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Abstract

As of today, Norway is the second largest seafood exporter in the world after China, and Norwe-

gian seafood is currently exported to more than 130 countries (Laksefakta, n.d.). In conjunction

with the present growth of the aquaculture industry in Norway, there is a rising skepticism re-

garding the sustainability of the industry. Major concerns are fleeing, fish welfare, salmon louse

and impact on marine life in close proximity to the fish farms.

The aim of this thesis is to investigate the possibility of exchanging a fish net, at an operational

fish farm, with a newly proposed closed fish cage concept without altering the existing mooring

system. The benefit will be reduced downtime and expenditure during setup, since there is no

need to install a new mooring system.

A conventional fish net is analyzed to obtain comparable results to that of the fish cage, with

identical mooring used by both systems. A numerical, and a simplified analytical method is

used. AquaSim, which is a finite element analysis software, is used to perform the numerical

comparison of both systems exposed to regular waves, while an analytical approach is used to

derive static values, such as; wave and current forces, and static mooring line data. The focus

is on mooring line loads, since these loads would be the governing factor regarding the inter-

changeability.

Drag loads of the fish net with varying amounts of marine fouling are calculated. The results

show that there is an approximately linear increase in drag loads for current velocities between

0 m/s and 1,5 m/s. These drag loads are compared to the estimated loads of the fish cage, cal-

culated by hand and through AquaSim.

By introducing a combination of waves and current in the numerical analysis, the results shows

that the wave loads are within the same range for both solutions. The results also show that the

mooring line loads are dominated by current forces, even for the largest wave conditions. Addi-

v



tionally, the results related to the fish net are higher than that of the fish cage for all simulated

conditions, suggesting that it would be possible to exchange the fish net with the closed fish

cage.

Although the simulations converge, there is some uncertainty related to the validity of the values

obtained in the simulation of the fish cage, when exposed to the largest wave conditions. The

fish cage picks up a slight rolling motion, and waves overtops the upper part of the structure on

one side only, resulting in an unloading of the mooring lines, located in the direction opposite of

the waves propagation. A comparison to experimental results obtained through model testing

would be beneficial, but are not included since no experimental data is available.
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1. Introduction

In the recent years, there have been a huge growth in the aquaculture industry in Norway (Miljøs-

tatus, 2015). As a response to market demands, the industry has resolved to a solution of increas-

ing the numbers of fish in the existing fish cages. However, the open fish nets are vulnerable

to damage which can result in the fish escaping the fish net. As a response to the problem of

escape, there have been conducted several studies on new concepts to reduce this risk, while

increasing the production capacity (Rosten et al., 2011). The government of 2015 has proposed

some development concessions, which can be granted to promising new concepts. The idea

is to trigger the development of new technical solutions regarding the known problems of the

open fish nets often seen in the industry today (Fiskeridirektoratet, 2016). A closed structure

can be a great approach regarding some, if not all of the problems in the aquaculture industry.

Problems such as fish welfare, risk of escape, impact of fish faeces from the different locations,

and of course salmon lice.

One of the new concepts for a closed fish cage design is “The Egg”, which is a concept developed

by Hauge Aqua (Hauge Aqua, n.d.b). The structure is a closed egg shaped fish cage, produced

in composite material. Compared to traditional fish nets comprising a floating collar with a

suspended net beneath the water surface, the egg shaped fish cage is a completely new design

that addresses many of the problems associated with the nets. This paper will investigate the

mooring line loads that are exered on the system by the hydrodynamic loads of the design, and

the possibility of utilizing the existing mooring solutions for the fish nets, which it seeks to re-

place. In addition, a general introduction to the concept will be given to highlight the potential

benefits and challenges associated with this solution.
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1.1 Background

Norway is currently the number one producer of Atlantic salmon with a market share of 53 per-

cent while Chile, being the second largest producer, is at a mere 25 percent (Laksefakta, n.d.).

This is a remarkable achievement for such a small country, and the business in Norway is ex-

panding rapidly.

The experienced demand for higher production rates of fish is a result of the increasing need

for a stable and sustainable food supply. At the same time, marine capture fisheries experiences

that the fish is harder to find, and it looks like the sea might be depleted to some extent. The

only alternative, if we want to increase the amount of seafood, is aquaculture. As a result, the

annual increase for the last five decades have been around 3,2 percent. Figure 1.1 illustrates the

global fish production from 1950 to 2012. This graph also indicates that the capture production

has reached its limits, and are now stagnating at its current level (FAO, 2014a).

Figure 1.1: World capture fisheries and aquaculture production, (FAO, 2014b)
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1.2 Scope

In this Thesis, a concept for a closed fish cage are investigated through a combination of both

analytical and numerical simulations. The objective of the thesis is to derive the mooring forces

in two identical mooring systems, with a fish net and the fish cage. This analysis will make it

possible to check whether the new fish cage can use the existing mooring system, originally

designed for the fish net on a location of interest. The environmental conditions will be a com-

bination of both current and waves. Mooring forces are calculated with input from the results of

the wave and current analysis. Both a static analysis and a software analysis are performed. The

static analysis serves as a good basis for the more demanding dynamic simulation, and presents

the theorethical formulations for such calculations. The dynamic mooring simulations were

performed with a software called AquaSim (Aquastructures, n.d.), which made it possible to de-

termine the resulting loads in the mooring system.

1.3 Limitations

This thesis does not account for the motion of the internal water flow during the analysis, as

well as the associated intake tubes that are suspended from the bottom of the egg. While the

mass of the internal volume is still included in the calculations, even though the circulation is

neglected. Waves are only calculated from one direction, and only one mooring system configu-

ration was concidered. Furthermore, a predefined set of wave and current conditions were set to

maintain a realistic amount of work during the working period of the thesis. The parameters are

choosen according to the classifications in the NS9415 standard (Standard Norge, 2009) and are

defined in tables 1.1 and 1.2. Lastly, both the NYTEK (Nærings- og fiskeridepartementet, 2011)

and NS9415 documents are followed as close as possible, to obtain results that can be related to

a non-fictional scenario.
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Table 1.1: Wave parameters

Wave height, H [m] Wave period, Tp [s]

0,5 2

1 3,2

2 5,1

Table 1.2: Current parameters

Current velocity, Cx [m/s] 0,2 0,4 0,6 1 1,5

1.4 Methodology

The thesis uses both an analytical and numerical approach. The analytical approach results

in a better understanding of the theoretical part regarding wave loads on large structures and

the static mooring line calculations. However, it is more challenging to work with formulas for

dynamic systems and the simulation software AquaSim was used to calculate the dynamic be-

havior, and dynamic mooring forces for both the fish net and the closed fish cage. An additional

approach could have been to execute some model testing in a towing tank, but this was not an

option. The sea states are chosen in accordance to classifications in the NS9415 standard to

maintain relevance to a real certification procedure.
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1.5 Structure of the Report

Chapter 2 presents the concept in detail and discusses some of the most important challenges

and advantages of this particular system, and also includes a brief introduction to fish farm

mooring systems.

Chapter 3 describes the necessary theory to be able to execute the hand calculations of interest.

This includes wave theory for large structures, drag calculations, catenary mooring line theory

and lastly it describes the finite element approach of the comuter program AquaSim.

Chapter 4 includes the modelling method in Genie and Hydo D, associated with the estimation

of the RAOs of the system. It also explains the modelling procedure of the fish net, fish cage, and

the associated mooring system in Aquasim.

Chapter 5 presents the calculated and simulated results. This includes static mooring line anal-

ysis and results of the mooring system analysis performed in AquaSim. A comparison study of

the different results, and a comprehensive discussion of their validity were carried out.

Chapter 6 concludes the results of the initial problem regarding the interchangeability of the

fish containment systems within the same mooring system.

Chapter 7 outlines suggestions for further studies of the problem.
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2. The Fully Enclosed Egg Concept

The egg concept in figure 2.1 is a large rigid containment tank built to replace the existing open

fish nets that are commonly found in fish farms. Some of the biggest concerns in association

with today’s operation of fish farms is related to; escape, fish lice, predators, high risk operations

and loss of stock due to death. In 2016, the Directorate of Fisheries registered 126 000 escaped

salmon and in 2015 the numbers were even higher, at 170 000 salmon. Of all the 109 events for

all types of fish that was reported in 2015, 27% were related to structural failure which lead to the

escape of 160 000 fish. 42% were due to operational faults and the resulting number of escaped

fish were 82 000 (Fiskeridirektoratet, 2015). A more robust structure that is easier to operate will

clearly benefit the industry based on these statistics, as a majority of the incidents are connected

to structural failure.

Figure 2.1: Egg shaped fish cage concept, (Hauge Aqua, n.d.a)
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2.1 The Cage

The walls of the egg are going to be constructed from composite materials (Hauge Aqua, n.d.b).

The physical properties of a composites sandwich panel give the structure an extremely high

stiffness and great impact strength. A buoyancy element, protruding through the still water

line (SWL), will be added to the upper external part of the egg to ensure that the structure have

enough buoyancy and stability. The buoyancy collar will act as a protection barrier from pos-

sible external impacts in the SWL, as well as being the holding tank for the collected biological

waste material. The dome of the egg that is visible above the SWL provides shelter for the oper-

ators in cases where they have to be present while performing tasks on the structure. The effect

is a reduction in risk for the operators in comparison to the exposed, small walkway around the

collar on a conventional floating fish net.

2.2 Water Circulation

Another new and unique feature of this new concept is the proposed management of the wa-

ter flow. The egg has two inlet tubes reaching several meters down beneath the still water

line. At deeper depths, the water temperature is more stable, as well as being below the depth

where salmon lice, Lepeophtheirus salmonis, is found to exist (Johnsen et al., 2014). At these

depths, there is a more constant temperature which is thought to yield a faster growth, espe-

cially through the cold winter months. The water is sucked into the cage through these tubes

and travels up and out of a set of outlets in the buoyancy collar (Hauge Aqua, n.d.b). The prin-

ciple is shown in figure 2.2. These outlets might expose the system to salmon lice, as there have

to be openings near the SWL. Protective measures are necessary to avoid contamination inside

the cage, because of the higher density of salmon lice in water depths down to approximately

10m(Johnsen et al., 2014).
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OUTLET

INTAKE TUBES

SWL

Figure 2.2: Internal water circulation concept

2.3 Feeding Tube

This concept also uses a new approach regarding the way of operating the feeding system. In-

stead of spreading the food pellets on the water surface with a turret like it is done with current

standards, one wishes to inject the pellets through a vertical tube inside the egg, seen in figure

2.3. By doing this in combination with the swirling circulation of water inside, one can dis-

tribute the pellets more evenly. Two injectors ports are planned, and they are placed at different

heights inside the cage to allow for a more even distribution of food throughout the height of

the egg.
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SWL

Figure 2.3: Feeding tube

However, an investigation regarding the buoyancy of the pellets would be beneficial to ensure

maximum effect of the system, and to see how it compares to possible fish faeces. The solution

in combination with the closed walls, also contributes to a reduction of food loss, as the pellets

can’t sink through the walls that enclose the cage, which results in smaller operational costs for

the contractors. Another benefit of the vertical tube, is that it stiffens off the structure in the

vertical direction.

2.4 Collection of Waste

All closed fish cages need a way of managing the natural generation of fish faeces to avoid un-

wanted build up in the bottom of the containment chamber. The proposed solution is to use

the internal up-flow of the intake water to trap the particles of faeces in a circular holding tank

inside the buoyancy collar, seen in figure 2.1. The collected waste material is planned to be

extracted and used as a valuable resource, adding to the profitability of the facility. A possible

area of use for the collected waste, is as bio-fuel to generate electricity to power the fish farm.

