local analysis and
fatigue assessments. AquaSim accounts for hydro-elasticity, to handle the coupled dynamics
between the external loads and the construction. This means the program handles calculation
of response in structures or systems where the loads acting on the structure depends on
structural deformations.

2.1 AquaEdit

In the preprocessor AquaEdit, a geometrical model is established through a graphical
interface. Structural and hydrodynamical properties are defined and added to the model.

2.2 AquaSim solver

The prepared analysis model in AquaEdit, is computed by the AquaSim solver. The solver
calculates forces and moments from the given geometry, properties, and environmental loads.
The solver is based on time domain simulation of structural response in coupled systems.

2.3 AquaView
The postprocessor AquaView, presents results from the solver graphically in 3D.

2.4 AquaTool
The postprocessor AguaTool, presents results from the solver in tables and diagrams.

2.5 Other postprocessing tools

Other postprocessing tools are also included. These are suitable for handling large result files,
and are called PostProcFilter (ppfilter), PostProcReduce (ppreduce) and Surface Extractor
(ppsurface).

Page 10 of 148
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2.6 AquaSim system files
The AquaSim package is typically installed at C:\Program Files\Aquastructures\AquaSim.
The solver can either be started through AquaEdit, or it can be run in batch. Upon start and
finish of an analysis, several files are generated. These are described in Table 1.

= =
iz
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Table 1 Files generated from AquaEdit and the solver. Assumed a base filename called ‘pl’.

File
Batch file

XML file
Result file

Result file

Input file

XML file

Result convergence
file

Result file key data

Result file

Result file

Result file
validation data
Result file
Result ID file

Result ID file

AguaSim 2.20
Aquastructures AS

File name
pl.bat

pl.xml
pl0l.avs

pl0l.avz

pl01.txt

p101.xml

pl0l-all.xml

pl0lconv.txt

pl01lkey.txt

pl01PFAT.avs

pl01PFAT . avz

pl01val.txt

p101hydro.txt

pl01-elements.txt

p101-nodes.txt

Description

Batch file. ASCII format. Double click for running
analysis. The bat file consists of a set of commands
easily editable.

XML file. ASCII format. This file holds graphic
information and other key data.

Result file generated by the solver during execution
of analysis. This file holds results in ASCII format.
Result file generated by the solver after completion
of analysis. This file is a compressed version of the
avs file.

Input file in ASCII format. Holds information about
the model and analysis setup. Generated from
AgquaEdit upon export.

XML file. ASCII format. This file holds graphic and
other key data for activated components from
AquaEdit. This is the file used for the analysis of the
p101.txt input file.

XML file. ASCII format. This file is similar as for
xml, but includes graphics and key data for all
components from AquaEdit — activated and
deactivated components.

Holds information about the analysis status
concerning number of iterations used to achieve
convergence for the analysis of the p101.txt input
file.

Contains a set of key data of the analysis model. This
may be used for self-validation of input. Also holds
information about license and user kay data.

Result file generated by the solver upon completion
of analysis. This file holds key data and max result
values of the p101.avs file. ASCII format.

Result file generated by the solver upon completion
of analysis. This file is a compressed version of the
avs file.

This file holds a set of key data from the analysis.
This may be used for self-validtation of input. Some
basic data is given in the p101key.txt file, the
pl01val.txt contains additional key data.

Result file containing key data of hydrostatic data of
the analysis model. ASCII format.

Holds information about elements given custom ID-
names in AquaEdit.

Holds information about nodes given custom ID-
names in AquaEdit.
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2.7 The <filename>key.txt
The output file, <filename>key.txt contain information about license, weight and buoyancy
data for each component in the analysis model. An excerpt of this file is shown in Figure 1,
presenting weight and buoyancy data for a range of components.

aquastructures

In water weight, In air weight, In water buoyancy, Total length (twines if net

)

Number ,
Component
Component
Component
Component
Component
Component
Component
Component

[+« IS I o ) W W T S FU T N Ty 2o

00D O®®

N P

.8336E+06
.6293E+066
.DOReE+C0
.000RE+00
.3401E+04
.1472E+06
.1913E+04
.3958E+04

N ,
.1278E+07
.2244E+07
.1228E+@6
.1085E+06
.1478E+06
.1601E+06
.GO89E+05
.1839E+066

0000 O®®

Figure 1 Excerpt from <filename>key.txt output file

The data includes:

OO 0O O®O

.2112E+07
.1615E+87
.1228E+@6
.1085E+06
.1444E+06
.1294E+05
.4898E+05
.9992E+65

00O OLEOE®

.1278E+04
.1278E+04
.3525E+07
.3437E+07
.3529E+04
.8000E+03
.1980E+04
.4035E+04

- In water weight: submerged weight of component. In air weight-In water buoyancy

[N].

- In air weight: weight of component in air [N].
- In water buoyancy: weight of displaced water if the component is submerged [N].

Note (1).

- Total length: total length of the component. In case of net, this is the total length of

twines [m].

Note (1)

If “Water volume correction” is set to “With slamming” in AquaEdit, the input data should be given
as if the component is below the water line. AquaSim adjusts the buoyancy if the component is
above the water line (this is not applicable for membranes). If the “Water volume correction” is set
to “None” or “Normal”, the user must input the correct buoyancy. AquaSim do not make any
adjustments in these cases. Hence, applying “With slamming” is a more advanced option.

AguaSim 2.20
Aquastructures AS
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2.8 The <filename>val.txt

The objective of this file is for self-validation of input data such as area, moment of inertia,
mass and added mass. Added mass is printed for components where the “Hydrodynamic” load
formulation is applied.

2.9 The <filename>conv.txt
The <filename>conv.txt file provides information about status and convergence data during
execution of analysis. Figure 2 shows an excerpt from the file.

CONVERGENCE NOT ACHIEVED AT 3500 ITREATIONS AT LOADSTEP 34
-365238.2 845931.0 39.38226

STEP 35 CONVERGENCE AT 34490 ITERATIONS -628742.1
21030.08 ©.9790540

Figure 2 <filename>conv.txt
The last three numbers of each step have the following meaning:

1. The difference between the norm in the current iteration and the previous iteration.

2. The norm in the current iteration.

3. The norm in the current iteration divided by the degrees of freedom of the full
analysis.

For more information about convergence, reference is made to chapter 10.7.

Page 13 of 148

AguaSim 2.20
Aquastructures AS



aquastructures

3 FINITE ELEMENT ANALYSIS OF NONLINEAR SYSTEMS

The finite element method divides a structure into a finite number of elements. Finite element
(FE) analysis is used to establish static or hydrodynamic equilibrium at a given time instant
for each individual element and the whole system. To obtain equilibrium, the internal forces
in an element must be equal to the external forces.

3.1 Fundamentals of FE analysis

In this chapter, a truss element is used as example for illustrating the fundamentals of finite
element method. Figure 3 shows a truss element as a line between two nodes: node A and
node B. The internal forces acting in the truss depends on the relative distance between the
two nodes.

Internal force F External force F
Node A Node B

Figure 3 Truss element

Figure 4 depicts a truss element with node A fixed and the other one subjected to a force. The
truss element will deform in a distance Al. Hooke’s law is a principle of physics that states
that the force F needed to extend, or compress, a spring by the distance Al is proportional to
that distance. That is:

F=k-Al
Equation 1 Hooke’s law

where k is the stiffness of the spring. The equation holds for linear-elastic or Hookean
materials.

y < — >
Length | Force F
X Node B

Node A

Figure 4 Hooke’s law for an element

For typical metallic materials, Hooke’s law is valid up to a proportional limit, as seen in
Figure 5.
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Elasticlimit

Proportional or
limit yield point

N

Fracture point
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" - -
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"
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‘__,....-Permanent set
|

30%0

Strain —»

Figure 5 A typical stress-strain curve for a ductile metal

For further details on the FE method, see e.g. (Wikipedia, 2020a), (Bell, 1987), (Bergan &
Felippa, 1985). For dynamic analysis, see (Bergan, Larsen, & Mollestad, 1982), (Langen &

Sighjornsson, 1979).

3.2 Static analysis
In static analysis, inertia and damping forces are not accounted for. Equilibrium between

external forces (Rext) and internal forces (Rint) yields:
>F = Rext + Rint = 0
Equation 2

Where Rext is the external static forces acting on the structure at a given time instant, and Rint
is the internal forces. In the equations bold letters indicate matrices. In the FE method, the
structure is discretized in a finite number of degrees of freedom (DOF’s). Equation 2 is
discretized into:

Fidof — Ridof 4 pidof — o jdof = 1, Ngor

ext int
Equation 3

where Ngof is the discrete number of DOF’s the structure has been discretized into. AquaSim
deals with strongly nonlinear behavior, both in loads and structural response. To establish
equilibrium in such systems, the tangential stiffness method is used. External loads are
incremented to find the state of equilibrium. Having established equilibrium in timestep i-1,
the condition for step i is predicted as:

ARi(l‘i—ﬂ = Riext(ri—l) + Rii;tl(l'i—ﬂ = K%_IAF

Equation 4
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where Ki=1 is the tangential stiffness matrix. The external loads are calculated based on the
configuration of the structure at i-1. This gives a prediction for a new set of displacements.
Based on Equation 4 a prediction for the total displacement r, is found as:

l_'j=1 = ri_l + Al‘
Equation 5

where j is the index used for the iterations. The bar on top of the letter r indicates that it is a
prediction. Based on the predicted displacement from Equation 5, forces are found and the
residual forces is put into the equation of equilibrium as follows:

AR(T}) = Rew(F) + Rin(F) = Kiar
Equation 6

Equation 6 is solved with respect to the displacement Ar. Incrementing j with one, the total
displacement is now updated as:

f=rf_,+ Ar
Equation 7

and Equation 7 is solved based on the new prediction for displacements. This is repeated until
Ar is smaller than a tolerated error, then:

ri=r]-

Equation 8

Meaning that the prediction is considered good enough since the error is below the error
threshold. When the tolerated error is reached, i is increased with one, and Equation 4 is
carried out for a new load increment. Note (2).

Note (2)

It is also possible to carry out a static analysis for time dependent loads (for example wave loads).
Then static equilibrium is established for the structure, neglecting structural velocity and
accelerations. Alternatively, a dynamic analysis may be carried out. Note that the above equations
are valid for translational motions. Euler angles cannot be used directly to handle large and time
varying rotations. Therefore, AquaSim uses a tensor formulation for the rotations as outlined in e.g.
(Eggen, 2000) and (Haugen, 1994). Using tensors, the vectors above are in fact matrices for
rotational DOF’s.
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3.3 Dynamic analysis

Dynamic analysis estimates the response of systems in waves, where hydrodynamic forces are
of importance (structural mass, added mass, damping, damping related forces). In general,
Morison forces are relevant (Morison, Johnson, & Schaaf, 1950). The Morison load varies
with the relative velocity between water and structure. The same algorithm used for the static
load calculation is applied for the dynamic analysis, only in this case mas and damping forces
are accounted for. The basic equation that needs to be solved is:

XF = Rext + Ring + Rppass + Rdamp =0
Equation 9

where Ry,ss and Rgamp are forces originated from the structural mass and damping
properties, respectively. In general, all the components in Equation 9 may depend on r,+ and

#. Where r is the displacement, 7 is the velocity of the structure, and # is the acceleration of
the structure. However, in the present case not all components are dependent on all of r, 7 and
g

IF = Reye (1) + Ripe(r) + Rpyass(T, I‘) + Rdamp(r) =0

Equation 10

The Newmark method (Newmark, 1959) is used for time integration in the dynamic analysis,
the following constants are established:

y 1 1 1 y y
alzﬁ—h, azzm, a3=ﬁ, a4=ﬁ—1, CI,SZE, a6=<ﬁ—1>h,
a;=as—1, ag=A—-y)h, a9g=vh
Equation 11

where y and S are parameters in the Newmark methods, y = 0.5 and 8 = 0.25 corresponds to
the method of constant mean acceleration, see (Langen & Sigbjérnsson, 1979) pp. 258-259
for details and a schematic overview. h is the time increment At. Consider a time step i. The
solution for time step i-1 is known. Our objective is to obtain equilibrium at this particular
time step. A tangential stiffness matrix is established based on the structure’s actual geometry
at this particular time step, similar to Equation 4. An effective stiffness matrix is established:

Kt == Ki—l + a1C + azM

Equation 12

and an effective load vector is established:

AR = Ry (ri—1,Fi_1) + Rjyt + Rgamp + Cb; + Ma;

Equation 13

where

al = a31.‘]'_1 + a4i:i_1
Equation 14
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and

b; = asfj_; + agli_;
Equation 15
Then solve with respect to displacements Ar:
AR = K71 Ar
Equation 16

A prediction for the displacements Ar has been established, it is now iterated until dynamic
equilibrium is achieved. Now:

°Ar = Ar
d; = a;fi_1 + aghi

Equation 17
The following approximations for r, 1 and # are established:
e -1
I = a; Ar— aq
k_lf'i = ail_l Ar — di

k_lri =r_, + Ar
Equation 18

where k is iteration no. k. Based on these approximations for r,+ and #, the force imbalance
is found as:

k—1AR — Riext(k_lri ) k—1l-,i ) + k—lRiirlt + Rdamp _ k—1Mk—1ri
Equation 19
The force imbalance is introduced to Equation 16:
AR = K71 Ar
Equation 20
and a new set of approximations for r, 7 and # are established:
Kar = ¥1Ar + kar

Equation 21
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At each iteration, a convergence test is carried out. If the test is not satisfied, the k is
incremented and Equation 21 is run for another iteration. If the convergence criterion is
satisfied, then a new set of r,7 and # is established as:

i;i = azAr — dj
I = hi_; + agli_1 + aof
rj=rj_4 + Ar
Equation 22

Load and stiffness properties of the elements depend on the structural geometry configuration.
Both load and stiffness vary strongly from time step to time step, depending on the
configuration of the structure at the give time step.
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4 ELEMENT PROPERTIES, LOAD AND RESPONSE: TRUSS
AND BEAM

The basic properties of elements in AquaSim are linear-elastic as described in chapter 3.1. For
information about nonlinear relation between forces and response in elements, see chapter 8.
This chapter describes the properties, load and response for truss and beam elements.

4.1 Truss and beam element
Truss and beam elements have several similarities. The main difference is that a truss element
does not have bending resistance.

This section presents the properties of truss- and beam elements in AquaSim. These properties
are given by the user in AquaEdit. In general properties consist of:

- Mechanical properties of an element
- Properties related to the cross section
- Properties related to how elements respond to loads

4.2 Local coordinate system

Each element in AguaSim have its own local coordinate system. For truss and beam the local
coordinate system is defined by having the origin in node A, and the local x-axis runs from
node A to node B, as shown in Figure 6.

Node A X Node B

Figure 6 Local coordinate system of a truss or beam element

The coordinate system is an orthogonal coordinate system following the ‘right and rule’. The
location of the local y- and z-axis is defined by the location of a virtual third node (Point 3).
Point 3 is further described in chapter 4.24.
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4.3 Stiffness matrix for truss element

Truss elements can take axial forces only. Consider a structural model where each node has 6
degrees of freedom with a truss connecting two nodes, see Figure 7. The origin of the local
coordinate system is defined in node 1, with x-axis running from node 1 to node 2.

Translatory degrees of freedom

Vi Vg
| f y T/""z T/Vs
> FV.‘ o i

z

X

Node 1 MNode 2

Rotational degrees of freedom, rotations about respective axes

z Ve Viz
T&. [ i

X
Vy Vio

Figure 7 Truss element in a local coordinate system. Origin of local coordinate system is in node 1

The vectors vi-vs is defined as translation in node 1 in x-, y- and z-direction, respectively. vs-
Ve IS rotation in node 1 about the x-, y- and z-direction. v7-vg is translation in node 2 in x-, y-
and z-direction, respectively. vio-v12 is rotation in node 2 about the x-, y- and z-direction. The
local coordinate system is established for the actual position of the element depending on the
actual coordinates of node 1 and 2, such that the local x-axis always goes from node 1 to node
2. The stiffness matrix for this truss element can be expressed as a 12 by 12 matrix, as shown
in Equation 23:

|
[EEN

O O O O O

EA

mat=
IO

=~
|
=

O O O O O O O O o o o o
O O O O O O O O o o o o
O O O O O O O O o o o o
O O O O O O O O O o o o
O O O O O O O O O O o o
O O ©O © © b O O 0o o o

O O O O O O O O o o o o
O O O O O O O O o o o o
O O O O O O O O o o o o
O O O O O O O O O o o o
O O O O O O O O O o o o

o O O o o

Equation 23
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where E is E-modulus, A is the cross-sectional area of the truss, and lo is the initial length of
the element.

4.4 Stiffness matrix for beam element

The beam element is similar to a truss element. However, the stiffness matrix is different
since a beam element also has resistance to bending. The stiffness matrix for beam elements
can be expressed as (see e.g. (Bergan, Larsen, & Mollestad, 1982) and (Halse, 1997)):

? 0 0 0 0 0 _IEA 0 0 0 0 0
0 0
0 12|53|Z 0 0 0 GEZIZ 0 —12!EIZ 0 0 0 6E2IZ
l, I, I, l,
12EI —6El —12EI —6El
0 0 . 0 . 0 0 — 0 ) 0
Iy Iy Iy Iy
0 0 0 % 0 0 0 0 0 _?—'T 0 0
0 0
—6El, 4EL, 6EI, 2El,
0 0 . 0 0 0 0 : 0 0
IO IO IO IO
0 6E2I 0 0 o AE 0 —6I§IZ 0 0 o Z2EL
K l, ly I, Iy
elem=| __
IEA 0 0 0 0 0 ? 0 0 0 0 0
0 0
0 —123EIZ 0 0 0 —GEIZ 0 12Eslz 0 0 0 —6EIZ
IU IO I0 I0
—12El 6EI 12EI 6EI
0 0 — 0 > 0 0 0 = 0 B 0
IO I0 I0 I0
0 0 0 GI'T 0 0 0 0 0 GI'T 0 0
0 0
—6El 2El 6El 4E|
0 0 Y 0 y 0 0 0 > 0 y 0
ly Iy Iy Iy
0 GEZIZ 0 0 o Z2EL 0 —6|25|Z 0 0 o 4EL
| I, Iy Iy lo i
Equation 24

where ly and I, is the second area moment of inertia about the local y- and z-axis. Area
moment of inertia is further explained in chapter 4.8.

4.5 E-modulus

E-modulus or Elastic modulus (E), also known as Young’s modulus or tensile modulus, is a
measure of the stiffness of an elastic material. This is a mechanical property of a material. It is
defined as the slope of the stress-strain curve in the range where Hooke’s law holds, see
Figure 5. In solid mechanics, the slope of the stress-strain curve at any point is called the
tangent modulus. The tangent modulus, in the linear portion of the stress-strain curve, is
equivalent to the Elastic modulus. Referring to Figure 5, this is the part of the curve up to
yield point (B).

In AquaSim, if a component is not explicitly modeled with a nonlinear relation between stress
and strain, the relation is linear-elastic. For linear-elastic behavior, the stress o is found as
o = E¢, where ¢ is deformation.
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4.6 Shear modulus G (shear)
The Shear modulus or Modulus of rigidity is denoted G. As for the Elastic modulus, the Shear
modulus is a quantity measuring the stiffness of a material. It is defined as the ratio of shear
stress to the shear strain. It is connected to the Poisson ratio v, by:

E

Gy, = ———2—
Y2 214 vy,)

Equation 25

where yz is the plane of the cross section of the element. Truss elements have no shear
stiffness. For information about Poisson ratio, please see e.g. (Wikipedia, 2020b).

4.7 Cross sectional area

A cross section is the intersection of a 3D object from the position of a plane through the
object. When cutting an object into slices one gets many parallel cross sections. For 2-noded
elements in AquaSim, the area, or cross sectional area, is the area of the object sliced in the
yz-plane in an orthogonal coordinate system (and the x-axis running from node 1 to node 2).
E.g. a cross section of a cylinder is a circle.

4.8 Area moment of inertia, Iy I,

Area moment of inertia, also known as the second moment of area, moment of inertia of plane
area, or second area moment, is a geometrical property which defines the resistance of a cross
section to withstand deflection.

As an example, a filled rectangular area with a base width of b in the local y-direction and
height h in the local z-direction has an area moment of inertia of:

L bh*
Y12
Equation 26
where Iy means about the y-axis, and
. b*h
2712

Equation 27

where I; means about the z-axis.
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4.9 Area moment of inertia, torsion I

I[t] or It is the area moment for resistance to torsion. Torsional motion is rotation or twisting
of an object. In AquaSim, torsion is rotation of a beam element about the local x-axis as
shown in Figure 8.

Figure 8 Torsion motion, from Wikipedia

A beam’s resistance to torsion is given by Equation 28:

GI;
Kiorsion = I
0

Equation 28

where G is the shear modulus, as given in Equation 25. It is the torsional resistance and lg is
the initial length of the beam. For circular sections, the cross section torsional resistance is the
same as polar 2"! area moment of inertia.

4.10 Volume

Volume is the quantity of the three-dimensional space enclosed by a boundary. In AquaSim,
the volume is given as cubic meter per meter [m3/m]. From this volume, the buoyancy is
calculated.

4.11 Weight and mass

The weight of an object is the force on the object due to gravity. Weight is introduced as mass
per meter [kg/m] in AquaSim. Both weight in air and weight in water are input parameters.
The default is to assign weight in air as input, as well as volume, for calculation of buoyancy.
Based on this the relative weight in water is found from this. Note (3).

Note (3)

The weight assigned to the element should include all weight carried by the element. If a tube is
filled with water this means the element weight should include the weight of water in addition to the
mass of the tube (calculated from mass density given as input). For selected predefined cross
section, AquaSim provides option for filling of water. For more information, reference is made to
the AquaEdit User Manual.
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Utilizing the “Weight factor for slamming” combined with the water volume correction “With

slamming”, AquaSim assumes that the object is empty of water when in air and waterfilled
when below the instantaneous water surface.

Mass density refers to the quantity of matter in an object. More specifically, inertial mass is a
quantitative measure of an object’s resistance to acceleration. Mass density is multiplied with
the cross-sectional area and the length of the element to derive the element mass. In AquaSim,
mass density is the mass per meter divided by the cross sectional area.

4.12 Pretension, pre-strain

The definition of pretension in AquaSim is pre-strain. As an example, 0.01 means that the
element is assumed stretched 1% at the model configuration. Note (4). The axial force is
found as:

N = EA(l = 1,(1—=PRE))/(l,(1 — PRE))
Equation 29

where:

- N is axial force

- Eis Elastic modulus

- Ais the cross-sectional area

- PRE is the pre-strain in the element, given as input in AquaSim

- 1y is theinitial length before applying the pretension (modelled length)
- Lis the calculated/instantaneous length

Note (4)

It is possible to apply negative pre-strain as well.

