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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: 

- waves 

- 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 Definition 

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

Element Object between two nodes (straight element) or four nodes (membrane element). 

The simulation process will treat each element as a discrete object. 

Beam A beam is a structural element that is capable of withstanding load primarily by 

resisting torsion and axial loads. 

Membrane Structural element used for nets and tarps.  

Truss Structural element where forces in the members are either tensile or compressive 

forces. I.e. ropes.  

Component A group of elements which is defined by the same material data. Components are 

defined either as beam, truss, membrane or node2node. 

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

Incident wave Wave(s) propagating towards an object. 

Conservation 

of momentum 

Newton’s second law. 

Cross-flow 

principle 

The fluid velocity relative to an object is split into its components normal and 

parallel to the object’s axis.  

Dummy 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 AquaTool, 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).   
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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. 

Table 1 Files generated from AquaEdit and the solver. Assumed a base filename called ‘p1’. 

File File name Description 

Batch file p1.bat Batch file. ASCII format. Double click for running 

analysis. The bat file consists of a set of commands 

easily editable. 

XML file p1.xml XML file. ASCII format. This file holds graphic 

information and other key data.  

Result file p101.avs Result file generated by the solver during execution 

of analysis. This file holds results in ASCII format. 

Result file p101.avz Result file generated by the solver after completion 

of analysis. This file is a compressed version of the 

avs file.  

Input file p101.txt Input file in ASCII format. Holds information about 

the model and analysis setup. Generated from 

AquaEdit upon export.  

XML file p101.xml 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.  

p101-all.xml 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.  

Result convergence 

file 

p101conv.txt Holds information about the analysis status 

concerning number of iterations used to achieve 

convergence for the analysis of the p101.txt input 

file.  

Result file key data p101key.txt 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 p101PFAT.avs 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 p101PFAT.avz Result file generated by the solver upon completion 

of analysis. This file is a compressed version of the 

avs file. 

Result file 

validation data 

p101val.txt 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 

p101val.txt contains additional key data. 

Result file p101hydro.txt Result file containing key data of hydrostatic data of 

the analysis model. ASCII format.  

Result ID file p101-elements.txt Holds information about elements given custom ID-

names in AquaEdit. 

Result ID file p101-nodes.txt 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. 

 

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

The data includes: 

- 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. 
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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.  

 

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. 
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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. 

 

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 Δl. Hooke’s law is a principle of physics that states 

that the force F needed to extend, or compress, a spring by the distance Δl is proportional to 

that distance. That is: 

𝐹 = 𝑘 ∙ ∆𝑙 

Equation 1 Hooke’s law 

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

materials.  

 

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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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 & 

Sigbjörnsson, 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: 

Σ𝐅 =  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 =  𝐑ext
idof +  𝐑int

idof = 0,    idof = 1, Ndof 

Equation 3 

where Ndof 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: 

Δ𝐑i(ri−1) =  𝐑ext
i (𝐫i−1) +  𝐑int

i−1(𝐫i−1) =  𝐊t
i−1Δ𝐫 

Equation 4 
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where 𝐊t
i−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: 

�̅�j=1 =  𝐫i−1 +  Δ𝐫 

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: 

Δ𝐑(�̅�j) =  𝐑ext
i (�̅�j) + 𝐑int

i (�̅�j) =  𝐊t
iΔ𝐫 

Equation 6 

Equation 6 is solved with respect to the displacement Δ𝐫. Incrementing j with one, the total 

displacement is now updated as: 

�̅�j =  �̅�j−1 +  Δ𝐫 

Equation 7 

and Equation 7 is solved based on the new prediction for displacements. This is repeated until 

Δ𝐫 is smaller than a tolerated error, then: 

𝐫i =  �̅�j 

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: 

Σ𝐅 =  𝐑ext +   𝐑int  +  𝐑mass +  𝐑damp = 0 

Equation 9 

where 𝐑mass and 𝐑damp 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, �̇� 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, �̇� and 

�̈�: 

Σ𝐅 =  𝐑ext(r, ṙ) +   𝐑int(r)  +  𝐑mass(r, r)̈ +  𝐑damp(r)̇ = 0 

Equation 10 

The Newmark method (Newmark, 1959) is used for time integration in the dynamic analysis, 

the following constants are established:  

𝑎1 =
𝛾

𝛽ℎ
 ,   𝑎2 =

1

𝛽ℎ2
  ,    𝑎3 =

1

𝛽ℎ
  ,    𝑎4 =

1

2𝛽
− 1 ,     𝑎5 =

𝛾

𝛽
 ,    𝑎6 = (

𝛾

2𝛽
− 1) ℎ ,     

𝑎7 = 𝑎5 − 1 ,    𝑎8 = (1 − 𝛾)ℎ ,     𝑎9 =  𝛾ℎ 

Equation 11 

where 𝛾 and 𝛽 are parameters in the Newmark methods, 𝛾 = 0.5 and 𝛽 = 0.25 corresponds to 

the method of constant mean acceleration, see (Langen & Sigbjörnsson, 1979) pp. 258-259 

for details and a schematic overview. ℎ is the time increment Δ𝑡. 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: 

�̂�t =  𝐊i−1 + a1𝐂 +  a2𝐌 

Equation 12 

and an effective load vector is established: 

Δ𝐑 =  𝐑ext
i (𝐫i−1, �̇�i−1) + 𝐑int

i +  𝐑damp + 𝐂bi + 𝐌ai 

Equation 13 

where  

𝐚i =  a3�̇�j−1 +  a4�̈�i−1 

Equation 14 
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and 

𝐛i =  a5�̇�j−1 + a6�̈�i−1 

Equation 15 

Then solve with respect to displacements Δ𝐫: 

Δ�̂� =  �̂�t
i−1 Δ𝐫 

Equation 16 

A prediction for the displacements Δ𝐫 has been established, it is now iterated until dynamic 

equilibrium is achieved. Now: 

∆𝐫0 =  ∆𝐫 

𝐝i =  a7�̇�i−1 +  a6�̈�i−1 

Equation 17 

The following approximations for 𝑟, �̇� and �̈� are established: 

�̈�i
k−1 =  a2

i−1 ∆𝐫 −  𝐚i 

�̇�i
k−1 =  a1

i−1 ∆𝐫 −  𝐝i 

𝐫i
k−1 =  𝐫i−1  + ∆𝐫 

Equation 18 

where 𝑘 is iteration no. 𝑘. Based on these approximations for 𝑟, �̇� and �̈�, the force imbalance 

is found as: 

∆𝐑k−1 =  𝐑ext
i ( 𝐫i 

k−1 , �̇�i 
k−1 ) +  𝐑int

ik−1 +  𝐑damp − 𝐌k−1 𝐫i
k−1  

Equation 19 

The force imbalance is introduced to Equation 16: 

∆�̂� =  �̂�t
i−1 ∆𝐫 

Equation 20 

and a new set of approximations for 𝑟, �̇� and �̈� are established: 

∆k 𝐫 =  ∆k−1 𝐫 +  ∆k 𝐫 

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, �̇� and �̈� is established as: 

�̈�i =  a2∆𝐫 −  𝐚i 

�̇�i =  �̇�i−1  + a8�̈�i−1 +  a9�̈�i 

𝐫i =  𝐫i−1 + ∆𝐫 

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 AquaSim 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. 

 

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 4.22.  
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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.  

 

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

The vectors v1-v3 is defined as translation in node 1 in x-, y- and z-direction, respectively. v4-

v6 is rotation in node 1 about the x-, y- and z-direction. v7-v9 is translation in node 2 in x-, y- 

and z-direction, respectively. v10-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: 
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where E is E-modulus, A is the cross-sectional area of the truss, and l0 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)):  
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Equation 24 

where Iy and Iz 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 𝜎 is found as 

𝜎 = 𝐸𝜀, where 𝜀 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 𝜈, by: 

𝐺𝑦𝑧 =  
𝐸𝑦

2(1 + 𝜈𝑦𝑧)
 

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 Iz 
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: 

𝐼𝑦 =  
𝑏ℎ4

12
 

Equation 26 

where Iy means about the y-axis, and 

𝐼𝑧 =  
𝑏4ℎ

12
 

Equation 27 

where Iz means about the z-axis. 
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4.9 Area moment of inertia, torsion It 
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: 

𝐾𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =  
𝐺𝐼𝑡

𝑙0
 

Equation 28 

where G is the shear modulus, as given in Equation 25. It is the torsional resistance and l0 is 

the initial length of the beam. For circular sections, the cross section torsional resistance is the 

same as polar 2nd 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 − (𝑙0 − 𝑃𝑅𝐸))/(𝑙0 − 𝑃𝑅𝐸) 

Equation 29 

where: 

- 𝑁 is axial force 

- 𝐸 is Elastic modulus 

- 𝐴 is the cross-sectional area 

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

- 𝑙0 − 𝑃𝑅𝐸 is the initial length before applying the pretension 

-  𝑙 is the length after applying pretension 

 

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 = 𝐶𝑚 ∙ 𝑀 + 𝐶𝑘 ∙ 𝐾 

Equation 30 

where: 

- 𝐶𝑅 is Rayleigh damping  

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

- 𝑀 is the mass matrix 

- 𝐶𝑘 is stiffness proportional Rayleigh damping, Rayleigh damping (stiffness) 

- 𝐾 is the stiffness matrix 

𝐶𝑚 and 𝐶𝑘 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.  

 

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 

AquaSim, 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. 

 

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. 

 

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

See chapter 4.21.10 for detailed description. Wind forces on truss is treated equivalent as for 

beams.  

4.20 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: 

𝐹2 =
𝜌𝑤𝐶𝑑𝑦𝐷𝑖𝑎𝑚𝑁𝐿0

2
(𝑢2 − �̇�2𝑚)√(𝑢2 − �̇�2)2 + (𝑢3 − �̇�3)2 + 𝜌𝑤(1 + 𝐶𝑎𝑦)𝑉2𝐷𝐿0𝑎2 − 𝜌𝑤𝐶𝑎𝑦𝑉2𝐷𝐿0�̈�2 

 

    Drag-term   Froude-Kriloff  Added mass 

        diffraction 

Equation 31 

where  

- 𝐶𝑑𝑦 is the drag coefficient in the local y-direction. This corresponds to the input ‘Drag 

coefficient Y’ in AquaSim 

- √(𝑢2 − �̇�2)2 + (𝑢3 − �̇�3)2 is the relative velocity between the element and the fluid 

in the cross sectional plane 

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

- 𝑢2 = 𝑢2𝑤𝑎𝑣𝑒 + 𝑢2𝑐𝑢𝑟𝑟𝑒𝑛𝑡, where 𝑢2𝑤𝑎𝑣𝑒 is the fluid velocity due to waves, and 

𝑢2𝑐𝑢𝑟𝑟𝑒𝑛𝑡 is the current velocity in the local y-direction 

- �̇�2 is the velocity of the element in the local y-direction 

- 𝑎2 is the fluid acceleration in the local y-direction 

- 𝐶𝑎𝑦 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:  

𝐹3 =
𝜌𝑤𝐶𝑑𝑧𝐷𝑖𝑎𝑚𝑁𝐿0

2
(𝑢3 − �̇�3𝑚)√(𝑢2 − �̇�2)2(𝑢3 − �̇�3)2 + 𝜌𝑤(1 + 𝐶𝑎𝑦)𝑉2𝐷𝐿0𝑎3 − 𝜌𝑤𝐶𝑎𝑦𝑉2𝐷𝐿0�̈�3 

Equation 32 

4.20.1 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 𝐶𝑎𝑦 and 𝐶𝑎𝑧 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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4.20.2 Diameter for drag, drag area 

In Equation 31, 𝐷𝑖𝑎𝑚𝑦 corresponds to ‘Diameter for drag Y’ in AquaSim. Similarly, 𝐷𝑖𝑎𝑚𝑧 

in Equation 32 corresponds to ‘Diameter for drag Z’ in AquaSim. The diameter in the 

direction of the relative velocity, 𝐷𝑖𝑎𝑚𝑁, is found from the input 𝐷𝑖𝑎𝑚𝑦 and 𝐷𝑖𝑎𝑚𝑧 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) 

𝐷𝑖𝑎𝑚𝑦 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.  

 

4.20.3 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.  

4.20.4 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 𝜁𝐴 according to the input value. For current reduction, the drag 

coefficient 𝐶𝐷 and drag diameter (“Diameter for drag”) are scaled according to the input 

value.  

4.20.5 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 0 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 
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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 0 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. 

- 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.  

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.  