Another possibility is to use the waste material as fertiliser in agriculture.
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A questionable aspect of this method of waste collection is the fact that the fish have to swim in a

swirl of its own faeces as it travels upward towards the holding tanks in the floating collar. Since

this is an unproved concept, it remains to be seen, but methods to separate the injected food

pellets from the faeces need to be established, and fish welfare must be taken into consideration.

With the presence of the vertical tube already being established, one could try to incorporate a

vacuum system to remove faeces from the bottom of the cage. This approach assumes that

the faeces have negative buoyancy and will fall to the bottom of the cage, independent of the

internal flow in the cage.

2.5 Mooring

The egg concept seeks to be a direct replacement for the existing open fish nets. The way a

fish net is positioned is by a complex mooring system that uses a combination of anchors and

anchor lines that are placed in a certain way around the fish net.

The environmental loads exerted on the closed cage must be compared to those of a fish net, to

investigate if it is possible to use the existing mooring system for the new closed fish cage. If the

loads are found to be within specifications, the benefit will offer a huge reduction in installation

cost, and the exchange of a fish net with a closed cage can be performed in few days.

The system uses a suspended rectangle from 4 floating buoys, marked as yellow circles in figure

2.4. The buoys are designed to take the vertical force of the submerged anchor line. From the

corners of the rectangle, bridle lines are attached to the fish cage to distribute the load as well as

preventing yaw and horizontal displacement. The anchor lines themselves aren’t directly con-

nected to the fish cage, but they are attached to shackles and connection plates at each corner

of the rectangle. The system components will be further explained in chapter 3.9.

11



Bridle line

Anchor line

Square rope pro�le Buoy

Anchor

Fish cage/
�sh net

Figure 2.4: Top view of a typical mooring system
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3. Theory

This Thesis uses linear wave theory throughout all the calculations, but in order to use such

an approach there are certain requirements and assumptions that need to be taken into ac-

count. The simplifications and equations that are presented here are based on those presented

by (Sarpkaya, 2010), and are presented due to their essentiality. In linear wave theory, the wave

profile is of sinusoidal type. ξ denotes the surface elevation. At SWL the z coordinate is at 0,

while the z coordinate is < 0 all the way down to the bottom at, −d .

Depth = d

X

Z

Z = 0

Z = -d

L

Hξ

Figure 3.1: Sinosoidal wave

3.1 Important Assumptions

First, we assume that the flow is incompressible. This is a good approximation for water and is

expressed in equation 3.2, where
−→
U is the velocity vector in x-, y- and z-direction.
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Dρ

Dt
+ρ

(
∂u

∂x
+ ∂v

∂y
+ ∂w

∂z

)
(3.1)

Dρ

Dt
+ρ∇·−→U = 0 (3.2)

∇·−→U = 0 (3.3)

Furthermore, the flow is assumed to be non-rotational, which means that there are no shear

forces acting between the water particles making it a frictionless flow. The equation expressing

the non-rotational property of the flow can be seen in equation 3.4

∇×−→
U = 0 (3.4)

The last of the three most vital expressions is the Laplace differential equation of second order.

ϕ, denotes the velocity potential, and will be investigated further in the next subsection.

∂2ϕ

∂x2
+ ∂2ϕ

∂z2
(3.5)

3.2 Potential Function

With the definition of these three equations it is now possible to find the velocity potential func-

tion expressed by, ϕ(x, y, z, t ). Taking the derivative of ϕ with respect to direction, yields the

property of the flow underneath the wave, such as velocity and acceleration. When the acceler-

ations are found, we can find the forces. In order to get an expression for the velocity potential,
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the solution for the second order Laplace equation have to be found. To do this, we establish

three important boundary conditions.

Bottom boundary condition, no water can flow though the bottom, assuming a flat bottom.

∂ϕ

∂z
= 0 at z = 0 (3.6)

Kinematic free surface boundary condition (KFSBC), a water particle at the free surface will

always stay at the free surface.

∂ξ

∂t
+ ∂ϕ

∂x

∂ξ

∂x
− ∂ϕ

∂z
= 0 at z = ξ (3.7)

Dynamic free surface boundary condition (DFSBC), the pressure at the free surface is constant

and equal to the atmospheric pressure.

∂ϕ

∂t
+ 1

2

[(
∂ϕ

∂x

)2

+
(
∂ϕ

∂z

)2]
+ gξ= f (t ) at z = ξ (3.8)

The solution to these equations are very complex and we use the assumption of small wave

amplitude theory. That is, H is smaller than L and d , and we disregard the nonlinear terms. By

linearization we evaluate the equations at z = 0 and equation 3.7 and 3.8 reduces to

∂ϕ

∂z
− ∂ξ

∂t
= 0 at z = 0 (3.9)

∂ϕ

∂t
+ gξ= 0 at z = 0 (3.10)

A combination of the DFSBC and the KFSBC, known as the combined free surface boundary
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condition (CFSBC) is expressed in equation 3.11:

∂2ϕ

∂t 2
+ g

∂ϕ

∂t
= 0 at z = 0 (3.11)

By solving the Laplace equation with these boundary conditions the velocity potential ϕ can be

found. The procedure is quite complex and is not included here. The result of the mathematical

process is the two-dimensional linearized potential function 3.12. k is the wave number, ξ is

the wave amplitude, ω is the angular frequency, and x is the horizontal position of the wave

propagation.

ϕ(x, y, z, t ) = ξg

ω

cosh[k(z +d)]

cosh(kd)
sin(ωt −kx) (3.12)

3.3 Dispertion Relation

The dispersion relation is an important relation between wave length, L, and wave period T .

The relation is expressed by substituting the first order velocity potential into the CFSBC (3.11)

(Chakrabarti, 1987a). The result is known as the dispersion relation, as expressed in equation

3.13. By manipulating equation 3.13 we can get an expression for wave length, L eq(3.14), which

is an essential parameter regarding wave loads.

ω2 = g k tanh(kd) (3.13)

L = g

2π
T 2 tanh(kd) (3.14)
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The k value represents the wave number, being a parameter that needs iterations in order to

be calculated properly. The process can be very demanding if no computer programs are to be

used. However, Matlab have a built-in solver to tackle such tasks, and it will be used later in the

calculations with a custom function. There are also some simplifications to be made, depending

on the condition of the water depth. In deep waters, we can simplify the both equation, which

yields two new and simplified equations.

Since the NS 9415 standard only specify H and Tp , in conjunction to the classification, the wave

length had to be calculated for the different wave conditions to be examined. The dispersion

relation was used to calculate the wave number k.

3.4 Wave Theory Regimes

Chakrabarti (1987a) created the chart shown in figure 3.2, to decide what type of wave theory

that is applicable in different conditions, depending on the Keulegan–Carpenter number, KC

eq (3.15), and πD/L, alternatively expressed as ka. Both πD/L and the KC number are parame-

ters used to classify wave force regimes. KC is often expressed as πH/D when considering deep

water, and this Thesis assumes non-breaking waves which is part of the linearization. As ob-

served in the graph, the diffraction region is valid if πD/L > 0,5. For values of πD/L < 0.5, we are

in the regime where the Morison equation is applicable.

KC = u0T

D
(3.15)

KC = πH

D
(3.16)
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Figure 3.2: Wave force regimes, (Chakrabarti, 1987b, p. 323)

3.5 Morison Equation

The Morison equation (Morison et al., 1950) is one of the most widely used approaches for cal-

culation wave loads in the case of a rigid circular cylinder exposed to oscillating waves. It com-

prises a combination of inertial and drag forces, as shown in equation 3.17, where F is the force
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acting on a unit length of the body.

F = πD2

4
ρCM u̇ + 1

2
ρCD Du|u| (3.17)

CM and CD are coefficients for mass and drag found from experiments, whereas u and u̇ are

given respectively, as velocity and acceleration under the wave crest. D represents the diameter

of the cylinder and ρ is the water density. However, there are limitations to the applicability of

this formula which needs to be checked, considering the definition of slender elements.

In order to use the Morisons equation, the acceleration over the surface of the cylinder cannot

change too much, reflected in the criteria, D/L < 0,2 (Faltinsen, 1990). Since the fish cage is

19 meters in diameter we have to assume that the structure cannot be considered as a slender

element, since the ratio in the region of interest would exceed the criteria. Other methods have

to be used to give a satisfactory result. Furthermore the amplitude of motion of the cylinder

should not exceed the criteria, am/D < 0,2.

3.6 Wave Loads on Large Structures

Since the structure is considered be of a large diameter, the Morison equation isn’t applicable

in the calculations of the wave loads on the closed fish cage. As a result, different methods

regarding reflections and other effects behind the structure have to be explored. One of the

most commonly used theories is that of McCamy and Fuchs (1954) (MF). The theory established

the forces on a large, surface piercing cylinder, submerged in an ideal fluid, where the velocity

potential, ϕ, is known to exist.
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Depth = d

Radius = a

X

Z

Figure 3.3: Bottom mounted cylinder

3.6.1 Diffraction Theory

The diffraction theory introduces a combined velocity potential, where ϕ is expressed as the

sum of the potential of the incoming waveϕi , and the scattered wave potentialϕs . The incident

wave will get reflected outward as it impacts on the cylinder. Furthermore, the wave will get bent

around the cylinder on the leeward side of the flow, which is known as diffraction. The combined

effect of both the reflection and diffraction of the incident waves are known as wave scattering

(Sumer and Fredsøe, 1997). The principle of this theory is illustrated in a very simplified manner

in figure 3.4.
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Figure 3.4: Wave diffraction and wave scattering

When we know the incoming potential, we can find the pressure. The pressure is expressed

with the linearized Bernoulli equation 3.18, which describes the pressure variation in a fluid.

The hydrostatic pressure is expressed as ρg z and changes with depth. The dynamic pressure is

expressed as ρ ∂ϕ∂t and changes with the presence of waves.

P =−ρg z −ρ∂ϕ
∂t

(3.18)

With the equation for pressure being established, the result can be used to calculate the force.

Fz =
∫ 2π

0
P cosθdθ (3.19)

Integration of equation 3.19 represents the component of the force acting in the x-direction on

the cylinder per unit length in the z-direction at depth z.
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Fz = 2ρg H

k

cosh[k(z +d)]

cosh(kd)
A

(
π

D

L

)
cos(ωt −α) (3.20)

Where:

tanα= J ′1
(
πD

L

)
Y ′

1

(
πD

L

)

A

(
π

D

L

)
= 1√

J ′21

(
πD

L

)+Y ′2
1

(
πD

L

)
J1 and Y1 are Bessel function of first kind, with πD/L as the argument. While J ′1 and Y ′

1 are

the first derivative of the same function. Alternatively, equation 3.20 can be expressed with CM

resulting in the following expression (Sarpkaya and Isaacson, 1981):

Fz = π

8
ρg HkD2 cosh[k(z +d)]

cosh(kd)
CM cos(ωt −α) (3.21)

CM is a complex mathematical term, as expressed in equation 3.22, and depends on the relation

D/L (Sarpkaya and Isaacson, 1981). Matlab was used to produce the resulting graph in figure

3.5, which illustrates how CM changes with different values of D/L. It is interesting to observe

how the values are about the same for small values, (< 0,2) of D/L, and how they drop rapidly

when the ratio increases in magnitude.

CM = 4A
(
πD

L

)
π

(
πD

L

)2 (3.22)
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Figure 3.5: Inertia coefficient

The other constant, beingα, is also dependent on the same Bessel functions and was calculated

in Matlab. Alpha represent the phase shift that occurs when the wave passes over the surface of

the cylinder, and provide a shift to the amplitude of the total horizontal force due to the diffrac-

tion effects behind the cylinder (Sumer and Fredsøe, 1997). The resulting values of the alpha

constant was plotted, and are illustrated in figure 3.6 were D/L is defined from 0 to 1.