4.13 Mass radius
Mass radius is the average mass radius with respect to rotation about the local x-axis.
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4.14 Rayleigh damping

Rayleigh damping is given as a mass proportional term, and a stiffness term. Rayleigh
damping is used to account for the fact that there are damping in a structure. If a structure is
excited in a natural period, the amplitude will decrease over time, due to damping effects.
Rayleigh damping is an approximation for the physical damping and should be used with
care. The coefficients given into AquaSim is the factor the mass and stiffness matrix are
multiplied with respectively to obtain the damping matrix caused by Rayleigh damping:

CR=C,M+C, K
Equation 30
where:

- CR is Rayleigh damping

- C,, is mass proportional Rayleigh damping, Rayleigh damping (mass)

- M is the mass matrix

- Cy is stiffness proportional Rayleigh damping, Rayleigh damping (stiffness)
- K is the stiffness matrix

C,, and Cj, are the parameters given as input in AquaSim.

4.15 Shear stress, shear area

Shear stress is a stress-component parallel to an imposed force. For a rectangular cross
section, the shear stress will be distributed as shown in Figure 9. Here, the shear stress is
denoted S.

e b ——

T

¥

Figure 9 Shear stress distribution of a rectangular cross section

‘Kappa’ is a parameter normally set as the ratio between the maximum shear stress at the
cross section and the average shear stress. In AquaSim, the shear stress is uniformly
distributed over the cross section. In y-direction, the shear stress is multiplied with ‘Kappa Y”,
and ‘Kappa Z’ in the z-direction.
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4.16 Axial force

Axial force is a compressive or tension force acting in the lengthwise direction of an object. In
AquasSim, this is the force acting in the direction from node 1 to node 2 of an element.

4.17 Shear force

Shear force are unaligned forces pushing one part of an object in one direction, and another
part in the opposite direction in the plane perpendicular to the axial direction (the direction
between node 1 and node 2).

4.18 Bending moment

Bending moment is the reaction in a structural element when a force or moment is applied to
the element, causing the element to bend. Moments and torques are measured as a force
multiplied by a distance. The unit is Newton-meters [Nm]. For linear-elastic response, the
stress distribution caused by bending moment is shown in Figure 10.

A y compression

nTm

neutral axis
T

C —>

tension

Figure 10 Stresses in a beam caused by bending moment over the cross section

4.19 Torsional moment

Torsion is the twisting of an object due to an applied torque, expressed in Newton-meters
[Nm]. For a beam in AquaSim, this means torsional moment is moment about the local x-axis
as shown in Figure 11.

"__l__N_TE FLASTIC SHELL

ELASTIC CORE

SURFACE READY T3 “IELD FARTIAL PLASTIC FULLY PLASTIC
FPARTIAL ELASTIC

Figure 5 Torzion Stress Distributions

Figure 11 Stress from torsion
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4.20 Wind load, response to wind

See chapter 4.23.10 for detailed description. Wind forces on truss is treated equivalent as for
beams.

4.21 Longitudinal drag coefficient
Adds drag in the longitudinal direction of the element. The drag is found based on the 2D-
volume of the element.

1
FD(long) = E.OCD(long) *VapCyor * L - ulul| [N]
where

- p is the density of fluid,

- Cp(iong) Is the longitudinal drag coefficient,

- V,p is the 2D volume of the element,

- Cyor = Vaun/Vop is the relation between the submerged volume and total 2D volume,
- L length of element,

- u is the fluid velocity.
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4.22 Morison load formulation: loads and coefficients

In AquaSim, one may choose to calculate forces on elements either by Morison equation
(Morison, Johnson, & Schaaf, 1950) or as hydrodynamic (strip theory). This chapter describes
the Morison load formulation. The equation for load introduced by the Morison equation is
given by Equation 31. The cross-flow principle is utilized. The forces in the local y-direction
will be:

2 ka (up — ﬁz)\/(uz —v,)% + (uz —v3)2 + Pw(1 + Cay)Vanoaz — pwCayVapLot,
| |
Drag-term Froude-Kriloff Added mass
diffraction
Equation 31
where

- Cgy isthe drag coefficient in the local y-direction. This corresponds to the input ‘Drag
coefficient Y’ in AquaSim

- \/(uz —1,)? + (u3 — v3)? is the relative velocity between the element and the fluid
in the cross sectional plane

- Diamy is the diameter of the cross section on the direction of the relative velocity

- Uy = Uppave + Uscurrent: WHEre usy,qve 1S the fluid velocity due to waves, and
Uy current 1S the current velocity in the local y-direction

- v, isthe velocity of the element in the local y-direction

- a, isthe fluid acceleration in the local y-direction

- Ca, is the added mass coefficient, also in the local y-direction. See e.g. (Faltinsen,
1990)

In Equation 31, the first term is recognized as the Drag-term of the Morison equation. The
second term is the combined Froude-Kriloff- and diffraction part of the load. The third part is
the added mass. Similarly to Equation 31, the external force in the local z-direction is derived
by substituting the y-direction with the z-direction:

_ Pw CdzDiamNLO

F; = > (us — 1.73)\/(112 —v,)%(uz — v3)? + Pw(1 + Cay)VZDLOa3 — pwCa,VopLo¥s

Equation 32

4.22.1 Added mass coefficient

Added mass coefficients are given explicitly for the y- and z-direction in AquaSim. The
parameters given as input to AquaSim are the parameters recognized as Ca,, and Ca, in
Equation 31 and Equation 32. Note also how the added mass term also contribute to
diffraction load in the Morison equation (see the second term in Equation 31 and Equation
32).
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4.22.2 Diameter for drag, drag area

In Equation 31, Diam,, corresponds to ‘Diameter for drag Y’ in AquaSim. Similarly, Diam,
in Equation 32 corresponds to ‘Diameter for drag Z’ in AquaSim. The diameter in the
direction of the relative velocity, Diamy, is found from the input Diam,, and Diam, with the
assumption that these two diameters represents the largest and smallest diameter for an elliptic

cross section. The drag diameter is equal to the physical diameter where the drag load acts.
Note (5).

Note (5)

Diam,, refers to the diameter that is used to calculate drag force in the local y-direction of the

element. If the user wants to use half the full diameter of the cross section, simply input half the
value of the physical diameter in AquaSim.

In case AquaSim is used with the option ‘With slamming’, AquaSim calculates the submerged part
of the cross section at all times and scales the drag area accordingly.

4.22.3 Wave generated damping coefficient

Wave generated damping, or wave induced damping is a damping mechanism where the
object is damped due to propagation of energy away from the structure. These waves are
generated by the object itself due to motions. For large-volume objects this damping may be
of significance. In AquaSim, the user may apply this type of damping to elements with the
Morison load formulation by applying coefficients in horizontal-, vertical- or rotational
motion.

Calculation of damping force is based on (Faltinsen, 1990) Fig. 3.6.
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Fig. 3.6. Two-dimensional added mass and damping in heave and sway for
circular cylinder with axis in the mean free-surface. Infinite water
depth. (A, = added mass in sway, B,,”"" = damping in sway,
A" = added mass in heave, B,,”" = damping in heave, p = mass
density of water, A = 0.5aR*, @ = circular frequency of oscillation).

Figure 12 Wave generated damping Fig. 3.6 from (Faltinsen, 1990)
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The relation between the AquaSim input and the 2D coefficients from (Faltinsen, 1990) Fig.
3.6is:

(2D)
Horizontal = —22
pwA
(2D)
Vertical = =3—
pwA

Fig. 3.6 in (Faltinsen, 1990) does not provide a relation for rotational motion, but this is
implemented to AquaSim as well.

The damping force for horizontal- and vertical motions is calculated in AquaSim as:
Fy = Horizontal - pwA
F, = Vertical - pwA
Equation 33

4.22.4 Wave amplitude reduction and current reduction on Morison elements
Reduction of waves and current may occur due to shadow effects. Objects may be situated
behind other elements, causing reduction of environmental loads. Reduction factors for wave
amplitude and current can in these cases be applied. The input is a number between 0.0 and
1.0, and corresponds to a per centage of reduction. Applying Wave amplitude reduction will
scale the wave amplitude {4 according to the input value. For current reduction, the drag
coefficient Cp and drag diameter (“Diameter for drag”) are scaled according to the input
value.

4.22.5 Lift

As an alternative to drag formulation for loads on submerged elements, data may be found
from tables of drag, lift and yaw moment. As for drag loads, the cross-flow principle is
assumed such that the loads refer to a local coordinate system where the local x- axis runs
from node 1 to node 2. For deflectors, trawl doors or other parts where lift loads are
applicable, input should be given as drag, lift, and yaw coefficients as a function of inflow
angle.

Point 3 on the elements decides where the local z- axis is directed. An inflow angle of () means
the part of the flow in the cross sectional plane (y-z- plane) is directed along the local z- axis.
The parameters in AquaSim should be tested for response. In the table, the coefficients are
given as angles. In between given angles, linear interpolation is used. End values are used
outside the given interval. The lift-option is found under ‘Advanced’ in the Edit-beam window
in AquaEdit. Input parameters to lift are:

- Input type: input may be given in Radians or Degrees

- Direction of lift: positive direction for an element (corresponding to O degrees angle of
incident flow) is along the local z-axis. 1 means the lift direction is in accordance with
a normed space. -1 means the inverse. This parameter may also hold the value -2. In
this case, the rotation direction is opposite, but not the defined lift direction. -3 means
that the lift direction is defined opposite, but not the angle.

- Diameter: chord diameter the coefficients are multiplied with.
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- Angle: sets if there is an angle between the inflow and the local z-axis if the beam. If
angle is 0, the local z-axis defines the 0-angle flow direction to the beam in the cross-
flow plane. It is recommended to use 0 angle and direct the local z-axis to be in
accordance with this. This is to avoid any miss on positive/negative angle.

Then the user should define a table where drag, lift and yaw are given as function of inflow
angle of the fluid:

- Angle: inflow angle in the cross-flow plane relative to the local z-axis.

- Cd: drag coefficient in the direction of the flow.

- LiftCoeff: the lift coefficient. Factor for force 90 degrees to the flow direction in the
cross-flow plane.

- YawCoeff: the yaw coefficient. Coefficient for rotation around the beam of the lift
object.

Wave generated damping can also be included for motions in horizontal and vertical
direction, and for rotations. These are added as coefficients, see section 4.22.4 for more
information.

Running analysis with lift, a test of coefficients should be carried out to validate that
coefficients are correct and have the correct sign. (Berstad & Tronstad, 2008) present a case
for towed seismic equipment where lift elements are applicable for trawl doors.

4.22.6 Weight factor for slamming

If a cross section is waterfilled the “Weight factor for slamming’ will adjust the inner
waterline to be proportional to the outer waterline. If the element is submerged, the inside
volume is completely filled. The component should be given input data as completely filled.
The ‘Weight factor for slamming’ should be a number between 0 and 1. The fraction of non-
filled volume (compared to total inside volume) is given as input.

4.22.7 Use visual cross section as slamming
Not an available option for time being.

4.22.8 Wave- and current induced viscous drift force

The extra mean force due to waves and current is often referred to as viscous drift force. This
type of drift force is automatically included in the AquaSim analysis when applying the
Morison load formulation.

4.22.9 Wind load, response to wind
See chapter 4.23.10 for detailed description.
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4.22.10 Include tangential Morison mass force

Hydrodynamic mass force can be added along the local x-direction (tangential direction) of
the beam element. Forces in tangential direction for load formulation Morison submerged is
expressed as:

1 ; .
F = EPCDA L (uy —v)|uy — 01| —pV - CMygy, - a; [N]

Drag force Hydrodynamic mass force

Equation 34
where

- Notation 1 indicates along local x-direction of the element,

- Cp is the drag coefficient in the local x-direction. This correspond to the input
“Longitudinal drag coefficient” in AquaEdit *),

- Als cross sectional area of the element,

- L is the length of the element,

- Ui = Ug(current) T Uiwave) FlUId particle velocity,

- v, velocity of the element,

- (uy — v,) relative velocity between fluid and element,

-V volume of element that is submerged in fluid,

- CM,,, mass coefficient of the element. This correspond to “CM _tan factor” in
AgquaEdit,

- a4 fluid particle acceleration due to waves in the local x-direction.

For more information, see (Faltinsen, 1990) Eq. (7.1).

*) For longitudinal drag forces to be included in AquaSim, one has to define values for drag
in the section “Diameter for drag”. If values are not defined here, AquaSim will assume a
rectangle with equal side lengths and calculate drag forces based on this.

4.22.11 Advanced buoyancy

Consider a vertical oriented beam, as shown in Figure 13. The lower part of the beam
(Bottom) will experience a hydrostatic pressure that is higher than the top part of the beam
(Top). This causes a net pressure difference on the beam, pyer = Ppottom — Prop- When
Advanced buoyancy is ticked on, this net pressure is removed. Meaning that pgottom = Prop-
The pressure on the beam’s sides will still follow Archimedes’ principle.
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Water line

Prop

H Advanced buoyancy OFF:
Pnet = Pgottom — Ptop =0

Advanced buoyancy ON:
Pnet = Ppottom — Ptop = 0

Ppottom

Figure 13 Submerged beam with height H and diameter D
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4.23 Hydrodynamic load formulation: loads and coefficients

Hydrodynamic loads may be combined with the Morison equation loads. When choosing
hydrodynamic loads only the drag term (the first term) of Equation 31 and Equation 32 is
considered. The Froude-Kriloff and the diffraction loads in the Morison equation are
calculated by strip theory. Also, the added mass is found by strip theory, such that the added
mass coefficients of the ‘Drag load’ is omitted.

Using the hydrodynamic load formulation, hydrostatic stiffness in heave and roll are
calculated based on the input of the section shape introduced by the user. Added mass,
hydrodynamic damping, Froude-Kriloff and diffraction forces are calculated strip theory, see
e.g. (Fathi, 1996) and (Berstad A. , 1999).

4.23.1 Strip theory

For typical floating components — from small parts such as polyester fish farm cage rings up
to large structures like barges — hydrodynamic load formulation may be applied. In AquaSim,
formulation must be applied to horizontal elements with penetration of the water line.

Figure 14 shows a square boxed fish farm cage in black to the left, and a barge to the right.
The blue lines indicate how these structures may be subdivided with ‘strips’. A linear
boundary value problem is solved for each strip. Linearized means that the boundary
conditions are applied at their mean positions (see e.g. (Faltinsen, 1990) Ch. 4). A linearized
boundary value problem is solved for a single frequency wave and wave heading.

Floater

|:> Strip theory is applied along each
Element alog ring or barge.

Figure 14 Square floater in black, and a barge seen in brown. Seen from above

The damping and added mass are derived at the peak period of the spectrum (in case of
irregular seas). Whereas the diffraction and Froude-Kriloff components are derived for each
individual frequency in the wave spectrum, and each wave heading.

The geometry of each element subjected to hydrodynamic loads, is described by a cross
section at each node. Then the cross section may vary along the element. For elements with
constant cross sections (typical barges), the two sides are equal.
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The Froude-Kriloff force and diffraction force is calculated as follows:

- The midpoint of an element is derived for the given time instant.

- The angle of the element’s longitudinal direction is derived for the same time instant.

- The relative angle between the element and the wave angle in the global coordinate
system is derived for each considered wave frequency component.

- Froude-Kriloff forces are calculated at the instantaneous position of the vessel relative
to the waves, whereas the diffraction force is computed by interpolation of the pre-
calculated diffraction coefficients.

4.23.2 Hydrostatic force
In hydrostatic terminology, gravitational and buoyancy forces are referred to as restoring
forces. The stiffness matrix due to restoring force, k., IS given as:

00 O 000 O O 000
00 O 00000 O 000
00 A, 00000 O 000
00 OVGM; 0000 O 000
00 O 00000 O 000
. PIjo0 0 00000 O 000
rest= "~ o 0 O 000 O O 000
00 O 00000 O 000
00 O 00000 A, 000
00 O 00000 O0VGM,; 00
00 O 00000 O 000
00 O 00000 O 00 0]
Equation 35

where A4,,, is the cross sectional (2D) waterplane area. For a beam element, the stiffness
component of rotation about the local x-axis is also accounted for. V is the displacement, and
GM ; is the distance from the transverse metacentric height of the element to the center of

gravity of the element (see e.g. (Wikipedia, 2020c) for definition of metacentric height). M,
is found as:

IA wT

M; = Bc +
T C VZD

Equation 36

where B, is the center of buoyancy calculated by AquaSim based on the (2D) volume. V,, is
the submerged volume. I,,7 is the 2" area moment of inertia for the waterplane area. The
parameter is calculated in AquaSim based on the intersection between the input geometrical
data and the waterline.
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In AquaSim, V,, is calculated based on the hydrodynamic cross section defined under
‘Element loads’ and ‘Waterline Z’. Note (6). In AquaSim, the waterline is defined at z = 0 in
the global coordinate system. ‘Waterline Z’ enable the user to adjust the vertical position of
the hydrodynamical cross section. If ‘Waterline Z’= 0, AquaSim calculates V,, based on the
drawn cross section. Applying negative values to ‘Waterline Z’ corresponds to increased V,,
and hence more buoyancy.

Note (6)

The ‘Information’-tab for beam elements enable the user to draw a visual cross section. For
hydrodynamic load formulation, this cross section is only for visual purposes. Select ‘Copy to
hydrodynamic’ to include the visual cross section in hydrostatic calculation.

G in the GM is the center of gravity in the cross section, also referred to as ‘Mass center’. It
should be noted that the ‘Mass center’ of the hydrodynamic element is assumed given in the
same coordinate system as ‘Waterline Z’. Meaning that if ‘Waterline Z’ is set to 5Sm and the

mass center is 5m, the mass center is in the water line when calculating GM .. Other
properties in the analysis, such as linearized diffraction force and added mass, is calculated
based in the submerged volume and the location of ‘Waterline Z’.

When an analysis model is established, there might be a discrepancy between the waterline
and the beam’s neutral axis. Note that when applying hydrodynamic load formulation,
AquaSim is adapted for elements modelled horizontally.

4.23.3 Hydrodynamic length coefficient

For cases where hydrodynamic sections do not cover the full length of the geometric section,
there is a possibility to model the sections in a simplified manner by using the ‘Hydrodynamic
length coefficient’. When the full length of the section is in the water line, the factor should be
1. Reduced factor corresponds to reduced length of section intersecting the water plane.

Figure 15 show an example of how to apply the factor. To the left, a detailed render of a pier
with pontoons intersecting the water plane. The total length of the pier is 10m and the
pontoons are 1m wide. Hence, 30% of the total length intersect the water plane. To the right, a
simplified render of the same pier with pontoons, modelled as one continuous beam. Applying
a ‘Hydrodynamic length coefficient’ of 0.3 will then reduce the length of the beam
intersecting the waterline to correspond with the more detailed model.
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Pontoon & pier

Figure 15 Left: pontoons modelled separately. Right: pontoons modeled as one section, length of section intersecting the
waterline is reduced applying the ‘hydrodynamic length coefficient’

4.23.4 Neutral axis Z

The ‘Neutral axis Z’ is the distance between the element’s local coordinate system origin and
the area center of the cross section.

4.23.5 Viscous roll damping

For roll motion of a ship shaped structure, vortices generated by the hull adds a significant
contribution to damping. The user may account for this by applying the parameter ‘Viscous
roll damping’. Viscous roll damping is calculated as follows:

2
_ Ajyp2pPw

DT"U - 8 DT‘UCCdT

Equation 37

where Ay, p,p IS the 2D waterplane area, p,, is the density of water, and Cd,. is the viscous roll
damping coefficient. D,.,. is a factor depending on wave height and current velocity:
D,,. = max(max(v,, v, ) - 0.7,0.7)

Equation 38

where v, is current velocity, v, is max wave velocity (which is proportional to the wave
height).

Consider the formula 7.26 in (Faltinsen, 1990):

E, = p7WcDb1|u|u

Equation 39

where F,, describe the normal force on a bilge keel, b and [ are the length and width of the
bilge keel, respectively. By linearization of Equation 39 and limit the equation to a 2D
problem, then:

p
E, = %Cbblulinlu

Equation 40
Consider the corner of a vessel, where b,..; 1S the width of the vessel:
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bvessel ;

u=2¢4

Equation 41

where ¢, is a velocity potential for rotation about the x-axis (i.e. roll motion).

Assume the bilge keel width is the part of a square vessel, then:

P b 1 b 1
po= g, ity Pty

Equation 42

The 2D vessel width, b,.se;, COrresponds to the same as the 2D water plane area of the
vessel, Ay, p. This gives:
Pw . A7

AWP .
E, = 7513 7 |Uyin | Pa

Equation 43

When we introduce u;;;,, = D,..,,, and the fact that roll damping is defined as a force
proportional with the roll velocity, we see that Equation 43 corresponds to Equation 37. Note
that there are many approximations in this linearized equation. The cause of roll damping is
due to drag forces, which result in a force proportional with the square of the relative velocity
between the fluid and the object the fluid forces are acting on. To make a more physical
correct assumption, one may model the bilge keel as eccentric beams longitudinally, close to
the lower corner of the vessel. The beams should have a drag area corresponding to the effect
of the corner of the vessel or to the actual bilge keel. In this case, drag load is calculated by
the ‘normal’ drag load application meaning the damping will be quadratic.

4.23.6 Wave amplitude reduction and current reduction on hydrodynamic elements
As for beam elements with load formulation Morison submerged, hydrodynamic elements
may also be defined with reduced wave amplitude and/ or current. Read more about it in
chapter 4.22.4 and (Aquastructures, 2021c).

4.23.7 Horizontal components of hydrodynamic forces only

The option ‘Horizontal components of hydrodynamic forces only’, enable the user to omit
hydrostatic forces and vertical hydrodynamic forces. AquaSim then sets these components to
0. In this case only horizontal components of the hydrostatic and hydrodynamic forces are
accounted for.
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4.23.8 Forces and load direction

AquaSim account for hydrostatic- and hydrodynamic forces. Hydrostatic forces include
gravitational- and buoyancy forces. Hydrodynamic forces arise from velocity and acceleration
of fluid particles due to waves or steady currents. Hydrodynamic forces are accounted for in
all directions of a beam, but not normal to the cross section. Figure 16 illustrate a rectangle
shaped object, representing e.g. a vessel hull, and the direction where hydrodynamic forces
are not accounted for. To overcome this, the user may apply a secondary beam transverse of
the longitudinal direction of the vessel hull (i.e. in the direction of the green axis). The length
of the transverse beam should be equal to the width of the vessel Note (7).

Cross section

Figure 16 Direction of load perpendicular to cross section

Note (7)

In this case, overlapping elements will ‘double up’ the hydrostatic and vertical hydrodynamic forces
of the object. To overcome this, select the ‘Horizontal components of hydrodynamic forces only”’ for
the transverse beam element.