4.20.6 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. 

4.20.7 Use visual cross section as slamming 

Not an available option for time being. 

4.20.8 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.  

4.20.9 Wind load, response to wind 

See chapter 4.21.10 for detailed description.  
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4.21 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). 

4.21.1 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 12 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.  

 

Figure 12 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.  

  



 

Page 32 of 128 

AquaSim 2.17 

Aquastructures AS 

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. 

4.21.2 Hydrostatic force 

In hydrostatic terminology, gravitational and buoyancy forces are referred to as restoring 

forces. The stiffness matrix due to restoring force, 𝑘𝑟𝑒𝑠𝑡, is given as: 
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Equation 33 

where 𝐴𝑤𝑝 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 

𝐺𝑀𝑇 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). 𝑀𝑇 

is found as: 

𝑀𝑇 = 𝐵𝐶 +
𝐼𝐴𝑊𝑇

𝑉2𝐷
 

Equation 34 

where 𝐵𝐶 is the center of buoyancy calculated by AquaSim based on the (2D) volume. 𝑉2𝐷 is 

the submerged volume. 𝐼𝐴𝑊𝑇 is the 2nd 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, 𝑉2𝐷 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 𝑉2𝐷 based on the 

drawn cross section. Applying negative values to ‘Waterline Z’ corresponds to increased 𝑉2𝐷 

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 𝐺𝑀𝑇 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 5m and the 

mass center is 5m, the mass center is in the water line when calculating 𝐺𝑀𝑇 .. 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.  

4.21.3 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 13 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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Figure 13 Left: pontoons modelled separately. Right: pontoons modeled as one section, length of section intersecting the 

waterline is reduced applying the ‘hydrodynamic length coefficient’ 

4.21.4 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.  

4.21.5 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: 

𝐷𝑟𝑣 =
𝐴𝑊𝑃2𝐷

2 𝜌𝑤

8
𝐷𝑟𝑣𝑐𝐶𝑑𝑟 

Equation 35 

where 𝐴𝑊𝑃2𝐷 is the 2D waterplane area, 𝜌𝑤 is the density of water, and 𝐶𝑑𝑟 is the viscous roll 

damping coefficient. 𝐷𝑟𝑣𝑐 is a factor depending on wave height and current velocity: 

𝐷𝑟𝑣𝑐 = max(max(𝑣𝑐 , 𝑣𝑤) ∙ 0.7, 0.7) 

Equation 36 

where 𝑣𝑐 is current velocity, 𝑣𝑤 is max wave velocity (which is proportional to the wave 

height).  

Consider the formula 7.26 in (Faltinsen, 1990): 

𝐹𝑛 =
𝜌𝑤

2
𝐶𝐷𝑏𝑙|𝑢|𝑢 

Equation 37 

where 𝐹𝑛 describe the normal force on a bilge keel, 𝑏 and 𝑙 are the length and width of the 

bilge keel, respectively. By linearization of Equation 37 and limit the equation to a 2D 

problem, then: 

𝐹𝑛 =
𝜌𝑤

2
𝐶𝐷𝑏|𝑢𝑙𝑖𝑛|𝑢 

Equation 38 

Consider the corner of a vessel, where 𝑏𝑣𝑒𝑠𝑠𝑒𝑙 is the width of the vessel: 
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𝑢 =
𝑏𝑣𝑒𝑠𝑠𝑒𝑙

2
�̇�4 

Equation 39 

where �̇�4 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: 

𝐹𝑛 =
𝜌𝑤

2
𝐶𝐷

𝑏𝑣𝑒𝑠𝑠𝑒𝑙

2
|𝑢𝑙𝑖𝑛|

𝑏𝑣𝑒𝑠𝑠𝑒𝑙

2
�̇�4 

Equation 40 

The 2D vessel width, 𝑏𝑣𝑒𝑠𝑠𝑒𝑙, corresponds to the same as the 2D water plane area of the 

vessel, 𝐴𝑊𝑃. This gives: 

𝐹𝑛 =
𝜌𝑤

2
𝐶𝐷

𝐴𝑊𝑃
2

4
|𝑢𝑙𝑖𝑛|�̇�4 

Equation 41 

When we introduce 𝑢𝑙𝑖𝑛 = 𝐷𝑟𝑐𝑣, and the fact that roll damping is defined as a force 

proportional with the roll velocity, we see that Equation 41 corresponds to Equation 35. 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. 

4.21.6 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 4.20.4 and (Aquastructures, 2021g). 

4.21.7 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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4.21.8 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 14 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). 

 

Figure 14 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. 

 

4.21.9 Wave drift 

AquaSim 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: 

𝐹2 =
𝜌𝑔

2
𝐴𝑟

2 

Equation 42 

where 𝐴𝑟 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: 

𝐹2 =  𝐹2𝑠𝑖𝑛2(𝛽) 

Equation 43 

where 𝛽 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 43 (corresponds to equation 5.22 in (Faltinsen, 1990)): 

𝐹2 = 𝐹2 (1 +
𝜔𝑈𝑐𝑜𝑠(𝛽)

𝑔
) 

Equation 44 

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, 

2022c). Drift forces can be applied to elements with hydrodynamic load formulation also is 

the ‘Horizontal components of hydrodynamic forces only’ is selected. 

4.21.10 Wind load, response to wind 

Wind velocity is an input parameter to AquaSim. In order to apply wind loads to an element, 

this element must be associated with an exposed wind drag area. Relevant parameters for this 

must be applied to the element. Note (8) 

For beams, two wind types can be selected: Type 1 and Type 2. The difference lies in how the 

wind-exposed area is calculated: 

- Type 1: the wind-exposed area, and drag coefficients is based on the input made 

available when selecting Type 1 from the drop-down menu. 

- Type 2: the wind exposed area is calculated from what is defined in ‘Diameter for 

drag’, and the drag coefficients found under ‘Drag coefficients’ in the Drag load 

menu. 

For regular wind (constant wind), the wind profile is calculated according to (Aquastructures, 

2021b) Ch. 2.1.1. 

Irregular wind (wind gust) is calculated according NORSOK N003 described in 

(Aquastructures, 2021b). 

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

𝐹𝐷 =  
𝜌𝑎𝑖𝑟𝐶𝐷

2
𝐴𝑈2(𝑡) 

Equation 45 
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𝜌𝑎𝑖𝑟 is the density of air (=1.27 kg/m3), 𝐶𝐷 is the drag coefficient of the surface, and 𝐴 is the 

area of the surface.  

Note (8) 

When Water volume correction: With slamming is applied, AquaSim will automatically detect if the 

element is above, or below, the water surface and include calculation wind forces if it is above.  

Applying Water volume correction: With slamming, AquaSim will include Wind Type 2 if the Wind 

force box is ticked off in the Edit beam window of AquaEdit. The wind fetch area is then calculated 

based on the input area from Diameter for drag Y and Z.  

 

4.22 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.  

4.23 Hinge 
A hinge keeps two adjacent parts together, typically is a door hinge as seen in Figure 15. 

 

Figure 15 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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4.24 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.  

4.25 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 16 shows a simplified case with a valve opened at the bottom of the 

cross section. 

 

 

Figure 16 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): 

𝑝𝑒𝑥𝑡 = 𝜌𝑔𝐻 + 𝑝𝑑𝑦𝑛 + 𝑝𝑎𝑡𝑚 

Equation 46 

where 𝜌 is the water density (=1025kg/m3) and 𝑔 is the acceleration of gravity. 𝐻 is the 

external height, and ℎ is the internal height. 𝑝𝑑𝑦𝑛 is the internal dynamic pressure calculated 

from hydrodynamic theory. 𝑝𝑎𝑡𝑚 is the atmospheric pressure. Bernoulli’s equation gives the 

pressure from the outside to the inside of the valve: 

𝑝𝑒𝑥𝑡 = (1 + 𝐾1)
1

2
𝜌𝑣2 + 𝜌𝑔ℎ + 𝑝𝑖𝑛𝑡 

Equation 47 

where 𝐾1 is the local friction in the valve. Combining Equation 46 and Equation 47 provides: 
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(1 + 𝐾1)
1

2
𝜌𝑣2 = 𝜌𝑔(𝐻 − ℎ) + 𝑝𝑑𝑦𝑛 + 𝑝𝑎𝑡𝑚 − 𝑝𝑖𝑛𝑡 = 𝑝𝑑𝑒𝑙𝑡𝑎 

Equation 48 

where 

𝑝𝑑𝑒𝑙𝑡𝑎 = 𝜌𝑔(𝐻 − ℎ) + 𝑝𝑑𝑦𝑛 + 𝑝𝑎𝑡𝑚 − 𝑝𝑖𝑛𝑡 

Equation 49 

The velocity 𝑣 can then be found as: 

𝑣 = √
2𝑝𝑑𝑒𝑙𝑡𝑎

(1 + 𝐾1)𝜌
 

Equation 50 

Consider now 𝑝𝑑𝑒𝑙𝑡𝑎. This pressure depends on 𝑝𝑖𝑛𝑡 which is unknown, so we need to find 

this. The other terms in Equation 48 are known. The amount of water passing through the 

valve at a given time instant is: 

𝑄 = 𝐴𝑣 = 𝐴√
2𝑝𝑑𝑒𝑙𝑡𝑎

(1 + 𝐾1)𝜌
 

Equation 51 

where 𝐴 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: 

𝑝𝑖𝑛𝑡 ≥ 𝑝𝑒𝑥𝑡 

Equation 52 

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: 

𝑣𝑎𝑖𝑟𝑡𝑢𝑏𝑒𝐴𝑖 = 𝑣𝑤𝑎𝑡𝑒𝑟 𝑖𝑛𝑙𝑒𝑡𝐴𝑦 

Equation 53 

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 𝑝𝑖𝑛𝑡 = 𝑝𝑎𝑡𝑚. Then 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: 

𝑝𝑖𝑛𝑡 = (1 + 𝐾2 + 𝑓(𝑅𝑒)
𝑙

𝑑
)

1

2
𝜌𝑎𝑖𝑟𝑣𝑎𝑖𝑟

2 + 𝑝𝑎𝑡𝑚 

Equation 54 
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where 𝑙 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 17). 𝐾2 is a friction coefficient, which is 

different from 0, only if there is a valve in the tube. 

Introducing Equation 54 to Equation 48: 

(1 + 𝐾1)
1

2
𝜌𝑣2 = 𝜌𝑔(𝐻 − ℎ) + 𝑝𝑑𝑦𝑛 − (1 + 𝐾2 + 𝑓(𝑅𝑒)

𝑙

𝑑
)

1

2
𝜌𝑎𝑖𝑟𝑣𝑎𝑖𝑟

2  

Equation 55 

The Reynold number 𝑅𝑒 is in this case 𝑅𝑒 =
𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑎𝑖𝑟𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑎𝑖𝑟
. 𝑓(𝑅𝑒) is friction as a 

function of Reynolds number. A typical relation is shown in Figure 17 in terms of a Moody 

diagram. For laminar flow 64/𝑅𝑒 is used. For turbulent flow 𝑓(𝑅𝑒) is set to 
0.31

√𝑅𝑒
4 . Then there 

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. 

 

Figure 17 Moody chart (Wikipedia, 2020d) 
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4.25.1 AquaSim parameters for valve 

 

Figure 18 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 51. 

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 The fill status when the valve opens. 

Artificial overpressure It is possible to apply an overpressure in cases of 

blowing out water from elements. 

Length of tube 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 tube Diameter of the tube out of the element being filled 

with water. Diameter of the tube from the 

abovementioned point. 

Reynold upper The upper limit for laminar flow. This is for air flow 

through the air tube. 

Reynold lower 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. 

Friction coefficient K1 In the case there is a valve in the opening where sea 

water flows into the element, this coefficient is used. 

Friction coefficient K2 In the case there is a valve in the tube leading air out 

of the element being water filled, this coefficient is 

used. 

Density air The default value is set to 1.25kg/m3. The user may 

adjust this. The value is collected from Wikipedia. 

Friction coefficient for 

abrasiveness 

Coefficient applied to the air tube. Depending on 

implemented theory, see above. 

Viscosity air 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. 
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4.25.2 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 19. 

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: 

𝑆 = √𝐷 (
2𝐹

𝑤
− 𝐷) 

Equation 56 

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. 

 

Figure 19 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 

21. 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 20. 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. 

 

Figure 20 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 21 is 1 meter and the halfmesh size is 25 

mm, 40 twines will cross perpendicular to the line between node 1 and 2. 