α= tan−1

(
J ′1

(
πD

L

)
Y ′

1

(
πD

L

)) (3.23)
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To express the total horizontal force, it was just a matter of integrating equation 3.21 over the

height of the cylinder resulting in (Chakrabarti, 1987a):

F = π

8
ρg HD2 tanh(kd)CM cos(ωt −α) (3.24)

3.6.2 Wave Loads on Floating Cylinders

Wave loads have until now been presented for vertical bottom-mounted surface-piercing cylin-

ders. Since this is not the case for the floating fish cage, there is a need to modify the equations.

The adapted equations were first presented by Miles and Gilbert (1968) and further revised by

Garrett (1971). The approach is similar to that of a bottom mounted cylinder, and uses the inte-

grated pressure over the surface of the structure. Additionally, a new set of boundary conditions

for the flow that passes underneath the structure were established. The method is applicable

in infinite water depths and is relevant for a great deal of different cases, and should improve

on the diffraction theory since it allows the flow to pass underneath the structure. However, the
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mathematical equations are complex and very demanding to solve. Consequently, other meth-

ods were investigated and checked for their analytical accuracy, and ease of application.

Depth = d

Draft = h

Radius = a

X

Z

Excluded
area

Figure 3.7: Floating cylinder

3.6.3 Floating Dock Approximation

van Oortmerssen (1971) developed a simpler approach based upon a ratio of the diffraction

force for a bottom-mounted surface-piercing cylinder, but adapted for a circular dock with draft,

h. The ratio is expressed in equation 3.25. While the oscillating horizontal force on a cylinder

with draft h, can be approximated by equation 3.26, where Fx denotes the horizontal diffraction

force from equation 3.24, for a bottom-mounted cylinder in water depth of d meters.

sinh(kd)− sinh(k(d −h))

cosh(kd)
(3.25)

sinh(kd)− sinh(k(d −h))

cosh(kd)
·Fx (3.26)
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This approximation have later been compared to the full Garret solution by McCormick (2010a),

who proved that the van Oortmerssen approximation yields accurate results for values of ka

above 1. F (ka) is the non-dimensional horizontal force on a cylinder with draft d , radius a, in

water depth h. However, van Oortmerssens results, marked with a solid line, overshoots the

peak value and return a higher amplitude than the Garret analysis, marked with bullet points,

as shown in figure 3.8.

Figure 3.8: Garret vs Van Oortmerssen approximation, (McCormick, 2010b, p. 322)

3.7 Drag Force

A structure submerged in a fluid will experience forces due to the static pressure of the fluid. If

the fluid moves, there will also be a force contribution from the dynamic pressure that occurs
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when water particles are forced around the structure, as seen in figure 3.9. This force is known

as a drag force and is expressed in equation 3.27. In this equation ρ represents the density of the

fluid of interest, A is the projected cross-sectional area in the flow direction, CD is the drag coef-

ficient of the structure, and U is the velocity of the fluid flow (Çengel and Cimbala, 2014).

FD = 1

2
ρACDU 2 (3.27)

Flow direction with velocity, U

Drag force, FD

Figure 3.9: Water particles being forced around a cylinder

Such forces on marine structures occur due to the water currents, and can be a large domi-

nant force. Therefore, it is necessary to understand how we can accurately predict these forces.

Model tests are a well proven method of establishing the force variation at different velocities.

Another possibility is to use computational fluid dynamics (CFD) to model the fluid-structure

interactions (Chadwick et al., 2010). CFD could have been used in this thesis to establish such

loads and a corresponding drag coefficient, but an estimated drag coefficient were sourced from

Çengel and Cimbala (2014), due to the high complexity of such analysis types, and because ex-

perimental data obtained through model testing weren’t an option.
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3.7.1 Drag Coefficient

The drag coefficient, CD , is a dimensionless number that represents the drag characteristics of

the geometry (Çengel and Cimbala, 2014). It is a combination of a pressure coefficient, Cp result-

ing in a pressure force when integrated over the area of the fish cage. And a viscous coefficient,Cv

due to friction at the surface, which is used to calculate the shear force. For large structures, we

can neglect this viscous coefficient, Cv since it is only 1 – 3 % of the magnitude in comparison

to the pressure coefficient (Faltinsen, 1990).

CD =Cp +Cv (3.28)

3.8 Response Amplitude Operator

Until now the fish cage has been considered as fixed in space. In reality, the cage will experience

wave induced motions and have 6 degrees of freedom (DOF). For a floating object, these mo-

tions are divided into translational and rotational movement. The translational movements will

follow the x-, y- and z-axis. The vertical motion is known as heave and is measured on the z-axis.

The forward and backward motion are known as surge, and can be measured as displacement

along the x-axis. The last movement is sway and is measured as translation along the y-axis. The

rotational movement rotates about the same axis. The rotations are: roll, pitch and yaw. Roll is

measured as rotation about the surge axis. Pitch is measured as rotation about the sway axis,

and yaw is measured as rotation about the heave axis. The DOF with respect to the fish cage can

be seen in figure 3.10.
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Figure 3.10: 6 degrees of freedom

In ship theory, the notation response amplitude operator (RAO) is often used and denotes the

ratio between the response amplitude of the variable of interest to one meter of wave ampli-

tude. The RAO of a vessel operates on the frequency spectrum and creates a spectrum of motion

response(Bergdahl, 2009). The motion of special interest regarding the fish cage are the heave,

which is the vertical motion. The RAOs of the fish cage were investigated to identify the wave fre-

quencies where the response is of highest magnitude. A periodic, vertical translation of the fish

cage will produce an oscillating tension force with a higher peak value compared to the static

forces in the mooring lines, which is undesired. Consequently, one tries to design the structure

or vessel with the peak response outside of the typical sea states experienced on location.
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3.9 Mooring System

A catenary mooring system is used to position the fish cage. The system is similar to those used

in station keeping for floating offshore structures (Faltinsen, 1990). This chapter presents the

equipment involved in the mooring system and the necessary equations and assumptions to

perform a static mooring analysis.

3.9.1 Equipment

Since the mooring systems for fish farms shares a lot of its technical features with the offshore

equivalent, there is naturally similar components as well. However, there are differences and

the next subchapters outline the equipment that are regularly used in fish farm mooring sys-

tems.

Mooring lines

The mooring lines themselves are often made of a light chain or a synthetic fibre rope. Figure

3.12 and 3.11 displays a typical fibre rope and a chain configuration. Bridle lines are smaller

chains or ropes depending on the system, and connects the fish cage/net to the mooring system.

The bridle lines are connected to the four corners of the square robe profile that surrounds the

fish cage, and to connections points at the fish cage. The configuration will be explained in

greater detail in the next chapter.
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Figure 3.11: Mooring chain, Eiva-Safex (n.d.a)

Figure 3.12: Fiber rope, Eiva-Safex (n.d.c)

Connectors

A typical connector that is being used in mooring systems are shackles. A shackle is a U-shaped

metal piece whose main purpose is to provide a strong an reliable connection of two elements in

the mooring system. The connector is design to take the maximum breaking load of the mooring

lines it connects (Chakrabarti, 2005). The shackle is secured with a clevis pin or a bolt that closes

the profile.

Figure 3.13: Shackle, (US Cargo Control, n.d.)
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Connection Plate

The connection plate is a steel plate with holes that connects the ropes in the square rope profile

that surrounds the fish cage to the floating buoys at the surface. The plate is submerged at a

desired depth of a couple of meters below the SWL. It uses shackles to connect all the different

components that are being attached. The hoop on the upper surface connects a rope between

a floating buoy at the SWL and the plate itself, keeping it from sinking to the bottom.

Figure 3.14: Connection plate, (Vónin, n.d.a)

Mooring Buoys

The mooring buoys are a buoyancy element used to manage the vertical forces in the moor-

ing system. They are constructed from the plastic material, polyethylene, and filled with either

polystyrene or polyurethane foam, depending on the needs. A continuous chain, or similar

structural member, is pulled through the buoy and terminated at each end with a steel plate

and a connection point. Sizes vary depending on the buoyancy need of the mooring system

(Eiva-Safex, n.d.). A representative cross section can be examined in figure 3.15.
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Figure 3.15: Floating buoy, (Eiva-Safex, n.d.b)

Anchors

There are several anchor choices based on the geology of the location. The most popular type

of anchor today, is the drag type anchor, and other anchors are thus not included. The anchor

penetrates the seabed upon installation and provides great resistance against horizontal loads,

generated by the resistance of the soil. On the other hand, these anchors are prone to being

pulled out if vertical forces are present (Badinotti Group, n.d.).

Figure 3.16: Anchor, (Vónin, n.d.b)
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3.9.2 Mooring Systems for Fish Farms

Because the fish cage needs to be permanently positioned, anchors and anchor lines are con-

figured as a spread mooring system around the fish cage (Faltinsen, 1990). There is obviously

a need for more than one anchor and anchor line to distribute the load depending on the di-

rection. Figure 3.17 represents the state of art regarding mooring of fish cages. It is interesting

to investigate whether or not it is possible to utilize the existing mooring system on location to

reduce the installation expenditure of the new fish cage. The way the mooring system is set up,

is by suspending a rectangle from 4 floating buoys, marked as yellow circles in figure 3.17b and

3.17a. From the corners of the rectangle, bridle lines are attached to the fish cage to prevent yaw

and horizontal displacement. These lines form a “V ”, and are connected to each corner of the

square rope profile and to the fish cage. The anchor lines themselves aren’t directly connected

to the fish cage, but they are attached to connection plates at each corner of the square rope

profile. This way of mooring fish cages is convenient with respect to the calculations and load

directions. There will always be at least 2 anchors to distribute the load, independent on the load

direction. And arguments can be made to include another equivalent for the 4 anchors placed

at 90 degrees to the loading direction, but this not implemented in the calculations.

(a) Sideview
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(b) Top view

Figure 3.17: Mooring system configuration for fish farms

3.9.3 Catenary Mooring

The mooring lines are assumed to take on a catenary profile. That shape of a catenary is de-

scribed as the resulting shape of a free hanging line under the action of gravity, where we define

the coordinate system with origin at the touchdown point (Chadwick et al., 2010). Consequently,

the coordinate system was defined in such a way that at x = 0, z = 0. The horizontal distance,

x, to the fish cage is measured from the touchdown point, and reaches a maximum at x = L, as

it is illustrated in figure 3.18. A catenary mooring system provides the needed station keeping

through a combined action of the suspended line weight and changes in the lines configuration

from the movement of the vessel it secures. The equation for the catenary mooring line profile is

expressed as 3.29, and involves the parameters; W and H. W is the submerged weight of the an-

chor line, and H is the horizontal load that is exerted on the system by current and wave forces.
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The water depth varies along the z-axis, until it reaches it maximum at z = d , (Chakrabarti,

2005).

y = H

W

(
cosh−1

(
W

H
x

)
−1

)
(3.29)

L = W

H

(
cosh−1

(
H

W
d

)
+1

)
(3.30)

Depth = d

T

H

V

Distance along bottom = L

Touchdown point

Z

Figure 3.18: Catenary profile

Another parameter of great importance, is the actual length of the mooring line, s, defined by

eq 3.31. The total length will vary with the curve of the mooring line, which changes with the

submerged weight. Furthermore, the added length caused by the curvature of the mooring line

in comparison to a straight line, will increase the vertical force expressed in eq 3.32. The total

length, s, is then used to estimate the vertical force, as the product of the submerged weight per

unit length times the length of the catenary.
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s = H

W

(
sinh−1

(
W

H
L

))
(3.31)

V =W · s (3.32)

The horizontal force, H , is defined as the load from the waves and/or current, acting on the cage.