4.23.9 Wave drift

AqguaSim has an option for calculating wave drift loads where the hydrodynamic load
formulation is applied. This option is called ‘Drift” and calculates an average drift force based
on conservation of momentum according to Maouro (see e.g. (Faltinsen, 1990)). The drift
force, according to Maouro, can be expressed as follows:

=QA$

F
27 2

Equation 44

where A, is the amplitude of the reflected wave. For a regular wave, the drift force is a
constant force, whereas for irregular sea, the drift force is a slowly varying force varying with
the envelope of the process. If the period of an envelope corresponds to any natural response
period, it might be of importance. AquaSim accounts for the variation on drift force in
irregular sea. Further details on theory and validation of irregular wave, please see
(Aquastructures, 2019b).
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The amplitude of the reflected wave is found automatically by AquaSim when “Drift” is
toggled on. By selecting “Amount of drift applied” this amplitude can be manually reduced.
1% corresponds to 1% of the incident wave, and 50% corresponds to 50% of the incident
wave, and so on.

AquaSim calculates the reflected wave based on a wave perpendicular to the hydrodynamic
element. In case waves are not perpendicular to the ‘upstream’ line where the object side
intercepts the water, the drift force is corrected by:

F, = Fpsin*(B)

Equation 45

where £ is the angle between the incident wave and the vessel water intersection line. Also,
current velocity is accounted for. The current velocity is included by adjusting the force in
Equation 45 (corresponds to equation 5.22 in (Faltinsen, 1990)):

U
Fz:&(H%S(ﬁ))

Equation 46

As the calculation of the wave drift force follows the instantaneous water level, a sum
frequency load is introduced. Further information on this topic is provided in (Aquastructures,
2023). Drift forces can be applied to elements with hydrodynamic load formulation also is the
‘Horizontal components of hydrodynamic forces only’ is selected.
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4.23.10 Wind load, response to wind

Beam elements can be exposed to drag loads from wind in AquaSim. In order to apply wind
loads to beam elements, the element must be associated with a wind exposed drag area and
wind drag coefficients. This area is added by the user. Two wind types are available for
beams: Type 1 and Type 2. Wind exposed area is defined independently of the drawn ‘Visual
cross section’, meaning that area is defined by height and width found in ‘Element loads’.

Wind Type 1:

The wind exposed area and drag coefficients is based on the input ‘Wind fetch’ and ‘Drag
coefficients wind loads’ made available when selecting Type 1 from the drop-down menu.
The area is calculated based on the assumption that the area is rectangular. ‘Max/ Min Y
height’ represents one side of the rectangle, and the element’s length (along local x-direction)
is the other side. The same apply to ‘Max/ Min Z width’.

z "
Element | Local coordinate
system of element

| |
_ &
1 4
P | X
~ /
L~ )

y y

Max Y henghlI
Y Mip ;\
WId”] \
Min Y height M

A
2 w’dlf;

Figure 17 Wind exposed area, Type 1

Both ‘Max/ Min Y height’” and ‘Max/ Min Z width’ are given with reference to the element’s
local coordinate system. Meaning that zero is in the element itself. AquaSim calculates wind
velocity U based on an averaged z-position that takes the element’s vertical position and the

extent of the area into consideration. The z-position is found as:

H
Zywind = Zpeam + Min'Y height + 5 [m]

Equation 47

where z,,,;,,4 IS the average vertical position that is applied in the calculation of wind velocity,
Zpeam 1S the position of the beam element, Min Y height is input to AquaSim, and H is the
height of the wind exposed area. This formula is applied for both local y- and z-direction.

Max Y height____ ___ Max Z width
z y
H | x | x H
— —
MinY height Min Z width
Zpeam Zwind Zpeam Zwind
Meanwaterline . _ _ _ *__ _ __ __ __ _ ¥ ___ _ __ _ _ __ __ ___*_ _ _____ v ___

Figure 18 Average z-position applied in the calculation of wind velocity U
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Wind Type 2:

The wind exposed area and drag coefficients is based on the input from ‘Diameter for drag’
and ‘Drag coefficients’ found under ‘Drag loads’. The area is calculated based on the
assumption that the area is rectangular. Where Y (depth)’ and ‘Z (width)’ represents one side
of a rectangle, and the length of the element (along local x-direction) is the other side.

Element
X

z
\
|/ X .
\ y Local coordinate
system
y

Y(depth)
ZM

Figure 19 Wind exposed area, Type 2

AquaSim calculates wind velocity U based on the z-position of the beam, as illustrated below.

z y

Y (depth) L X L 2 Z (width)

e Y Ll

Zwind = Zbeam Zwind = Zbeam

Meanwaterline . _ _ _ _ *__ __ __ __ __ __ __ __ __ __ __ __ __ __ __ __ _____2 v @

Figure 20 Average z-position applied in the calculation of wind velocity U

For regular mean wind (constant wind), the wind profile is calculated according to
(Aquastructures, 2021a) Ch. 2.1.1. Irregular wind (wind gust) is calculated according to
NORSOK NO0O03 described in (Aquastructures, 2021a).

The force on a surface caused by the wind is then calculated by the following expression:

1
Fying = EpaCDA ) U(Zwind)2 [N]
Equation 48

where p, is the density of air (=1.27 kg/m®), C,, is drag coefficient of the surface, A is the
wind exposed area, and U(z,,i»q) 1S the wind velocity.

Note (8)

AquaSim automatically detect if the element is above, or below, the water line and include wind loads if it is
above. This is the case independently of what is set at “Water volume correction’.
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4.24 Point 3, node 3

Each beam and truss element have a ‘Point 3’ defining the direction of the local z-axis. Point
3 is defined as being in the positive halfplane on the local xz-plane, where the x-axis run from
node 1 to 2. For beam elements, with hydrodynamic load formulation, Point 3 should be
vertically above the element.

4.25 Hinge
A hinge keeps two adjacent parts together, typically is a door hinge as seen in Figure 21.

Figure 21 Example of two elements hinged together

In AquaSim, a hinge is introduced to one of the element’s node. Introducing a hinge means
choosing if the node should be attached to other elements for each of the 6 DOFs of a node
individually. The DOFs may be introduced either in the global coordinate system, or in a local
coordinate system (the local coordinate system is applied to the hinge). The locale coordinate
system is introduced by choosing ‘Co-rotated hinge’. The coordinates of the local x- and z-
axis is defined in the Hinge-window in AquaSim. If a co-rotated hinge is chosen, the
coordinate system of the hinge will rotate as the elements connected to the hinge rotates. For
cases where elements rotate, it may be of importance to account for the rotation of the hinge
points. Meaning that ‘Co-rotated hinge’ is often introduced to obtain this effect, even if the
local coordinate system initially coincides with the global coordinate system.
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4.26 Winch

Winching can be simulated in AquaSim. There exists two modes; winching out or winching
in. For winching in, the winching length is at maximum the length of the element. For
winching out, extra elements are added during the operation. One may winch out and
introduce as many extra elements as one wish.

Winches are normally applied to truss elements. The winch speed is constant and equal to the
velocity specified in the input.

4.27 Linebreak
It is possible to remove elements during the analysis based on some criteria. Useful to apply
when simulating accidental limit states as an example. The break-criteria’s that is available is:

- Time: the element will be removed at a certain time-step in the analysis. The user
should input the analysis-step where the element should be removed.

- Max force: the element is removed when the axial force in the element exceeds the
defined value. For each calculated time-step, AquaSim checks the value of the axial
force on the element. If the axial force is below the Max force, nothing happens. If the
axial force exceeds Max force, then the element is removed. The user should have in
mind that AquaSim may not remove the element at the exact defined Max force
because it only checks if the axial force is below or above the Max force for each
time-step. To make this more accurate, the user should conduct a sensitivity study
where the number of steps in the analysis is regulated.

4.28 Valve

Valves are normally applied to beam elements. Introducing valves provides the possibility to
simulate that valve is opened at a certain timestep and water is filled to the defined volume
inside the beam. Figure 22 shows a simplified case with a valve opened at the bottom of the
Cross section.

Patm

Pint > patm

" ||

Valve with area A Pext

Figure 22 Principal sketch for valve in AquaSim

As seen in the figure, there is a height difference between the external surface and the internal
surface. Applying Bernoulli’s equation to the valve, the external pressure is as follows
(velocity of the outside fluid):
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Pext = PgH + Payn t Patm

Equation 49

where p is the water density (=1025kg/m?) and g is the acceleration of gravity. H is the
external height, and h is the internal height. pg,,, is the internal dynamic pressure calculated

from hydrodynamic theory. p,sm IS the atmospheric pressure. Bernoulli’s equation gives the
pressure from the outside to the inside of the valve:

1
Dexe = (1 + K;) Epvz + pgh + Pint
Equation 50

where K; is the local friction in the valve. Combining Equation 49 and Equation 50 provides:

1
1+Ky) Epvz = pg(H —h)+ Payn t Patm — Pint = Ddelta
Equation 51

where

Paeita = Pg(H — h) + Payn t Patm — Pint

P = 2pdelta
(1+Kyp

Consider NOW p .14 This pressure depends on p;,,; which is unknown, so we need to find
this. The other terms in Equation 51 are known. The amount of water passing through the

valve at a given time instant is:
2pdelta
Q=Av=A4 |—=—"—
(1+Ky)p

where A4 is the cross sectional area of the flow. The inside air needs to be moved from the air-
filled inside the container to the outside atmosphere. To obtain this, the following has to be
fulfilled:

Equation 52

The velocity v can then be found as:

Equation 53

Equation 54

Pint = Pext

Equation 55

We assume that both the air and the water act as incompressible fluids. Continuum means that
the flow of air out of the tube must be equal to the flow of water into the volume. This means
that:
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VairtubeAi = Vwater inletAy
Equation 56
The air outlet is a tube with a length typically in the range of 50-100 meters. Consider the
time instant when the valve (for water inlet) is opened. At that time instant, the air outlet is
already open, and the inside pressure is pi,: = Parm- 1hen the inside pressure will rise to a

level that drives an air flow through the air tube. Applying Bernoulli’s equation, the air from
inside the tank to the atmosphere, the flowing equation is derived:

N1
Dint = (1 + K, + f(Re) E) Epairvéir + Patm
Equation 57

where [ is the length of the tube, d is the diameter of the tube and f(Re) is a function
depending on the Reynold’s number (see Figure 23). K, is a friction coefficient, which is
different from 0, only if there is a valve in the tube.

Introducing Equation 57 to Equation 51:

1 N1
1+ K1)§PU2 =pg(H —h) + payn — (1 + K; + f(Re) E)Epairvgir

Equation 58

velocity,i-Diameter
Viscosity air
function of Reynolds number. A typical relation is shown in Figure 23 in terms of a Moody

diagram. For laminar flow 64 /Re is used. For turbulent flow f (Re) is set to %—z_i. Then there

The Reynold number Re is in this case Re = . f(Re) is friction as a

IS a transition phase between laminar and turbulent flow. In this phase, f(Re) is linearly
interpolated between the Re number given as input to mark the highest Re for laminar flow
and the Re value that is marked as the lowest Re where turbulent flow is applicable.
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Figure 23 Moody chart (Wikipedia, 2020d)
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4.28.1 AquaSim parameters for valve

B3 Valve X
E valve
Name Valve ]l
Reversed []
Backtrack Only flow inward ﬂ
Time before filling 0s
E Details
Valve diameter 0.0 m
2D volume 0.0 m~2
Weight of water in element 0.0 kg
Fill status 0.0 %
Artificial overpresure 0.0
Length of tube 0.0m
Diameter of tube 0.0 m
Reynold upper 0.0
Reynold lower 0.0
Friction coefficient K1 0.0
Friction coefficient K2 0.0
Density air 1.25 kg/m~3
Friction coefficient for abr... 0.0
Viscosity air 1.5E-5 m~2/s
[ ] Shape active Edit shape OK Cancel

Figure 24 Input parameters for valve in AquaSim

The input parameters are set for the element the valve is attached to. The properties are:

Table 2 Description of input parameters for valve in AquaSim

Parameter Description
Name Name of the valve, set by the user.
Reversed If not toggled, then the valve is placed at the elements

first node (node A). If the user wants to apply the
valve at the other node (node B), the simply toggle this

option.

Backtrack One may choose between ‘Only flow inward’, or the
possibility of the flow to flow both ways, ‘Flow both
ways’.

Time before filling Time instant where filling starts, in seconds.

Valve diameter Diameter of valve opening, according to Equation 54.
Valve area is calculated from the diameter based on a
circle.

2D volume Defines the maximum allowed volume per meter water
it is possible to add to the element.

Weight of water in element This is the weight of water being stuck in the first

element before spreading to the next element. When
filling, it is assumed that the first element is filled to its
capacity before water spreads to the next element.
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Fill status
Artificial overpressure

Length of tube

Diameter of tube

Reynold upper

Reynold lower

Friction coefficient K1

Friction coefficient K2

Density air

Friction coefficient for
abrasiveness
Viscosity air

AguaSim 2.20
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The fill status when the valve opens.

It is possible to apply an overpressure in cases of
blowing out water from elements.

This is the length of the air-tube out of the element to
be water filled. Input in meters. This is the tube
connecting the air inside the component being filled
with water to free air. The smaller the tube, the more
friction and slower filling.

Diameter of the tube out of the element being filled
with water. Diameter of the tube from the
abovementioned point.

The upper limit for laminar flow. This is for air flow
through the air tube.

The lower limit for turbulent flow (this number is
higher or equal to the upper limit of the laminar flow,
it is interpolated with). If this number is set lower than
the upper limit for laminar flow, the upper bound for
the laminar flow will be set as also the lower bound of
the turbulent flow.

In the case there is a valve in the opening where sea
water flows into the element, this coefficient is used.
In the case there is a valve in the tube leading air out
of the element being water filled, this coefficient is
used.

The default value is set to 1.25kg/m?. The user may
adjust this. The value is collected from Wikipedia.
Coefficient applied to the air tube. Depending on
implemented theory, see above.

The viscosity of air. Default value is set to 1.5E-05.
The user may adjust this. If the value is set lower than
1.0E-06, then AquaSim apply 1.0E-06.

Page 50 of 148



o

aqugstructures

4.29 Catenary slope

Catenary mooring systems are most common in shallow waters. The system will typically
take the form of a free hanging line, with a part laying horizontally at the seabed. This is
illustrated in Figure 25.

The Create Catenary slope, in AquSim, allows to create catenary mooring systems based on
user defined parameters. To create a catenary slope, the user must first create a guideline. The
guideline is a straight line in XZ- or YZ-plane and defines the starting point of the slope and
the vertical level of the endpoint of the slope. The input parameters are set for the selected
element. The properties are:

Table 3 Description of input parameters in AquaSim

Parameter Description

Force The force applied to the mooring line at the fairlead.
Thread diameter Diameter of the mooring line.

Submerged density Density of the mooring line when submerged.
Divisions Number of elements in the catenary slope.

The length of the catenary slope is calculated as:

2F
S= D(——D)
w

Equation 59
where

- F is the force applied to the mooring line,

- D water depth plus distance between seabed and fairlead (AquaSim automatically
detects this by the vertical distance between the uppermost- and lower most node of
the guideline),

- w density of the mooring line when submerged.

Fairlead
r‘
‘!

Seabed <« -

Figure 25 Catenary mooring, modified figure from (Catenary Calculator, 2021)
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5 ELEMENT PROPERTIES, LOAD AND RESPONSE:
MEMBRANE

AquaSim have a 4-noded element representing a rectangular part of a net as shown in Figure
27. The element can be at any shape, but the element assumes a twine follows the edge of the
element.

5.1 Local coordinate system

A net element has a local coordinate system with the Y- and Z- axis in the plane of the
element as seen in Figure 26. This is automatically defined by the geometry of the input, such
that the local Z- axis run from node A to node B on the element. The local Z- axis run from
node B to C on the element. For the side of a net this means that when results are taken from
AquaView in terms of ‘Forces in horizontal twines’ and ‘Forces in vertical twines’
respectively this corresponds to actual vertical and horizontal twines. In general, the user must
evaluate whether this is the case by evaluating where node A and B is on the element.

Membrane element

Z C ¢ D

L.

Figure 26 Membrane element in AquaSim

5.2 Structural properties of membrane

5.2.1 Mask Type 1

The element represents the number of twines crossing the considered line. As an example, if
the distance between node 1 and node 2 in Figure 27 is 1 meter and the halfmesh size is 25
mm, 40 twines will cross perpendicular to the line between node 1 and 2.

Node 4 Node 3

y
Node 1 Node 2

Figure 27 Net membrane element in AquaSim
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For each node combination a form function as shown in Figure 27 is assumed. Such that if
node 2 is moved along the positive x- axis and all other DOFs are fixed, the motion will
introduce a strain to the horizontal net twines varying linear along the line between node 2
and node 3 as shown in Figure 27.

The membrane element may be permeable or impermeable with respect to water flow past the
net. In both cases the structure of the net is assumed to be as shown in Figure 27. This means
that also an impermeable net is assumed to be woven og have tissue in two directions like
woven textiles. Cross sectional area and E-modulus should be chosen in accordance with each
other and preferably be compare to elongation testing of the fabric.

For cases where the net element is not modeled rectangular, the direction of the individual
twines will be as shown in Figure 28.

4 3

Figure 28 Thread direction for vertical threads

The number of twines along each line will not be as shown in Figure 28. Counting twines,
each element side is treated separately such that line 3-4 will have more twines attached to it
than line 1-2. When modeling the bottom of a net, one should be aware of this fact. As seen in
Figure 29, forces will distribute along the net twines from the side net stave and downwards.
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Figure 29 Forces in vertical twines, from AquaView

The case in Figure 29 is a simplified case with a wall sided square part on top with a conical
part below. A node load is applied to the bottom of the model, while the top edge is fixed. The
square part is 3 times more dense than the bottom. Meaning that there is no bottom rope
taking over forces from the 2 of the side staves. As seen from Figure 29 this leads to high
forces following the net twines all the way to the net bottom where the forces are transferred
through the horizontal twines to the bottom ropes.

Figure 30 shows the bottom part of the net modeled with element making the twines run in
parallel. In this case it is seen how forces are distributed to the bottom net staves much more
evenly through the bottom net and the high concentration of forces close to the bottom of the
net is avoided.

It is much easier to model the case seen in Figure 29 than the case in Figure 30. Most analysis
models are hence made with the layout in Figure 29. This may lead to high, and artificial,
stress concentration close to the bottom of the net. However, one should be aware that the
bottom hole is a ‘focus point’ for forces, so care should be taken in design in all cases.
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Figure 30 The conical part of the net modelled with parallel twines

5.2.2 Maskwidth Y and Maskwidth Z
Maskwidth Y is the distance between threads along line AB (and CD). Similarly, Maskwidth
Z is the distance between threads along line BC (and AD). These are denoted L,, and L,.

zZ C D

o
- ———— e
v Maskwidth Z I | | |
e
| | |

=1, e

MaskwidthY
=1L,

Figure 31 Definition of Maskwidth Y and -Z

5.2.3 Length of threads in local Y- and Z direction
The total length of threads in local Y-direction is along the sides AB (and CD). The total
length of threads in local Z-direction is along the sides BC (and AD). These are denoted Lm,,

and Lm,.
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Lm,

v Lm,

Figure 32 Definition of total length of threads

The total length of threads in each direction is calculated as:

BC

Lmy = A askwidth Z
AB

Lm, =BG askwidth ¥

As one can see from the equations above, the total length of threads is also dependent on the
size of the modelled element. The length of line AB (and CD) will influence the length of
threads in local Z-direction, and the length of line BC (and AD) will influence the length of
threads in local Y-direction.

5.2.4 Pretension Y and Z

Pretension is the appliance of constant tension (or compression). In AquaSim this is done by
either elongate or compressing the membrane element sides. In AquaSim one may apply
pretension (positive or negative value) in local Y- and Z-direction by the input Pretension Y
and Pretension Z. Note that when adjusting the pretension in AquaSim, the mask widths are
kept constant.

The input values of pretension are given as a %-age of the initial length of the membrane
sides. As an example, if Pretension Y=0.05, then the sides BC and DA are compressed by 5%.
If Pretension Z=-0.1, then the sides AB and CD are elongated by 10%.

Pretension Y

When applying pretension in Y-direction, the vertical sides BC and DA er either elongated or
compressed. Negative values will elongate the sides BC and DA. Positive values will
compress the sides BC and DA.

- Pretension Y = negative values: BC and DA are elongated (meaning threads in
vertical direction are stretched). Depending on the value of Pretension Y, more
horizontal threads may be added.

- Pretension Y = positive values: BC and DA are compressed (meaning threads in
vertical direction are shortened). Depending on the value of Pretension Y, horizontal
threads may be removed.
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Pretension Y (negative) Pretension Y (positive)
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Figure 33 Definition of Pretension Y in AquaSim

Pretension Z

When applying pretension in Z-direction, the horizontal sides AB and CD are either elongated
or compressed. Negative values will elongate the sides AB and CD. Positive values will
compress the side AB and CD.

- Pretension Z = negative values: AB and CD are elongated (meaning threads in
horizontal direction are stretched). Depending on the value of Pretension Z, more
vertical threads may be added.

- Pretension = positive values: AB and CD are compressed (meaning threads in
horizontal direction are shortened). Depending on the value of Pretension Z, vertical
threads may be removed.

Pretension Z (negative)

Z C D

- —

A R R

Membrane without
pretension

Pretension Z (positive)

— | | —
| |
_______ I )
: | Membrane without
| : pretension
. I I,
| |
| |
— 1 1 <+

Figure 34 Definition of Pretension Z in AquaSim
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5.2.5 Mask Type 2 (Diamond shaped)

AguaSim have an mask type representing a diamond shaped mesh as shown in Figure 35. In
this situation, the assumed direction of mesh twine depends on the element shape. Such that
the twines are assumed to have a direction from diagonal corners to diagonal corners as seen
in the figure. The diamond shaped net can only be permeable and cannot have bending
resistance.

Half mesh distance

Figure 35 Diamond shaped mesh
Properties regarding load application and response is outlined in the succeeding chapters.

5.2.6 No compression

By activating this, twines in the net will not experience compressive forces. In AquaSim, the
E-module will be reduced in the analysis in order meet the no-compression-criterion. It cannot
be set exactly equal to zero due to numerical aspects. Due to this, the user may in certain
cases experience some compressive forces in the net.

5.3 Structural properties of hexagonal mask
Hexagonal shaped mesh, or 6-sided membrane, are modelled with six sides. Each modelled
side will represent smaller hexes according to the input thread diameter and mesh size.

Theoretical formulation and validation of hexagon masks is found in (Aquastructures, 2022b).