 

Figure 21 Net membrane element in AquaSim 
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For each node combination a form function as shown in Figure 21 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 21. 

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 21. 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 22. 

 

Figure 22 Thread direction for vertical threads 

The number of twines along each line will not be as shown in Figure 22. 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 23, forces will distribute along the net twines from the side net stave and downwards. 
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Figure 23 Forces in vertical twines, from AquaView 

The case in Figure 23 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 23 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 24 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 23 than the case in Figure 24. Most analysis 

models are hence made with the layout in Figure 23. 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 24 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 𝐿𝑦 and 𝐿𝑧. 

 

Figure 25 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 𝐿𝑚𝑦 

and 𝐿𝑚𝑧. 
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Figure 26 Definition of total length of threads 

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

𝐿𝑚𝑦 = 𝐴𝐵 ∙
𝐵𝐶

𝑀𝑎𝑠𝑘𝑤𝑖𝑑𝑡ℎ 𝑍
 

𝐿𝑚𝑧 = 𝐵𝐶 ∙
𝐴𝐵

𝑀𝑎𝑠𝑘𝑤𝑖𝑑𝑡ℎ 𝑌
 

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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Figure 27 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. 

 

Figure 28 Definition of Pretension Z in AquaSim  
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5.2.5 Mask Type 2 (Diamond shaped) 

AquaSim have an mask type representing a diamond shaped mesh as shown in Figure 29. 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.  

 

Figure 29 Diamond shaped mesh 

Properties regarding load application and response is outlined in the succeeding chapters. 

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, 2022i). 

The mesh is created through a script, for more information on how to create hexagonal mesh 

reference is made to (Aquastructures, 2022a). 
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5.4 Membrane type: normal 
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 30. As 

seen from this figure, the cylinder introduces a disturbance to the flow in the wake. 

 

Figure 30 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: 

𝐹 = 𝐶𝑑𝑐𝑦𝑙

𝜌

2
𝑑𝐿𝑣2 

Equation 57 

where 𝐹 is the drag force, 𝐶𝑑𝑐𝑦𝑙 is the drag coefficient for cross-flow to a circular cylinder. 𝜌 

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 57 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 31. 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 31. 

 

Figure 31 Flow perpendicular to the net 

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 /Atot, 

where Ae is the area casting shadow from a light perpendicular to the net and Atot is the total 

area of the net. Consider an excerpt of a net as seen in Figure 32. 
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Figure 32 Basic definition of a net 

For an ideal knotless mesh, as shown in Figure 32, a mathematical expression for Sn can be 

formulated as: 

𝑆𝑛 =
𝑑

𝐿𝑦
+

𝑑

𝐿𝑧
−

2𝑑2

𝐿𝑦
2 + 𝐿𝑧

2
 

Equation 58 

Other definitions have been applied. Historically, meshes were made with knots. Knots leads 

to higher solidity. An expression used by e.g. (Løland, 1991) is: 

𝑆𝑛𝑘𝑛 =
𝑑

𝐿𝑦
+

𝑑

𝐿𝑧
−

𝑘𝑑2

2(𝐿𝑦
2 + 𝐿𝑧

2)
 

Equation 59 

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

𝑆𝑛2𝐷 =
𝑑

𝐿𝑦
+

𝑑

𝐿𝑧
 

Equation 60 

Equation 60 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: 

𝐹 = 𝐶𝑑
𝜌

2
(

𝑑

𝐿𝑦
+

𝑑

𝐿𝑧
) 𝐴𝑣2 

Equation 61 

where 

𝐴 = 𝐿𝑚𝑦 ∙ 𝐿𝑚𝑧 

Equation 62 

for a rectangular mesh in the y-z plane. Note that 𝐶𝑑 not necessarily is the same as 𝐶𝑑𝑐𝑦𝑙. 

𝐿𝑚𝑦 is the length of the mesh in the y-direction, and 𝐿𝑚𝑧 is the length along the z-direction. 

The flow is along the x-direction. 
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Comparing the net seen in Figure 31 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 61), 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: 

𝐶𝑑𝐵1 = 𝐶𝑑𝑐𝑦𝑙

𝑆𝑛

(1 − 𝑆𝑛)2
 

Equation 63 

where 𝐶𝑑𝐵1 refers to an adjusted 𝐶𝑑 relative to 𝐶𝑑𝑐𝑦𝑙, which would be the corresponding 𝐶𝑑 

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

that: 

𝐶𝑑𝐵2 = 𝐶𝑑𝑐𝑦𝑙

𝛽𝑆𝑛(2 − 𝑆𝑛)

(1 − 𝑆𝑛)2
 

Equation 64 

where 𝛽 is a tabulated value. (Kristiansen & Faltinsen, 2011) introduced 𝛽 = 0.5 to the above 

equation, resulting: 

𝐶𝑑𝐾𝐹 = 𝐶𝑑𝑐𝑦𝑙

𝑆𝑛(2 − 𝑆𝑛)

2(1 − 𝑆𝑛)2
 

Equation 65 

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 𝐶𝑑𝑐𝑦𝑙 and 𝐶𝑑𝑚𝑒𝑚, presented in the following: 

 

Figure 33 One twine denoted as baseline 

Consider the lower horizontal line in Figure 33 (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, 𝐿𝑦𝑒𝑓𝑓: 

𝐿𝑦𝑒𝑓𝑓 = 𝐿𝑦 − 𝑑 

Equation 66 
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where 𝑑 is the diameter of the twine, as seen in Figure 33. 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 33, one can see 

that the velocity passing the mesh 𝑣𝑒𝑓𝑓 must be increased to: 

𝑣𝑒𝑓𝑓 =
𝑣𝐿𝑦𝐿𝑧

(𝐿𝑦 − 𝑑)(𝐿𝑧 − 𝑑)
 

Equation 67 

Introducing 𝐿𝑦𝑒𝑓𝑓 and 𝑣𝑒𝑓𝑓 into Equation 57, the drag term in the Morison equation becomes: 

𝐹 = 𝐶𝑑
𝜌

2
𝐿𝑦𝑒𝑓𝑓𝑑𝑣𝑒𝑓𝑓

2  

Equation 68 

Introducing Equation 66 and Equation 67 gives: 

𝐹 = 𝐶𝑑
𝜌

2
(𝐿𝑦 − 𝑑)𝑑 (

𝑣𝐿𝑦𝐿𝑧

(𝐿𝑦 − 𝑑(𝐿𝑧 − 𝑑)
)

2

 

Equation 69 

By rearranging Equation 69, we get: 

𝐹 = 𝐶𝑑
𝜌

2
𝑑𝐿𝑦𝑣2

𝐿𝑦𝐿𝑧2

(𝐿𝑦 − 𝑑)(𝐿𝑧 − 𝑑)2
 

Equation 70 

This can be expressed as: 

𝐹 = 𝐶𝑑𝑚𝑒𝑚

𝜌

2
𝑑𝐿𝑦𝑣2 

Equation 71 

where: 

𝐶𝑑𝑚𝑒𝑚 = 𝐶𝑑𝑐𝑦𝑙

𝐿𝑦𝐿𝑧2

(𝐿𝑦 − 𝑑)(𝐿𝑧 − 𝑑)2
 

Equation 72 

Introducing 𝐿𝑦 = 𝐿𝑧 = 𝐿 in Equation 72 we get: 

𝐶𝑑𝑚𝑒𝑚 = 𝐶𝑑𝑐𝑦𝑙

1

(1 −
𝑑
𝐿)

3 

Equation 73 

Introducing 𝑆𝑛2𝐷 as 𝑆𝑛 in Equation 73 gives: 
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𝐶𝑑𝑚𝑒𝑚 = 𝐶𝑑𝑐𝑦𝑙

1

(1 −
𝑆𝑛2𝐷

2 )
3 

Equation 74 

which is in a form easily comparable to Equation 63-Equation 65. By comparison, it is seen 

that the above equation is different. As an alternative way to view Figure 33, one may 

consider only velocity reduction from adjacent twines and not include the considered twine 

itself. The effective difference in velocity 𝑣𝑒𝑓𝑓 between one twine and a net may be expressed 

as follows: 

𝑣𝑒𝑓𝑓 =
𝑣𝐿𝑦𝐿𝑧

(𝐿𝑦 − 𝑑)(𝐿𝑧 − 𝑑/2)
 

Equation 75 

Introducing 𝐿𝑦𝑒𝑓𝑓 and 𝑣𝑒𝑓𝑓 to Equation 68 gives: 

𝐹 = 𝐶𝑑
𝜌

2
(𝐿𝑦 − 𝑑)𝑑 (

𝑣𝐿𝑦𝐿𝑧

(𝐿𝑦 − 𝑑)(𝐿𝑧 − 𝑑/2)
)

2

 

Equation 76 

Rearranging Equation 76, we get: 

𝐹 = 𝐶𝑑
𝜌

2
𝑑𝐿𝑦𝑣2

𝐿𝑦𝐿𝑧2

(𝐿𝑦 − 𝑑)(𝐿𝑧 − 𝑑/2)2
 

Equation 77 

Now, 𝐶𝑑 for the membrane is denoted 𝐶𝑑𝑚𝑒𝑚_𝑣2 where: 

𝐹 = 𝐶𝑑𝑚𝑒𝑚_𝑣2

𝜌

2
𝑑𝐿𝑦𝑣2 

Equation 78 

where: 

𝐶𝑑𝑚𝑒𝑚_𝑣2 = 𝐶𝑑𝑐𝑦𝑙

𝐿𝑦𝐿𝑧2

(𝐿𝑦 − 𝑑)(𝐿𝑧 − 𝑑/2)2
 

Equation 79 

Introducing 𝐿𝑦 = 𝐿𝑧 = 𝐿: 

𝐶𝑑𝑚𝑒𝑚_𝑣2 = 𝐶𝑑𝑐𝑦𝑙

1

(1 − 𝑑/𝐿)(1 − 𝑑/2𝐿)2
 

Equation 80 

Introducing 𝑆𝑛2𝐷 as a simplification to 𝑆𝑛, gives: 
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𝐶𝑑𝑚𝑒𝑚_𝑣2 = 𝐶𝑑𝑐𝑦𝑙

1

(1 −
𝑆𝑛
2 ) (1 −

𝑆𝑛
4 )

2 

Equation 81 

Neglecting higher order term in Equation 81 gives: 

𝐶𝑑𝑚𝑒𝑚_𝑣2_𝑠𝑖𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑑 = 𝐶𝑑𝑐𝑦𝑙

1

(1 −
𝑆𝑛
2 )

2 

Equation 82 

 

A third version of 𝐶𝑑𝑚𝑒𝑚, 𝐶𝑑𝑚𝑒𝑚_𝑣3 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 𝐶𝑑𝑚𝑒𝑚_𝑣3: 

𝐶𝑑𝑚𝑒𝑚_𝑣3 = 𝐶𝑑𝑐𝑦𝑙

𝐿𝑦𝐿𝑧2

(𝐿𝑦 − 𝑑)2(𝐿𝑧 − 𝑑)2
 

Equation 83 

Introducing 𝐿𝑦 = 𝐿𝑧 = 𝐿 in Equation 83, we get: 

𝐶𝑑𝑚𝑒𝑚_𝑣3 = 𝐶𝑑𝑐𝑦𝑙

1

(1 −
𝑑
𝐿)

4 

Equation 84 

Introducing 𝑆𝑛2𝐷 as a simplification to 𝑆𝑛 in Equation 84, gives: 

𝐶𝑑𝑚𝑒𝑚_𝑣3 = 𝐶𝑑𝑐𝑦𝑙

1

(1 −
𝑆𝑛
2 )

4 

Equation 85 

Figure 34 shows a comparison of the 5 equations for drag coefficients. The 𝑆𝑛2𝐷 equation is 

used as the expression linking solidity to diameter. 
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Figure 34 Comparison of different expressions for accounting for the increased velocities from mesh effects 

As seen from Figure 34 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, 𝐶𝑑𝐵1 and 𝐶𝑑𝐾𝐹 are in the similar range, while 𝐶𝑑𝑚𝑒𝑚 and 𝐶𝑑𝑚𝑒𝑚_𝑣2 have the 

lowest curve. Based on the analytic considerations outlined in this manual, 𝐶𝑑𝑚𝑒𝑚 and 

𝐶𝑑𝑚𝑒𝑚_𝑣2 are chosen to as being the two curves explained best analytically. Since 𝐶𝑑𝑚𝑒𝑚 is 

seen to be closest to alternative formulations, 𝐶𝑑𝑚𝑒𝑚 is the equation introduced to the 

AquaSim software and compared to empirical results. A relation between 𝐶𝑑𝑐𝑦𝑙 applicable for 

a single twine, and 𝐶𝑑𝑚𝑒𝑚 for the mesh is now established.  