And finally, when values for both H , and V have been established, the total tension in the cable,

T eq (3.33) can be calculated.

T =
√

H 2 +V 2 (3.33)

3.10 Dynamic Mooring Motions

In its static position, the mooring line is connected to the floating buoy and the square rope

profile through the connection plate, while the end of the line rest at the seabed in the initial

touchdown point. When waves and currents are introduced as loading factors, the fish cage is

shifted horizontally and lifts an additional length of mooring line off the sea bed, while shifting

the touchdown point in the opposite direction of the translation of the fish cage. The increased

weight of the lifted line, increases the horizontal restoring force, while the tension in the line in

close proximity to the connection point to the fish cage increases until the maximum horizontal

displacement is reached (Chakrabarti, 2005). Since the restoring force is highly dependent on

the submerged weight, mooring lines composed of different elements are often used to obtain

the desired properties. Such an example is the use of heavy anchor chain in the vicinity of the

anchor. The chain provides better resistance to vertical forces in the anchor which can lead to

the undesirable event of the anchor being pulled out of the soil.
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Depth = d
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Figure 3.19: Catenary line motions caused by movement at swl

3.10.1 Loading Mechanisms

A set of different loading factors act on the fish cage and they are usually considered to be:

• Current

• Waves

• Wind

Both the wind and current can be assumed as constant loads while wave forces contribute with

a time varying load on the system.The RAO of the fish cage will be a good indication for which

wave frequencies it is easily excited. Theory regarding the RAOs where presented in chapter 3.8

and the resulting RAO for the heave motion can be inspected in chapter 5.3. Note that these

RAOs are estimated without the added damping of the mooring system, which will decrease

some of the motion.
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3.10.2 Dynamic Analysis

A dynamic analysis is performed in the time domain and are known to be computationally in-

tensive. By utilizing this type of simulation, one can estimate the connected system response

and the resulting forces for different sets of environmental loading. An important aspect of the

dynamic simulation in comparison to the static equivalent, is the inclusion of the hydrodynamic

damping. Secondly, the inertial effects of the fluid interaction of the mooring line is included,

but the effect are often considered to be minor (Chakrabarti, 2005). Furthermore, the time step

of the simulation need to be of a magnitude that is small enough to capture the wave induced

oscillations in the system. Simulations often tend to be long so they can capture the larger re-

sponse periods of the system. This is especially true for simulations that uses an irregular sea,

with a Spectrum such as JONSWAP that contains waves with different height and occasional

high amplitude waves. For simulations that uses a regular sea, one can reduce the simulation

time at the expense of accuracy, but computational cost is also drastically reduced. The com-

puter software often uses a finite element method (FEM), which decompose the elements and

lines into shorter or smaller elements with linear shape elements. AquaSim, provided by Aquas-

tructures, was used to perform the dynamic analysis and uses this approach. The basic principle

of the FEM method is illustrated in figure 3.20.
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Figure 3.20: Finite Element Method

A truss such as the mooring line in figure 3.20 with length, L, is decomposed into a decided

amount of elements connected by nodes. In this case 3 elements with length 1/3 L, with 4 as-

sociated nodes. In a case considering node A to be fixed and by applying a force at node B.

the element will deform a distance ∆L. By applying Hookes law eq (3.34), which states that the

force, F, needed to extend or compress a spring by a distance, is proportional to that distance. In

which, k, is the characteristic stiffness of the material of interest. Equilibrium is obtained when

the internal forces of the truss are equal to the external applied forces. This is established for the

whole structure in both a static or dynamic analysis (Aquastructures, 2014).

F = k∆L (3.34)
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3.11 Solidity and Marine Growth

Important load affecting parameters for the fish net was studied, since the loads in the mooring

system of the closed fish cage is to be compared to that of a fish net. Two factors of considerable

importance are the solidity and marine growth. The solidity, Sn , of the net is a parameter that

defines the percentage of an area covered by the twines in the net (Gansel et al., 2015). The

solidity will change with mask size in the net and line diameter. And increase for finer mask

sizes or higher line diameter, since a greater area is covered.

Sn = area

total net outline area
= d

Ly
+ d

Lz
(3.35)

Length

Height

Figure 3.21: Solidity of a panel

Ly

Lz

d

Figure 3.22: 2D view of one mask

Marine growth, also known as biofouling, “is the undesirable accumulation of microorganisms,

plants and animals on artificial surfaces (nets, trays, cages), when they are immersed in the sea,

with considerable economic consequences” (Mark G. J. Hartl and Davenport, 2006). Biofoul-

ing will also influence the solidity and drag loads of the fish net by increasing the effective line

diameter in the net. The increase in drag caused by marine growth often causes additional de-

formation of the net, increasing the risk of wear and tear as a result of contact between the net
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and the rest of the system. Figure 3.23 shows a fish net with marine fouling, and it is clear to see

how it increases the solidity of the net.

Figure 3.23: Marine fouling of a fish net (Akva-Group, n.d.)

The technical standard, NS9415, acknowledge the effect of marine growth and states that the

dimensional fish net analysis shall use a line diameter increase of at least 50% when marine

growth is considered (Standard Norge, 2009). Aquasim have an integrated option called “growth

coefficient”, which accounts for increased diameter of the lines from fouling. Setting this coef-

ficient to 1.5, increases the line diameter by 50% (Aquastructures, 2014). Other than increasing

the weight, and hydrodynamic loads on the system and mooring, marine growth also affect the

fish welfare. A significant amount of marine growth reduces the water exchange through the net

due to the higher solidity, and consequently reduces the oxygen supply of the fish stock (Gansel

et al., 2015).

3.12 Net Membrane Elements in AquaSim

AquaSim uses membrane elements to calculate the incident wave and current forces acting on

a panel with solidity, Sn, as described in the previous section. A complete net consist of sev-

eral panels similar to that of figure 3.21, comprising a mesh model. The modeling approach is
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covered in chapter 4. There are three different load options to choose from, but the default op-

tion, M1, are used in this thesis since it shows good agreement to experimental measurements,

and account for shading of consecutive lines as presented by Berstad et al. (2012). The drag co-

efficient for a single line in the net is used to calculate the appropriate drag coefficient for the

membrane panel with equation 3.37, which is dependent on the solidity, Sn . The equation for

the drag force of a net panel is defined in equation 3.36.

F =Cd ,mem
ρ

2
dLyU 2 (3.36)

Where:

Cd ,mem =Cd ,c yl
Ly Lz

2

(Ly −d)(Lz −d)2
(3.37)

By introducing a net panel where Ly = Lz = L, equation 3.37 reduces to

Cd ,mem =Cd ,c yl
1

(1− Sn
2 )3

(3.38)

3.13 Dense Net Membrane Elements in AquaSim

The “dense net” option is another option in AquaSim primarily meant to calculate the forces on

lice skirts, but can also be used to calculate the forces on large closed volume bodies, such as

the fish cage. However, the net doesn’t have bending stiffness and requires an underlying rigid

structure to maintain its shape. The modelling of such a structure is described in chapter 4.

Furthermore, it includes an option for added mass, as the internal volume multiplied with an

added mass coefficient. Wave forces from the incident wave are calculated as a combination of

the Froude-Kriloff force, and the diffraction force calculated according to McCamy and Fuchs

(Berstad and Heimstad, 2015), which was presented in chapter 3.6.
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4. Simulation Modelling

The purpose of this chapter is to cover the simulation modelling in the different programs that

have been used, since all of the simulation setups are exclusive to this thesis. Some values are

included in this chapter, but the complete list of variables and assigned values are included in

Appendix D. The different programs are branded as:

• Genie

• HydroD

• AquaSim

4.1 Genie and HydroD

The simulation in Genie (DNV GL, n.d.a) and HydroD (DNV GL, n.d.b) are closely related and

are therefore combined in this chapter. The purpose of implementing these programs was to

estimate the RAOs of the fish cage. Genie was used as the modelling program while HydroD was

used to calculate the RAOs.

4.1.1 Modelling in Genie

A cross section line was modelled and rotated 360° to produce the surface shape of the fish

cage. Then the surfaces that are in contact with water and consequently should receive a hy-

drodynamic pressure, was specified. The generated model was meshed with a combination of a
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regular structured mesh around the buoyancy collar. While a tetrahedral mesh was specified on

the cage walls, to better capture the curvature of the egg. Genie had some problems to mesh the

curve of the fish cage with a rectangular mesh, especially in the lower part of the cage with high

curvature. Note that both programs only consider the area under the SWL, and subsequently,

the structure above the SWL was not modelled.

Next, a secondary mesh was generated to see if further mesh refinement would improve or

change the results to some extent. A better resolution in the calculated RAOs are generally ex-

pected by implementing a finer mesh. However, one tries to find a compromise between nu-

merical accuracy and computational time. Both meshes are displayed in figure 4.1.

Figure 4.1: Coarse and fine meshed model

4.1.2 Setup in HydroD

In total, 3 simulations were carried out. All simulations used incoming waves with varying direc-

tion from 0° to 180° with an interval of 15° between the waves. The frequency set was specified to

start at 0.2 rad/s and continue throughout 2 rad/s, with a steady progression of 0.1 rad/s. Then

the frequency set was further refined, based on the results from the first simulations that yielded

a poor resolution, but indicated the region of interest, even with a lack of measurements.
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4.2 AquaSim

The software package called AquaSim, provided by Aquastructures was used to perform the dy-

namic simulations of both a open fish net with a floating collar and the closed fish cage. The pro-

gram consist of 4 individual programs, each serving its own specialized purpose. The model is

created in AquaEdit and environmental conditions are defined in the same program. AquaBase

can be used to view the model, and evaluate the data regarding the different elements, but has

been less important in the newest release of the program. AquaView displays the results from

AquaEdit in an intuitive environment and lastly AquaTools lets the user plot and display results

of interest. Lastly, Matlab was used to post-prosess the data and make combined plots of the

data, exctracted from AquaTools. All the material data can be inspected in appendix D.

AquaEdit AquaBase AquaView AquaTool

Figure 4.2: Programs included in the AquaSim package

4.2.1 Modelling of Fish Net

To generate the model, a circle with radius 16m, was drawn at z = 0, and divided into 36 ele-

ments distributed along the circumference. Another circle was extruded at a distance of 0,72m

outwards from this circle, complete with connecting elements. These two circles comprise the

floating collar and are defined as beam elements, assigned with properties and cross section of

a circular plastic tube, included in appendix D.2.
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Figure 4.3: Floater

The fish net was extruded from the inner circle and along the negative z-axis for a distance of

20m distributed over 15 elements. To close off the net, a conical mesh was extruded from the

bottom of the vertical sidewalls of the net, with a vertical distance of 5 meters and 6 elements

in the radial direction. Then, all the elements of the extruded mesh was selected and the ele-

ment type was set to membrane which defines a net type load to the selected mesh elements

in AquaSim. The net has a baseline solidity of 15,9%, with another two simulations accounting

for additional marine growth of 20% and 50%, with a resulting net solidity of 19,2% and 23,9%

respectively.

(a) Fish net sideview, with bottom
(b) Isometric view, without bottom

Figure 4.4: Fish net
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Another circle was extruded at the bottom of the sidewalls of the net. This circle represents

a sinker tube, which purpose is to maintain the shape of the net while put under horizontal

loading. This circle was attached to the inner circle of the floater with 9 vertical lines, distributed

around the net. These lines are also connected to the net, and relief it from most of the vertical

loads induced by the sinker tube, and provides strength to the system.