The mesh is created through a script, for more information on how to create hexagonal mesh
reference is made to (Aquastructures, 2024b).
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5.4 Membrane type: normal

Note: In AquaSim version 2.20, the drag coefficient for nets has been revised, as well as there
has been implemented an alternative current reduction method. For details see
(Aquastructures, 2024d) and (Aquastructures, 2024c), respectively.

The load applied to permeable nets (type ‘Normal’) in AquaSim has been outlined in
(Berstad, Walaunet, & Heimstad, 2012). The aim of this chapter is to outline an expression for
the force acting on membrane elements. Much work has been carried out on 2D cross-flow
around cylinders. A likely flow pattern around a circular cylinder is shown in Figure 36. As
seen from this figure, the cylinder introduces a disturbance to the flow in the wake.

e

Figure 36 Example of 2D flow around a circular cylinder (Barkley (2006)). The greyscale indicates vorticity

In accordance with Lord Raleigh (Morison, Johnson, & Schaaf, 1950), the force for a steady
flow acting on the cylinder is expressed as:

p

F = Cdcyl E dva

Equation 60

where F is the drag force, Cd.,, is the drag coefficient for cross-flow to a circular cylinder. p
is the density of water, L is the length of the cylinder, d is the diameter of the cylinder, and v
is the fluid velocity. In 3D, the velocity in Equation 60 can be interpreted as the cross-flow
velocity which is the velocity in the plane of the cylinder cross section.

Consider flow in the direction perpendicular to the plane of the mesh in Figure 37. Define a
coordinate system where the net is located in the y-z plane and the flow direction is along the
positive x- axis. The difference between a single twine and a net is that water flowing through
the mesh must pass not only one twine, but several twines as seen in Figure 37.
N
N
z N
\\
v X \\
N
y N\

Figure 37 Flow perpendicular to the net

N

The most important parameter used to describe nets is the term solidity (Sn). Several
definitions are applied to this term. The most common formal definition is Sn = Ae /Att,
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where A¢ is the area casting shadow from a light perpendicular to the net and A is the total
area of the net. Consider an excerpt of a net as seen in Figure 38.

of
L

Figure 38 Basic definition of a net

Lz

Ly

For an ideal knotless mesh, as shown in Figure 38, a mathematical expression for Sn can be
formulated as:
d d 2d?

Sn=—+——
"TLTL R+2

Equation 61

Other definitions have been applied. Historically, meshes were made with knots. Knots leads
to higher solidity. An expression used by e.g. (Lgland, 1991) is:

¢ d d, ki
n = —_ _ —_—
L, L, 2012 +12)

Equation 62

where k is a constant, typically 1 or 2. Another simplified definition is:

g d N d
Nyp = — + —
2D L, "L,

Equation 63

Equation 63 is often denoted the “2D solidity” since it basically is based on summing
diameters in both directions. The net being knotless means the net will not be “mathematically
perfect”. Hence the 2D solidity can be a realistic definition of solidity. Using the twine-by-
twine method, the drag force can be found as:

d d
F = Cd3<—+—>Av2

2 Ly L,
Equation 64
where
A=Lm,y-Lm,
Equation 65
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for a rectangular mesh in the y-z plane. Note that Cd not necessarily is the same as Cd..,,;.
Lm,, is the length of the mesh in the y-direction, and Lm, is the length along the z-direction.
The flow is along the x-direction.

Comparing the net seen in Figure 37 to a single line, the net will cause the flow velocity to
increase due to its presence. This is in accordance with conservation of momentum. This has
been assessed, amongst others, by (Blevins, 1984). Using the undisturbed velocity v as input
in the drag equation (Equation 64), will lead to an increased Cd. With origin back to (Darcy,
1856) and with reference to (Blevins, 1984), both (Balash, Colbourne, Bose, & Raman-Nair,
2009) and (Molin, 2011) present the following equation for flow perpendicular to the mesh:

Sn
CdBl = Cdcylm
Equation 66

where Cdpg, refers to an adjusted Cd relative to Cd..,,;, which would be the corresponding Cd

for a single twine. An adjusted formulation also originates back to (Blevins, 1984), propose
that:

BSn(2 — Sn)

Cdg, = Cdcyzm

Equation 67

where £ is a tabulated value. (Kristiansen & Faltinsen, 2011) introduced g = 0.5 to the above
equation, resulting:
Sn(2 —Sn)
CdKF = Cdcyl —2(1 — Sn)z

Equation 68

In the above equation, the drag coefficient Cd is expressed in terms of the solidity, Sn. This
means that all equations will depend on the definition of Sn. AquaSim apply the formulation
presented in (Berstad, Walaunet, & Heimstad, 2012). Their paper introduces the relation
between Cd.,; and Cdyen,, presented in the following:

a7

Baseline

y v

Figure 39 One twine denoted as baseline

Consider the lower horizontal line in Figure 39 (denoted ‘baseline’). The flow (along the x-
axis) can only pass this twine where there is no crossing twine. This leads to an effective
length of the twine, Ly,:
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Equation 69
where d is the diameter of the twine, as seen in Figure 39. Because the flow must pass
through a cross-flow area smaller than the full area of the flow, the flow velocity must
increase in order keep the momentum of the flow. With reference to Figure 39, one can see
that the velocity passing the mesh v, s must be increased to:
_ vLyLz
T Ly = d) Lz - d)

Equation 70

Introducing Ly, and v, into Equation 60, the drag term in the Morison equation becomes:
P 2

Equation 71

Introducing Equation 69 and Equation 70 gives:

2

p ( vLyLz )
F=cCd=(Ly —
cdz Wy =D\ o=

Equation 72
By rearranging Equation 72, we get:

p LyLz?

F = Cd =dLyv?
2 Ly — ) (Lz - d)?

Equation 73

This can be expressed as:

F= CdmemgdLyvz

Equation 74
where:
LyLz?
Cldmem = Cleyt o=y 7 = a)?
Equation 75

Introducing Ly = Lz = L in Equation 75 we get:
cd =Cdey———=
mem cyl (1 _ g)3
L
Equation 76
Introducing Sn,p as Sn in Equation 76 gives:
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Cdmem = Cdcyl @

Equation 77

which is in a form easily comparable to Equation 66-Equation 68. By comparison, it is seen
that the above equation is different. As an alternative way to view Figure 39, one may
consider only velocity reduction from adjacent twines and not include the considered twine
itself. The effective difference in velocity v, between one twine and a net may be expressed

as follows:

_ vLyLz
Yelf = Ly — d)(Lz — d/2)

Equation 78

Introducing Ly, s and v, to Equation 71 gives:

2

F=cd? d)d( vlyLz )
- e (Ly — d)(Lz — d/2)

Equation 79

Rearranging Equation 79, we get:

LyLz?
(Ly —d)(Lz — d/2)?

p

F = CalEdLyv2

Equation 80

Now, Cd for the membrane is denoted Cd,,er, 1, Where:

F = Cdmem vz g dLyvz

Equation 81
where:
LyLz?
Clmem vz = Cley o=y = 1722
Equation 82

Introducing Ly = Lz = L:

1
YY1 —d/L)(1 —d/2L)?

Cdmem vz = Cd

Equation 83

Introducing Sn,p, as a simplification to Sn, gives:
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Cdmem_vz = Cdcyl

1
(-P6-P
Equation 84

Neglecting higher order term in Equation 84 gives:

Cdmem_vz_simplified = Cdcyl T
(1-3)

Equation 85

A third version of Cd,em, Cdmem »3 May be outlined by applying the velocity correction
without accounting for the reduced effective length of each twine. This will give the following
expression for Cdem vs:

LyLz?
Cdmem_v3 = Cdcyl (Ly _ d)Z(LZ _ d)z

Equation 86
Introducing Ly = Lz = L in Equation 86, we get:

1
Cdmem_vB = Cdcyl ., 2

=)

Equation 87
Introducing Sn,p as a simplification to Sn in Equation 87, gives:
_ 1
Cdmem vz = C dcyzm
2
Equation 88

Figure 40 shows a comparison of the 5 equations for drag coefficients. The Sn,, equation is
used as the expression linking solidity to diameter.
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Figure 40 Comparison of different expressions for accounting for the increased velocities from mesh effects

As seen from Figure 40 there is a large increase in drag coefficient by increasing the solidity.
Comparing the 5 different alternatives for drag increase from increased solidity it is seen that
Cdmem v3, Cdpy and Cdgy are in the similar range, while Cd,,o, and Cd e 1,2 have the
lowest curve. Based on the analytic considerations outlined in this manual, Cd,,.,, and
Cdmem vz are chosen to as being the two curves explained best analytically. Since Cd,,epy, iS
seen to be closest to alternative formulations, Cd,,,.,, is the equation introduced to the
AgquaSim software and compared to empirical results. A relation between Cd..,; applicable for
a single twine, and Cd,,.,, for the mesh is now established.

For membrane type ‘Normal’ AquaSim calculates the force F based on Equation 60 and the
drag coefficient Cd,,.,, from Equation 77. The solidity Sn,, is calculated based on Equation
63. Note that in AquaSim, Cd,.., is set equal to 1.2 if Sn,p, is lower than 0.1. In other words,
we have that Cd e = max [1.2, Cd.y/(1 —Sn/2)3].

5.5 Membrane type: normal with bending stiffness

The net may have bending stiffness. In this case it can be viewed as having the same
properties only that each twine has resistance for bending in addition to axial stiffness. The
bending stiffness have the same property outline relative to membranes without bending
stiffness (i.e. membrane type Normal) as beams have relative to truss. Nets with bending
stiffness has been validated in (Aquastructures, 2016).
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5.6 Membrane type: shell
Shell is a type of membrane panel with a continuous surface. It can exist in two versions: with
4 nodes or 3 nodes as shown in Figure 41.

D
Nodes have 6 DOFs
tx,ty t
. (tx,ty tz,vx,1y,72)
-
A

1\
¢
s

B

Figure 41 Shell panel in 2D

Each node on the panel has have 6 degrees of freedom. A local coordinate system is
established for each panel: the x-axis runs from node A to node B, y-axis is perpendicular to
this and run from node B to node C. The z-axis points out of the plane. A four-node shell
panel in 3D is visualized in Figure 42, with a mid-plane where the element nodes are located.
Then an upper- and lower plane is defined through the panel thickness t.

Upper plane ‘ /
Middle (or center) plane —p ¥A

Lower plane
Figure 42 Shell panel in 3D

Shell elements employ ‘Quad 8’ from (Haugen, 1994), and only the isotropic material
formulation is implemented, such that the input in AquaSim is:

- E-modulus: the elastic modulus representing the material, E
- Thickness: thickness of the shell, t.
- Poisson: the material’s Poisson ratio, v.

In contrast to membrane type Normal, shell do have resistance to bending. The middle plane
represents the neutral axis. Shell elements are also described in (Aquastructures, 2020Db).

5.7 Load formulation membrane: normal

Consider now how to establish Cd.,,;. Previously studies have examined the drag coefficients
on circular cylinders, an example is shown in Figure 43. Drag coefficients is typically a
function of the Reynolds number Re, where:

vd
Re = —
1

Equation 89
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where v is the kinematic viscosity of the fluid. For salt water v is typically in the order of
magnitude 10E-06 [m? /s]. For a typical net, the diameter d is around 1 [mm]. v is the
current velocity, and is for typical design value around 1 [m/s]. In this case Re will be in the
order of magnitude of 10E+03. According to Figure 43, the drag coefficient will hence be a
little less than 1.

18- o Original data
] —— Fitted by 7" order polynomial
1,6 -
a 1,41
(@)
1,2
1,0 4
018 T I T I T T T I T 1
1,5 2,0 2,5 3,0 3,5 4,0

logRe
Figure 43 Drag coefficient Cdcy as a function of Reynolds number, Re (Goldstein (1965))

Figure 44 shows alternatives for calculation of Cd in AquaSim. ‘Cd_classic’ refers to a model
where Cd,,..., = 1.2, independent of the value of Re and Sn. In Figure 40, the black line
shows the alternative option using the preferred ratio Cd ey, /Cd.y,, selecting Cd.,; = 1 and

a lower limit of Cd ., = 1.2. This ratio can be combined with any value of Cd.,,, which can
be calculated based on Re. Then the input Cd,, is multiplied with Cd,,.,/Cd.,,; to establish
Cdmem g Tor use in the analysis.
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Figure 44 Alternatives for Cd implementation in AquaSim for permeable nets (membrane type ‘Normal’)

As input to AquaSim, the user may choose between setting the Cd.,, to a fixed number (e.g.
1.0), or let AquaSim calculate it during the analysis as a function of Reynolds number
following a straight line. For log,o(Re) lower than 1.5, the relation between Cd.,,; and

Reynolds number is:
Cdey = (1.5 — loglO(Re)) * 1.5
Equation 90

If Re is lower than 0.001, a value of Re of 0.001 is used into the above equation, meaning
Cd.,, is not larger than 8.52. This is based on Figure 45, but is on the lower side as shown in

Figure 46. It is larger than the fixed Cd.,, of 1.0. For log,(Re) from 1.5t0 4.0 is Cd,,, is
determined according to Figure 43. For log,o(Re) larger than 4.0 is Cd.,, is set to 1.09169.

Figure 45 Drag coefficient as a function of Reynolds number, (Princeton, 2021)
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Figure 46 Cq as a function of Reynolds number in AquaSim

The above considerations have been based on flow normal to the net. In general, the relative
fluid velocity v to the net and each twine can be in any direction as shown in Figure 47.

Figure 47 Mesh with fluid velocity in an arbitrary direction relative to the net

Considering a single twine in Figure 48. The flow moves in an arbitrary direction relative to
the twine. The velocity v is decomposed to a component normal to the plane v, and a
component tangential to the twine v,. A basic assumption in the load model is that the
resulting force is in the plane of v,, and v;.
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Figure 48 Velocity inflow to a twine

Applying the cross-flow principle, the force normal to the twine F, is found as:

E, = Cdypo g dLv?

Equation 91

whereas the force tangential to the twine is derived as:

F, = CtgndLv,?

Equation 92

where Ct normally is in the range of 1-2% of Cd. The following is introduced to AquaSim:

- Ct=0.013-Cd,,,; for load model M1 and M2.

cyl

The inflow velocity v is the relative velocity to the twine, given by:
v=v.+v, — Uy

Equation 93

where v, is the current velocity, v, is the fluid velocity introduced by the wave motions, and
vy, is the velocity of the mesh. As seen from the above considerations, the lift forces
introduced to the net are due to the cross-flow lift effect on individual twines.

Shadow effects

Consider a case with a net in the y-z-plane, as shown in Figure 49. Empirical results for a
wide range of nets have shown that the forces acting on the net calculated by the ‘twine by
twine method’ without including the shadow effects, will lead to largely conservative results
(see e.g. (Blevins, 1984), (Legland, 1991), (Lader, Moe, Jensen, & Lien, 2009), (Kristiansen &
Faltinsen, 2011)). The shadow effects are due to twines located ‘on the wheel’ of each other.
Empirical results show that the shadow effects normally occur when the flow angle @, as
defined in Figure 49, passes 45-60°.

In Figure 49, it is the twines in the z-direction that are ‘on the wheel’ of each other relative to
the flow direction along the y-direction.
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Figure 49 Flow in line with mesh

(Berstad, Walaunet, & Heimstad, 2012) present a correction for the ‘on the wheel’ effect for
flow angles at a certain angle @ to the mesh. This correction is implemented in AquaSim.

Figure 50 shows an arbitrary angle between the mesh and the flow. The cross-flow with
respect to the twines in the z-direction v, is in the x-y plane at a flow angle equal to .

Twines

: k

O Vv ® ¢ & o

y

Figure 50 Cross-flow velocity at angle @ to z-directed twines in the mesh

Consider a twine with the assumed shape as a cylinder, see Figure 51. The flow passing
through the twine will generate a wake with a disturbed flow field. Figure 51 also show a
twine located in the wake of an upstream twine. This resembles the case as it is for a net,
depicted in Figure 50.

Figure 51 Twine located in wake of former twine

The shape of the wake seen in Figure 51 depends on the Reynolds number. The case seen in
Figure 36 and Figure 51 show the wake field for low Reynolds number < 40. Figure 52 shows
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the constant, but unstable baseflow at Re = 100, whereas Figure 53 shows the vortex
shedding behind a cylinder (Barkley, 2006).

Figure 52 Constant, but unstable baseflow at Re=100

Figure 53 Vortex shedding at Re=100

Figure 54 Flow angle chosen to 90°

Flow passing a cylinder will give a perturbation in the velocity field behind the cylinder, as
seen from the above figures. The flow area behind the cylinders will be influenced at a
diameter of about 2-4 times the diameter of the cylinder in the direction perpendicular to the
(cross) flow direction. This means that the closer the flow gets 90° relative to the net, the
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more upstream twines the inflow velocity have been influenced by. In Figure 51, the
considered twine is influenced by one or possibly two upstream twines. In Figure 54, the
inflow angle approaches 90°. The inflow velocity to a twine is now influenced by several
upstream twines.

The component of the distance between two consecutive twines cross-flow to the undisturbed
relative velocity is expressed in Ly* - sin (&) and showed in Figure 55.

X

Figure 55 Definitions of geometric parameters

It is intuitive that when Ly* - sin (®) is lower than K - d (where K is a factor larger than 1)
the flow velocity is reduced by upstream twines. This is due to d creates a wider wake. When
Ly* - sin (®) approaches 0, the drag force on the twines will be significantly reduced due to
shading from upstream twines. In the special case where Ly* is extremely larger than d (Sn
approaches 0), this effect will diminish. K may depend on several factors. A value for K =
2.4 is proposed and compared to numerical studies. Ly* in Figure 55 is the x-y plane distance
between consecutive twines as seen in Figure 56. For non-deformed rectangular net Ly* =
Ly. In a deformed state, the net can be lower as shown in Figure 56. All deformations,
including the one shown in Figure 56, is accounted for in the AquaSim analysis.
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Applying Equation 91 and Equation 92 is useful for calculation of loads on nets. However, the
methodology has certain limitations. The methodology assumes the fluid velocity approaching
the net is the same as the undisturbed fluid velocity. The presence of the mesh may introduce
a global velocity field, making this assumption invalid. In addition, it does not consider the
fact that nets with the same solidity may have different drag response properties. This is seen
in (Tsukrov, Drach, DeCew, Swift, & Celikkol, 2011). The drag properties presented in this
manual, focus on nylon nets which are the preferable choice in the commercial market. This
methodology does not consider the boundary layer of the flow around nets.

Figure 56 Definition of Ly*
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5.7.1 Extradrag on threads

Consider a case with a net as shown in Figure 57. When environmental loads approach from
tangential direction, the first upstream thread will cast a shadow on threads downstream. For
threads located further and further downstream, one may experience drag forces approach
zero. The drag coefficient for these downstream threads, can be manually adjusted, in normal-
and tangential direction.

Net seen from side

Enivormental loads

~Threads tangential direction

Upstream thread Threads normal direction

Net seen from above

Environemtal loads

Figure 57
Extra drag normal direction threads

A factor that adds extra drag on downstream threads in normal direction. If this factor equals
zero, then drag forces on threads in normal direction will equal to zero.

Net seen from side
Extra drag normal direction threads

Enivormental loads

Upstream thread
Figure 58 Extra drag normal direction threads
Extra drag tangential direction

A factor that adds extra drag on threads in tangential direction. If this factor is lower than
0.013 then AquaSim will apply a minimum tangential factor of 0.013.
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Net seen from side

Extra drag tangential direction
.A.

Enivormental loads v

Upstream thread

Figure 59 Extra drag tangential direction
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5.8 Load formulation membrane: general impermeable net

Note 1: In AquaSim version 2.20, the load formulation “General impermeable net” has been
removed and all capabilities of this load formulation have been separated out in the load
formulations “Lice skirt”, “Closed compartment” and “Surface tarpaulin”, making “General
impermeable net” obsolete. Three new parameters have been included for load formulations
“Lice skirt” and “Closed compartment” enabling separate adjustments of the horizontal and
vertical component of the added mass, hydrodynamic damping and inner watermass. In
addition, the naming of several parameters has been updated. For details, see (Aquastructures,
2024q).

Note 2: The interfaces for the different impermeable load formulations are in the 2.20 version
of AquaSim updated and input parameters are sorted more thematically, as shown in
(Aquastructures, 2024b).

Note 3: The drag coefficient for “Lice skirt” and “Closed compartment” has been revised as
described in (Aquastructures, 2024f).

A membrane element may be assigned impermeable characteristics, the water is hence not
allowed to pass through elements. This section presents the theory of the load formulation,
assumptions and simplifications made of these types of nets. The section also provides input
parameters needed as input by the user of AquaSim.

When applying General impermeable net load formulation, AquaSim calculates the
hydrodynamical forces with the assumption of a circular cylinder with a radius R. Consider
such a cylinder exposed to a fluid flow, as shown in Figure 60. AquaSim is able to keep track
of which part of the cylinder is upstream of waves and current, and downstream.

Lift force
Fluid flow I
—
. X
Drag fﬂ’ _Drag force
—
 —

l

Lift force
Figure 60 Cylinder exposed to fluid flow

When exposed to fluid flow, the cylinder will be exposed to drag- and lift forces. Drag force
is exerted on the cylinder, and acts in the direction of the fluid flow. It can be divided into two
components: pressure drag (of form drag), and skin friction drag (viscous drag). Lift force
acts perpendicular to the fluid flow. AguaSim decompose the fluid flow velocity into a
normal- and tangential component on the cylinder. Then the appropriate drag- and lift force is
found from this.
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5.8.1 Drag coefficient

The drag coefficient C, is a unitless quantity that decides the magnitude of the pressure drag
(or form drag). From the coefficient C;, AquaSim distributes the pressure drag on the
membrane panels around the cylinder. How this is distributed upstream and downstream of
the cylinder is further explained in (Aquastructures, 2024a). Integrated over the cylinder, the
total drag will correspond to the input C,.

If one considers one membrane panel locally on the cylinder, the drag force acts in normal
direction to the panel. The normal component of the fluid flow w,,,,, is applied in calculation
of the pressure drag force.

The drag considered in section ‘Forces from current’ is called pressure drag (or form drag).

5.8.2 Lift coefficient
The lift coefficient C; is a unitless quantity that decides the magnitude of the lift force. The
purpose of this coefficient is to create a force perpendicular to the fluid flow direction.

If one considers one membrane panel locally on the cylinder, the lift force acts in normal
direction of the panel. The tangential component of the fluid flow wu,,,, is applied in the
calculation of the lift force.

5.8.3 Density of fluid inside tank
Defines the density of the fluid surrounded by the impermeable net. How this parameter
should be interpreted depends on what is defined as ‘Bottom factor’.