For membrane type ‘Normal’ AquaSim calculates the force 𝐹 based on Equation 57 and the 

drag coefficient 𝐶𝑑𝑚𝑒𝑚 from Equation 74. The solidity 𝑆𝑛2𝐷 is calculated based on Equation 

60. Note that in AquaSim, 𝐶𝑑𝑚𝑒𝑚 is set equal to 1.2 if 𝑆𝑛2𝐷 is lower than 0.1. In other words, 

we have that 𝐶𝑑𝑚𝑒𝑚 = 𝑚𝑎𝑥 [1.2 , 𝐶𝑑𝑐𝑦𝑙/(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 element is a type of membrane with a continuous surface. The load formulation for shell 

has similarities with the one for impermeable membrane. Case studies for validation of shell 

elements are found in (Aquastructures, 2020b). 

5.7 Load formulation membrane: normal 

Consider now how to establish 𝐶𝑑𝑐𝑦𝑙. Previously studies have examined the drag coefficients 

on circular cylinders, an example is shown in Figure 35. Drag coefficients is typically a 

function of the Reynolds number 𝑅𝑒, where: 

𝑅𝑒 =
𝑣𝑑

𝝂
 

Equation 86 

where 𝝂 is the kinematic viscosity of the fluid. For salt water 𝝂 is typically in the order of 

magnitude 10E-06 [𝑚2/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 35, the drag coefficient will hence be a 

little less than 1.  

 

Figure 35 Drag coefficient Cdcyl as a function of Reynolds number, Re (Goldstein (1965)) 

Figure 36 shows alternatives for calculation of 𝐶𝑑 in AquaSim. ‘Cd_classic’ refers to a model 

where 𝐶𝑑𝑚𝑒𝑚 = 1.2, independent of the value of 𝑅𝑒 and 𝑆𝑛. In Figure 34, the black line 

shows the alternative option using the preferred ratio 𝐶𝑑𝑚𝑒𝑚/𝐶𝑑𝑐𝑦𝑙, selecting 𝐶𝑑𝑐𝑦𝑙 = 1 and 

a lower limit of 𝐶𝑑𝑚𝑒𝑚 = 1.2. This ratio can be combined with any value of 𝐶𝑑𝑐𝑦𝑙, which can 

be calculated based on 𝑅𝑒. Then the input 𝐶𝑑𝑐𝑦𝑙 is multiplied with 𝐶𝑑𝑚𝑒𝑚/𝐶𝑑𝑐𝑦𝑙 to establish 

𝐶𝑑𝑚𝑒𝑚_𝑅 for use in the analysis.  
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Figure 36 Alternatives for Cd implementation in AquaSim for permeable nets (membrane type ‘Normal’) 

As input to AquaSim, the user may choose between setting the 𝐶𝑑𝑐𝑦𝑙 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. The relation between 𝐶𝑑𝑐𝑦𝑙 and Reynolds number is: 

𝐶𝑑𝑐𝑦𝑙 = (1.5 − 𝑙𝑜𝑔10(𝑅𝑒)) ∗ 1.5 

Equation 87 

If 𝑅𝑒 is lower than 0.001, the value 0.001 is used into the above equation, meaning 𝐶𝑑𝑐𝑦𝑙 is 

not larger than 8.52. This is based on Figure 37, but is on the lower side as shown in Figure 

38. It is larger than the fixed 𝐶𝑑𝑐𝑦𝑙. 

 

Figure 37 Drag coefficient as a function of Reynolds number, (Princeton, 2021) 



 

Page 61 of 128 

AquaSim 2.17 

Aquastructures AS 

 

Figure 38 Cd 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 39. 

 

Figure 39 Mesh with fluid velocity in an arbitrary direction relative to the net 

Considering a single twine in Figure 40. The flow moves in an arbitrary direction relative to 

the twine. The velocity 𝑣 is decomposed to a component normal to the plane 𝑣𝑛 and a 

component tangential to the twine 𝑣𝑡. A basic assumption in the load model is that the 

resulting force is in the plane of 𝑣𝑛 and 𝑣𝑡. 



 

Page 62 of 128 

AquaSim 2.17 

Aquastructures AS 

 

Figure 40 Velocity inflow to a twine 

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

𝐹𝑛 = 𝐶𝑑𝑚𝑒𝑚

𝜌

2
𝑑𝐿𝑣𝑛

2 

Equation 88 

whereas the force tangential to the twine is derived as: 

𝐹𝑡 = 𝐶𝑡
𝜌

2
𝜋𝑑𝐿𝑣𝑡

2 

Equation 89 

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

- 𝐶𝑡 = 0.013 ∙ 𝐶𝑑𝑐𝑦𝑙 for load model M1 and M2. 

The inflow velocity 𝑣 is the relative velocity to the twine, given by: 

𝑣 = 𝑣𝑐 + 𝑣𝑤 − 𝑣𝑚 

Equation 90 

where 𝑣𝑐 is the current velocity, 𝑣𝑤 is the fluid velocity introduced by the wave motions, and 

𝑣𝑚 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 41. 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), (Løland, 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 Φ, as 

defined in Figure 41, passes 45-60°.  



 

Page 63 of 128 

AquaSim 2.17 

Aquastructures AS 

In Figure 41, 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. 

 

Figure 41 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 Φ to the mesh. This correction is implemented in AquaSim.  

Figure 42 shows an arbitrary angle between the mesh and the flow. The cross-flow with 

respect to the twines in the z-direction 𝑣𝑛 is in the x-y plane at a flow angle equal to Φ. 

 

Figure 42 Cross-flow velocity at angle 𝛷 to z-directed twines in the mesh 

Consider a twine with the assumed shape as a cylinder, see Figure 43. The flow passing 

through the twine will generate a wake with a disturbed flow field. Figure 43 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 42. 

 

Figure 43 Twine located in wake of former twine 
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The shape of the wake seen in Figure 43 depends on the Reynolds number. The case seen in 

Figure 30 and Figure 43 show the wake field for low Reynolds number < 40. Figure 44 shows 

the constant, but unstable baseflow at 𝑅𝑒 = 100, whereas Figure 45 shows the vortex 

shedding behind a cylinder (Barkley, 2006). 

 

Figure 44 Constant, but unstable baseflow at Re=100 

 

Figure 45 Vortex shedding at Re=100 

 

Figure 46 Flow angle chosen to 90° 
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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 

more upstream twines the inflow velocity have been influenced by. In Figure 43, the 

considered twine is influenced by one or possibly two upstream twines. In Figure 46, 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 (Φ) and showed in Figure 47. 

 

Figure 47 Definitions of geometric parameters 

It is intuitive that when 𝐿𝑦∗ ∙ sin (Φ) 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 (Φ) 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 47 is the x-y plane distance 

between consecutive twines as seen in Figure 48. For non-deformed rectangular net 𝐿𝑦∗ =

𝐿𝑦. In a deformed state, the net can be lower as shown in Figure 48. All deformations, 

including the one shown in Figure 48, is accounted for in the AquaSim analysis. 
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Figure 48 Definition of Ly* 

Applying Equation 88 and Equation 89 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. 

5.7.1 Extra drag on threads 

Consider a case with a net as shown in Figure 49. 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. 

 

Figure 49 
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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. 

 

Figure 50 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.  

 

Figure 51 Extra drag tangential direction 
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5.8 Load formulation membrane: general impermeable net 
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. 

5.8.1 Drag coefficient 

The input drag coefficient gives form drag to the cylinder with respect to the diameter of a 

cylindrically shaped net. If the net or structure is not cylindrical, the drag coefficient refers to 

a similar cylindrical shape giving the same amount of total drag, see Figure 61. 

5.8.2 Lift coefficient, peak value 

With reference to Figure 61, this parameter gives the peak value for the pressure distribution 

according to Equation 94. The purpose of lift coefficient, 𝐶𝑙, is to create a pressure increase 

normal to the current direction, see e.g. Figure 57. 

5.8.3 Density of fluid inside tank 

Defines the density of the fluid surrounded by the impermeable net. This parameter is a 

dummy if ‘Bottom factor’ is set to 0.0. When ‘Bottom factor’ = 0.0, the internal 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. 

If ‘Bottom factor’ is set to 1.0, 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. 11025 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 

This value is a dummy if ‘Bottom factor’ is set to 0.0. If the ‘Bottom factor’ is 1.0, then this 

value is the static water level of the fluid inside the tank, relative to the outside water level. 

This is shown in Figure 54. Positive values mean that the inside water level is higher than the 

outside water level. 

5.8.5 Added mass coefficient 

The added mass coefficient is related to the 2D volume of the cross section of a cylinder. A 

net with a diameter of 2.0 meter will have volume added mass of 9.87 m2, 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 salt water 

1025 kg/m3. The added mass is applied normal to the element. 

When ‘Type of diffraction load” is set to ‘MacCamy-Fuchs’ the added mass coefficient is 

multiplied with the radius of the cylinder (or the element, if the impermeable net is not a 

cylinder).  

When ‘Type of diffraction load’ is set to ‘Numerical diffraction’ the added mass is calculated 

numerically. In this case, the ‘Added mass coefficient’-parameter will scale the numerically 
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calculated added mass. If the user wants to apply the numerically calculated added mass, 

‘Added mass coefficient’ should be set equal to 1.0. To double the added mass, the ‘Added 

mass coefficient’ should be 2.0, etc. To omit the added mass, ‘Added mass coefficient’ should 

be set equal to 0.0. Note that choosing 0.0 will not omit the calculated hydrodynamic 

damping, this will be added anyway.  

5.8.6 Hydrodynamic damping coefficient 

Damping is calculated along with added mass. Calculating the diffraction load by numerical 

method (when ‘Type of diffraction load’ is set to ‘Numerically damping’) this coefficient 

scales the calculated hydrodynamic damping. If the user wants to apply the numerically 

calculated damping ‘Hydrodynamic damping coefficient’ should be set equal to 1.0. To omit 

the hydrodynamic damping, the coefficient should be set equal to 0.0. 

When ‘Type of diffraction load’ is set to ‘MacCamy-Fuchs’ then hydrodynamic damping is 

based on coefficients relating to the radius of the element to the center point of the panels 

representing the volume. 

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 

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 

Like added mass, damping from wave generation and viscosity can be introduced. This 

coefficient is multiplied with the total mass including added mass. Damping is introduced 

normal to the plane of the impermeable net. 

5.8.10 Include drift 

In order to include drift forces to the loads, the ‘With slamming’ option in AquaSim should be 

applied. 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 107, whereas if this parameter is activated the term 

in Equation 108 is also included. 
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5.8.11 Skin friction coefficient 

In case for a cylinder, as shown in Figure 52, the skin friction is approximately 10 % of the 

total drag. The drag considered in section ‘Forces from current around cylinder’ is called form 

drag. This coefficient is the skin friction drag coefficient. The skin friction drag works in the 

direction of the tangential flow, and is defined by: 

𝐶𝑓 =
𝐹𝑓

1
2 𝜌𝑈𝑡𝑎𝑛

2
 

Equation 91 

 

Figure 52 Skin friction of drag, Wikipedia 

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.  

5.8.13 Inner fluid mass scaling 

This parameter is useful when modelling an enclosed volume or tank. When modelling a tank 

(‘Bottom factor’=1.0), one need to model the full water mass for calculation of static 

equilibrium. But when only part of the inner fluid should accelerate proportional to the tank 

wall as added mass, this parameter can be applied to take this effect into account. If Inner 

fluid mass scaling is: 

- 1.0 then 100% of the enclosed water volume inside the tank vibrates as added mass, 

- 0.2 then 20% of the enclosed water volume inside the tank vibrates as added mass, 

- 0 then 0% of the enclosed water volume inside the tank vibrates as added mass, 

- 1.2 then 120% of the enclosed water volume inside the tank vibrates as added mass.  

Note (10) 
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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.  

 

5.8.14 Added mass indicator 

This parameter indicates how the added mass behaves inside the closed volume of an 

impermeable net or tank. If ‘Added mass indicator’ is equal to 0 then added mass both of fluid 

inside and outside are assumed distributed to the mean free surface and mass is distributed 

consistent based on a regular net formulation for structure (no mass is included inn 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 

nets where water underneath the net will have a tendency to follow the net with the wave. 