Figure 4.5: Lines in the fish net

4.2.2 Modelling of Fish Cage

To model the fish cage, a set of 25 points were exported from a CAD modelling software, along

the cross section of the egg shape. The coordinates of these points were used to draw the vertical

cross section of the fish cage, before 1 refinement point were inserted between each of the origi-

nal nodes to provide a smaller element size. The 3-dimensional shape was modelled by rotating

the line 360 degrees and distributing 36 elements along the circumference. A similar approach

was used to model the horizontal connections between the lines, as these needed to be different

elements.

The floating collar comprises four different structural elements. Internal rectangular beams pro-
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vide the necessary stiffness, while the circular elements at the outer perimiter of the floating col-

lar connects these beams to create a rigid structure. A membrane element of type “dense net”

is then defined at the outer perimiter of the whole structure, as seen in figure 4.7a. The internal

water volume of the structure is accounted for by introducing this type of element to the model,

as proved by Berstad and Heimstad (2015). Furthermore, the inclusion of the internal water vol-

ume for such a large volume structure is important to be able to capture the dynamic effect of

the large mass of the structure, as it moves with the waves and currents.

(a) Fish cage vertical elements (b) Fish cage horizontal elements

Figure 4.6: Fish cage model without floating collar

(a) Dense net elements (b) complete fish cage model

Figure 4.7: Further refined fish cage model with floating collar
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4.2.3 Modelling of the Mooring System

The mooring system, illustrated in figure 4.9, is identical for both the fish net and the fish cage,

since the purpose is to investigate their interchangeability. A 60 by 60 meter square rope pro-

file, as described in section 3.9.2, was modelled at a depth of 5m. Buoys were defined at each

corner, with properties found in appendix D.3. These elements have properties of a spring with

a vertical force component to simulate the bouyancy. The bridle lines connect the square rope

profile to the fish cage and fish net. Furthermore, the ends of the mooring lines were placed

at an estimated distance of 400 meters away from the square rope profile, at a constant angle

all the way down to the seabed at z = 100m. A further 70 meters of line was added from the

touchdown point (TDP) to the anchor, to accommodate for some vertical movement, as the fish

net and cage moves with the waves. The line resting at the seabed is given properties of a chain,

while the longer lines are defined as fiber ropes. The anchors are held in place by introducing a

constraint in the x−, y−, and z−direction for the node at the end of all the mooring lines.

The mooring lines are split into 7 elements of 51,4 meters for the major distance of the mooring

line. 3 shorter refinement sections of 17,1 meters are specified near the square rope profile, to

better capture the dynamic motions in this area. The anchor chain near the tdp are split into 8

sections, since some translation of the tdp is expected, when the mooring system moves with

the waves, fish net, or the fish cage.

400m70m

Fiber rope

Anchor chain

Figure 4.8: Composition of one mooring line
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(a) Isometric view of mooring system

(b) Top view of mooring system

Figure 4.9: Mooring system model
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4.3 Drag Comparison

Initially, only current was considered, and a setup were established to compare the drag loads

from the fish net to the drag loads of the closed fish cage. A horizontal mooring line was placed

at a distance of 50 meters from the center of the structure, and ended at 100m in the x-direction.

The end-point at 100m were constrained in all directions. Additionally, 3 bridal lines connected

the floater and fish cage to the mooring line to better distribute the load. Current of varying

velocity was simulated, and the axial tension in the horizontal mooring line was inspected. This

approach is similar to the one used by Berstad and Heimstad (2015) and Lien and Volent (2012).

Figure 4.10 shows a top view of the setup for both the fish net and the closed fish cage.

Furthermore, these simulations only consider the containment systems, and the influence of

the biomass, represented by the presence of fish, is not accounted for in the drag analysis of the

fish net. A high density of fish inside the fish net will probably influence the flow pattern, and

affect the incoming water velocity as it passes the structure. The fish cage does not have the

same issue, due to the closed walls which provides a constant barrier against the surroundings.

This makes the results more independent regarding the effect of the contained biomass.

Figure 4.10: Horizontal drag model for both systems
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5. Results

5.1 Wave Force Calculations

The geometry of the fish cage projects a horizontal cross section of a cylinder, and a vertical cross

section as seen in figure 5.1. The horizontal load for an infinitesimal section will still be that of a

cylinder, so the principle of calculation would be similar, except that we need to sum the forces

from the different sections. However, the geometry of the whole structure makes it possible

to justify a simplification were the shape is defined as a cylinder with constant diameter. The

diameter is kept at 19m, and the cross-sectional area is assumed to be equal to the actual shape

of the fish cage, which yields an equivalent draft of 17,8 m. This assumption should compensate

for some of the geometrical differences. The result can be seen in figure 5.1.

A = 338,64 m
2

A = 338,64 m
2

20,3 m 17,8 m

Ø19 m Ø19 m

Figure 5.1: Essential dimentions
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Geometric values of the fish cage

Cross sectional area [m2] 338,6

Draft [m] 20,3

Equvalent cylinder draft [m] 17,8

5.1.1 Wave Parameteres

The wave parameters of interest were defined in chapter 1 and are a direct result of the differ-

ent wave classifications, sourced from the NS9415 standard. Supplementary parameters such

as wave number, diffraction coefficient, and wave length were calculated because the NS9415

standard only list the wave height and the associated wave period. Note that all conditions are

within the criteria for the diffraction regime of πD
L < 0,5 , where condition nr 3 is getting closest

to the “all inertia” region in figure 3.2.

A maximum wave height of 2m was chosen, since the freeboard of the floating collar was set at

approximately 1,4m, and higher waves would overtop the floating collar with unknown effects.

Furthermore, the fish cage is expected to be used at fish farms that already use fish nets. These

tend to be located in sheltered locations with limited wave height, and consequently, higher

waves were not included.

The theory regarding wave forces that was initially presented in chapter 3.6, investigates the

total force on a cylinder that is piercing through the water surface and rigidly mounted to the

sea bottom. Since the fish cage is in fact floating in the upper part of the water zone, there is a

need to slightly modify the approach. The mooring lines are thought to secure the cage in such

a way that free movement is restricted. Aquasim includes wave drift and should produce a more

correct estimation, that contains all parameters of the floating body.
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Table 5.1: Calculated Wave Parameters

Nr H [m] Tp [s] k d [m] L [m] CM (Fig.3.5) πππD
L

1 0,5 2 1,006 100 6,25 0,0541 9.56

2 1 3,2 0,393 100 15,99 0,2218 3,73

3 2 5,1 0,1547 100 40,61 0,8655 1,47

5.1.2 Diffraction Force

The resulting force for each condition was calculated using McCamy and Fuchs’s approach and

are included in table 5.2. By comparing condition 2 and 3 as an example, one can observe how

the wave load increase by a factor close to 8, with a doubling of the wave height and a slight

increase in wave period. These loads are known to be overpredicted as they implement the

water depth as the cylinder height, and don’t account for the draft which allows some of the

water to pass under the structure.

Table 5.2: Calculated wave forces, McCamy & Fuchs methods

Nr Wave force [N]

1 38 559

2 316 171

3 2 467 499

Van Oortmerssens method of multiplying the MF force with a ratio was used to account for

the floating body and the passing of water particles underneath the structure. The resulting
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force for each condition are included in table 5.3. The calculated ratio is dependent on both the

draft, water depth and the wave number. It is interesting to see how the wave number, k, is the

deciding factor, as the other parameters are constant for all cases.

Table 5.3: Calculated wave forces, van Oortmerssen method

Nr Ratio Wave force [N]

1 1,000 38 559

2 0,999 315 883

3 0,937 2 310 819

The results in table 5.3 correlate to those produced by Chadwick et al. (2010), which used a

floating cylinder with diameter of 20m, and a draft of 8m. They used the same approach as

above, assuming that the cylinder does not move. A selection of the results are included in

appendix B. Interestingly, Chadwick et al. decided to neglect the dynamic effect of the wave

forces in the further work in relation to the mooring line analysis, “due to the large associated

uncertainty of the wave parameters”.

Even though the results of these two independent studies are closely related, there is an uncer-

tainty associated to how the spherical shape of the closed fish cage would impact the total forces,

that are calculated for a floating cylinder. Model testing should be conducted to establish the

dynamic effects of the fish cage, and to which degree these calculations are conservative or not.

Nevertheless, one should acknowledge the magnitude of the potential diffraction forces and ac-

count for such forces, both structurally, and with respect to the dimensioning of the mooring

system. These calculations must include the dynamic effect of the floating object, which they

are applied to. Such effects are the horizontal-, rolling-, and vertical movements, which are be-

lieved to impact the result. The fish cage is in fact free to move with the waves to some extent,
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since the mooring system has a moderate restoring force. This is one of the biggest differences

in comparison to a rigidly mounted cylinder for which the amplitude of motion shall not be too

large to use the McCamy and Fuchs theory.

The same level of force is not observed in the dynamic analysis, presented in chapter 5.5.4, but

the reported force in this analysis only consider the axial tension in one mooring line. And con-

sequently, one cannot compare these results directly, as the total force would be a combination

of the oscillating force in all the mooring lines.

Another interesting discovery in the wave calculations is that the wave loads are close to that

of a bottom mounted cylinder, even though there is a difference of 82.2 meters in draft. This is

especially true in deep waters where there is a drastic decay of water wave particle velocity with

increasing depth. Which means that the maximum amount of wave load will be experienced

in the upper part of the total depth of water. Wave condition 2 have been used to highlight this

property, as seen in figure 5.2, where a red marker has been included to highlight the draft of the

equivalent cylinder and the SWL.
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Figure 5.2: Velocity profile for wave condition nr 2
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5.2 Drag Calculations

5.2.1 Drag Coefficient

As previously stated, the drag coefficient is a dimensionless number that represents the drag

characteristics of the geometry. The drag coefficient that was used in this thesis is a combination

of the drag coefficient of an elongated sphere, and a cylinder with aspect ratio of approximately

0,6. The elongated sphere with an aspect ratio of 0,75 have a drag coefficient of approximately

0,2 according to Çengel and Cimbala (2014). While a cylinder with an aspect ratio of 1 have a

drag coefficient of 0,6. By inspecting the cross-sectional area, it is evident that the cross section

is a combination of a cylinder and a capped elongated sphere. Figure 5.3 shows the two differ-

ent cross sections, CS1 and CS2. Where CS1 represents the capped elongated sphere and CS2

represents the cylinder shape. Table 5.4 includes the cross-sectional areas and their percentage

of the total area. The drag coefficient of both objects where weighted based on their percentage

of covered area in relation to the submerged cross-sectional area, to establish the resulting drag

coefficient. A resulting drag coefficient of approximately 0,3 is obtained by combining these two

scaled drag coefficients, included in table 5.4 and were used in the Aquasim input data.
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20,3 m

19 m

CS1

CS2

Figure 5.3: Cross section

Table 5.4: Cross-sectional areas and drag coefficients

Cross section [m2] Cross section [%] Original CD Scaled CD

C S1 252,65 74,6 0,2 0,1492

C S2 86 25,4 0,6 0,1524

C Stot al 338,65 100 - 0,3016

5.2.2 Drag Force

The total drag force was calculated by introducing the estimated drag coefficient of 0,3 into eq

3.27. The reference area is the projected area in the flow direction. The area was found to be

338.65m2 in CAD software. The resulting force varies with the current velocity squared, as seen
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by the exponential increase of force in figure 5.4. The drag force was plotted against current

velocities from 0 to 1,5 m/s, since higher current velocities are rarely observed at fish farming

locations. Furthermore, these current velocities covers all classifications in the NS9415 stan-

dard. By comparing the drag force to the wave forces obtained in table 5.3, it is evident that the

drag force is of a much smaller magnitude. The combined effect of both factors will be further

examined in the dynamic analysis.