- ‘Bottom factor’ = 0:
Then ‘Density of fluid inside tank’ is treated as a dummy (i.e. a parameter with no
function). The static pressure is set equal to the external pressure. This case may
resemble a lice skirt, where the net has no closed volume. This parameter is also in use
for lice skirts to estimate how much of inside water is moving with the net in terms of
mass forces normal to the net.

- ‘Bottom factor’ =1:
The internal pressure is calculated based on the value defined in ‘Density of fluid
inside tank’. The external pressure is calculated based on the density of sea water, i.e.
1025 kg/m3. The mass of the fluid inside the tank is distributed to the elements, such
that all mass acts normal to each element panel. Horizontally, the mass is distributed
equal to both sides of the cylinder. Vertically, the height to the free surface is derived,
and the mass is the amount of water to the free surface.

5.8.4 Height of fluid inside tank relative to sea level
How this parameter should be interpreted depends on what is defined as ‘Bottom factor’.

- ‘Bottom factor’ = 0:
Then ‘Height of fluid inside tank relative to sea level’ is treated as a dummy.

- ‘Bottom factor’ =1:
Then ‘Height of fluid inside tank relative to sea level’ is the static water level of the
fluid inside the tank, relative to the outside water level. This is shown in Figure 75.
Positive values mean that the inside water level is higher than the outside water level.
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5.8.5 Added mass coefficient/ height

Added mass is the amount of water the cylinder must move on the outside in order to
displace, as illustrated in Figure 61. Added mass can be interpreted as an inertia added to the

cylinder. If one considers one membrane panel locally, the added mass acts in normal
direction of the panel.

?
i

Cylinder moving in water

N ————
S————————T

~
-
~

Water that is moved

Figure 61 Added mass

The added mass coefficient, Cyp4s, 1S related to the 2D volume, V., of the cylinder. A net
with a diameter of 2.0 meter will have volume added mass of 9.87 m?, multiplied with the
added mass coefficient and the density of water. An added mass coefficient of 1.0 means that
the added mass is the 2D volume of the circle, multiplied with the density of the sea water

1025 kg/m®. How this parameter should be interpreted, depends on what is selected as ‘Type
of diffraction load’:

- MacCamy-Fuchs:

The added mass is multiplied with the radius R of the cylinder (or the element, if the
general impermeable net is not a cylinder):

Added mass = Vop - p = (R * Caprass)? " P

Equation 94
e Added mass
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Figure 62

- Numerical diffraction:

The added mass is calculated numerically by AquaSim. In this case, the ‘Added mass
coefficient/ height’ should be interpreted as a scaling factor with respect to the added
mass that AquaSim has found. If this parameter is 1.0, then 100% of the added mass

that AquaSim has found is applied. If it is 0.5, then 50% is applied and if 2.0 then the
added mass is doubled.

AguaSim 2.20
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To omit any calculated added mass, ‘Added mass coefficient/ height’ should be set
equal to 0. Note that choosing 0 will not omit the calculated hydrodynamic damping,
this will be calculated anyway.

- Flexible tarp:
Treats the added mass in the same manner as MacCamy-Fuchs.

5.8.6 Hydrodynamic damping coefficient

As with added mass, hydrodynamic damping can be interpreted as inertia added to the
cylinder. If one considers one membrane panel locally, the hydrodynamic damping acts in
normal direction of the panel. It is a unitless quantity and contributes to dampen accelerations
of cylinder membrane panels.

The ‘Hydrodynamic damping coefficient’, Cypqamy, is related to the 2D volume, V5, of the
cylinder. How this parameter should be interpreted depends on what is selected as ‘Type of
diffraction load’:

- MacCamy-Fuchs:
The hydrodynamic damping is multiplied with the radius R of the cylinder (i.e. the
center point of the membrane panels representing the volume):

Hydrodynamic damping = V,p - p = H(R : CHDamp)2 P

Equation 95

Hydrodynmic damping

Figure 63

- Numerical diffraction:
The hydrodynamic damping is calculated numerically by AquaSim. In this case, the
‘Hydrodynamic damping coefficient’ should be interpreted as a scaling factor with
respect to the hydrodynamic damping. If this parameter is 1.0, then 100% of the
hydrodynamic damping that is found by AquaSim is applied. To omit the
hydrodynamic damping, this parameter should be set equal to 0.

- Flexible tarp:
Treats the hydrodynamic damping in the same manner as MacCamy-Fuchs.

5.8.7 Bottom factor, 0 if water flow through bottom

This parameter indicates if water can pass through the tank bottom or not. If ‘Bottom factor’
is 1.0, it means that the inner volume is separated from the outer volume (e.i. a closed
compartment). A ‘Bottom factor’ of 0.0 means that the inside and the outside fluids are
connected (typical for lice skirts). See also section ‘Density of fluid inside tank’ and ‘Height

Page 80 of 148
AguaSim 2.20
Aquastructures AS



o

aqugstructures

of fluid inside tank relative to sea level’ for information on how this parameter affects other
options.

5.8.8 Area top that water can penetrate over

This parameter is a dummy of the inside and outside fluids are connected (i.e. ‘Bottom factor’
is 0.0). Incoming current and waves will lead to a deformation of the net. This parameter is
hence the area the fluid is assumed to be ‘pushed through” when net volume is changed. When
the net deforms, it either need to keep the same total inside volume, or inside water need to
build up through some opening. This parameter gives the area where the water level can rise
over.

5.8.9 Damping coefficient

The damping coefficient is a unitless quantity that decides the magnitude of the damping
force on the cylinder. Damping can be, like added mass and hydrodynamic damping, be
interpreted as an inertia added to the cylinder. ‘Damping coefficient’, Cpgmyp, is intended to
describe damping from wave generation and viscous effects. If one considers one membrane
panel locally, damping acts in normal direction of the panel.

— Cylinder —

Damping acts normal to the panel

Figure 64 Damping coefficient

This coefficient can be interpreted as an amplification factor, as it is multiplied with the total
mass and added mass of the cylinder:

CDamp'A'p'g
w

Damping =
Equation 96

where A is the area of the membrane panel, p is fluid density, g is gravity and w is the
frequency of the wave peak period.
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5.8.10 Include drift

Drift forces are the mean wave forces that acts on the cylinder. These forces are nonlinear and
are due to the cylinder absorb or reflect the waves. How significant drift forces are depends on
aspects such as waterplane area and stiffness of the structure. A structure with small
waterplane area is less likely to reflect incoming waves than a structure of larger area. Over
time, the drift force will contribute to the cylinder slowly moving.

_/\/\/\

’\ =
4 s N P ing
=

= Cylinder is drifting —

-~
- -

Incoming waves

Figure 65

Note that ‘With slamming’ must be applied in order to include calculation of drift forces. In
and out of water with slamming is a load component causing drift. Note (9).

Note (9)

The forces acting in the elements are calculated to the actual water line. This means that parts of
drift forces are included anyway by Equation 108, whereas if this parameter is activated the term
in Equation 109 is also included.
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5.8.11 Skin friction coefficient

This is unitless quantity that decides the magnitude of the skin friction drag on the cylinder. If
one considers one membrane panel locally, skin friction acts in tangential direction of the
panel. The tangential component of the fluid flow wu,,,, is applied in calculation of skin
friction force F:

Ff = EpCf ) ui.%an
Equation 97

As seen from Figure 66, skin friction drag is about 10% of the form drag (i.e. pressure drag).

Form Skin

Shape and flow o
Drag | friction

~0% | =~100%

~10% | ~90%

~90% | ~10%

=100% | =0%

Figure 66 Skin friction of drag, (Wikipedia, 2024c)

5.8.12 Height of net edge

This parameter defines the distance between the waterline and the upper edge of the net. If the
parameter ‘Bottom factor’ = 0.0, the “Height of net edge’ is treated as a dummy (it will not be
accounted for in the analysis). If ‘Bottom factor’ = 1.0, then ‘Height of net edge’ is accounted
for in the analysis. How much the inner water level rises, or reduces, depends on the surface
area the net is enclosing at each timestep in the analysis.

If ‘Height of net edge’ = 0.0, it is assumed that the net edge is infinitely high and no overflow
of internal water. When different from 0.0, all water above the defined edge will flow over
when the mean internal surface reaches the edge.
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5.8.13 Inner fluid mass scaling

This parameter is useful when modelling an enclosed volume or tank. It regulates how much
water on the inside of the cylinder is accelerated due to cylinder motions. When modelling a
tank (‘Bottom factor’ = 1), one need to model the full water mass for calculation of static
equilibrium.

But in cases where only part of the inner fluid should be accelerated proportional to the
membrane panel as added mass, ‘Inner fluid mass scaling’ can be applied to take this effect
into account:

- 1.0, then 100% of the water volume inside the cylinder is accelerated,
- 0.2, then 20% of the water volume inside the cylinder is accelerated,
- 0, then 0% of the water volume is inside the cylinder is accelerated.

‘Inner fluid mass scaling’ should hence be a number between 0-1. The larger this factor, the
slower the cylinder response becomes.

Cylinder wall
Amount of water inside l Amount of water inside
cylinder that is cylinder that is
accelerated, ~20% accelerated, ~60%

Water inside
the cylinder

Figure 67 Inner fluid mass scaling

Note (10)

Note (10)

In the standard for water filled tanks on land, they have a relation between how much of the water is
acting as added mass to the tank side. The rest of the inside water may be origin for sloshing. In
AquaSim, wave sloshing may be applied manually.
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5.8.14 Horizontal radius of inner watermass

As explained in section 5.8, AquaSim automatically detects the radius R of the cylinder. The
user may encounter situations where this radius is not applicable. The user may then override
this radius by using ‘Horizontal radius of inner watermass’. If this parameter is 0, then the
radius found by AquaSim is applied. If any other number is applied, this is interpreted as the
radius Ry in meters.

Radius automatically found by AquaSim Horizontal radius inner watermass

R
Ry

Figure 68 Horizontal radius of inner watermass

5.8.15 Added mass indicator

This parameter decides how the added mass (on the outside of the cylinder) should behave.
The user can choose to find the added mass based on the mean free surface in steady state
condition, or to the actual waterline, including wave elevation, during the analysis. This is
illustrated in Figure 69.

Mean free surface Added mass Actural waterline Added mass
at steady state | I
1 1
: N : I NI
1 1
1 |
1 1
: Cylinder : i Cylinder "
' ' : :
' ! 1 1
I 1
e e e = o = = = = o I____________.I

Figure 69 Added mass indicator

- ‘Added mass indicator’ = 0:
The added mass is assumed distributed to the mean free surface, and mass is
distributed consistent based on a regular net formulation for structure (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 have a tendency to follow the panel with the wave.

- ‘Added mass indicator’ = 1:
Is the same as if = 0 is applied, but the mass is lumped to the translatory DOF’s of the
nodes.
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- ‘Added mass indicator’ = 2:
Means that added mass is calculated to the actual waterline during the analysis. 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.

- ‘Added mass indicator’ = 3:
Is the same as if = 2 is applied but is combined with lumped mass.

5.8.16 Wave damping tangential to panels

This is a factor that is related to the ‘Damping coefficient’. Locally, the inertia force damping
works in the direction normal to the cylinder panels. ‘Wave damping tangential to panels’ is
the tangential part of the damping force that originates from wave generation and viscous
effects, see illustration in Figure 70.

Damping
coef ficient

Wave damping
tangential to panels

N

Fluid flow
Figure 70 Wave damping tangential to panels

This parameter should be interpreted as a factor that indicates how large portion of damping
force (originated from ‘Damping coefficient’) that also should work in tangential direction. If
0.2, then 20% of the damping force should also work in tangential to the membrane panels.

5.8.17 Combined pressure from waves and current

This parameter controls how the relative velocity between the cylinder and the fluid flow (due
to current and waves) should be treated on each cylinder panel. If can be a number between 0
and 1.

- ‘Combined pressure from waves and current’ = 0:
Then the ‘raw’ relative velocity at each of the panels is used as basis for finding the
pressure drag. This is illustrated to the left in Figure 71, where the pressure drag on
each cylinder panel based on the relative velocity each individual panel experience
itself.

- ‘Combined pressure from waves and current’ = 1:
In this case, AquaSim first averages the relative velocity over all cylinder panels at the
same vertical position, see rightmost illustration in Figure 71. Then the pressure drag
is found for each panel.
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Cylinder panel vy + 1y + Vs

/ Vaverage = 3
51 v v v, 7 v
5 / 3 average average average

Figure 71 Combined pressure form waves and current

- ‘Combined pressure from waves and current’ = 0.4:
Then the two methods with ‘raw’ and averaged relative velocity is weighted. The
‘raw’-method is weighted 40% and the other 50%.

5.8.18 Type of diffraction load
Diffraction force arise due to waves are reflected from the cylinder. Several methods for
calculating the diffraction part of the pressure caused by waves are available:

- Flexible tarp

- MacCamy-Fuchs

- Numerical diffraction

- Hybrid flexible tarp/ numerical diffraction
- Hybrid flexible tarp/ MacCamy-Fuchs

The theory and verification of the abovementioned load formulations are outlined in
(Aquastructures, 2024a). Theory for the MacCamy-Fuchs formulation is also published in
(Berstad & Heimstad, 2015), and presented in chapter 5.8.24-5.8.26. Numerical diffraction is
briefly covered in chapter 5.8.27.

5.8.19 Diffraction scaling

If one of the hybrid methods is selected as ‘Type of diffraction load’, this parameter becomes
editable. ‘Diffraction scaling” should be interpreted as a weight-factor and regulates how
much one of the different methods should be applied.

Both MacCamy-Fuchs and Numerical diffraction are formulations adapted for rigid
structures, where diffraction loads are present. Flexible tarp, on the other hand, is adapted for
flexible- and woven fabrics. They deform easily under influence of waves, and hence
diffraction forces will not be included when applying the Flexible tarp method.

The two hybrid methods are developed for material that are semi-rigid, where it is
conceivable that diffraction force to some extent is present. How this parameter should be
interpreted depends on what you have selected as ‘Type of diffraction load’:

- ‘Hybrid flexible tarp/ numerical diffraction’:
If ‘Diffraction scaling’ = 0.99, then 99% of the diffraction load is calculated based on
the Numerical diffraction-method, and 1% is taken from the Flexible tarp-method. If
‘Diffraction scaling’ = 0.5, then 50% of each method is applied.
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- ‘Hybrid flexible tarp/ MacCamy-Fuchs’:
If ‘Diffraction scaling” = 0.99, then 99% of the diffraction load is calculated form the
MacCamy-Fuchs-method, and 1% is taken from the Flexible tarp-method. If
‘Diffraction scaling’ = 0.5, the each method is weighted 50%.

5.8.20 Vacuum surface suction (Surface tarpaulin)

Tarpaulins laid out horizontally along the water surface are denoted “Surface tarpaulins”.
Surface tarpaulins will ‘stick’ to the water line as waves passes, as seen in Figure 72. In the
interface for general impermeable net this effect is included by activating ‘Vacuum surface
suction’.

Tarp, or dense flexible net

Figure 72 Tarp that ‘sticks’ to the water line

Generally, when applying ‘With slamming’ general impermeable nets will smoothly exit and
enter the water line. In the AquaSim solver, this is handled by not allowing negative pressure
to arise. But, by activating ‘Vacuum surface suction’ negative pressure is allowed between the
impermeable net and water line. This cause the membrane to be pushed down towards the
water surface. When ‘Vacuum surface suction’ deactivated, AquaSim do not allow negative
pressure to arise pushing the tarpaulin towards the surface from above. Note that ‘With
slamming’ should be activated in combination with using this option.

5.8.21 Wave amplitude reduction

This parameter reduces the amplitude of the incoming wave. Useful if an object is located
upstream of the cylinder, that will reduce the wave exposure. This is a unitless factor, where 0
correspond to no reduction — the wave amplitude will be equal to the incident wave. If 1, then
the wave is fully reduced, the wave amplitude will be equal to zero.

Incoming wave

—

Wave amplitude reduced

Object upstream Cylinder
of cylinder

Figure 73 Wave amplitude reduction

Page 88 of 148
AguaSim 2.20
Aquastructures AS



,,, L
aquastructures
5.8.22 Current reduction
As for wave amplitude reduction, one may reduce the current velocity as well. Useful in cases
where an object is located upstream of the cylinder, which will contribute to reduced current
exposure.

— —

~ " Object upstream - Cylinder
of cylinder
—— —
Incoming current velocity Reduced current velocity

Figure 74 Current reduction

5.8.23 Sloshing

Sloshing is movement of fluid inside closed objects. It requires a free surface where fluid can
interact with the closed object and creates waves that gives an increase in forces acting on the
object’s surface. In AquaSim, it is possible to account for sloshing in a simplified manner.
Theoretical formulation and validation of sloshing in AquaSim is found in (Aquastructures,
2021b). The user defines a sloshing wave manually in a table where input parameters are:

- Wave amplitude.

- Wave phase in time relative to sinus-time.

- Wave direction relative to the global x-axis.
- Effective width of the object, or ‘tank’.

- Effective depth of the object, or ‘tank’.

The calculation of the pressure caused by the sloshing wave is an approximation, internal
waves is a phenomenon hard to capture in exact manner.
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5.8.24 Internal pressure and static equilibrium

This chapter explain how internal pressure and static equilibrium inside a closed volume is
calculated in AquaSim. Consider a tank filled with an arbitrary fluid. Assume that the fluid
inside has a different water level than the fluid outside the closed volume, as shown in Figure
75.

p ext

Figure 75 Tank in water

The tank has an inside volume, V;,,;. Load equilibrium for a net panel of the tank is found as:

Fy = gzA(Pint — Pext) — PGhAPint

Equation 98

Where:

- Fy us the normal force to a net panel pointing into the tank where a net is subdivided
to several panels

- Aisthe area of the net panel

- g is the gravity acceleration constant, 9.81 [m/s?]

- Pine 1S the density of the internal fluid

- Pexe 1S the density of the external fluid

- his the vertical distance between the water level inside the closed volume and the
outside water level. Positive value means the water level inside the tank is higher than
the water level outside

If the tank is empty the inside water density p;,,; can be set to zero. Figure 76 and Figure 77
shows a case were the inside fluid density is the same as the outside fluid density, but the
water height, h, inside is one meter above the water level outside the cage. In this case the
inside pressure leads to a deformation of the net going outwards (i.e. x-direction Figure 76),
and downwards (i.e. z-direction Figure 77).
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Figure 76 Deformation of dense net in the horizontal direction (i.e. x-direction). Inside water level is 1 m above the water
level outside the cage
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Figure 77 Deformation of the dense net in the vertical direction (i.e. the z-direction). Inside water level is 1 m above the
water level outside the cage

5.8.25 Forces from current
How forces from current are calculated in AquaSim is covered in (Aquastructures, 2024a) Ch.
2.2.1.

5.8.26 Type of diffraction load: MacCamy-Fuchs

For wave forces, the pressure from the incident wave (i.e. Froude-Kriloff) and the pressure
caused by the wave diffraction may be accounted for either according to (MacCamy & Fuchs,
1954) theory or numerically source technique. Table 4 gives a set of abbreviations used in
succeeding formulas applicable for calculation of diffraction loads with MacCamy-Fuchs
theory.

Table 4 Abbreviations wave parameters

Abbreviation Description Unit
p Density of water, 1025 kg/m3
G Acceleration of gravity, 9.81 m/s?
{ Wave amplitude m
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k Wave number, see Faltinsen (1990) pp. 16 1/m
z Vertical position, 0 means water level. Positive upwards. M
h Depth of sea bottom m
w Wave frequency 2n/s
T Time S

In a regular sea with airy waves, the dynamic pressure from the incident wave is found as:

B coshk(z+h) | fk
Prc = PYS cosh kh sin(w X)

Equation 99

With abbreviations given in Table 4. Equation 100 gives the similar expression for an
irregular sea:

> coshk,(z+h)
Prc = Zl PYSn cosh knh sin(wpt — kyx + En)
n=

Equation 100

In Equation 100, N sinusoidal wave components are used to represent the wave spectrum, n
means the nth sinusoidal component of the wave, and &, is a random phase for each
sinusoidal wave component.

The pressure caused by a diffracted wave around the surface of a cylinder with a radius, r,
according to MacCamy and Fuchs theory is found in Equation 101 with abbreviations given
in Table 5:

Table 5 Abbreviations MacCamy-Fuchs parameters

Abbreviation Description Unit
p Density of water, 1025 kg/m?®
i Complex unit (0,1) ;
B, Coefficient, see Equation 102 m
H, Hankel function, first kind -
In Bessel function, derivative -
&n =1, else 2 -
Wave frequency 2m/s
t Time S

coshk(z + h) ©

— i 1 —iwt
Pur = P9< p— L[Ban (kr)] cosnfe

n=0

Equation 101

Where:

Equation 102

Page 92 of 148

AguaSim 2.20
Aquastructures AS



aquéistructures
In an irregular sea the pressure from the diffracted wave field along the surface is found as:

N 00
coshk,,(z+ h) ) »
Pur = Zl PISm cosrl;lkmh Z) i[B,H,' (k)] cosnfe~iwtten
m= n=

Equation 103

The total pressure at a given point is then found as:

P = Prc t Pur
Equation 104

As the MacCamy and Fuchs theory for diffracted waves is valid for vertical cylinders, the
pressure from the diffracted wave field py,r is multiplied with the vertical projection of the
area.

5.8.27 Type of diffraction load: Numerical diffraction

As an alternative to the MacCamy and Fuchs theory, pressure due to diffraction of the waves
can be calculated by a numerical approach. The theory described in (Babarit & Delhommeau,
2015) is used for this. A verification assessment of this is given in (Parisella & Gourlay,
2016). The system for the analysis in AquaSim is the same in both cases, the only difference
is how the diffraction forces and the added mass is derived, as well as that in the case of
finding diffraction and added mass by the numerical source scheme also damping caused by
wave generation is found numerically. The total load in then:

P = Prc + Pnum
Equation 105

where py.m NOW represents the diffraction pressure found by numerical calculation.

The numerical diffraction force formulation is based on ‘sink-source’ analysis. This means
that the object is subdivided to plat plates where there is a source located at each plate. The
numerical boundary condition is that this source ‘blows out” exactly the same amount of
water in the opposite direction to counter the water transport through the plate estimate by the
Froude-Kriloff wave theory. This makes it such that the total fluid velocity normal to the plate
is 0.0. This is further outlined in (Aquastructures, 2024a).