If ‘Added mass indicator’ = 1.0, the same as = 0.0 is applied, but the mass is lumped to the 

translational DOF’s of the nodes. ‘Added mass indicator’ = 2.0 means that added mass for 

both inside and outside fluid is calculated to the actual water line during the simulation. 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’ = 3.0 is the same as = 2.0 but combining with lumped mass. 

5.8.15 Extra drag in front 

Additional drag may be applied in front of the panel. AquaSim introduce the extra drag in 

terms of the coefficient 𝐶𝑎𝑑𝑑 in the calculation of the upstream pressure coefficient 𝐶𝑝 (𝐶𝑝 is 

presented in Equation 94). The pressure coefficient, including extra drag in front, may be 

expressed as: 

𝐶𝑝 = 1 − (𝐶𝑙 + 1)𝑠𝑖𝑛4𝜃 + 𝐶𝑎𝑑𝑑𝑐𝑜𝑠4𝜃 

Equation 92 

5.8.16 Wave damping tangential to panels 

The theoretical wave damping only works normal to the plane on the panel element. In real 

life the panel may consist of some curvature, meaning that a tangential part can be introduced.  

5.8.17 Combined pressure from waves and current 

This parameter controls how current and wave loads are combined when calculating pressure 

from current. Applying ‘Combined pressure form waves and current’ = 0, means that the 

‘raw’ relative velocity at each element is used as basis such that the pressure is found from the 

pressure coefficient multiplied with relative velocity at the element. Applying a value = 1.0 

means that the relative velocity is averaged over the elements at similar vertical location. 

Values between 0.0 and 1.0 means that the effect are weighted. If the value 0.4 is applied, 

then the method of ‘raw’ relative velocity is weighted 40%, and the other 60%.  
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5.8.18 Type of diffraction load 

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, 2021c). Theory for the MacCamy-Fuchs formulation is also published in 

(Berstad & Heimstad, 2015), and presented in chapter 5.8.23-5.8.25. Numerical diffraction is 

briefly covered in chapter 5.8.26. 

5.8.19 Diffraction scaling 

The ‘MacCamy-Fuchs’- and ‘Numerical diffraction’ formulations are adapted for rigid 

bodies, where diffraction loads are present. ‘Flexible tarp’ is adapted for flexible tarps and 

woven fabrics, and since such fabrics only will deform under the influence of waves 

diffraction forces will not be present. Hence, diffraction force with the use of ‘Flexible tarp’ 

will be 0.0 in AquaSim. The hybrid formulation is developed for materials that are semi-rigid, 

where it is conceivable that diffraction force to some extent is present. AquaSim is designed 

so that when applying the hybrid formulation, a weight factor is given to how much of the 

diffraction load is taken into account. 

‘Diffraction scaling’ is available for ‘Hybrid flexible tarp/ numerical diffraction’ and ‘Hybrid 

flexible tarp/ MacCamy-Fuchs’. Choosing ‘Hybrid flexible tarp/ numerical diffraction’ and 

set ‘Diffraction scaling’ equal to 0.99, then 99% of the diffraction load is calculated from the 

Numerical diffraction-method and 1% is taken from the Flexible tarp-method. If ‘Diffraction 

scaling’ is set to 0.5, then each method is weighted 50%.  

Choosing ‘Hybrid flexible tarp/ MacCamy-Fuchs’ and set ‘Diffraction scaling’ equal to 0.99, 

then 99% of the diffraction load from the MacCamy-Fuchs-method is included, and 1% is 

taken from the Flexible tarp-method. If ‘Diffraction scaling’ is set to 0.5, then each method is 

weighted 50%. 

5.8.20 In and out of water for tarpaulins 

In case water volume correction “With slamming” is be activated, tarpaulins will smoothly 

exit and enter the water through the water line. In the AquaSim solver this is handled by not 

allowing negative pressure to arise. In case tarpaulins are laid out horizontally along the water 

surface the tarpaulin will stick to the surface suction towards the water line should be allowed 

for, this is outlined in Section 5.8.20. 

5.8.21 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 53. In the 

interface for general impermeable net this effect is included by activating ‘Vacuum surface 

suction’.  
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Figure 53 Tarp that ‘sticks’ to the water line 

In the numerical formulation in the AquaSim solver, activating ‘Vacuum surface suction’ 

means that 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. The water volume correction “With slamming” should be 

activated. 

5.8.22 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, 

2021d). 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.  

5.8.23 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 

54. 



 

Page 74 of 128 

AquaSim 2.17 

Aquastructures AS 

 

Figure 54 Tank in water 

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

𝐹𝑁 = 𝑔𝑧𝐴(𝜌𝑖𝑛𝑡 − 𝜌𝑒𝑥𝑡) − 𝜌𝑔ℎ𝐴𝜌𝑖𝑛𝑡 

Equation 93 

Where: 

- 𝐹𝑁 us the normal force to a net panel pointing into the tank where a net is subdivided 

to several panels 

- 𝐴 is the area of the net panel 

- 𝑔 is the gravity acceleration constant, 9.81 [𝑚/𝑠2] 

- 𝜌𝑖𝑛𝑡 is the density of the internal fluid 

- 𝜌𝑒𝑥𝑡 is the density of the external fluid 

- ℎ is 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 𝜌𝑖𝑛𝑡 can be set to zero. Figure 55 and Figure 56 

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 55), 

and downwards (i.e. z-direction Figure 56). 
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Figure 55 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 

 

Figure 56 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 

5.8.24 Forces from current around cylinder 

Impermeable nets may also be open at the top and bottom. For example, skirts to avoid lice. 

This is shown in Figure 57. In this case, the static pressure inside will be equal to the static 

pressure outside the net. 



 

Page 76 of 128 

AquaSim 2.17 

Aquastructures AS 

 

Figure 57 Dense net in current flow 

Consider a current velocity approaching along the x- axis. The current flow around a 

cylindrical net is approximated by the current flow around a cylinder. A flow around a 

cylinder will introduce a velocity field as shown in Figure 58. This velocity field will 

introduce a pressure field to the cylinder. 

 

 

Figure 58 Streamlines of flow passing a cylinder 

The pressure-field to the cylinder, which integrated around the circumference leads to the 

drag force on the cylinder. The pressure-field may look as shown in Figure 59. 
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Figure 59 Pressure field to cylinder surface by flow around it. Positive value means pressure into the cylinder, while 

negative values means suction to the surface. The degree (θ) is such that 0 degrees is in front of the current direction 

Figure 60 shows pressure fields for different Reynolds numbers and hence different drag 

coefficients. 

 

Figure 60 Pressure distribution as function of Reynolds number 

The pressure field around a cylinder is implemented to AquaSim in a simplified way as shown 

in Figure 61. A drag and lift coefficient are introduced. The pressure coefficient 𝐶𝑝 upstream 

may be expressed as: 
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𝐶𝑝 = 1 − (𝐶𝑙 + 1)𝑆𝑖𝑛4𝜃 

Equation 94 

For 𝜃 = 0 – 90 degrees. 𝐶𝑙 is the lift coefficient, given as input to AquaSim. Note that this 

corresponds to the analytical solution for an inviscid flow where 𝐶𝑙 = 3.0. Then for the 

leeward side of the cylinder 𝐶𝑝 is found as: 

𝐶𝑝 = min(1 − (𝐶𝑙 + 1) 𝑆𝑖𝑛4(90 + (𝜃 − 90) ∗ 1.5), −𝐶𝑤𝑎𝑘𝑒) 

Equation 95 

Where 𝐶𝑤𝑎𝑘𝑒 is found by matching the overall drag to the cylinder, to the drag force derived 

from the input drag and lift coefficient. 

 

Figure 61 Pressure distribution around cylinder. AquaSim simulation and analytical results 

Having found the pressure coefficient 𝐶𝑝 as a function of the angle between the element in the 

horizontal plane and the current flow, the force acting into a net panel with an area, A, is 

found as: 

𝐹𝑁 =
𝜌𝐴𝐶𝑝

2
𝑈𝑐

2 

Equation 96 

The cross-flow principle is applied such that 𝑈𝑐 is the part of the current velocity normal to 

the element at the element fronting the current direction. In addition, a skin friction force 𝐹𝑠 

can be applied and may be expressed as: 

𝐹𝑠 =
𝜌𝐴𝐶𝑠

2
𝑈𝑡𝑎𝑛

2  

Equation 97 
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where 𝑈𝑡𝑎𝑛 is the current flow acting tangential to the element, and 𝐶𝑠 is the skin friction 

coefficient. The skin friction part of the force is applied for the current in the tangential 

direction. Both circumferential and along the length of the cylinder.  

5.8.25 Diffraction force on impermeable nets: 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 

𝝆 Density of water, 1025 kg/m3 

𝑮 Acceleration of gravity, 9.81 m/s2 

𝜻 Wave amplitude m 

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 

𝝎 Wave frequency 2π/s 

𝑻 Time s 

 

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

𝑝𝐹𝐶 = 𝜌𝑔𝜁
cosh 𝑘(𝑧 + ℎ)

cosh 𝑘ℎ
sin(𝜔𝑡 − 𝑘𝑥) 

Equation 98 

With abbreviations given in Table 4. Equation 99 gives the similar expression for an irregular 

sea: 

𝑝𝐹𝐶 = ∑ 𝜌𝑔𝜁𝑛

cosh 𝑘𝑛(𝑧 + ℎ)

cosh 𝑘𝑛ℎ
sin(𝜔𝑛𝑡 − 𝑘𝑛𝑥 + 𝜀𝑛)

𝑁

𝑛=1

 

Equation 99 

In Equation 99, N sinusoidal wave components are used to represent the wave spectrum, n 

means the nth sinusoidal component of the wave, and 𝜀𝑛 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 100 with abbreviations given 

in Table 5: 

  



 

Page 80 of 128 

AquaSim 2.17 

Aquastructures AS 

Table 5 Abbreviations MacCamy-Fuchs parameters 

Abbreviation Description Unit 

𝝆 Density of water, 1025 kg/m3 

𝒊 Complex unit (0,1) - 

𝑩𝒏 Coefficient, see Equation 101 m 

𝑯𝒏 Hankel function, first kind - 

𝑱𝒏
′  Bessel function, derivative - 

𝜺𝒏 𝜀0= 1, else 2 - 

𝝎 Wave frequency 2π/s 

𝒕 Time s 

 

𝑝𝑀𝐹 = 𝜌𝑔𝜁
cosh 𝑘(𝑧 + ℎ)

cosh 𝑘ℎ
∑ 𝑖[𝐵𝑛𝐻𝑛

1(𝑘𝑟)]

∞

𝑛=0

cos 𝑛𝜃𝑒−𝑖𝜔𝑡 

Equation 100 

Where: 

𝐵𝑛 = −𝜀𝑛𝑖𝑛
𝐽𝑛

∙ (𝑘𝑟)

𝐻𝑛
(1)∙

(𝑘𝑟)
 

Equation 101 

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

𝑝𝑀𝐹 = ∑ 𝜌𝑔𝜁𝑚

cosh 𝑘𝑚(𝑧 + ℎ)

cosh 𝑘𝑚ℎ

𝑁

𝑚=1

∑ 𝑖[𝐵𝑛𝐻𝑛
1(𝑘𝑟)]

∞

𝑛=0

cos 𝑛𝜃𝑒−𝑖𝜔𝑡+𝜀𝑛 

Equation 102 

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

𝑝 = 𝑝𝐹𝐶 + 𝑝𝑀𝐹 

Equation 103 

As the MacCamy and Fuchs theory for diffracted waves is valid for vertical cylinders, the 

pressure from the diffracted wave field 𝑝𝑀𝐹 is multiplied with the vertical projection of the 

area.  

5.8.26 Diffraction force on impermeable nets: 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 = 𝑝𝐹𝐶 + 𝑝𝑁𝑢𝑚 

Equation 104 
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where 𝑝𝑁𝑢𝑚 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, 2021c). 

5.8.27 Wave drift force on impermeable nets 

Drift forces is proportional to the wave elevation squared and is hence a 2nd order effect. It 

should therefore be found by keeping all 2nd order terms of the force, in a 2nd order 

perturbation approach. The wave potential may be expressed as: 

𝜙 = 𝜙1 + 𝜙2 

Equation 105 

where 𝜙1 is the first order potential, and 𝜙2 is the 2nd order potential. As shown in e.g. 