Table 5.5: Drag force at different current velocities

Nr Current velocity [m/s] Drag coefficient Drag force [N]

4 0,2 0,3 2 152

5 0,4 0,3 8 608

6 0,6 0,3 19 369

7 1 0,3 58 801

8 1,5 0,3 121 053
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Figure 5.4: Drag force variation with current velocity
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5.3 RAO Estimation

The RAOs were calculated in HydroD and the fish cage was modelled in Genie. Both software

programs are products offered by DNV GL. Genie was used to construct the necessary panel

model to perform the simulation, while HydroD was used to calculate the actual RAOs. The

model generated in Genie was meshed with a combination of a regular structured mesh around

the buoyancy collar. While a tetrahedral mesh was used on the cage walls to better capture the

curvature of the egg. Note that both of the programs only consider the area under the SWL.

The results are plotted for the heave response as the waves propagate in the primary direction

for all cases. The primary direction is defined to be parallel to the x-axis, that is at 0 ° . Additional

directions such as, 45 ° and at 90 ° could have been implemented, but were excluded since a

thorough investigation of the RAOs wasn’t the objective of this thesis, and the fact that the fish

cage is axisymmetric, which made the results identical for all directions. It is also important to

notice that these simulations doesn’t include the viscous damping of the water that surrounds

the structure, which would most likely cause the amplitude to be smaller. Nonetheless, the

frequency range would still be accurate.

5.3.1 Coarse Frequency Step

The first simulation run executed the calculations fast, and the resulting RAO for heave at 0

° was found. In postprocessing Matlab was used to convert the frequency from rad/s to Hz.

From the resulting plot, it is clear that there are some missing values at the peak, recognized by

the sudden and nearly horizontal translation near the peak. Which in return suggest that there

might be a point in between with a higher corresponding value that are excluded due to the

coarse frequency step size.
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Figure 5.5: Coarse frequency range

5.3.2 Refined Frequency Step With Coarse Mesh

The following simulation implement a model with a finer frequency step in the frequency range

of the peaks of the obtained spectrum. The frecuency range in need of refinement was estab-

lished in the previous simulation, and values was added manually in this range to increase

the resolution. As a result, the peak was calculated to be higher. The graph also maintains a

smoother profile, which is a good indication of adequate calculation steps. However, we see a

small dent on the graph, which suggests that further refinement should be made.
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Figure 5.6: Coarse mesh with refined frequency range

5.3.3 Refined Frequency Step With Fine Mesh

The last simulation uses the same frequency set as the previous simulation, but the model was

exchanged with a finer meshed model. The results were marginally higher for the heave motion.

However, it is interesting to notice how the graph no longer contains the little peak at the start of

the graph. By introducing a finer mesh, the simulation yielded a more robust and trustworthy

solution. While the simulation gives more accurate results, there is a downside of higher com-

putational time in comparison to the second simulation, with a computational time of 255s,

compared to 72s for the coarse mesh with a fine resolution frequency set.

The peak of the graph with respect to wave frequency is at about 0,12 Hz, which equates to a

wave period of 8,33s. The fish cage will have the highest response in this region, with a response

close to 6 meters per meter wave height, without the viscous forces being accounted for. The

highest wave period that was used in this thesis is at 5s, which is the same as a wave frequency of

0,2 Hz. In this area of the spectrum, there is a very small response and resonance in heave should

not be a problem. On the other side of the graph one can see how the fish cage would follow the
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waves in a harmonic motion in swell waves, when the wave period reaches approximately 20

seconds or higher.
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Figure 5.7: Refined mesh with refined frequency range

5.4 Static Mooring Calculations

Equation 3.29, which was presented in chapter 3.9.3, were used to calculate the static profile

of the lines. The mooring lines were defined as a stud link chain, with a submerged weight of

39 N/m. To increase the safety of the system and make it more redundant to environmental

loads, an extra length of 70m heavier anchor chain is added from the touchdown point to the

anchor. This is a remedial action to mitigate the risk of vertical forces in the anchor. The sea bed

was assumed to be completely flat for both the static and the dynamic analysis. The horizontal

load, H, is divided by two, to better capture the nature of the spread mooring configuration that

distribute the loads to at least two anchors at all times.

The static calculations only use the current loads as these are constant with time. Wave loads

have been included in the simulations in AquaSim, which is covered in the next chapter. The

input values and the results for the system at varying current speed is included in table 5.6.
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One can clearly see that the vertical force is of great concern when the current loads are small,

contributing to almost all the tension at the top of the line. The vertical force contributes to

more than 50% of the total tension for Uc < 0,6.

Table 5.6: Static mooring line calculations

Current speed [m/s] 0,2 0,4 0,6 1,5

Drag coefficient 0,3 0,3 0,3 0,3

Drag force [N] 2 152 8 608 19 369 121 053

Stud link chain size 1-3/4 inch [N/m] 39 39 39 39

Estimated line length, s [m] 119,4 173,2 210,8 540,3

Seafloor projected length, L [m] 59,9 136,0 237,1 551,3

Chain on bottom [m] 70 70 70 70

Vertical leader [m] 5 5 5 5

Vertical tension [N] 4 658 6 754 9 246 21 499

Tension at top [N] 4 781 8 009 13 390 64 232

Water depth, d [m] 100 100 100 100

5.5 AquaSim

The two models of the fish net and fish cage described in chapter 4 were used throughout all

simulations. A set of simulation conditions were established, included in table 5.7, to capture

a broad spectrum of scenarios and wave classes as defined in the NS9415 standard. This table
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employ the predefined environmental conditions, governing the wave height, wave period and

current speed presented in Appendix A. The resulting tension plots for the complete mooring

system in this chapter are taken from mooring line 1, as defined in figure 5.8.
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Figure 5.8: Mooring line numbers

Table 5.7: Simulated conditions with parameters

Condition H[m] Tp[s] Cx [m/s]

1 0.5 2 0

2 1 3.2 0

3 2 5.1 0

4 0.5 2 0.2

5 1 3.2 0.2

6 2 5.1 0.2

7 0.5 2 0.4

8 1 3.2 0.4

9 2 5.1 0.4

10 0.5 2 0.6

11 1 3.2 0.6

12 2 5.1 0.6
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5.5.1 Static Mooring Analysis

A short note on the initial steps and the static mooring calculations performed in Aquasim are

included for convenience sake, and to illustrate the catenary profile and how it is obtained.

The modeling method was covered in chapter 4.2.3, where the mooring lines are modelled as

straight lines between the estimated touchdown point and the connection plate, as seen in fig-

ure 5.9.

Figure 5.9: Mooring systems with straight mooring lines

The static condition is then calculated by the method described in chapter 3.10.2, until equilib-

rium is obtained. The program calculates the profile over several incremental steps, until the

catenary profile in figure 5.10 was obtained. This procedure is executed at the beginning of each

simulation. One can see a slight curvature in the square rope profile and bridle lines before any

waves or current are introduced in figure 5.11. Furthermore, all lines in figure 5.11 are lifted to

some extent in the corner of the square rope profile where the mooring buoy is attached, which

provides a buoyancy force. The static tension can be found by inspecting the axial tension in

mooring line 1, which is 12 568 N, whihc will be used as a reference for the axial tension in the

succeeding chapters.
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Figure 5.10: Mooring systems at static equlibrium

Figure 5.11: Close-up of mooring systems at static equlibrium

5.5.2 Drag Comparison of Fish Net and Fish Cage Models

Initially the simulations only considered constant current, since this setup is less complicated

than a dynamic simulation with waves. The simulation model did not contain the full mooring

system, but used the setup described in chapter 4.3. The fish cage was compared to the fish net

with three different states of fouling and two different sinker tubes. The states of fouling were

set to be a clean net with 0% growth, a net with 20% growth, and a net with 50% growth. The

obtained results are a valuable contribution to the complete load picture, and understanding

of how the system behaves after some exposure in the sea. The load variation in connection to

the surface roughness of the egg have not been studied because of the conceptual state of the
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fish cage. The change of surface roughness caused by marine growth will alter the total load and

tension in the mooring lines, but the clean fish cage will serve as a benchmark in the further

evaluation of the conducted work. Additionally, calculated drag results using the basic drag

equation was included to compare the output from that obtained in AquaSim.

The drag force from the fish cage is represented in figure 5.12 with a cyan color and the fish net

results are generated using a sinker tube weight of 75 kg/m. The drag loads on the fish cage

are behaving almost linear and the increase is drag with increasing fouling is close to constant.

However, in the event of 50% marine growth, there is a slight decrease in the progression of the

drag load between 1m/s and 1,5m/s. This is most likely a result of the large deformation of the

fish net that occurs at such high current velocities. The deformation of the fish net at all current

velocities are included in Appendix C.

The drag load of the fish cage model closely resembles a quadratic line similar to that of the an-

alytical results plotted with a pink line. This is expected when equation 3.27 is used to calculate

the drag load, as presented in chapter 3.7. Even though the drag coefficient is identical in the

analytical result and the AquaSim model, there is quite a difference in the resulting drag force.

Lastly, the drag force stays below the load range of the fish net for all current speeds below 1,2

m/s. Which, by these drag-only simulations, makes it plausible to exchange the fish net with a

fish cage, but simulations with full mooring systems should be evaluated as well, to capture the

forces and dynamic behavior of the fully coupled system.
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Figure 5.12: Drag with sinker tube weight 75 kg/m

Another set of simulations were executed with a heavier sinker tube, weighing 135 kg/m, to

investigate the effect of this component. The immediate effect is that the fish cage maintains

its initial shape for higher current speeds and the drag loads increase compared to the results in

figure 5.13 using a sinker tube weight of 75 kg/m. The drag loads of the fish net also maintain

an almost linear progression in this case, but shifts all of its drag values higher up on the y-axis,

surpassing the drag loads of the fish cage for all current velocities.
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Figure 5.13: Drag with sinker tube weight 135 kg/m

These simulations clearly suggest that the sinker tube weight is a major factor regarding the de-

formation of the fish net with increasing current. A heavier sinker tube is able to maintain the

shape of the fish net for higher current velocities, and the resulting drag force is increasing be-

cause of the larger projected area in the loading direction. Lastly the welfare of the fish stock

needs to be maintained and is an important, but non-structural aspect of the fish net deforma-

tion.

5.5.3 Mooring Analysis of Fish Net, Waves Only

To comply with the NS9415 standard, all analyses used a growth coefficient of 50%. Tension

plots from simulation condition 1, 2, and 3 are included in figure 5.18, 5.19 and 5.20. These sim-

ulations use the full mooring system, but only include waves. The intial steps calculate the static

tension due to the submerged weight of the mooring line and are equal for all three simulations.

This static result can be seen as the starting point on the y-axis in the plots. The oscillating mo-

tion of the waves causes the line to experience a periodic increase and decrease of tension, due
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the wave forces and the induced motion of the floating collar and net.

The mooring system configuration in this case, separates the top of the mooring line and the

floating collar by a horizontal distance of 14 meters, as seen in figure 5.14. The floating buoy

at each corner of the square rope profile follows the waves as they pass its location, but the

horizontal distance between the floating collar and the floating buoy can make them translate

in- or out of synchronization, dependent on the wave length. Which in a worst-case scenario

can make them translate in opposite directions, which will make the system experience snap

loads. Snap loads are identified as short but rapidly increasing loads, often seen as sharp peaks

in the results.

14 meter

Figure 5.14: Horizontal length between bouy and floater

Condition 1, starts at a static tension value of 12 568 N, found from the initial tension due to the

submerged weight of the mooring line. The tension plot starts out a bit rough as the first two

waves propagate past the net, before the tension oscillation settles in a repeating pattern for

the whole length of the simulation. The load variations are small, as a result of the small wave

height specified in this wave condition. Figure 5.15 illustrate the wave height in comparison to

the floating collar of the fish net.