5.8.28 Wauve drift force on impermeable nets

Drift forces is proportional to the wave elevation squared and is hence a 2" order effect. It
should therefore be found by keeping all 2" order terms of the force, in a 2" order
perturbation approach. The wave potential may be expressed as:

b=+ ¢

Equation 106

where ¢, is the first order potential, and ¢, is the 2" order potential. As shown in e.g.
(Faltinsen, 1990) ¢, will not give any contribution to drift forces. Hence, drift forces are
found by keeping 2" order terms when evaluating the Bernoulli equation in the 1% order
potential, given as:
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Also, 2" order terms with a zero mean force can be omitted. Following (Faltinsen, 1990) the
terms given in Equation 108 and Equation 109 are the ones contributing to drift force:

Equation 107

15]0)
p= —pgfzdz—pa—tllz:oi
0

Equation 108

and:

0

6 {0 (2 )

Equation 109

Which corresponds to the velocity squared term in the Bernoulli equation, also give
contribution to the drift force. The equations above have been made for infinitely deep
cylinders. For the real case cylinders integrals are performed from the bottom of the cylinder
as the lowest point.

It should be noted that by including the drift terms from Equation 108 and Equation 109, also
a sum frequency load is introduced to the analysis. This is not the full sum frequency load
effect, but only parts contributing to drift. Note this as it means that the sum frequency load
applied in AquaSim leading over time to the drift load does not contain all relevant effects for
sum frequency loads, but if there is eigenperiods corresponding to sum frequencies then this
may give an indication to loads for that period.
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5.9 Load formulation: Lice skirt

This load formulation is based on the General impermeable net as described in Chapter 5.8
and (Aquastructures, 2024f). Available parameters in this load formulation are adapted for
circular tarpaulins applied for e.g., barrier for salmon lice.

Reference to relevant sections for the parameters is found in Table 6.

Table 6 Parameters for load formulation Lice skirt

Parameter Theory is found in
Drag coefficient Section 5.8.1
Lift coefficient Section 5.8.2
Added mass coefficient/ height Section 5.8.5
Hydrodynamic damping coefficient Section 5.8.6
Damping coefficient Section 5.8.9
Include drift Section 5.8.10
Skin friction coefficient Section 5.8.11
Inner fluid mass scaling Section 5.8.13
Added mass indicator Section 5.8.14
Wave damping tangential to panels Section 5.8.16
Combined pressure from waves and Section 5.8.17
current

Type of diffraction load Section 5.8.18
Diffraction scaling Section 5.8.19

AgquaSim assumes that lice skirts always are modelled as a cylinder. Which membrane panels
are upstream of waves and current, and which are downstream are kept track of. By this,
AquaSim is able to distribute the pressure field around the lice skirt. A consequence of
AgquaSim being able to keep track of the membrane panel positions, is that each lice skirt must
be modelled as its own component group. If you for example have a model of an aquaculture
facility with 2 by 2 cages, you will need to model the lice skirts in 4 individual component
groups, as illustrated below.

Individual component . »,f%
groups per lice skirt aquasim

Figure 78
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5.10 Load formulation: Closed compartment
This load formulation is based on the General impermeable net as described in Chapter 5.8
and (Aquastructures, 2024f). Available parameters in this load formulation are adapted for

closed compartments such as tanks.

Reference to relevant sections for the parameters is found in Table 7.

Table 7 Parameters for load formulation Closed compartment

Parameter

Drag coefficient

Lift coefficient

Density of fluid inside tank

Height of fluid level inside tank relative to

sea level

Added mass coefficient/ height
Hydrodynamic damping coefficient
Area top that water can penetrate over
Damping coefficient

Include drift

Skin friction coefficient

Height of net edge

Inner fluid mass scaling

Added mass indicator

Wave damping tangential to panels
Combined pressure from waves and

current

Type of diffraction load
Diffraction scaling

Theory is found in

Section 5.8.1
Section 5.8.2
Section 5.8.3
Section 5.8.4

Section 5.8.5
Section 5.8.6
Section 5.8.8
Section 5.8.9
Section 5.8.10
Section 5.8.11
Section 5.8.12
Section 5.8.13
Section 5.8.14
Section 5.8.16
Section 5.8.17

Section 5.8.18
Section 5.8.19

&=

aquastructures

For Closed compartments ‘Bottom factor, 0 if water flow through bottom’ the AquaSim

solver has defined this to 1.0. Indicating that a bottom is by default introduced.
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5.11 Load formulation: Surface tarpaulin

This load formulation is based on the General impermeable net as described in Chapter 5.8 in
this document, (Aquastructures, 2024f) and (Berstad & Grgn, 2023). Available parameters in
this load formulation are adapted for tarpaulins oriented horizontally along the water surface.

Reference to relevant sections for the parameters is found in Table 8.

Table 8 Parameters for load formulation Surface tarpaulin

Parameter Theory is found in
Drag coefficient Section 5.8.1

Skin friction coefficient Section 5.8.11
Surface suction coefficient Section 5.11.1
Tangential added mass coefficient Section 5.11.2
Type of diffraction load Section 5.8.18
Added mass coefficient normal Section 5.8.5

Hydrodynamic damping coefficient normal  Section 5.8.6

For Surface tarpaulins vacuum i.e., negative between the tarpaulin and water surface, is
allowed.

5.11.1 Surface suction coefficient

For surface tarpaulins in waves, one may assume a suction effect between the tarpaulin and
water surface. This effect may be compared to the capillary effect due to intermolecular force.
Applying the “Suction suction coefficient”, the tarpaulin will follow the fluid particle motion.
Input values are between 0.0 and 1.0. The higher the value, the stronger the binding between
the water surface and tarpaulin.

The suction coefficient can also be considered as a damping coefficient, in the same way as
Damping coefficient in Section 5.8.9.

5.11.2 Tangential added mass suction coefficient
Consider a tarpaulin situated at the water surface where waves are moving along under it, see
Figure 79.

Surface tarpaulin

atey SUrface

Figure 79 Surface tarpaulin exposed to waves

The wave will try to move the tarpaulin with the same velocity as the wave. This happens
because a boundary layer in the vicinity of the tarpaulin arises due to viscosity. If we close up
to the tarpaulin and the water surface, the boundary layer can be illustrated as in Figure 80.
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P S-urj ace tarpaulin

/ T “)’\\Boundary layer between

Fluid particle veloczt?.) surface tarpaulin and water
upstream of tarpaulin surface

Figure 80 Boundary layer between tarpaulin and water surface

A no-slip condition (fluid particle velocity at the tarpaulin surface is 0Om/s) is assumed and
fluid particles then tend to ‘stick’ to the tarpaulin. This can be interpreted as a tangential
added mass situation. The boundary layer between the tarpaulin and water will create a mass
distribution when the tarpaulin is set in motion due to waves. This mass is assumed to be
proportional with the wavelength. The force due to this added mass is expressed as follows:

1
Fym = pCam— A
am Plam (Ug a;

Equation 110
where

- p is fluid density

- Cum is the tangential added mass suction coefficient

- w, is the frequency of the wave peak period

- Alsthe area of the membrane element exposed to waves
- ay isthe fluid particle acceleration due to waves.

Note! It is the peak period of the wave that is used in the calculation. In the event of an
irregular wave spectra, applying the peak frequency will make calculations and computational
time more effective.

5.12 Load formulation membrane: Morison free plate

Morison free plate is a load formulation that applies the Morison equation to calculate forces
on membrane elements using the cross-flow principle. This formulation is applicable for the
membrane types; ‘Normal’, Normal with bending stiffness’ and ‘Shell’. An example of
Morison free plate is shown in Figure 81. For theoretical formulation and validation, please
see (Aquastructures, 2024e).
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Figure 81 Membrane element modelled in AquaSim, applying Morison free plate load formulation

5.12.1 Added mass and damping

Two options for calculating added mass and hydrodynamic damping are available. Loads are
introduced to the plate as if it is a single plate with the use of the Morison load formulation.
When the parameter ‘Added mass and damping’ is set to ‘Automatic’, added mass and
hydrodynamic damping is calculated automatically by numerical diffraction-theory (sink-
source™). It is assumed that the plate is part of an object consisting of all the elements within
the component group of the plate. The ‘Added mass coefficient’ and ‘Hydrodynamic damping
coefficient’, are in this case used as unitless scaling factors.

For ‘Manual’ the added mass and hydrodynamic damping are calculated manually based on
the ‘Added mass coefficient’ and the ‘Hydrodynamic damping coefficient’ respectively,
multiplied with the density of seawater and the membrane area. The units are in this case
[M]/[mH20] for the ‘Added mass coefficient” and [m/s] for the ‘Hydrodynamic damping
coefficient’.

5.12.2 Skin friction coefficient
This coefficient is the skin friction drag coefficient. The skin friction drag works in the
direction of the tangential flow, and is defined by:

F

1
j p Utzan

Equation 111

where U, is the fluid velocity (due to wave and current) tangential to the membrane panel.
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5.13 Current reduction on membrane

Note: In AquaSim version 2.20, the drag coefficient for nets has been revised, as well as there
has been implemented an alternative current reduction method. For details see
(Aquastructures, 2024d) and (Aquastructures, 2024c), respectively.

Current will be reduced for succeeding nets according to (Leland, 1991). Consider a net panel
B with another net panel A upstream, as shown in Figure 82.

Panel A Panel B
Current velocity Current velocity Current velocity
Undisturbed Reduced by panel Reduced by panel
Aand B Aand B

v

Figure 82 Current reduction on net panel

If current reduction is applied, then a reduction factor, CRF (Current Reduction Factor), for
the flow behind any net is:

CRF =1-046-LFC
Equation 112
Where:
LCF = 0.04 + (—0.04 + 0.33Snkn + 6.54Snkn? — 4.885nkn?)cos ()

Equation 113

where Snkn is the solidity according to the (Lgland, 1991) solidity formulation in Equation
62, and a is the angle of the net panel relative to the flow direction.

Now, consider the case as shown in Figure 82. The velocity behind panel A is reduced by
applying Equation 112 to panel A. The reduced velocity is then applied to panel B. Behind
panel B, the current velocity is even further reduced. Downstream of panel B the current
velocity is found by applying Equation 112 with the current velocity already reduced by panel
A and B.

For an impermeable net, current reduction is applied with an equal reduction of all elements
in the component group, such that all elements have the same current reduction as the least
shielded element in the group. Impermeable nets also introduce reduced current velocity
behind them. In AquaSim, an element in an Impermeable net and Morison free plate is
assumed to cause the same current reduction as a net with solidity 60%, i. e. Snkn = 0.6 in
Equation 113.
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5.14 Wave amplitude reduction on membrane

Wave amplitude may be reduced by a factor. Choosing 0.0, corresponds to full wave and no
reduction. A value of 1.0 means full reduction and no wave, 0.5 means reduction of wave
amplitude by 50%. This is useful in cases where certain objects are upstream and cause
reduced wave amplitude.

5.15 Fouling/ growth on membrane

The parameter “growth coefficient” is a parameter to account for increased diameter of
twines from fouling. Having this parameter to 1.5 means the diameter, d is increased with
50%. Fouling has the same density as water (1025 kg/m?) and is added to the mass of the
twine.

5.16 Mass density and weight

Mass density is given as separate values, both values are multiplied with the total volume of
twine within an element to obtain the weight and mass of the element. The basic weight is
based on the “in water” weight of the mass density given as input. This can be altered in the
input. The net weight is not changed for in and out of water for cases where this option is
used. This is due to the normally low weight of the net and the risk of creating non
convergence. Note (11).

Note (11)

For permeable nets (Type: normal) with bottom, the effect of ‘in and out of water’ is important and
is accounted for.

5.17 Pretension for membrane

The definition of pretension in AquaSim is actually pre-strain. A value of 0.01 means that the
twine is assumed stretched 1 % at the modeled configuration. This means that the axial force
in each twine is found as:

N = EA(L — LO(1 — PRE))/(LO(1 — PRE))

Equation 114
Where:

- N is the axial force

- E is the elastic modulus of the twine

- Alsthe cross sectional area of the twine

- PRE is the pre-strain in the given direction (y- or z-direction), given as input in
AquaSim

- LO is the initial/modelled length

- L is the calculated/instantaneous length

Page 101 of 148
AguaSim 2.20
Aquastructures AS



aquastructures

5.18 Volume

The volume inside membrane structures can be calculated to validate how much the net
volume is reduced when current and waves are applied. The user must choose if the enclosed
net volume has openings in the top and bottom of the modelled membrane structure.

5.19 Netinair

There is an option to have the net in air instead of in water. Choosing this, the net will be
exposed to wind loads instead of wave loads. The applied wind profile is equivalent as for
beam elements, see chapter 4.23.10.

5.20 Rayleigh damping
Rayleigh damping for membrane is similar as for beams and truss. For more information,
reference is made to chapter ‘Rayleigh damping’.

5.21 No compression forces
Choosing this option, forces in the net twines will be set to 0 if compressed in the AquaSim
analysis.
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6 NODE PROPERTIES

A range of properties may be assigned to nodes. The properties are described in the
succeeding chapters.

6.1 Degree of freedom, DOF

Each node has 6 degrees of freedom, or DOFs. The degrees of freedom are translation along-
and rotation about the global x-, y- and z-axis in an orthogonal coordinate system. Be default,
all DOFs are free. They may be set to fixed independently in AquaEdit.

6.2 Local coordinate system
A node can be assigned a local coordinate system. This is done by introducing 6 parameters,
the (x-, y-, z-) values of the local x- and z- axis in the global coordinate system.

When a local coordinate system is introduced, the local coordinate system will rotate with the
rotation of adjacent elements. This can be a necessity when analyzing e.g. hinged structures
where the hinges rotates.

6.3 Pointload

There is a range of properties that can be assigned to pointloads (node load). In AquaSim, the
different properties of pointloads are numbered. The different numbers decide how it is
treated:

Table 9 Load types for pointloads in AquaSim

Name Description

Conservative with mass ~ This means a conservative node load. If the z- value of this

) node load is less than O this means the node load is interpreted
as a weight, and a mass of force/gravity is introduced.

Forces from waves/ This means that node loads are multiplied with V,,,. - abs(V,;-)

current x- (1) where V. is the relative velocity between the fluid and the

node. This means that for flow along the x- axis, this can be
used to introduced drag, lift or moment in any direction.
Forces from waves/ This means that node loads are multiplied with V,,. - abs(V},,-)
currenty- (2) where V,,, is the relative velocity between the fluid and the
node. This means that for flow along the y- axis, this can be
used to introduced drag, lift or moment in any direction.
Forces from waves/ This means that node loads are multiplied with V,,. - abs(V,,)
current z- (3) where V.. is the relative velocity between the fluid and the
node. This means that for flow along the z- axis, this can be
used to introduced drag, lift or moment in any direction.
Force from waves/ This means that node loads are multiplied with V; - abs(V;,¢)
current (4) where V; is the relative velocity between the fluid and the
node in direction x-, y- and z- respectively. V;,; is the total
velocity vector (x-, y-, z-). If the node has rotational DOFs
spring stiffness values 4-6 is multiplied with velocities 1-3
respectively.
Force from waves/ This means that node loads are multiplied with V; - abs (V)
current horizontal (5) where V; is the relative velocity between the fluid and the
node in direction x- and y- direction. V., is the velocity vector
in the horizontal plane (x-, y-). If the node has rotational
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DOFs spring stiffness values 6 is multiplied with abs(V,,) -
abs(V,,,). Note, this load type is implemented only for
response in x-y-plane (force/moment in z-direction will give 0
response).

Drag/ lift -v1 (6) This option introduces lift to the direction such that flow
along the positive x- axis leads to force along the positive y-
axis. Meaning that the imposed node load in x-direction, F,, is
found at —V,, - abs(V,,) where V, is the relative velocity
between the fluid and the node in the y- direction. V4, is the
velocity vector in the horizontal plane (x-, y-). Fy is found as
V. - abs(Vy,) where V, is the relative velocity between the
fluid and the node in the x- direction.

Drag/ lift -v2 (7) This option introduces lift to the direction such that flow
along the positive x- axis leads to force along the negative y-
axis. Meaning that the imposed node load in x-direction, F,, is
found at 1, - abs(V4,) where V,, is the relative velocity
between the fluid and the node in the y- direction. V,,, is the
velocity vector in the horizontal plane (x-, y-). Fy is found as
—V, - abs(V,,) where V, is the relative velocity between the
fluid and the node in the x- direction.

Drag/ lift -v3 (8) Drag, lift and weight to point relative to inflow angle. The
input force in X-direction (corresponding to ‘Force X’ in
AquaSim) is in this case interpreted as drag force. The input
force in y-direction (‘Force Y’ in AquaSim) is interpreted as
lift. Hence, both drag and lift are only occurring in the
horizontal plane. Load in z-direction is interpreted as normal
load in z-direction.

Force and Torque from  Introduce force and torque that is proportional with the

wind horizontal (9) relative velocity between the node and wind velocity in the
horizontal (xy) plane. The resulting force in P is the product
of the force F in x-direction and relative velocity V. For x-
and y-direction one get:

P = F. -V, -abs(Vyy), P, = E, -V, - abs(Vy,)
where F, is the force input to AquaSim, V, = V,,imax) —
Vnodex) @AV, = Viyinay) — Vnoae(y) 1S the relative velocity,

and abs(Vy,) = /ViZ + ;2 is the velocity vector in xy-plane.

The resulting torque T is the product of the moment M about
x-axis and relative velocity V. For x- and y-direction one get:
Te = My -V - abs(Vyy), Ty = My * V,, - abs(Vyy)
Conservative no mass Is the same as 0, but no mass is introduced.
(100)
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Then three values are assigned for forces:

1. Conservative nodal force x- direction [N]
2. Conservative nodal force y- direction [N]
3. Conservative nodal force z- direction [N]

and three values are assigned for moments about the axis.

4. Conservative nodal moment about x- axis [Nm] : 0.0
5. Conservative nodal moment about y- axis [Nm] : 0.0
6. Conservative nodal moment about z- axis [Nm] : 0.0

6.4 Impulseload

Impulse load is a load that acts from the very beginning of the dynamic analysis. The selected
node is forced to have a given velocity at the initial step of the dynamic part of the analysis. A
mass and weight may also be added at the same time step.

Care must be taken when applying this option, as it may be highly unstable. An alternative is
to apply a load RAO (Response Amplitude Operator) in the time domain to apply the impulse
load in a more controlled manner. Read more about RAQ in chapter 6.7.

6.5 Prescribed

Nodes may be assigned a prescribed displacement or rotation. The position of a prescribed
node may be defined by ‘Prescribed position’ in the x-, y- or z-direction. Or the user may
assign a ‘Prescribed rotation’ which specifies rotations about the same axes. In the initial
static steps of the analysis, the nodes are prescribed in linear increments.

6.6 Spring
A range of springs may be assigned to the nodes. The different types are:

Table 10 Spring types in AquaSim

Type Description
Normal Spring stiffness is constant throughout the analysis.
Initial The spring gets offloaded at the initial static steps in the analysis.

The spring stiffness at initial step no. n is 10% of the spring
stiffness of stepn — 1.

Dampner Is not a spring in the classical meaning of the word. But is an
object that have a force proportional to the velocity of the node.

Mass Is not a spring in the classical meaning of the word. But is an
object that have a force proportional to the acceleration of the
node.

Buoy The spring attached to the water line like a buoy. This imply that

the vertical spring force is linear with respect to the water line.
Stiffness in other directions is like a normal spring.

Offloaded The spring works like a normal spring in the initial static steps.
Then the spring is offloaded when the dynamic part starts. It can
typically be used to find equilibrium for structures which move
freely.
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Displaced (Bottom
spring)
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Scales downward in the same manner as initial spring but scales
down over 2 times the initial steps. This means there is some
effect of this in the start of the dynamic analysis.

The spring is nonlinear to a bottom point below the node. The
spring defines the location of the bottom spring relative to the
node. Both stiffness and damping can be added. The relation
between stiffness and force is:

FZ = kz ’ rzs(rel)

where F, is the bottom force, k, is the stiffness and 7, is the
relative vertical displacement between the node and the reference
bottom point. For x- and y-direction we have:

E,=ky'5 'rz4(rel) "Tx

Fy=ky 5 Ten 1y

7, and r,, is the displacement of the node in x- and y-direction.
Damping can be interpreted as a force that is proportional with
the velocity of the node:

F=k-1-C

Where 7 is the node velocity, C = (RX,RY,RZ) is the damping
input to AquaSim.
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6.7 RAO

RAO (Response Amplitude Operator) are statistics used for determining the probable
behavior of an object at sea. It is widely used in ship design to determine how the ship will
behave under influence of current, wind and waves.

AquaSim apply several RAOs:

- RAO on nodes
- RAO on Pointloads
- RAO on Spring

6.7.1 RAO on nodes
In AquaSim, RAO can be applied to nodes by assigning a specific translation or rotation. It
may be activated in one or more DOFs independently.

‘Fixed translation’ gives the x-, y- and z- translation where the end point becomes the origin
point for the RAO motion. ‘Prescribed rotation’ specifies rotations about the same axis. In the
initial steps the nodes are prescribed in linear increments.

‘Position of RAO data’ defines the point of origin of the RAO data. If (x, y, z) = (0, 0, 0), the
RAO data will have its source in the origin of the global coordinate system, regardless of the
position of the RAO-node. The outcome of the RAO will still occur in the selected RAO-
node. If the user wishes to have the RAO data in the same position of the RAO-node, simply
type the coordinates of the RAO-node.

RAO table

The overall response of the node will be affected by the incoming wave. That is, the node will
displace (or rotate) with a defined amplitude with respect to the wave. To establish a relation
between the response amplitude and incoming wave, one must establish a RAO table.

RAO type

The type defines what the amplitude of the RAO should be depended on. In AquaSim, one
can define the response amplitude with respect to wave frequency (WF), hertz (Hz) or wave
period (WP). In addition, the RAO can also be time-depended.

In AquaSim, the amplitude of the response is generally expressed as:
r = Amp - {4sin (wt — kx)
Equation 115

where r is the response, Amp is the amplitude of the response (this is the input to AquaSim),
{4sin (wt + kx) is the wave elevation. If ‘Fixed translation’ is defined, then the response is
expressed as:

r =R+ Amp - {4sin (wt — kx)
Equation 116
where R is the fixed translation.

The RAO type hertz (Hz) is expressed in terms of 1/T, where T being the wave period.
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When the response amplitude is defined as a function of time, the response is not proportional
to the incoming wave, but at specified time instants.

6.7.2 RAO on Pointload

RAO may be assigned to a Pointload. Then the values 1-6 described in chapter 6.3 are
dummies, and the loads are determined by the RAO instead. A “dummy” is a variable, or
categorical effect, that is not taken into account in the AquaSim analysis. Choose between two
types of RAO:

1. Normal: RAO in terms of force or moment that is proportional to the incoming wave,
or time.

2. Drift polar: RAO in terms of a drift-coefficient in polar coordinates. This is a 2"
order slow drift RAO.

3. Drift cartesian: RAO in terms of a drift-coefficient in cartesian coordinates. This is a
2" order slow drift RAO.
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RAO Type: Normal

This RAO type provides access to the same RAO-tables as described in section 6.7.1. Only
here the amplitude of the RAO is force and moment.