(Faltinsen, 1990) 𝜙2 will not give any contribution to drift forces. Hence, drift forces are 

found by keeping 2nd order terms when evaluating the Bernoulli equation in the 1st order 

potential, given as: 

𝑝 = 𝜌𝑔𝑧 − 𝜌
𝜕𝜙1

𝜕𝑡
−

𝜌

2
{(

𝜕𝜙1

𝜕𝑥
)

2

+ (
𝜕𝜙1

𝜕𝑦
)

2

+ (
𝜕𝜙1

𝜕𝑧
)

2

} 

Equation 106 

Also, 2nd order terms with a zero mean force can be omitted. Following (Faltinsen, 1990) the 

terms given in Equation 107 and Equation 108 are the ones contributing to drift force: 

𝑝 =  −𝜌𝑔 ∫ 𝑧

𝜁

0

𝑑𝑧 − 𝜌
𝜕∅1

𝜕𝑡
|𝑧=0𝜁 

Equation 107 

and: 

−
𝜌

2
∫ {(

𝜕𝜙1

𝜕𝑥
)

2

+ (
𝜕𝜙1

𝜕𝑦
)

2

+ (
𝜕𝜙1

𝜕𝑧
)

2

}

0

−∞

𝑑𝑧 

Equation 108 

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 107 and Equation 108, 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 
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sum frequency loads, but if there is eigenperiods corresponding to sum frequencies then this 

may give an indication to loads for that period.  

5.9 Load formulation: lice skirt 
This load formulation is based on the General impermeable net as described in Chapter 5.8 

and (Aquastructures, 2021c). 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, peak value 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 

Extra drag in front Section 5.8.15 

Wave damping tangential to panels Section 5.8.16 

Combined pressure from waves and 

current 

Section 5.8.17 

Type of diffraction load Section 5.8.18 

Diffraction scaling Section 5.8.19 
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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, 2021c). 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 Lice skirt 

Parameter Theory is found in 

Drag coefficient Section 5.8.1 

Lift coefficient, peak value Section 5.8.2 

Density of fluid inside tank Section 5.8.3 

Height of fluid level inside tank relative to 

sea level 

Section 5.8.4 

Added mass coefficient/ height Section 5.8.5 

Hydrodynamic damping coefficient Section 5.8.6 

Area top that water can penetrate over Section 5.8.8 

Damping coefficient Section 5.8.9 

Include drift Section 5.8.10 

Skin friction coefficient Section 5.8.11 

Height of net edge Section 5.8.12 

Inner fluid mass scaling Section 5.8.13 

Added mass indicator Section 5.8.14 

Extra drag in front Section 5.8.15 

Wave damping tangential to panels Section 5.8.16 

Combined pressure from waves and 

current 

Section 5.8.17 

Type of diffraction load Section 5.8.18 

Diffraction scaling Section 5.8.19 

 

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 

and (Aquastructures, 2021c). Available parameters in this load formulation are adapted for 

tarpaulins load horizontally along the water surface. 

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

Table 8 Parameters for load formulation Lice skirt 

Parameter Theory is found in 

Drag coefficient Section 5.8.1 

Added mass coefficient/ height Section 5.8.5 

Hydrodynamic damping coefficient Section 5.8.6 

Suction coefficient Section 5.11.1 

Skin friction coefficient Section 5.8.11 

Added mass indicator Section 5.8.14 

Tangential added mass coefficient Section 5.11.2 

Type of diffraction load Section 5.8.18 

 

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

allowed.  

5.11.1 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 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 coefficient 

Consider a tarpaulin situated at the water surface where waves are moving along under it, see 

Figure 62. 

 

Figure 62 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 63. 
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Figure 63 Boundary layer between tarpaulin and water surface 

A no-slip condition (fluid particle velocity at the tarpaulin surface is 0m/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 follow: 

𝐹𝑎𝑚 = 𝜌𝐶𝑎𝑚

1

𝜔𝑝
4

𝐴 ∙ 𝑎1 

Equation 109 

where 

- 𝜌 is fluid density 

- 𝐶𝑎𝑚 is the tangential added mass coefficient 

- 𝜔𝑝 is the frequency of the wave peak period 

- 𝐴 is the area of the membrane element exposed to waves 

- 𝑎1 is the 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 64. For theoretical formulation and validation, please 

see (Aquastructures, 2020c). 
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Figure 64 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 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 is set to ‘Automatic’, added mass and damping is calculated automatically by 

numerical method. It is assumed that the plate is part of an object consisting of all the 

elements within the component group of the plate. This calculated added mass may be scaled 

through the ‘Added mass coefficient’. 

For ‘Manual’ the added mass and damping is calculated manually. It is based on mH2O of the 

plate and found directly from the ‘Added mass coefficient’. If the ‘Added mass coefficient’ is 

1.0, the analysis will assume 1.0 mH2O, 2.0 corresponds to 2.0 mH2O and so on. 

5.12.2 Lift 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: 

𝐶𝑓 =
𝐹𝑓

1
2 𝜌𝑈𝑡𝑎𝑛

2
 

Equation 110 

where 𝑈𝑡𝑎𝑛 is the fluid velocity (due to wave and current) tangential to the membrane panel. 
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5.13 Current reduction on membrane 
Current will be reduced for succeeding nets according to (Løland, 1991). Consider a net panel 

B with another net panel A upstream, as shown in Figure 65. 

 

Figure 65 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 − 0.46 ∙ 𝐿𝐹𝐶 

Equation 111 

Where: 

𝐿𝐶𝐹 = 0.04 + (−0.04 + 0.33𝑆𝑛𝑘𝑛 + 6.54𝑆𝑛𝑘𝑛2 − 4.88𝑆𝑛𝑘𝑛3)cos (𝛼) 

Equation 112 

where 𝑆𝑛𝑘𝑛 is the solidity according to the (Løland, 1991) solidity formulation in Equation 

59, and 𝛼 is the angle of the net panel relative to the flow direction.  

Now, consider the case as shown in Figure 65. The velocity behind panel A is reduced by 

applying Equation 111 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 111 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 112. 
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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/m3) 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 − (𝐿0 − 𝑃𝑅𝐸))/(𝐿0) 

Equation 113 

Where: 

- 𝑁 is the axial force 

- 𝐸 is the elastic modulus of the twine 

- 𝐴 is the cross sectional area of the twine 

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

AquaSim 

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.  
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5.19 Net in air 
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 4.21.10. 

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 

Number Description 

0 This means a conservative node load. If the z- value of this node load is 

less than 0 this means the node load is interpreted as a weight, and a mass 

of force/gravity is introduced. 

1 This means that node loads are multiplied with 𝑉𝑥𝑟 ∙ 𝑎𝑏𝑠(𝑉𝑥𝑟) where 𝑉𝑥𝑟 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. 

2 This means that node loads are multiplied with 𝑉𝑦𝑟 ∙ 𝑎𝑏𝑠(𝑉𝑦𝑟) where 𝑉𝑦𝑟 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. 

3 This means that node loads are multiplied with 𝑉𝑧𝑟 ∙ 𝑎𝑏𝑠(𝑉𝑧𝑟)  where 𝑉𝑧𝑟 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. 

4 This means that node loads are multiplied with 𝑉𝑖 ∙ 𝑎𝑏𝑠(𝑉𝑡𝑜𝑡)  where 𝑉𝑖 is 

the relative velocity between the fluid and the node in direction x-, y- and 

z- respectively. 𝑉𝑡𝑜𝑡 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. 

5 This means that node loads are multiplied with 𝑉𝑖 ∙ 𝑎𝑏𝑠(𝑉𝑥𝑦) where 𝑉𝑖 is the 

relative velocity between the fluid and the node in direction x- and y- 

direction. 𝑉𝑥𝑦 is the velocity vector in the horizontal plane (x-, y-). If the 

node has rotational DOFs spring stiffness values 6 is multiplied with 
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𝑎𝑏𝑠(𝑉𝑥𝑦) ∙ 𝑎𝑏𝑠(𝑉𝑥𝑦). Note, this load type is implemented only for response 

in x-y-plane (force/moment in z-direction will give 0 response). 

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, 𝐹𝑥, is found at −𝑉𝑦 ∙ 𝑎𝑏𝑠(𝑉𝑥𝑦) where 𝑉𝑦 is the 

relative velocity between the fluid and the node in the y- direction. 𝑉𝑥𝑦 is 

the velocity vector in the horizontal plane (x-, y-). Fy is found as 𝑉𝑥 ∙
𝑎𝑏𝑠(𝑉𝑥𝑦) where 𝑉𝑥 is the relative velocity between the fluid and the node in 

the x- direction. 

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, 𝐹𝑥, is found at 𝑉𝑦 ∙ 𝑎𝑏𝑠(𝑉𝑥𝑦) where 𝑉𝑦 is the 

relative velocity between the fluid and the node in the y- direction. 𝑉𝑥𝑦 is 

the velocity vector in the horizontal plane (x-, y-). Fy is found as −𝑉𝑥 ∙
𝑎𝑏𝑠(𝑉𝑥𝑦) where 𝑉𝑥 is the relative velocity between the fluid and the node in 

the x- direction. 

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. 

9 Dummy, no properties are assigned to this number. 

100 Is the same as 0, but no mass is introduced. 

 

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 RAO 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 
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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 step 𝑛 − 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. 

Offloaded2 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. 

Displaced/Bottom The spring is nonlinear to a bottom point below the node. The 

spring defines the location of the bottom spring relative to the 

node. 

 

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. 
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‘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 ∙ 𝜁𝐴sin (𝜔𝑡 − 𝑘𝑥) 

Equation 114 

where 𝑟 is the response, 𝐴𝑚𝑝 is the amplitude of the response (this is the input to AquaSim), 

𝜁𝐴sin (𝜔𝑡 + 𝑘𝑥) is the wave elevation. If ‘Fixed translation’ is defined, then the response is 

expressed as: 

𝑟 = 𝑅 + 𝐴𝑚𝑝 ∙ 𝜁𝐴sin (𝜔𝑡 − 𝑘𝑥) 

Equation 115 

where 𝑅 is the fixed translation. 

The RAO type hertz (Hz) is expressed in terms of 1/𝑇, where 𝑇 being the wave period. 

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 2nd 

order slow drift RAO.  

3. Drift cartesian: RAO in terms of a drift-coefficient in cartesian coordinates. This is a 

2nd 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 2nd order slow-drift force is calculated as (see (Faltinsen, 1990) Eq. 5.44): 

𝐹𝑖
𝑆𝑉 = 2 (∑ 𝐴𝑗(𝑇𝑗𝑗

𝑖𝑐)
1/2

𝑐𝑜𝑠(𝜔𝑗𝑡 + 𝜖𝑗)

𝑁

𝑗=1

)

2

    [𝑁] 

Equation 116 

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

is drift coefficient for the wave period, and 𝜖 is a random phase angle. √𝑇 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: 

𝐹𝑆𝑉 = 2 ∙ (𝐴2(√𝑇)
2

∙
1

2
) = 𝐴2(√𝑇)

2
    [𝑁] 

Equation 117 

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 66 where rope C 

can slide along rope AB (rope A and B is one rope going through the roller at point P). 

 

Figure 66 Point P is a point where rope C slides along rope AB. Rope c 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 element type Node2node is a spring and may be defined as linear or nonlinear (which is 

the same as for beam and truss). If the springs are linear the force is found by: 

𝐹𝑖 = 𝑘𝑖𝑟𝑖 

Equation 118 

where 𝑟 = 𝑟𝑛𝑜𝑑𝑒2 − 𝑟𝑛𝑜𝑑𝑒1. 𝑟𝑖 is 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.  

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 69. 