74



Figure 5.15: Wave condition 1 with fish net

Condition 2 behave similar to condition 1, but contains much higher peak values. This happens

because the fish net does not follow the waves in a harmonic motion. The high peak values occur

because the fish net doesn’t follow the waves in a harmonic motion, but the floater remains

mostly level with some short free spans between the waves. The floating buoy however, does

follow the waves, and the vertical difference in movement adds to the high load fluctuation.

Wave condition 2 in relation to the fish is included in figure 5.16.

Figure 5.16: Wave condition 2 with fish net

This is not the case for condition 3, were the peak values are mostly snap loads, indicated by

the sharp peak at each top. Such loads are undesirable as they tend to put immense fatigue on

the system. Additionally, there was exerted a large amount of bending forces on the floater as
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it deformed in the waves, however, the structural integrity of the fish net was assumed to be

adequate. The load variation on the other hand is much smaller than in condition 2. Also note

how there is a slow increase in mean tension during the first 80 seconds of simulated time, most

likely caused by wave drift, which puts an increasingly larger mean tension load in the mooring

line.

Figure 5.17: Wave condition 3 with fish net
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Figure 5.18: Axial force in mooring line 1 for condition 1, waves only
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Figure 5.19: Axial force in mooring line 1 for condition 2, waves only

Simulated time [s]

0 20 40 60 80 100 120 140 160 180 200

A
x
ia

l 
fo

rc
e

 [
N

]

×10
4

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

Figure 5.20: Axial force in mooring line 1 for condition 3, waves only
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5.5.4 Mooring Analysis of Fish Cage, Waves Only

The fish cage behaves similar to the fish net for simulation case 1 and 2 with a load that oscillates

around the static tension value at the top of the mooring line. Recalling that the heave response

is particularly high for waves in the frequency range of 0,11 – 0,13Hz, equaling a wave period

of 9,1s – 7,7s. And the fact that the wave frequency is out of the critical range of the RAO of

the system for all simulation conditions, should keep the heaving motion under control. The

resulting load variation is thus smaller for this system which is partly due to the large mass of

the water filled fish cage, which causes the system oscillation to be out of synchronization with

the harmonic frequency of the waves, as proven through the RAO results. Another important

contributing factor to the reduced load variation is the smaller dimensions of the fish cage, with

an outer diameter of 19m compared to the fish net with a floater diameter of 32m. Figure 5.21

shows the fish cage exposed to wave condition 1, that contains the smallest wave amplitude.

The fish cage remains stable and no waves overtops the floating collar.

Figure 5.21: Wave condition 1

The results of wave condition 2 are very similar to wave condition 1, but with fewer waves in the

same time frame as the wave length is longer. The load oscillation peaks are higher as expected

from larger waves, and no waves overtops the floating collar. Furthermore, the fish cage remains

stable without much rolling or heaving motions.
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Figure 5.22: Wave condition 2

Simulation case 3 is the most interesting as it behaves quite different than the other simulated

cases. The system experience a mean reduction of the tension in mooring line 1, before the

load oscillations stabilize at a mean value much lower than for the previous cases. This un-

predicted result was further inspected in Aquaview, to supplement the plots with a graphical

animation.

During the simulation runs, the wave crest elevation reached above the top of the floating collar

with wave conditions at 2m wave height, and 5,1s period, as seen in figure 5.23. However, the

waves only overtop the floating collar in the upwind direction, which pushes the fish cage down

into the water on one side, contributing to a rolling motion.

Figure 5.23: Wave condition 3, overtoping the floating collar
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This is an interesting and important discovery, since it could be the main limiting factor with

respect to certification of the system according to the classification of the NS9415 standard, as-

suming that waves overtopping the upper part of the floating collar is undesirable. When waves

progress above the floating collar, they are in direct line with the control room, and working area

of the operating personnel, endangering their working environment as well as increasing the op-

erational risk. The results have been included since the structure itself is expected to withstand

such loads, despite the evident disadvantage of such an event, and the associated uncertain of

how the wave propagation above the floating collar affect the credibility of the results.

Furthermore, there is a horizontal translation in the opposite way of the wave propagation

which is in the positive x-direction. This translation causes mooring line 1 and 2 to slacken,

which moves the tdp towards the fish cage, and that effectively removes some tension from the

lines due to a shorter amount of suspended mooring line. The translation continues until the

restoring force of the opposing mooring lines equals the translating force, and the system stabi-

lizes after a translation of approximately 3,5 meter.
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Figure 5.24: Horizontal translation of bridle line connection point
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By inspecting the vertical translation of the fist anchor chain node point for both anchor chain

1 and 6, it is clear to see how the movement of the tdp effects the difference in suspended length

of mooring line at each side of the fish cage. The anchor chain in mooring line 1 settles at the

bottom, and only minor oscillations are visible in figure 5.25. The first anchor chain node in

mooring line 6 is lifted approximately 1,2 meters of the sea bed, which causes a tension increase

due the increased suspended length. Thus, the load increase is higher for mooring line 6 in

comparison to the load reduction in mooring line 1, since the increased suspended length is

comprised of heavier anchor chain, while the decreased length of mooring line 1 only consists

of lightweight fiber rope.

Simulated time [s]

0 20 40 60 80 100 120 140 160 180 200

V
e

rt
ic

a
l 
tr

a
n

s
la

ti
o

n
 [

m
]

-100.5

-100

-99.5

-99

-98.5
First anchor chain node - line 1

First anchor chain node - line 6

Figure 5.25: Vertical anchor chain node translation

Figure 5.26 shows the relation between the tension build-up in mooring line 1 and mooring line

6. Note how there is a unsymmetrical difference in the load reduction in mooring line 1 and the

load increase in mooring line 6. Similar comparisons of these specific mooring line results are

not included in the following chapters, as the inclusion of current forces moves the fish cage in

the same way as the wave propagation. The associated drag load in these simulations causes

mooring line 1 to retain the highest tension for all conditions including current.
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Figure 5.26: Axial force in opposite mooring lines
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Figure 5.27: Axial force in mooring line 1 for condition 1, waves only
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Figure 5.28: Axial force in mooring line 1 for condition 2, waves only
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Figure 5.29: Axial force in mooring line 1 for condition 3, waves only
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5.5.5 Comparison of Mooring Analysis of Fish Net and Fish Cage

A comparison study of the predefined conditions was conducted to better identify differences

between both systems. Current were introduced to analyze a combined loading condition with

both waves and current, as the previous chapter only considered waves. All simulation con-

ditions containing the same current velocity are plotted in the same plots. That equates to 6

plotted lines per plot, representing 3 conditions for the fish cage and 3 conditions for the fish

net. Due to time constraints and long simulation runs, conditions with current velocities at 1

and 1,5 m/s were abandoned. This is partly justified with the high deformation of the fish net at

these velocities, which makes it debatable whether the fish welfare is maintained, and the rarity

of such high current events.

Condition 4, 5, and 6

Case 4, 5, and 6 simulates the combined loading of all wave conditions with a current velocity

of 0,2 m/s. Figure 5.30 clearly captures the different drag forces of the two systems, and the

oscillating load due to the waves.The static condition with current only is calculated during the

first 5 initial steps of the simulation. Then the wave height gradually builds up during the first

two generated waves in the simulation, before the regular wave set remains constant for the

rest of the simulation. The difference in initial tension was expected because of the different

values of tension in figure 5.12 and 5.13. By inspecting this drag only plot, one expect to see an

incremental increase in static tension, with increasing current velocity. The static tension in the

mooring line for the fish cage settles at around 13 780 N, which is approximately 1 200 N higher

than in conditions with zero current. The additional tension in comparison to condition 1, 2

and 3 are a result of the horizontal drag load imposed on the system. The fish net maintains a

marginally higher drag load which contributes to a slightly higher static tension of 16 000 N at a

current velocity of 0,2 m/s.
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Another interesting feature of the same plot is the difference in tension build-up in both sys-

tems. The fish net reaches a steady state at approximately 80 seconds while the fish cage needs

around 160 seconds to reach the same steady state of tension.

There is also a difference in the behavior of the tension build-up in the mooring line for the two

systems. When the fish net was attached to the mooring system, there was a rapid increase in

tension for the two wave conditions containing the biggest waves. In comparison, there was a

different pattern regarding the load build-up for the closed fish cage, where the tension gradu-

ally builds up over a longer time period and settles at a lower mean value. As expected, the os-

cillating tension due to the difference in wave parameters stays incrementally higher for higher

wave conditions.
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Figure 5.30: Axial force in mooring line 1 for case 4, 5 , and 6
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Condition 7, 8, and 9

The fish net behaves as expected, with tension plots of increasing magnitude for higher wave

period and wave height. The result of simulation condition 9 is noticeably different to the other

two lines which follows a symmetric, oscillating pattern. There is a smaller load variation caused

by the waves, and the load follows a rougher path. Once again, the source of these ragged load

peaks, are a direct consequence of a snap load transferred through the bridal line as the floater

follows the waves at a different rate than the top of the mooring line. The plot still maintains a

positive incline after the simulation stops at 200 sek, which implies that the maximum value is

of even higher magnitude that that obtained in the simulation. A longer simulation timeframe

should be set up to capture the maximum value. However, the difference between these values

and those representing the highest values of the fish cage are already such difference that the

results were kept as is. The load variation of condition 7 and 8, are close to that of condition 4

and 5, but with a more defined spread and doesn’t overlap each other no more.

By inspection of the results for the fish cage, one can see that the load condition with the highest

mean tension are condition 8. Despite being the resulting simulation with the highest mooring

line tension, it never reaches the tension value of the fish net exposed to the smallest wave con-

dition. This difference will be reduced by altering the amount of marine growth of the fish net,

which was set to 50%, as explained in chapter 5.5.3. Condition 9 contains the highest waves and

corresponding wave periods, but levels out at a lower mean value than condition 8. Nonethe-

less, it contains the biggest load fluctuation as expected because of the larger waves. Once again,

the result seems to be effected by the reduction in mooring line tension observed in case 3, but

experience an incremental increase in comparison to the previous simulation set, that shifts it

closer to case 8.
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Figure 5.31: Axial force in mooring line 1 for case 7, 8 , and 9

Condition 10, 11, and 12

Loading condition 10, 11, and 12 are plotted in figure 5.32. The static starting tension have

shifted even higher as a result of the higher current velocity and resulting drag force. Condition

12 for the fish cage have obtained a smoother plot line, with some of the ragged peaks removed.

This is most likely a result of the higher mean tension in the mooring line, due to the higher

current velocity, which restricts the load reduction in the wave trough, which again counteracts

some of the snap loads. There is still a sharp peak at both top and bottom of the oscillations,

but not as much as the previous condition. However, even though some of the sharp peaks have

been removed, there is a notable increase in tension compared to case 9.

Condition 10 concerning the fish cage is still governed by current and static forces, and only

experience small oscillations of tension around the static value. Case 11 maintains its sloping

increase before it settles at a value higher than the static value. Interestingly, it is first at a cur-

rent velocity of 0,6 m/s that the plotted line of case 12 and 11 follows almost the same path.

Even though the wave condition with 2m wave height reaches the same level of tension as wave
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condition with 1m wave height, it still exerts higher load variation because of the higher waves.

More importantly, however, is the fact that the fish cage still has not reached the same level

of tension as the fishing net, and that there is still a distinct separation of the results for both

systems.
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Figure 5.32: Axial force in mooring line 1 for case 10, 11 , and 12
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6. Conclusions

This study, serves as an early investigation of the forces exerted on the mooring system of a

fish farm with two different fish containment elements. The work carried out, sets out to check

whether it would be possible to replace a fish net with a new closed egg-shaped fish cage, but

also to determine if there is any purpose to proceed with the study after the evaluation of these

first results.