RAO Type: Drift cartesian and Drift polar

This is a type of RAO to account for slow-drift excitation loads. Slow-drift excitation loads
are forces due to non-linear interaction effects between waves and the object motions. For
irregular sea, the 2" order slow-drift force is calculated as (see (Faltinsen, 1990) Eq. 5.44):

2

N
FV =2 ZAj(Y}i]?)l/zcos(wjt + Ej) [N]
=

Equation 117

where 4; is the wave amplitude of the j-th sinusoidal wave in the irregular sea description, T

is drift coefficient for the wave period, and € is a random phase angle. VT is the input to the
RAO table in AquaSim. Further, i = [1, 2, 3] are respectively x-, y-, and z-component of the
slow-drift force.

For regular waves the slow-drift force can be reduced to:
1
FSV = 2. (AZ(\/T)2 'E) = 2(VT)" [N]

Equation 118

6.7.3 RAO on Spring

RAO may be assigned to a Spring with type Normal. Available RAO type is Time. The same
principles as RAO on Pointload applies, only here an amplitude of translatory spring stiffness
or rotational stiffness is given as input.
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6.8 Roller

Rollers may be introduced in AquaSim. A roller is typically used for ropes to slide along other
ropes, or to attach a rope sliding through other parts. This is shown in Figure 83 where rope C
can slide along rope AB (rope A and B is one rope going through the roller at point P).

A B

Figure 83 Point P is a point where rope C slides along rope AB. Rope ¢ is a necessity, because roller P must be attached to
more than rope A and B to be of valid use

Elements are chosen om each side of the roller. When the analysis is run the axial forces in
element A and B are compared and the time step will not converge until the forces are within
the “Tolerance” of the defined “Delta force”. If the “Delta force” is 0, the difference in axial
force in element A and B need to be lower than the “Tolerance”. “Delta force” may be
assigned positive and negative values: positive values mean element A gets higher force,
negative values mean element B gets higher force.

The minimum length of element A and B respectively gives the minimally tolerated length on
one side of each element. This means that if the roller slides towards the end on the cable
where the roller is, it will stop at this minimum length. Stepping factor and decrease stepping
are factors regulating numerical parameters for the iterations on roller placement. They can be
accelerated from the default, but that enhance the risk of divergence.
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7/ ELEMENT PROPERTIES: NODE2NODE

The component type Node2node is a spring and one can choose between the types Node to
node spring and Node to node damping.

7.1 Node to node spring
This is a regular spring which may be defined as linear or nonlinear (which is equivalent as
for beam and truss). If the springs are linear the force is found by:

Fi = kiri
Equation 119

where k is the spring stiffness, r = 1,402 — Tmode1- T; 1S the translation along the respective
axis (i =1, 2, 3 corresponding to X, y, z direction, and i = 4, 5, 6 corresponds to respective
rotations). Input to AquaSim is given as 3 linear stiffness components for translations and 3
linear stiffness components for rotations. Alternatively, the springs can be assigned nonlinear
properties. Nonlinear data (NLD) is defined in a table where the user may input displacement,
force, rotation, or moments for selected directions in the x-, y- and z-direction.

7.2 Node to node damping
This is damping where the force is proportional to with the velocity of the node. The spring
force is found as:

Fi =c¢;-7; [N]
Equation 120
where

- ¢; is the damping coefficient (this is the input to AquaSim)
- T = Tpodez — Thode1 1S the node velocity.

Applying Node to node damping, effect (watt) can be reported for both translation and
rotation. The translatory effect due to spring force and node velocity is:

. [Ns
wi=Fier [
Equation 121

where

- i =1,2,3] which correspond to x-, y- and z-direction,
- W, is effect (watt),

Rotational effect due to spring moment and node angular velocity is expressed as:

. rad
Wi = Mi Ty NmT]

where

- i = [4,5,6] which corresponds to about x-, y- and z-axis,
- W, is effect (watt),
- M; is the spring moment.
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8 NONLINEAR MATERIAL BEHAVIOR

Nonlinear relation between applied forces and structural response can be assigned to beams,
truss and node2node springs. Internal forces due to nonlinear material behavior are calculated
by AquaSim as:

- Nonlinear node2node spring where relation between displacement and force is given
as input.

- Nonlinear axial force for truss elements.

- Nonlinear bending resistance in beams.

9 LOADS

There are different types of loads. The load may be characterized by how the elements and
nodes respond to various load effects and overall loads such as current, wind and waves.

9.1 Static load

Static load and load effects can be introduced to AquaSim in several ways. The static load
obtains a realistic condition for the system when there is no environmental action. It can be
considered as a starting point for an analysis:

- Weight: the weight of a component in air.

- Buoyancy: the displacement of water caused by the element. Buoyancy results in an
upwards force.

- Pretension: a part of the static equilibrium. The results from the static equilibrium
based on having defined pre-strain in each element in the system.

- Hydrostatic pressure: the pressure caused by the water surrounding an object. The
integration of hydrostatic pressure around an object gives the buoyancy.

- Conservative node loads: these are independent of time.
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9.2 Environmental loads

This chapter describes the environmental loads wind, waves and current, which may be
included in AquaSim. Note that waves and current are introduced by incrementation as shown
in Figure 86.

9.2.1 Waves

In AquaSim, one may introduce regular- or irregular waves. This section presents the input
parameters for waves such as amplitude (A), significant wave height (H,) and zero mean
crossing period (T,). Mean zero crossing period of the wave spectrum, number of sinusoidal
waves used to present an irregular wave, as well as the random number seed determines the
initial phase of each wave components. The theory used for waves in AquaSim is validated in
(Aquastructures, 2019b).

Regular waves
Assuming infinite water depth, linear Airy wave theory is applied where the wave potential
¢, can be expressed as:

¢; = iﬁcos (wt — kxcosf — kysinf3)
0

Equation 122

for a sinusoidal wave, where (, is the wave elevation amplitude, w, is the wave frequency, k
is the wave number, g is the acceleration due to gravity, and £ is the wave heading relative to
the global x-axis. ¢; is the wave potential due to the incident waves (see e.g. (Faltinsen,
1990)). The wave elevation is then described as:

¢ = {,sin (wt — kxcosf — kysinf3)
Equation 123
Or, by letting ¢, = A,,:

¢ = A,sin (wt — kxcosp — kysinf3)
Equation 124

where A,, is the wave amplitude. For finite water depth, the wave potential is adjusted to
account for this:

_ gGacoshk (z+ h)
T wo cosh kh

¢b; cos (wt — kxcosf — kysinf3)

Equation 125
The wave elevation is then:

coshk (z+ h)
% coshkh

cos (wt — kxcosf — kysinf3)

Equation 126
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k is the wave number and related to w. For infinite water depth the relation is:

Equation 127

For finite water depth the relation between k and w is:

2

w
— =k tanh kh
g

Equation 128

Irregular waves

Irregular waves are defined by a spectrum where the energy is divided over several wave
components. Then the energy is discretized to a finite number of sinusoidal waves. The wave
elevation is described as:

N
(= z Apsin (wopt — kpx cosfy, — kyi sinfs, + €,)
n=1

Equation 129

Where &, is a random number equally distributed between 0 and 2. 4,, is the wave
amplitude of the nth wave component found as:

1 2
EA” = S(w)Aw

Equation 130

where S(w) is the spectral value. Wave spectra have characteristic values describing how
S(w) varies with w. An example of this is:

S(w) = Kyw™%exp (—K,w™)
Equation 131

where

4172
__ WwzH;g
K;

4
=222 and K, = ==
41T T

Which corresponds to Pierson-Moskowitz spectrum. This is one of the spectra which can be
applied in the AquaSim wave generator.
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Most commonly, the parameter H, is defined as follow:
Hg = 4,/my =40
Equation 132

where m is the moment in the wave spectra, and:

fooS(a))dw = o2
0

Equation 133

where ¢ is the standard deviation of a stochastic process. Combining Equation 130 and
Equation 133, it is seen that for all irregular wave patterns which are composed by a sum of
sinusoidal waves, the standard deviation of the time series consisting of N wave components

can be found as:
oy
2 — i
g Z 2

=1

N

Equation 134

Introducing this to Equation 132, H is found ‘backwards’:

Equation 135

This can be used as self-check to ensure that any manually built wave introduced to AquaSim
have the desired H.

Wave spectra

There exist a range of spectra and formulations to the parameters Hg and T,. Following
(Faltinsen, 1990), some of these can be used in AquaSim. Irregular waves derived from
spectra can be utilized in AquaSim. Using the wave generator in AquaSim, one shall not only
introduce Hy, but also T, or w, = 2m/T,. We define:

T, = 2mmy/my
Equation 136

where
my =f w*S(w)dw
0

Equation 137
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which is a commonly used definition for T,. Further:

TZ ES 27-[\/ mo/mz

is another definition of mean zero crossing period and often associated with the PM (Pierson-
Moskowitz) spectrum. What the ‘correct’ value of T, is, depend on how the spectral
formulations are defined in consistency with the mean zero crossing period. Both T; and T,
are definitions of T,. T; is often used with JONSWAP spectra whereas T, is most common
together with PM spectra formulations.

Another commonly used parameter associated with spectra is T,, which is the peak period of
the wave spectra. For a PM spectrum, this period is approximately 1.41-T, = 1.3 - T;.

PM spectrum

The Pierson-Moskowitz spectrum is a one-parameter spectrum, with the wind velocity as the
parameter. This spectrum is based on data from the North Atlantic. It assumes a fully
developed sea. The formulation of the spectrum in AquaSim is:

-B

-B wg
S(w) = Eew“,B =—

,A=B—>
Vs

Equation 138
In general, T, = T, for the PM spectrum formulation.

JONSWAP spectrum

The Joint North Sea Wave Project (JONSWAP) is a result of a multinational measurement
project in the south-eastern part of the North Sea. It assumes the wave spectrum is never fully
developed. The formulation of the spectrum in AquaSim is:

2 (—;344)]/,, _(0.191wTZ—1)2
4
S(w) = 155—Tz4a)5 e\Izw ,Y=e V2o

Equation 139
o0 =0.07 for w <5.24/T,
o0 =0.09 for w > 5.24/T,

y = 3.3 are the default value. y = 3.3 corresponds to JONSWAP spectrum in (Faltinsen,
1990). In general, T, = T, for the JONSWAP spectrum formulation.

ITTC spectrum
International Towing Tank Conference assumes fully developed sea states for open oceans.
This is a modification of the PM spectrum. The formulation of the spectrum in AquaSim is:
0.11 (wT,\ ™ (-0as(52)" )
—_ g2 Z 2T
S(@) = H3T; 2m (27T> ¢

Equation 140

where T, = T;.
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Wave period cut off

The spectral wave generation in AquaEdit chooses a cut off value automatically. The wave
energy in the lowest wave period (corresponding to the highest frequency) contains all the
spectral energy in the spectrum up to infinite wave frequency. All the above spectral
formulations have a decay in energy of w~> as the wave frequency increases. The integral of
this decays with w™*. That means that the wave amplitudes of the generated waves will
decrease with w~2if one makes the Aw successively longer as w increases. For 2" order or
other nonlinear terms, this may be a challenge if the wave amplitude does not naturally die out
for high frequencies.

This can be studied in AquaSim by investigating the sinus components that have been
generated from the input. All wave components are shown after waves have been generated,
and one may change from specter-generated waves to general waves in case one wish to
manipulate the components

Randomization of wave periods

Figure 84 illustrates how wave energy in a spectrum may be represented by a set of waves. If
randomization of wave period is not chosen, the period of the generated wave will be the
period in the center of the interval the wave component represents, see Figure 85.

0.5
0.45
04
0.35
0.3

0.25

0.2

0.1

0.05

®

Figure 84 Discretization of wave spectrum

In Figure 85 the red arrows are placed in the center of the interval. This is where the period of
the wave component is if wave periods are not randomized. If periods are randomized the
wave period is placed randomly along the blue double-sided arrows for the given period
range. Each interval holds an independent random number determined by the random seed.
Note (12).

Note (12)

If randomization of waves is not chosen, the patterns of the generated waves tend to repeat itself.
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If randomization is chosen, self-repeating happens after longer intervals. Self-repeating can be
investigated by inspection of time series of waves. Normally 100 wave components are used,
it will not self-repeat until 100 waves are generated. If randomization is not chosen, the wave
peaks tend to be smaller compared to randomization. The maximum wave at a specific point
(x0, ¥o) can be lower in a generated time interval than the normal 1.9 - H; which is a
commonly used value when applying a design wave. The user should investigate this to make
sure that the irregular wave time series contains a large enough wave to trig maximum
response.

<€ > € ><€ >

Figure 85 Center of blocks marked with red arrows. Interval marked with the blue arrows. The representative period can be
chosen randomly within the interval

Short crested waves
For short crested waves, there are a randomization of the wave direction of each wave
component. The direction of the wave is given by:

Bi = cos™@;

Equation 141

where n is given as input by the user (2 is a commonly used value), see e.g. (Faltinsen, 1990).
¢; is equally randomly distributed in the interval [—m/2, /2], and i is the index of the i*"
wave component in the time series representing the irregular waves. The direction angle £ is
added to the wave direction given as input to the sea state.

Short crested waves may be introduced in two ways: N is the number of wave components
where each component has a randomly angle in the interval [—m/2, /2] weighted by the
appropriate cos™¢. The number of waves may also run in symmetry mode. Then each wave
component with an angle within [0, /2] has a corresponding angle [—1/2, 0].
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9.2.2 Regular wind

Wind velocity is an input parameter to AquaSim. For wind load to be applied to a component,
appropriate data for wind fetch must be specified for the component. For regular wind, the
wind profile is calculated according to (Aquastructures, 2021a) Ch. 2.1.1.

9.2.3 Irregular wind and wind spectra

Spectral wind load generation can be applied from NORSOK wind spectrum formulation,
where wind is applied in the same direction as the mean wind. The NORSOK formulation
follow the NORSOK NO003 (2016) Section 6.4 from pp. 30-32.

The wind load consists of a mean wind load and a harmonic wind component, which varies
with height above water and the return period. Input to AquaSim is 10-min mean wind, 10
meters above water surface or ground. The 10-min wind and harmonic wind components may
be generated based on spectral formulations, then manipulated to fit any desired formulation
or measurements. Theoretical formulation and validation of wind spectra is found in
(Aquastructures, 2021a).

9.2.4 Current

Uniform- or time and depth dependent current may be applied in AquaSim. Waves are
assumed to ride upon the current field. Consider e.g. a moving ship: then the velocity of the
ship can be modeled as current with the ship stand still/fixed.

- Uniform current is uniformly time invariant current velocity. This is default in
AquaSim.

- Depth dependent current is current varying with depth. The user input the depth and
the value of the current. The current velocity is interpolated between each depth.

- Time dependent current: current velocity may be linearly scaled through the first steps
of the analysis. In such case, current data is given for two time steps. Values between
are interpolated. Note (13).

Note (13)

Note that the time the interpolation is carried out between is nominal time (before adjusting step
time length for current velocity).
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10 PROPERTIES FOR TIMEDOMAIN SIMULATION

AquaSim carries out time domain analysis where a systems response is found from
realizations of design environmental conditions. Generally, the design sea state is a
combination of the worst wave condition expected in 50 years combined and the worst
currents expected every 10 years.

The goal of a time domain AquaSim analysis is to find the response in terms of forces,
stresses, displacements, accelerations and more of the system exposed to a combination of
several environmental loads. Among such loads are as waves, currents, wind. The static and
dynamic analysis are solved numerically where loads are incremented

10.1 Incrementation of static loads

(Quasi) static loads are incremented in the initial steps. Number of increments to ramp up
wind and current is given as input. The applied current is built up over the initial steps. In
Figure 86 the current is incremented linearly over 5 initial steps. In the same figure, 20 steps
are used for each wave cycle. For irregular waves this means that the length of each time step
isT,/20.

Introduction of current and waves
1,2
1

0,8

tion factor

0,6

ICa

=3 0,4

m

< 0,2
0

Step

e Current =—\Nave amplitude

Figure 86 Introduction of current velocity and waves, scaling factors as function of time. In this case pre-increments, number
of initial steps are 5. Number of steps per wave period is 20 and the total number of steps in the dynamic part is 40

10.2 Preincrement, number of initial steps

This is the number of analysis steps used to increase the static loads. In AquaSim, current and
wind is regarded as static loads. Current is linearly increased from 0 m/s to the input value
given in the initial steps. As an example, if the current velocity in the x-direction is 1 m/s, and
3 initial steps is applied, then x-current is 0 at the first step, 0.5 m/s at the 2" step and 1 m/s at
the 3" step.

10.3 Max iterations per step

If convergence is not obtained at this number of iterations, the analysis is stepped forward.
Results may be valid even if iterations do not meet the iteration criteria. But, in general non
converged results are not valid.
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10.4 Incrementation of dynamic loads

After the system obtains static equilibrium, the time stepping is commenced, and time varying
forces are incremented. Waves are incremented as shown in red bar in Figure 86. I.e. the wave
amplitude (of significant wave height in case of irregular waves) is increased from 0 to the
actual wave height over the first wave cycle.

10.5 Num total steps for waves

After static equilibrium is established through the initial steps, the dynamic time domain
analysis commences. The input parameter giving the number of time steps in the dynamic
analysis is named ‘num total steps for waves’.

10.6 Num steps for one wave
The parameter ‘num steps for one wave’ gives how many time steps for a wave cycle in a
regular wave, and number of waves per average period (T,) in case of irregular sea.

For 100 wave cycles and 20 steps per wave cycle, one must set the parameter ‘num total steps
for waves’ to 2000. Note that the first wave cycle is used to build the wave amplitude, one
must use 2020 steps to obtain 100 full waves.

10.7 Convergence

After the time have been incremented with At, both internal and external forces are calculated
as shown in chapter 3.3. As the system responds in a strongly nonlinear manner, we may not
necessarily achieve equilibrium, hence iterations are commencing until convergence is
reached.

10.7.1 Convergence criteria

The convergence criteria in AquaSim are a combined force and displacement criteria. The
convergence criteria are a % force criteria where a force/displacement norm calculates an
average over the models DOFs. The norm is given by:

N
Norm = Z Aforce(i)3/? - Adisplacment (i)'/?
i=1
Equation 142
where i is counted over all degrees of freedom in the system with a total of N degrees of
freedom. Aforce is the difference in calculated force between the current and the previous

iteration. Adisplacment is the difference in displacement between the current and the
previous iteration. Chknorm is found as:

Norm

Chknorm =

If Chknorm is lower than the convergence criteria defined by the user, the solution is
converged.

To ensure that the convergence criteria are detailed enough, the user should carry out analysis
with refined convergence criteria. When results tend to stabilize, the convergence criteria are
detailed enough, meaning the convergence criteria is sufficiently low.
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10.8 Importance of time step size, response to snap loads

What is presented in this section has been published by (Berstad & Heimstad, 2017). A
typical load mode for e.g. fish farm units are mooring lines and net pens going from slack to
loaded condition. This causes an impact load to the rope attachment point. Impact loads
caused by ropes going from unloaded to loaded are denoted ‘snap loads’. Figure 87 and
Figure 88 illustrate a simplistic picture of the physics behind snap loads. Note (14).

Note (14)

Note that in real fish farms the response causing ‘snap loads’ are more complex with many system
degrees of freedom. However, the basic physics are the same.

Figure 87 Float with slack rope

m = mf + ma

V(o) (vertical velocity)
k = EA/L
L

Figure 88 Inital value condition at moment rope goes stiff
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m is the mass + added mass of the floater, and k is the stiffness being activated at the moment
the floater rope goes from slack to tensioned. Neglecting the damping, the system can be
solved by applying the classic impulse response equation for the motion:

z(t) = asin(wt)
Equation 143

where w? = k/m and a is the amplitude of the impulse response. m is the mass, and k is the
stiffness of the system caused by the rope holding the float back like a spring; k = EA/L.
This is a linear solution where the stiffness and mass are assumed to be constant. Note that the
water plane stiffness is neglected. The velocity is the time derivative of the displacement, and
is expressed as follows:

z(t) = aw cos(wt)
Equation 144

where z(t) is the vertical velocity of the system. In our case, we have an initial velocity v, in
the z-direction which is the velocity at the initial time (t = 0 exactly when the rope becomes
stiff), expressed as:

Vo = aw cos(wt;—y) = aw
Equation 145

This means the amplitude of the impulse response a is found as:

Vo
a=—
w

Equation 146

Now the relation between eigen period, mass and stiffness is introduced (w? = k/m) to the
equation above:

1/2

a=ﬂ=L=v(ﬁ)
o (k/m)z2— " \k

Equation 147

This means that an impact as described above will introduce a harmonic impact response with
amplitude a shown in the equation above. From the maximum response amplitude, the
maximum force can be derived as:

{m
Fnax = ka = kv, = voVmk
Equation 148

This means the maximum force is proportional to the initial velocity and the square root of the
mass and stiffness. This is further described and validated in Aquastructures (2013). Before t
= 0, assume that the velocity of the float follows the vertical velocity of the wave elevation as
the wave builds up. Then v, can be found from the velocity of the vertical wave elevation at
the moment the rope snaps. Assume a regular wave with amplitude n. The wave elevation can
according to Airy wave theory (e.g. (Faltinsen, 1990) section 2) be expressed as:
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§ =1 sin (w,t)

Equation 149

where w, is the wave frequency of encounter for the wave. This frequency has nothing to do
with the eigenfrequency of the rope and float. At the time step t = 0 we get:

Vo = NWe Cos(wett=0) =Nwe

Equation 150

Introducing v, = nw,, the maximum force E,,, can be expressed as:

Enax = nw,vmk
Equation 151

The above equations explain the susceptibility of short stiff mooring lines to mass objects,
such as barges, since k is proportional to the rope stiffness and inversely proportional to the
length. As seen by the above equation, shortening a rope by 1/100 will increase stiffness 10
times. Also using a chain with Elastic modulus of 10E+11 will introduce ten times the load as
a rope with elastic modulus of 10E+09, given otherwise equal response. Figure 89 shows max
peak loads for the case seen in Figure 87 and Figure 88 calculated from analytical formulae
and AquaSim analysis. As seen from this graph, the results compare well.

Peak load from impact load
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Figure 89 Response by analytical formulae to AquaSim analysis

From AguaSim analysis one can also obtain results for the response subsequent of the first
impact. This is seen in Figure 90, which shows the response of the axial load in the rope as a
function of time.
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Tension in mooring line
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Figure 90 Tension in rope as a function of time

In Figure 90, the first response peak is the highest caused by the snapping of the rope.
After maximum response, the rope is offloaded to the point where it is slack again. This
strongly influences the stiffness of the system such that the system will not have a linear
impulse response. This is further described in (AquaStructures, 2019a). Note that to capture
such rapid response one need to have sufficiently small time increments in the numerical
calculation of response. This system is underdamped and is neglectable for the maximum
response. However, it influences how fast the succeeding response decay.