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 (𝐻𝑠) and zero mean 

crossing period (𝑇𝑧). 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 

𝜙𝐼 can be expressed as: 

𝜙𝐼 =
𝑔𝜁𝑎

𝜔0
cos (𝜔𝑡 − 𝑘𝑥𝑐𝑜𝑠𝛽 − 𝑘𝑦𝑠𝑖𝑛𝛽) 

Equation 119 

for a sinusoidal wave, where 𝜁𝑎 is the wave elevation amplitude, 𝜔0 is the wave frequency, 𝑘 

is the wave number, 𝑔 is the acceleration due to gravity, and 𝛽 is the wave heading relative to 

the global x-axis. 𝜙𝐼 is the wave potential due to the incident waves (see e.g. (Faltinsen, 

1990)). The wave elevation is then described as: 

𝜁 = 𝜁𝑎sin (𝜔𝑡 − 𝑘𝑥𝑐𝑜𝑠𝛽 − 𝑘𝑦𝑠𝑖𝑛𝛽) 

Equation 120 

Or, by letting 𝜁𝑎 = 𝐴𝑛: 

𝜁 = 𝐴𝑛sin (𝜔𝑡 − 𝑘𝑥𝑐𝑜𝑠𝛽 − 𝑘𝑦𝑠𝑖𝑛𝛽) 

Equation 121 

where 𝐴𝑛 is the wave amplitude. For finite water depth, the wave potential is adjusted to 

account for this: 

𝜙𝐼 =
𝑔𝜁𝑎

𝜔0

cosh 𝑘 (𝑧 + ℎ)

cosh 𝑘ℎ
cos (𝜔𝑡 − 𝑘𝑥𝑐𝑜𝑠𝛽 − 𝑘𝑦𝑠𝑖𝑛𝛽) 

Equation 122 

The wave elevation is then: 

𝜁𝑎

cosh 𝑘 (𝑧 + ℎ)

cosh 𝑘ℎ
cos (𝜔𝑡 − 𝑘𝑥𝑐𝑜𝑠𝛽 − 𝑘𝑦𝑠𝑖𝑛𝛽) 

Equation 123 
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𝑘 is the wave number and related to 𝜔. For infinite water depth the relation is: 

𝜔2

𝑔
= 𝑘 

Equation 124 

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

𝜔2

𝑔
= 𝑘 𝑡𝑎𝑛ℎ 𝑘ℎ 

Equation 125 

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: 

𝜁 = ∑ 𝐴𝑛sin (𝜔0𝑛𝑡 − 𝑘𝑛𝑥 𝑐𝑜𝑠𝛽𝑛 − 𝑘𝑛𝑖 𝑠𝑖𝑛𝛽𝑛 + 𝜀𝑛)

𝑁

𝑛=1

 

Equation 126 

Where 𝜀𝑛 is a random number equally distributed between 0 and 2𝜋. 𝐴𝑛 is the wave 

amplitude of the nth wave component found as: 

1

2
𝐴𝑛

2 = 𝑆(𝜔)Δ𝜔 

Equation 127 

where 𝑆(𝜔) is the spectral value. Wave spectra have characteristic values describing how 

𝑆(𝜔) varies with 𝜔. An example of this is: 

𝑆(𝜔) = 𝐾1𝜔−5exp (−𝐾2𝜔−4) 

Equation 128 

where  

𝐾1 =
𝜔𝑧

4𝐻𝑠
2

4𝜋
 and 𝐾2 =

𝜔𝑧
4

𝜋
 

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 𝐻𝑠 is defined as follow: 

𝐻𝑠 = 4√𝑚0 = 4𝜎 

Equation 129 

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

∫ 𝑆(𝜔)𝑑𝜔 = 𝜎2
∞

0

 

Equation 130 

where 𝜎 is the standard deviation of a stochastic process. Combining Equation 127 and 

Equation 130, 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: 

𝜎2 = ∑
𝐴𝑖

2

2

𝑁

𝑖=1

 

Equation 131 

Introducing this to Equation 129, 𝐻𝑠 is found ‘backwards’: 

𝐻𝑠 = 4√∑
𝐴𝑖

2

2

𝑁

𝑖=1

 

Equation 132 

This can be used as self-check to ensure that any manually built wave introduced to AquaSim 

have the desired 𝐻𝑠. 

Wave spectra 

There exist a range of spectra and formulations to the parameters 𝐻𝑠 and 𝑇𝑧 . 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 𝐻𝑠, but also 𝑇𝑧 or 𝜔𝑧 = 2𝜋/𝑇𝑧. We define: 

𝑇1 = 2𝜋𝑚0/𝑚1 

Equation 133 

where 

𝑚𝑘 = ∫ 𝜔𝑘𝑆(𝜔)𝑑𝜔
∞

0

 

Equation 134 
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which is a commonly used definition for 𝑇𝑧. Further: 

𝑇2 = 2𝜋√𝑚0/𝑚2 

is another definition of mean zero crossing period and often associated with the PM (Pierson-

Moskowitz) spectrum. What the ‘correct’ value of 𝑇𝑧 is, depend on how the spectral 

formulations are defined in consistency with the mean zero crossing period. Both 𝑇1 and 𝑇2 

are definitions of 𝑇𝑧. 𝑇1 is often used with JONSWAP spectra whereas 𝑇2 is most common 

together with PM spectra formulations.  

Another commonly used parameter associated with spectra is 𝑇𝑝, which is the peak period of 

the wave spectra. For a PM spectrum, this period is approximately 1.41 ∙ 𝑇2 = 1.3 ∙ 𝑇1. 

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: 

𝑆(𝜔) =
𝐴

𝜔5
𝑒

−𝐵
𝜔4 , 𝐵 =

𝜔0
4

𝜋
, 𝐴 = 𝐵

𝐻𝑠
2

4
, 𝜔0 =

2𝜋

𝑇𝑧
 

Equation 135 

In general, 𝑇𝑧 = 𝑇2 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: 

𝑆(𝜔) = 155
𝐻𝑠

2

𝑇𝑧
4𝜔5

𝑒
(

−944

𝑇𝑧
4𝜔4)𝛾𝑌

, 𝑌 = 𝑒
−(

0.191𝜔𝑇𝑧−1

√2𝜎
)

2

 

Equation 136 

𝜎 = 0.07 𝑓𝑜𝑟 𝜔 ≤ 5.24/𝑇𝑧 

𝜎 = 0.09 𝑓𝑜𝑟 𝜔 > 5.24/𝑇𝑧 

𝛾 = 3.3 are the default value. 𝛾 = 3.3 corresponds to JONSWAP spectrum in (Faltinsen, 

1990). In general, 𝑇𝑧 = 𝑇1 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: 

𝑆(𝜔) = 𝐻𝑠
2𝑇𝑧

0.11

2𝜋
(

𝜔𝑇𝑧

2𝜋
)

−5

𝑒
(−0.44(

𝜔𝑇𝑧
2𝜋

)
−4

)
 

Equation 137 

where 𝑇𝑧 = 𝑇1. 
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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 𝜔−5 as the wave frequency increases. The integral of 

this decays with 𝜔−4. That means that the wave amplitudes of the generated waves will 

decrease with 𝜔−2if one makes the ∆𝜔 successively longer as 𝜔 increases. For 2nd 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 67 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 68. 

 

Figure 67 Discretization of wave spectrum 

In Figure 68 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, 𝑦0) can be lower in a generated time interval than the normal 1.9 ∙ 𝐻𝑠 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 68 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: 

𝛽𝑖 = 𝑐𝑜𝑠𝑛𝜙𝑖 

Equation 138 

where 𝑛 is given as input by the user (2 is a commonly used value), see e.g. (Faltinsen, 1990). 

𝜙𝑖 is equally randomly distributed in the interval [−𝜋/2, 𝜋/2], and 𝑖 is the index of the 𝑖𝑡ℎ 

wave component in the time series representing the irregular waves. The direction angle 𝛽 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 [−𝜋/2, 𝜋/2] weighted by the 

appropriate 𝑐𝑜𝑠𝑛𝜙. The number of waves may also run in symmetry mode. Then each wave 

component with an angle within [0, 𝜋/2] has a corresponding angle [−𝜋/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. A logarithmic wind 

profile is assumed where the height of the element relative to the surface is the average height 

of the instantaneous node coordinates. The following wind velocity profile is used in 

AquaSim: 

𝑈 = 𝑈10 (
𝑧

10
)

0.113

 

Equation 139 

where 𝑈10 is the wind velocity 10 meters above the surface, and 𝑧 is the distance above the 

surface. 𝑈10 is the wind velocity given as input, and the wind velocity used in the analysis is 

found from the 𝑧-position of the element exposed to wind.  

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 N003 (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, 2021b). 

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 69 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 

is 𝑇𝑧/20. 

 

Figure 69 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 2nd step and 1 m/s at 

the 3rd 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 69. 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 (𝑇𝑧) 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 Δ𝑡, 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 ¾ force criteria where a force/displacement norm calculates an 

average over the models DOFs. The norm is given by: 

𝑁𝑜𝑟𝑚 = ∑ Δ𝑓𝑜𝑟𝑐𝑒(𝑖)3/2 ∙ ∆𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑚𝑒𝑛𝑡(𝑖)1/2

𝑁

𝑖=1

 

Equation 140 

where 𝑖 is counted over all degrees of freedom in the system with a total of 𝑁 degrees of 

freedom. Δ𝑓𝑜𝑟𝑐𝑒 is the difference in calculated force between the current and the previous 

iteration. ∆𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑚𝑒𝑛𝑡 is the difference in displacement between the current and the 

previous iteration. 𝐶ℎ𝑘𝑛𝑜𝑟𝑚 is found as: 

𝐶ℎ𝑘𝑛𝑜𝑟𝑚 =
𝑁𝑜𝑟𝑚

𝑁
 

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 70 and 

Figure 71 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 70 Float with slack rope 

 

Figure 71 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) = 𝑎 sin(𝜔𝑡) 

Equation 141 

where 𝜔2 = 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: 

�̇�(𝑡) = aω  cos(𝜔𝑡) 

Equation 142 

where �̇�(𝑡) is the vertical velocity of the system. In our case, we have an initial velocity 𝑣0 in 

the z-direction which is the velocity at the initial time (𝑡 = 0 exactly when the rope becomes 

stiff), expressed as: 

𝑣0 = 𝑎𝜔 cos(𝜔𝑡𝑡=0) = 𝑎𝜔 

Equation 143 

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

𝑎 =
𝑣0

𝜔
 

Equation 144 

Now the relation between eigen period, mass and stiffness is introduced (𝜔2 = 𝑘/𝑚) to the 

equation above: 

𝑎 =
𝑣0

𝜔
=

𝑣0

(𝑘/𝑚)1/2
= 𝑣0 (

𝑚

𝑘
)

1/2

 

Equation 145 

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: 

𝐹𝑚𝑎𝑥 = 𝑘𝑎 = 𝑘𝑣0√
𝑚

𝑘
= 𝑣0√𝑚𝑘 

Equation 146 

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 𝑣0 can be found from the velocity of the vertical wave elevation at 

the moment the rope snaps. Assume a regular wave with amplitude 𝜂. The wave elevation can 

according to Airy wave theory (e.g. (Faltinsen, 1990) section 2) be expressed as: 
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𝜉 = 𝜂 sin (𝜔𝑒𝑡) 

Equation 147 

where 𝜔𝑒 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: 

𝑣0 = 𝜂𝜔𝑒 cos(𝜔𝑒𝑡𝑡=0) = 𝜂𝜔𝑒 

Equation 148 

Introducing 𝑣0 = 𝜂𝜔𝑒, the maximum force 𝐹𝑚𝑎𝑥 can be expressed as: 

𝐹𝑚𝑎𝑥 = 𝜂𝜔𝑒√𝑚𝑘 

Equation 149 

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 72 shows max 

peak loads for the case seen in Figure 70 and Figure 71 calculated from analytical formulae 

and AquaSim analysis. As seen from this graph, the results compare well.  

 

Figure 72 Response by analytical formulae to AquaSim analysis 

From AquaSim analysis one can also obtain results for the response subsequent of the first 

impact. This is seen in Figure 73, which shows the response of the axial load in the rope as a 

function of time. 
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Figure 73 Tension in rope as a function of time 

In Figure 73, 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, 2014b). 

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 
Factor for including nonlinear wave kinematics due to breaking waves. Classical linear wave 

theory (Airy waves) assumes waves of low steepness, meaning that the crest is much lower 

than the wavelength. A breaking wave is a wave whose steepness reaches a critical level of 

1/7. These types of waves contain significantly more energy than linear waves of lower 

steepness. The Cresting Wave Factor accounts for increased horizontal component of fluid 

particle velocity when the wave steepness is 1/7: 

𝑢𝑁𝐿 = 𝜔𝜁𝐴𝑒𝑘𝑧sin (𝜔𝑡 − 𝑘𝑥) ∙ 𝜅(𝑧𝑖) 

Equation 150 

Where 𝑢𝑁𝐿 is the nonlinear horizontal component of the fluid particle velocity, 𝜅(𝑧𝑖) is the 

input value (Cresting Wave Factor) in AquaSim, 𝑧𝑖 is the vertical position above mean water 

line. Default value of 𝜅 is 2.23. Theoretical background and validation are found in 

(Aquastructures, 2021f). 

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 
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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 given as a 

coefficient between 1 and 0. 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 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.  

10.17.1 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.  

10.17.2 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 10.18 

and (AquaStructures, 2019a). 

10.18 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 

buoyancy. When entering water, the slamming formulation outlined in (AquaStructures, 

2019a) is used to determine loads. Note (15). 
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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 74. 