For real life fish farming systems, elasticity of moorings is often assured with “geometric
stiffness”, which means flexibility is obtained by geometrical changes to loads. This
flexibility is equivalent to reducing stiffness by other means such as reducing the elastic
modulus and/or increasing the length of the mooring lines. Normally the geometric flexibility
is obtained by using chains close to the bottom and having buoys located in the mooring
system between the net pen and the bottom attachment point of the mooring line.
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10.9 Current reduction type
Describes how current and waves are reduced due to upstream membrane elements. AquaSim
provides four different reduction types:

Current reduction type Description

No reduction The current velocity is not reduced behind net panels.

From initial shape The formula for current reduction is applied to the
initial configuration of the net panel.

Deformed by current The reduction factor is found from the initial

configuration and updated for the deformed
configuration at step number N-1. Where N being
number of initial steps (“Preincrement’).

Deformed by current and waves The reduction of current velocity is calculated at all
steps and updated. It applies a reduction factor based
on configuration from step N-1.

The theory for reduction on current velocity to succeeding membranes is described in chapter
5.13 and in (Aquastructures, 2024c).

10.10 Infinite depth

AquaSim apply wave theory for finite water depth. The user may change this by choosing the
‘Infinite water depth’ option, and wave theory for infinite water depth is introduced (also
referred to as Airy wave theory). This is further described in chapter Regular waves.

10.11 Cresting Wave Factor

The Cresting Wave Factor is a factor for including nonlinear wave kinematics above the mean
water line. Linear wave theory (Airy wave theory) | mathematically correct only for
incremental wave steepness, meaning that the crest is significantly lower than the wavelength.
In AquaSim, consistent with Airy wave theory, it is assumed that the horizontal- and vertical
fluid particle velocity above the mean water line is the same as at the mean water line.

Empirical data show that the steeper the wave gets to a critical level of H/A=1/7, the higher
the horizontal fluid particle velocity becomes relative to what is predicted with linear wave
theory. H is the wave height and A is the wavelength. The Cresting Wave factor accounts for
increased horizontal fluid particle velocity above the mean water line for breaking waves. For
linear wave theory, the horizontal fluid particle velocity at the mean water line is:

u = w,e*sin (wt — kx)
Equation 152

Based on the input wave height (H) and wave period (T) to AquaSim, you will get a certain
wave steepness. Applying the Cresting Wave factor, the horizontal fluid particle velocity at
the top of the wave crest becomes:

uNL:u'K

Equation 153
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where uy; is the nonlinear horizontal component of the fluid particle velocity, k is the input
value (Cresting Wave Factor) in AquaSim. Between the mean water line and top of the crest,
AquaSim will interpolate x. This is illustrated in the figure below.

L — un () =u-k
(k—1)-z
Zy, uy(zp) = u- (1 "
Ca
Mean water line -l----- 0 €--cccmm . uy ) =u -

Figure 91

More theoretical background and validation are found in (Aquastructures, 2022a).

10.12 Depth (wave profile)

If the option ‘Infinite depth’ is not selected, AquaSim will apply wave theory for finite water
depth. ‘Depth (wave profile)’ regulates how the water particle velocity decay down from the
free water surface. See e.g. (Faltinsen, 1990) Table 2.1 for wave theory for finite water depth.

10.13 Bottom contact

In addition to introduce bottom springs to individual nodes at individual steps, the user may
apply a flat bottom. The ‘Bottom contact’-option activates a flat bottom, or a seabed. The
bottom then acts as a spring with a spring stiffness. The user must define the water depth, a
spring stiffness and a frictional constant for the seabed.

10.14 Bottom depth
The ‘Bottom depth’ defines the distance between the still water level (at z = 0m) and down
to the seabed. The input value should be negative and is given in meters.

10.15 Bottom parameter
This parameter is the spring stiffness of the seabed. When nodes move beneath the value
defined in ‘Bottom depth’, the spring stiffness increases.

10.16 Bottom friction

The user may also define a seabed friction. ‘Bottom friction’ is linear, and the input is a
number from 0 or higher. Applying a value of 0 is generally not recommended. The user
should start with a simple model first, to test what value is appropriate to apply.

10.17 Dynamic vertical friction

This parameter is damping in z-direction and is proportional with the velocity of the nodes
that are in contact with the seabed. As an example, it can regulate how much an object bounce
on the seabed, as illustrated in the figure below. The larger this value, the more damping is
introduced.
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No vertical friction With vertical friction

. .

Seabed
Figure 92 Dynamic vertical friction

10.18 Dynamic horizontal friction

This is damping in horizontal direction (x- and y-direction) and is proportional with the
velocity of the nodes that are in contact with the seabed. Bottom contact is based on a spring
with a spring stiffness. As long as the horizontal force exerted on an object at the seabed is
larger than the frictional force, the object will slide. But when the horizontal force is reduced,
the seabed-spring will pull the object back towards its initial impact position. To reduce this
effect, Dynamic horizontal friction can be applied. The larger this value, the more damping is
introduced.

10.19 Water volume correction

Water volume correction describes how the volume is corrected and corresponding forces are
treated when a beam element moves in and out of water. Choose between None, Normal and
With slamming.

10.19.1 None

If ‘None’ is chosen, AquaSim does not perform any correction of the submerged volume for
hydrodynamic elements. The buoyancy is constant throughout the analysis, and the user must
input the correct buoyancy depending on where the element is located in the waterline.

10.19.2 With slamming

In order to account for ‘in and out of water’ and slamming for beams and trusses with the
Morison load formulation, the user should choose the option ‘With slamming’. In this case, all
elements should be modeled with the properties they have when submerged in water. In case
elements are above the instantaneous water surface, AquaSim adjusts properties by removing
added mass and drag from water. In addition, weight is added as the buoyancy does not work
above the water surface. When entering the water, the slamming formulation is used to
determine the loads. The theory of water entry and exit is further described in chapter 10.20
and (AquasStructures, 2019a).

10.20 Water entry and exit

For time domain simulation in AquaSim, one may account for object moving in and out of
water and the slamming effect when an object penetrates water. In order to account for this
one must choose “with slamming” when choosing “water volume correction”. Doing SO,
beams and trusses with the Morison load formulation will be exposed to slamming loads as
they enter water and buoyancy will be calculated accurately based on the part of the beam or
truss being submerged. In this analysis mode beams and trusses should be modeled as if they
were in water. For elements above the instantaneous water surface, AquaSim adjusts
properties by removing added mass and drag from water and adds weight due to loss of
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buoyancy. When entering water, the slamming formulation outlined in (AquaStructures,
2019a) is used to determine loads. Note (15).

Note (15)

Water entry with slamming only applies to components where the Morison load formulation is
selected.

Water entry is defined as the period where a structural member enters the water from dry
condition. This is shown in Figure 93.

Before entry

ﬂ Velocity relative to water line

z
T \.y

Entry

After entry

Figure 93 Water entry of circular cylinder. A cross section is seen

10.20.1 Water entry

Define an orthonormal coordinate system where the x- axis is along the cylinder in the
horizontal plane, the z- axis is upwards pointing with origin at the mean water line as shown
in Figure 93. For a body subjected to vertical force only, the force can be written as (see e.g.
(Faltinsen, 1990) pp. 306):

Equation 154

where w is the vertical velocity of the water at the considered time instant, w =
w{,sin (wt — kx) for the case of a sinusoidal wave traveling along the positive x-axis.
Further we have:

{, Is the wave amplitude
- w Iis the wave frequency
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- n3 isthe vertical location of the object penetrating the water
- p isthe density of water

- g isthe acceleration of gravity

- Q(t) is the displaced volume at the given time instant

- A3 is the added mass in the vertical direction

Equation 154 can be reformulated to:

dw dAz; (dn d (dn
Fs = pQ(6) -+ pgQ0) — dEB (d—; - W) A3 d_t(d_; - W>

Equation 155

Equation 155 can be expressed as:

dw dAsz; dh (dns ) d?n, dw
F3 = pQ(t) — Q) - —=2— (=2 —w) — A33(t) == + A33(t) —
3 = pQ(t) it + pgQ(t) dt dt ( Y 33(t) 162 + A33(t) at
Equation 156
. dA3; _ dAszdh : . . .
Inserting — T an i where h is the distance from the bottom of the water entering object
to the instant position as shown in Figure 93. This means F; can be expressed as:
Py = p0) ™ + pgae) — Lz dh (d"3 ) PO L. BN
3T PR RS dh dt\de )3\ g T gy
Equation 157
4% can be expressed as 2 w— %, meaning:
dt dt dt
dw dAsz (dns z d?n; dw
F3 = pQ(t) — + pgQu(t (——)—A— —
3 P()dt+Pg()+ an \dt 33dt2+ 3377

Equation 158
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(dd": — w) is the relative velocity between the object and the water, denoted v,..;. v,.o; =

ans

W Applying this denotation, we get:

dAss d?n dw
F; = Pﬂ(t) — + pgQ(t) + —— (Urez) — Az dt23 + Az at

Equation 159

Equation 159 consists of five load terms, which is described below:

pQ(t) Z—V: is the Froude-Kriloff force. This term is added not only in the z-direction,
but in the horizontal plane as well.

pgQ(t) is the hydrostatic force (buoyancy) which acts along the positive z-axis only.

dA . . . . .
d—f (v¢1)? is the slamming force, see also section The ‘drag’ term in Morison
equation for more details.

d*ns
A33 2
Alternatively, default AquaSim values can be used.

Ass ‘z—‘f is the diffraction force.

The terms and the load formulation correspond to the load formulation using Morisons
equatlon This is seen by rearranging the terms in Equation 159. We denote Lss

DLE > Cdg.m, Where D can be seen as a reference diameter of the object and L a reference
length:

dZ
p 3
FS - (pﬂ(t) + A33) + DL Cdslam(vrel) A33 dt?

+ pgQ(t)
Equation 160

A33 can be given in terms of an added mass coefficient C,. Multiplied with the submerged
volume will give the added mass. As seen by Equation 159, AquaSim needs input in terms of
added mass A3, or the coefficient C, given as a function of A (as shown in Figure 93) to
account properly for these load terms in the water entry phase. AquaSim has default values
for a circular- and rectangular cross section that can be used.
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Generalizing to all degrees of freedom

Consider a beam divided into elements, as shown in Figure 94. Each element has a local
coordinate system where the local x-coordinate is defined as going from node 1 to node 2 of
the element, and the local z-axis is given as input.

ﬂ Velocity relative to water line

zlocal

A Z

X

>

Figure 94 Beam divided into elements. Beam has visually been sliced; this can be interpreted as two-dimensional strips. In
addition, a strip is introduced at the middle of the element

Strip theory is used to describe the analysis model entering the water. Each element is divided
into two parts and treated separately. Consider the case as seen in Figure 94 where the local
and the global z-axis have the same direction. Let u, v and w be the fluid velocity in the x-, y-
and z-axis respectively. The terms in Equation 159 are interpreted as:

- The Froude-Kriloff force in the y- and z-direction is derived as pQ(t) % and pQ(t) f{—v:

for the y- and z-axis respectively. Q(t) is the submerged volume at the given time
instant.

- The hydrostatic force pgQ(t) is for any case pointing in the positive z-axis in the
global coordinate system.

- % (v¢1)? is the slamming force. Further details are described in chapter The ‘drag’

term in Morison equation.

- Added mass is added to the mass of the object as a function of displacement of the
strip, both horizontally and vertically, A,, and A55 respectively. Added mass as a
function of position in terms of h in Figure 93 should be given as input. This yields for
A,, and As. Alternatively, default AquaSim values can be applied.

- The diffraction force horizontally and vertically is added to the Froude-Kriloff as

Ay, % Ass Z—V: respectively, where A,, and As; is the added mass at the given

submergence.

In general, the object may approach the water surface in a skewed manner, as shown in Figure
95. Then, numerical integration must be used to derive the submerged volume for calculation
of hydrostatic force and Froude-Kriloff. Added mass and diffraction is calculated based on the
added mass for the actual submergence at each strip with interpolation between strips.

How the load term proportional to relative velocity squared is treated is described in chapter
The ‘drag’ term in Morison equation.
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Figure 95 Object entering the water surface in a skewed manner

The ‘drag’ term in Morison equation
Consider the Morison equation in the case of force in the z- (3) direction (see e.g. (Faltinsen,
1990)):

pwCm,Diam2L,m
4

pwCd,DiamyL,
3= >

(uz — )y (g — 12)%(uz — 13)2 + as

pw(cmz B 1)Diam§L07T ..

Equation 161

for a circular cylinder. In Equation 161, there is only forces in the local y- and z-direction
according to the cross-flow principle. Diam,, is a relevant diameter of the object, calculated
in the direction of the flow based on Diam,, and Diam,. Cm = Ca + 1. The load term of
Equation 161 (which is proportional to the relative velocity squared) is given in Equation 162:

_ pwCd,DiamyLy

3 > (uz — 773)\/(“2 —12)%(uz — 13)?

Equation 162

In the case of water entry, the cross-flow force, in the local z-direction, is calculated in the
same way as in Equation 162:

_ pWCdslamDiamNLO
F; = >

(w— 773)\/(17 —12)2(w —13)?
Equation 163

Cdg.m can be derived from input based on the relation % = DL § Cdgam- At each strip,

this value is derived, and values are interpolated between the strips. Also, forces in the local
y-direction are calculated. The values for Cd,, in the water entry phase could be given as
input, or by applying the default AquaSim-values. Note (16).

Note (16)

Slamming calculation is based on having the local z-axis pointing in a direction relevant for the
slamming loads. This should be enabled by the user.
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AquaSim default values
For a circular cross section, AquaSim provides default values for parameters relevant for
slamming. They are based on values found in (Faltinsen, 1990), shown in Figure 96:

50
-/ MO . (Experiments Campbell & Weynberg,1980)
"Hl' .r:-
L.
3.0 =
..-"‘ffff
J 2.0 =T°
"
1.0 \\\.
J \\
h_Vt
R_ R

0

2.0

Fig. 9.11. Slamming coefficient C,, added mass A, and displaced volume
A, of a circular cylinder as a function of submergence. (¥ = vertical
force, V = constant downward velocity of the cylinder, ¢ = time
variable with ¢ = 0 corresponding to initial time of impact.)

Figure 96 From Faltinsen (1990)

The AquaSim default values are compared to the two cases presented in Figure 96 (Faltinsen
and Campbell & Weynberg). The results are shown in Figure 97.
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—AquaSim_CD 0.8

— Campbell & Weynberg
Theory, Faltinsen fig 9.11

—AquaSim_CD 1.2

1 15 2 2.5

Relative submergence

Figure 97 Comparison between AquaSim and Faltinsen and Campbell & Weynberg

In Figure 97, relative submergence is found on the horizontal axis. The value 2 means fully
submergence (2*radius from top). Values for ‘AquaSim_CD_0.8’ is presented in Table 11.

Note (17).

Table 11 Results from AquaSim analysis

Submergence [-]
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
11
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0

AguaSim 2.20
Aquastructures AS

AquaSim_CD 0.8
3.4
2.8
2.5
2.2
1.9
1.6
1.368
1.144
1.0
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
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Note (17)

Note that the values are found by linear interpolation of the data seen in Table 11. AquaSim chooses
the highest value of slamming coefficient and drag coefficient.

The corresponding added mass values are the integral of the slamming coefficient. For a fully
submerged added mass coefficient, the cross section is fully submerged. Alternatively, the
user may apply a slamming coefficient in Table 11 and introduce added mass coefficient as a
function of submergence.

10.20.2 Water exit

Water exit is defined as the case where the structure moves out of the water, whereas water
entry is defined as the case where the submerged part of a strip is increasing. At relative
velocity close to 0, values are interpolated between the water exit and water entry values. This
iswhen —0.1 m/s < V,,; < 0.1m/s. Water exit are calculated in the same manner as for

water entry. The only difference is that values are used for s — pp2 Cdgam- The values
dh 2

for A5 as a function of h for water exit may be given as input, or by applying AquaSim
default values. Note (18).

Note (18)

Added mass in the local y-direction should also be given as input (if not using AquaSim default
values).

10.21 Buckling analysis

AquaSim accounts for buckling in a normal analysis. This means that if the structure is
unstable buckling-wise it will buckle in the analysis. For beams, one may extract the explicit
buckling safety margin at any time step in the analysis.

10.22 Beam buckling

Explicit calculation of beam buckling is an add-on to AquaSim. It is reached through the
Export-menu in AquaEdit. The buckling add-on solves the linearized eigenvalue problem:

Ketem — 6ngom =0
Equation 164

at each timestep in the analysis. K., is the material stiffness for the structural configuration
at the given timestep. K., is the geometrical stiffness in the structural configuration at the
given timestep. The results found is the eigenvalue &, which is the factor the load distributions
should be linearly increased to, to obtain linearized buckling. The corresponding eigenvector
is the buckling shape. Negative §-values are disregarded in AquaSim, meaning the reversing
load distributions are not considered.

The buckling calculation in AquaSim is a numerical calculation. A “shift” parameter may be
applied, which is a presumed value in the close range of the eigen value. The parameter
makes the numerical search for the eigen values go faster. Figure 98 shows the third buckling
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shape for a vertical pole. Figure 99 shows the first buckling shape (meaning the buckling
shape introduced by the lowest load) for a fish farm cage.

More information about beam buckling theory is found in (Aquastructures, 2014a).

Results > Compressive buckling force[N] o
8.883E6 aquastruclures

7.106E6

5.33E6

3.553E6

1.777E6

0

Figure 98 Calculation of buckling length and shape for a vertical beam with a node load on top

Results > Buckling factor 5 '
aquastruclures

\

Figure 99 First buckling shape for a fish farm cage

Page 137 of 148
AguaSim 2.20
Aguastructures AS



aquastructures

10.23 Explicit eigenperiod analysis

Explicit calculation of eigenperiods is an add-on to AquaSim. It is reached through the
Export-menu in AquaEdit. The add-on solves the linearized eigenvalue problem at each
timestep:

K—w?M=0
Equation 165

where K is the stiffness for the structural configuration at the given timestep, including
geometrical and element stiffness. M is the mass of the structural configuration at the given
timestep, including structural mass and added mass.

The results found is the eigenvalue 1 = w?, which is the eigen frequency. T = 2 /w is the
eigen period. The corresponding eigenvector is the eigenvector for the presented result.

A mooring line may have several eigenperiods, such that it might be of interest to derive the
eigenperiods of a system not including eigenperiods in the mooring line. Hence, AquaSim
have a possibility for omitting such eigenperiods.
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11 COMPONENT CONTACT

The basic principle of establishing contact between elements in AquaSim is to first define
contact between component groups in AquaEdit. Two-and-two component groups can be
assigned contact. From this a Component contact-table is created which defines how the
contact should take place.

Contact between elements in the component groups is based on a spring, as illustrated in the
figure below. We have the following relation between force, spring stiffness and
displacement:

Equation 166

where F is the contact force, k is the spring stiffness and r is the relative distance between the
elements. In addition, you can also assign friction, damping and distance when contact should
start.

First part

Contact (spring) between
the component groups
'

|
\\ Second part
\

e

Figure 100
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11.1 Component contact table

11.1.1 First part and Second part

To establish contact, you need to select a “First part” and a “Second part”. AquaSim will keep
track of the position and distance between the “First part” and “Second part” in all timesteps
in the analysis, this is illustrated in the figure below. If elements in “First part” gets closer to
“Second part” than the specified values for where contact is assumed a force will push the

elements apart.

First part

o

I I\
Tracking of distance between | |
I
> |

\ Contact (spring) between
\ the component groups
\
\
\
T

First — and Second part /]

l
|
I

]
‘ \\ Second part
|

Figure 101

11.1.2 Distance / Radius
Distance / Radius defines when contact should occur. AquaSim treats this parameter different
depending on the type of component type that is defined as ‘First part’ and ‘Second part’.

Contact between component type Beam and Membrane:

Then this can be interpreted as a distance. AquaSim will follow each node of elements in
‘First part’ at all timesteps, and for elements in ‘Second part’ the surfaces are tracked. If a
node in ‘First part’ gets closer than the specified value, forces will push the elements apart.
This principle applies also if contact is established between Truss and Membrane.

Contact between component type Beam and Beam:

Then this can be interpreted as a radius from ‘First part’ to ‘Second part’. When elements get
closer than the specified value, forces will push the elements apart. This principle applies also
if contact is established between Truss and Truss, or Beam and Truss.

11.1.3 Stiffness
Is the spring stiffness of the contact. The higher the stiffness, the tighter the contact.

11.1.4 Damping stiffness

Provides damping in the direction normal to the contact. This factor is proportional to
Stiffness. If an impact is elastic, the element in ‘First part” will bounce back and if the impact
is plastic the energy of the impact will be drained, and the element in ‘First part’ will not

bounce back.
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11.1.5 Dynamic friction damping

This is a factor that is proportional to the stiffness in the tangential direction to the element.
This can be interpreted as friction that prevents the elements in ‘First part’ from sliding back
to the impact point. The factor is dependent on the relative velocity between the colliding
elements. It works in the dynamic steps of the analysis.

11.1.6 Static stiffness friction coefficient
Is a friction force coefficient that is proportional to the relative displacement between the
colliding elements. This coefficient is constant and pulls the object back to the impact point.

11.1.7 Max initial distance

When establishing contact between two component groups, AquaSim will keep track of the
position and relative distance between all elements in the two component groups. If you have
a model with large number of elements, this may contribute to slow down analysis time.
Applying Max initial distance will only establish contact between elements that have an initial
distance that is less than this value. If Max initial distance is 0, then contact will be
established for all elements in the two component groups.
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13 APPENDIX A: VALIDATION OF THE AQUASIM
SLAMMING FORMULATION

Two cases have been analyzed to validate the AquaSim slamming formulation. These are
presented in the succeeding sections.

13.1 Case 1: Beam through water at constant velocity
This case is shown in Figure 102 and described in Table 12.

Constant velocity at one node

Figure 102 Horizontal beam moved at constant velocity through flat water line

Table 12 Case study 1, particulars

Circular beam Values
Diameter 0.5m
Beam length 10 m
Velocity 2mls

Drag diameter 0.5-
Density beam 1025 kg/m?®

Results are presented in Figure 103, and shows that they compare well.
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Figure 103 Comparison results, analytical formula and AquaSim analysis

13.2 Case 2: Fixed beam in waves
A beam is modelled in AquaSim and is kept still while a wave is applied to it directed in the
local y-direction. The case is shown in Figure 104.

Figure 104 Fixed beam in waves

Results and comparison of analytical formula and AquaSim analysis is presented in Figure
105. The results compare well.
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Figure 105 Comparison results, analytical formulae and AquaSim analysis
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