 

Figure 74 Water entry of circular cylinder. A cross section is seen 

10.18.1 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 74. For a body subjected to vertical force only, the force can be written as (see e.g. 

(Faltinsen, 1990) pp. 306): 

𝐹3 = 𝜌Ω(𝑡)
𝑑𝑤

𝑑𝑡
+ 𝜌𝑔Ω(𝑡) −

𝑑

𝑑𝑡
(𝐴33 (

𝑑𝜂3

𝑑𝑡
− 𝑤)) 

Equation 151 

where 𝑤 is the vertical velocity of the water at the considered time instant, 𝑤 =

𝜔𝜁𝑎sin (𝜔𝑡 − 𝑘𝑥) for the case of a sinusoidal wave traveling along the positive x-axis. 

Further we have: 

- 𝜁𝑎 is the wave amplitude 

- 𝜔 is the wave frequency 

- 𝜂3 is the vertical location of the object penetrating the water 

- 𝜌 is the density of water 

- 𝑔 is the acceleration of gravity 

- Ω(𝑡) is the displaced volume at the given time instant 
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- 𝐴33 is the added mass in the vertical direction 

Equation 151 can be reformulated to: 

𝐹3 = 𝜌Ω(𝑡)
𝑑𝑤

𝑑𝑡
+ 𝜌𝑔Ω(𝑡) −

𝑑𝐴33

𝑑𝑡
(

𝑑𝜂3

𝑑𝑡
− 𝑤) − 𝐴33

𝑑

𝑑𝑡
(

𝑑𝜂3

𝑑𝑡
− 𝑤) 

Equation 152 

Equation 152 can be expressed as: 

𝐹3 = 𝜌Ω(𝑡)
𝑑𝑤

𝑑𝑡
+ 𝜌𝑔Ω(𝑡) −

𝑑𝐴33

𝑑𝑡

𝑑ℎ

𝑑𝑡
(

𝑑𝜂3

𝑑𝑡
− 𝑤) − 𝐴33(𝑡)

𝑑2𝜂3

𝑑𝑡2
+ 𝐴33(𝑡)

𝑑𝑤

𝑑𝑡
 

Equation 153 

Inserting 
𝑑𝐴33

𝑑𝑡
=

𝑑𝐴33

𝑑ℎ

𝑑ℎ

𝑑𝑡
 where ℎ is the distance from the bottom of the water entering object 

to the instant position as shown in Figure 74. This means 𝐹3 can be expressed as: 

𝐹3 = 𝜌Ω(𝑡)
𝑑𝑤

𝑑𝑡
+ 𝜌𝑔Ω(𝑡) −

𝑑𝐴33

𝑑ℎ

𝑑ℎ

𝑑𝑡
(

𝑑𝜂3

𝑑𝑡
− 𝑤) − 𝐴33(𝑡)

𝑑2𝜂3

𝑑𝑡2
+ 𝐴33(𝑡)

𝑑𝑤

𝑑𝑡
 

Equation 154 

𝑑ℎ

𝑑𝑡
 can be expressed as 

𝑑ℎ

𝑑𝑡
= 𝑤 −

𝑑𝜂3

𝑑𝑡
, meaning: 

𝐹3 = 𝜌Ω(𝑡)
𝑑𝑤

𝑑𝑡
+ 𝜌𝑔Ω(𝑡) +

𝑑𝐴33

𝑑ℎ
(

𝑑𝜂3

𝑑𝑡
− 𝑤)

2

− 𝐴33

𝑑2𝜂3

𝑑𝑡2
+ 𝐴33

𝑑𝑤

𝑑𝑡
 

Equation 155 
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(
𝑑𝜂3

𝑑𝑡
− 𝑤) is the relative velocity between the object and the water, denoted 𝑣𝑟𝑒𝑙. 𝑣𝑟𝑒𝑙 =

𝑑𝜂3

𝑑𝑡
− 𝑤. Applying this denotation, we get: 

𝐹3 = 𝜌Ω(𝑡)
𝑑𝑤

𝑑𝑡
+ 𝜌𝑔Ω(𝑡) +

𝑑𝐴33

𝑑ℎ
(𝑣𝑟𝑒𝑙)

2 − 𝐴33

𝑑2𝜂3

𝑑𝑡2
+ 𝐴33

𝑑𝑤

𝑑𝑡
 

Equation 156 

Equation 156 consists of five load terms, which is described below: 

𝜌Ω(𝑡)
𝑑𝑤

𝑑𝑡
 is the Froude-Kriloff force. This term is added not only in the z-direction, 

but in the horizontal plane as well. 

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

𝑑𝐴33

𝑑ℎ
(𝑣𝑟𝑒𝑙)

2 is the slamming force, see also section The ‘drag’ term in Morison 

equation for more details. 

𝐴33
𝑑2𝜂3

𝑑𝑡2  is the added mass as a function of position in terms of ℎ in Figure 74. 

Alternatively, default AquaSim values can be used. 

𝐴33
𝑑𝑤

𝑑𝑡
 is the diffraction force. 

The terms and the load formulation correspond to the load formulation using Morisons 

equation. This is seen by rearranging the terms in Equation 156. We denote 
𝑑𝐴33

𝑑ℎ
=

𝐷𝐿
𝜌

2
𝐶𝑑𝑠𝑙𝑎𝑚, where 𝐷 can be seen as a reference diameter of the object and 𝐿 a reference 

length: 

𝐹3 = (𝜌Ω(𝑡) + 𝐴33)
𝑑𝑤

𝑑𝑡
+ 𝐷𝐿

𝜌

2
𝐶𝑑𝑠𝑙𝑎𝑚(𝑣𝑟𝑒𝑙)

2 − 𝐴33

𝑑2𝜂3

𝑑𝑡2
+ 𝜌𝑔Ω(𝑡) 

Equation 157 

𝐴33 can be given in terms of an added mass coefficient 𝐶𝑎. Multiplied with the submerged 

volume will give the added mass. As seen by Equation 156, AquaSim needs input in terms of 

added mass 𝐴33, or the coefficient 𝐶𝑎 given as a function of ℎ (as shown in Figure 74) 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 75. 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. 

 

Figure 75 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 75 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 156 are interpreted as: 

- The Froude-Kriloff force in the y- and z-direction is derived as 𝜌Ω(𝑡)
𝑑𝑣

𝑑𝑡
 and 𝜌Ω(𝑡)

𝑑𝑤

𝑑𝑡
 

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

instant. 

- The hydrostatic force 𝜌𝑔Ω(𝑡) is for any case pointing in the positive z-axis in the 

global coordinate system. 

- 
𝑑𝐴33

𝑑ℎ
(𝑣𝑟𝑒𝑙)

2 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, 𝐴22 and 𝐴33 respectively. Added mass as a 

function of position in terms of ℎ in Figure 74 should be given as input. This yields for 

𝐴22 and 𝐴33. Alternatively, default AquaSim values can be applied. 

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

𝐴22
𝑑𝑢

𝑑𝑡
 𝐴33

𝑑𝑤

𝑑𝑡
 respectively, where 𝐴22 and 𝐴33 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 

76. 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 76 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)): 

𝐹3 =
𝜌𝑤𝐶𝑑𝑧𝐷𝑖𝑎𝑚𝑁𝐿0

2
(𝑢3 − �̇�3)√(𝑢2 − �̇�2)2(𝑢3 − �̇�3)2 +

𝜌𝑤𝐶𝑚𝑧𝐷𝑖𝑎𝑚𝑧
2𝐿0𝜋

4
𝑎3

−
𝜌𝑤(𝐶𝑚𝑧 − 1)𝐷𝑖𝑎𝑚𝑧

2𝐿0𝜋

4
�̈�3𝑚 

Equation 158 

for a circular cylinder. In Equation 158, there is only forces in the local y- and z-direction 

according to the cross-flow principle. 𝐷𝑖𝑎𝑚𝑁 is a relevant diameter of the object, calculated 

in the direction of the flow based on 𝐷𝑖𝑎𝑚𝑦 and 𝐷𝑖𝑎𝑚𝑧. 𝐶𝑚 = 𝐶𝑎 + 1. The load term of 

Equation 158 (which is proportional to the relative velocity squared) is given in Equation 159: 

𝐹3 =
𝜌𝑤𝐶𝑑𝑧𝐷𝑖𝑎𝑚𝑁𝐿0

2
(𝑢3 − �̇�3)√(𝑢2 − �̇�2)2(𝑢3 − �̇�3)2 

Equation 159 

In the case of water entry, the cross-flow force, in the local z-direction, is calculated in the 

same way as in Equation 159: 

𝐹3 =
𝜌𝑤𝐶𝑑𝑠𝑙𝑎𝑚𝐷𝑖𝑎𝑚𝑁𝐿0

2
(𝑤 − �̇�3)√(𝑣 − �̇�2)2(𝑤 − �̇�3)2 

Equation 160 

𝐶𝑑𝑠𝑙𝑎𝑚 can be derived from input based on the relation 
𝑑𝐴33

𝑑ℎ
= 𝐷𝐿

𝜌

2
𝐶𝑑𝑠𝑙𝑎𝑚. 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 𝐶𝑑𝑦 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 77: 

 

Figure 77 From Faltinsen (1990) 

The AquaSim default values are compared to the two cases presented in Figure 77 (Faltinsen 

and Campbell & Weynberg). The results are shown in Figure 78. 
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Figure 78 Comparison between AquaSim and Faltinsen and Campbell & Weynberg 

In Figure 78, 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 [-] AquaSim_CD_0.8 

0 3.4 

0.1 2.8 

0.2 2.5 

0.3 2.2 

0.4 1.9 

0.5 1.6 

0.6 1.368 

0.7 1.144 

0.8 1.0 

0.9 0.8 

1.0 0.8 

1.1 0.8 

1.2 0.8 

1.3 0.8 

1.4 0.8 

1.5 0.8 

1.6 0.8 

1.7 0.8 

1.8 0.8 

1.9 0.8 

2.0 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.  

10.18.2 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 

is when −0.1 𝑚/𝑠 < 𝑉𝑟𝑒𝑙 < 0.1𝑚/𝑠. Water exit are calculated in the same manner as for 

water entry. The only difference is that values are used for 
𝑑𝐴33

𝑑ℎ
= 𝐷𝐿

𝜌

2
𝐶𝑑𝑠𝑙𝑎𝑚. The values 

for 𝐴33 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). 

 

10.19 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.  

10.20 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: 

𝐾𝑒𝑙𝑒𝑚 − 𝜆𝐾𝑔𝑒𝑜𝑚 = 0 

Equation 161 

at each timestep in the analysis. 𝐾𝑒𝑙𝑒𝑚 is the material stiffness for the structural configuration 

at the given timestep. 𝐾𝑔𝑒𝑜𝑚 is the geometrical stiffness in the structural configuration at the 

given timestep. The results found is the eigenvalue 𝜆, which is the factor the load distributions 

should be linearly increased to, to obtain linearized buckling. The corresponding eigenvector 

is the buckling shape. Negative 𝜆-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 79 shows the third buckling 
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shape for a vertical pole. Figure 80 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). 

 

Figure 79 Calculation of buckling length and shape for a vertical beam with a node load on top 

 

Figure 80 First buckling shape for a fish farm cage 
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10.21 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 − 𝜔2𝑀 = 0 

Equation 162 

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 𝜆 = 𝜔2, which is the eigen frequency. 𝑇 = 2𝜋/𝜔 is the 

eigen period. The corresponding eigenvector is the eigenvector for the presented result.  

A mooring line may have several egeinperiods, 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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12 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. 

12.1 Case 1: Beam through water at constant velocity 
This case is shown in Figure 81 and described in Table 12.  

 

 

Figure 81 Horizontal beam moved at constant velocity through flat water line  

 

Table 12 Case study 1, particulars 

Circular beam Values 

Diameter 0.5 m 

Beam length 10 m 

Velocity 2 m/s 

Drag diameter 0.5 - 

Density beam 1025 kg/m3 

 

Results are presented in Figure 82, and shows that they compare well. 

Constant velocity at one node



 

Page 127 of 128 

AquaSim 2.17 

Aquastructures AS 

 

Figure 82 Comparison results, analytical formula and AquaSim analysis  

12.2 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 83. 

 

 

Figure 83 Fixed beam in waves 

Results and comparison of analytical formula and AquaSim analysis is presented in Figure 84. 

The results compare well. 
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Figure 84 Comparison results, analytical formulae and AquaSim analysis 
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