A comparison study has been conducted regarding the mooring system of a regular fish net,

and a closed cage shaped as an egg with a circular floating collar. Initially, the wave regimes

and associated wave theory was established, as well as a set of wave and current conditions in

accordance with the classification system in Norwegian Standard NS9415.

Even though a significant amount of wave forces are observed in the analytical approach, the

same amount of forces are not evident in the dynamic simulations. This might be a result of the

spherical shape that is used in the numerical model, in comparison to the regular cylinder that

is used in the analytical approach, and the way it influences the wave interaction. Nevertheless,

there is a large difference in forces. And even though the dynamic simulations don’t capture

these values as axial tension in the mooring lines, one should still acknowledge these forces as

structural concerns. Secondly, the lack of a dampening effect from the mooring system, and the

omission of movement in the hand calculation, may produce conservative results. At this point,

model testing seems to be required to establish the dynamic effects of the fish cage.

The final models of both the fish net and the fish cage were modelled in AquaEdit, comprising

the necessary membrane, beam, and truss elements, to make up the mooring system and the

structures. The modeling approach of combining both beam elements and dense net mem-
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branes for the fish cage was verified as robust a approach by Aquastructures, and captures the

effect of the large water filled volume inside the fish cage.

Drag loads on the fish net were calculated with two different sinker tubes, and increasing marine

growth. The results were compared to that of the fish cage, and are promising for all conditions.

Nonetheless, these results are dependent on the accuracy of the drag coefficient of the fish cage,

which is an estimated value that needs to be further refined to obtain accurate result.

An identical spread mooring system have been used for both setups, with the length of the bridle

lines as the only differencing element between the two. The mooring lines use a synthetic fiber

rope for the span with an extra length of anchor chain near the anchor to prevent lifting forces

at the anchor. The tension plots for both systems converge for all simulations, but the more

complicated fish cage model needs more computational time to reach convergence. The fish

net with marine fouling produces the highest tension output throughout all tested conditions

within the same mooring configuration, which makes the interchangeability of the fish cage

with the fish net plausible. However, the results of the fish cage exposed to wave condition 3,

with or without current, imply that there is some uncertain behavior linked to these conditions,

most likely due to the waves that overtops the floating collar.

Although the combined wave and current simulations provide satisfactory results, it is neces-

sary to point out that the fish net uses a growth coefficient of 50%, while the fish cage is as-

sumed to maintain a clean, smooth surface. This value was chosen because the certification

rules of NS9415 requires the operator to certify the system when the fish net has a growth coef-

ficient of 50%. Based upon this, it is advisable to perform the same tests and simulations with a

variable growth coefficient, to identify the effect of a variable growth coefficient for the fish cage

as well.
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7. Further Work

One should determine if it is acceptable to have waves overtopping the floating collar of the fish

cage. And more attention should be focused on wave height relative to the freeboard height

of the floating collar, if this is chosen as an acceptable event. The simulation model may also

benefit from further refinement of the floating collar and the structure above the swl, due to the

uncertain behavior of the results linked to the overtopping situation.

The mooring line composition(fiber rope mooring lines with chain on the seafloor) and mate-

rial are highly influential factors, and different compositions and heavier mooring chains can

be considered. Water depth was set to 100m throughout this thesis, but it is known to vary be-

tween different locations, and experiments at shallower waters should be conducted. Shallower

water depths will influence the mooring lines and the necessary step out distance of the an-

chors. It would be hard to improve on the general results without more specific material data

and features of both systems, as they tend to change with location of the fish farms.

The drag coefficient of the fish cage, CD , is an estimated value with an associated uncertainty.

Model test or CFD analysis may be used to establish a more reliable drag coefficient before any

further studies are commenced, due to the influence this value has on the results.

It would be possible to analyze a higher number of environmental conditions, with even higher

and longer waves. Secondly, it is important that the design value for the current are fully doc-

umented, taking tidal currents and storm surge currents into consideration. Nevertheless, the

NS9415 standard requires the contractor to analyze each system with input from local, long

term measurements at each location of interest. Thus, the usefulness of further studies without

legitimate data will be questionable.
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A. Enivronmental Classification

This appendix include the wave and current classifications, described in the standard, NS9415.

A.1 Wave parameters

Wave classes Hs [m] Tp [s] Description

A 0,0 - 0,5 0,0 - 2,0 Small exposure

B 0,5 - 1,0 1,6 - 3,2 Moderate exposure

C 1,0 - 2,0 2,5 - 5,1 Large exposure

D 2,0 - 3,0 4,0 - 6,7 High exposure

E > 3,0 5,3 - 18,0 Huge exposure

A.2 Current parameters

Wave classes Uc [m/s] Description

a 0,0 - 0,3 Small exposure

b 0,3 - 0,5 Moderate exposure

c 0,5 - 1,0 Large exposure

d 1,0 - 1,5 High exposure

e > 1,5 Huge exposure
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B. Wave Forces by Chadwick et al. (2010)

Wave forces on a floating cylinder with diameter 20m and draft 8m, from“Evaluation of Closed-

containment Technologies for Saltwater Salmon Aquaculture”

Table B.1: Horizontal wave forces [N] on one cylinder as presented by Chadwick et al. (2010)

Wave height [m] T = 2s T = 4s T = 6s T = 8s

0,5 39 498 273 863 570 678 634 730

1 78 996 547 727 1 141 802 1 269 459

2 157 993 1 139 933 2 283 603 2 538 918

3 236 989 1 643 180 3 425 405 3 808 378

4 315 826 4 567 206 4 567 206 5 077 837
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C. Fish Net Deformation in Varying Current

This Appendix illustrates the deformation of the fish net in varying current, with no marine

fouling. The subsequent drag loads have been presented in chapter 5.5.2

C.1 Sinker tube weight 78 kg/m

(a) Uc = 0 [m/s] (b) Uc = 0,2 [m/s]

(c) Uc = 0,4 [m/s]
(d) Uc = 0,6 [m/s]

(e) Uc = 1 [m/s] (f) Uc = 1,5 [m/s]

Figure C.1: Sinker tube weight, 78 kg/m
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C.2 Sinker tube weight 135 kg/m

(a) Uc = 0 [m/s]
(b) Uc = 0,2 [m/s]

(c) Uc = 0,4 [m/s] (d) Uc = 0,6 [m/s]

(e) Uc = 1 [m/s]
(f) Uc = 1,5 [m/s]

Figure C.2: Sinker tube weight, 135 kg/m
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D. AquaSim Material Properties

This appendix include the input data for the different elements used in AquaSim.

D.1 Matierial properites for beam elements

Material Custom

Mass density 953 [kg /m3]

E-modulus 2,11E11 [N /m2]

G-modulus 8,08E10 [N /m2]

D.2 Matierial properites for floater elements in the fish net

Material Plastic

Mass density 233,62 [kg /m3]

Diameter 500 [mm]

Cross sectional area 0.19635 [m2]

E-modulus 8E8 [N /m2]

G-modulus 3,077E8 [N /m2]
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D.3 Mooring buoy properties

Node decorators

Point load force (Z) 1,0462E4 [N ]

Load type 0

Spring stiffness (Z) 8000 [N /m]

Type BUOY

D.4 Net properties for fish net

Mask type Type 1

Mass density 900 [kg /m3]

E-modulus 1E9 [N /m2]

Thread diameter 1,9995E-3 [m]

Pretension Y 5E-5

Pretension X 5E-5

Maskwidth Y 0,025 [m]

Maskwidth X 0,025 [m]

Growthcoefficient 1.0 - 1.5

Solidity 2D 15,9959 %

Solidity 2D included growth 15,99 - 23.99 %

Load type M1: New Default
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D.5 Net properties for dense net

Mask type Type 1

Mass density 900 [kg /m3]

E-modulus 1E9 [N /m2]

Thread diameter 1E-3 [m]

Pretension X 5E-5

Pretension Y 5E-5

Maskwidth Y 5E-5

Maskwidth X 5E-5

Growthcoefficient 1.0 - 1.5

Solidity 2D 100 %

Drag coefficient 0.3

Lift coefficient, peak value 1,2

Density of fluid inside tank 1025 [kg /m3]

Height of fluid inside tank relative to swl 0,0 [m]

Added mass coefficient horizontal motion 1,0

Added mass coefficient vertical motion 1,0

Bottom factor 1,0

Damping coefficient 0,0

Skin friciton coefficient 0,01

Type of diffraction load McCamy - Fuchs
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D.6 Mooring and bridle line 48mm properties

Mass density 1000 [kg /m3]

E-modulus 1,8E9 [N /m2]

Weight in air 1,81 [kg /m]

Diameter Y 0,048 [m]

Diameter Z 0,048 [m]

Drag coefficient Y 1,2

Drag coefficient Z 1,2

Added mass coefficient Y 1,0

Added mass coefficient Z 1,0

D.7 Anchor chain 36mm properties

Mass density 1,4E4 [kg /m3]

E-modulus 1,1E11 [N /m2]

Weight in air 28,0 [kg /m]

Diameter Y 0,07 [m]

Diameter Z 0,07 [m]

Drag coefficient Y 1,2

Drag coefficient Z 1,2

Added mass coefficient Y 1,0

Added mass coefficient Z 1,0
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E. Properties for the time domain simulation

Table E.1: Simulated conditions with time domain parameters

Condition H[m] Tp[s] Cx [m/s] Pre-
increment

Max
iterations
per step

Num total
steps for

waves

Num steps
for one

wave

1 0.5 2 0 5 500 3000 30
2 1 3.2 0 5 500 2500 40
3 2 5.1 0 5 500 2000 50

4 0.5 2 0.2 5 500 3000 30
5 1 3.2 0.2 5 500 2500 40
6 2 5.1 0.2 5 500 2000 50

7 0.5 2 0.4 5 500 3000 30
8 1 3.2 0.4 5 500 2500 40
9 2 5.1 0.4 5 500 2000 50

10 0.5 2 0.6 5 500 3000 30
11 1 3.2 0.6 5 500 2500 40
12 2 5.1 0.6 5 500 2000 50
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Abstract. A load formulation has been introduced to the Finite Element program
AquaSim, where the net is impermeable and water is hence not allowed to pass through
the elements belonging to the impermeable net. This paper presents the theory of the
load formulation, and presents three case studies where the load model is validated.

1 INTRODUCTION

The aquaculture industry has increased rapidly the last 30 years. In almost all fish
farms, the fish is held contained in net cages. In 2009, the Norwegian standard, NS 9415,
was revised, and in 2011 corresponding regulations were enforced. This largely increased
the number of analysis being carried out on aquaculture structures.

Lice on farmed fish in Norway has increased concurrently with the growth of the aqua-
culture industry. In order to maintain the growth and the sustainability, the industry
is forced to come up with solutions. Two suggestions, which is believed to reduce and
perhaps eliminate lice on farmed fish, are closed flexible bags or stiffer structures and
Lice-skirts mounted on the upper part of the net.

Common with both of these suggestions is that water can not flow through the net,
since the material is impermeable. This introduces a significant change to the governing
physics, where the usual Morison type load formulation applied to groups of twines is
no longer applicable. The structure will behave as a large floating mass being withheld
inside a thin sheet. The current is forced to flow around, and the waves are accompanied
by diffraction or deformation of the impermeable net.

This paper presents the load formulation that has been introduced to the computer
program AquaSim [1, 2, 3] for analysis to impermeable nets. AquaSim is a FE computer
program used for the design of almost all fish farm systems in Norway, and is also in wide
use in other countries doing offshore fish farming such as Chile and Australia.

1

F. Numerical Formulation of Sea Loads to Im-

permable Nets
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2 THEORETICAL FORMULATION

2.1 Internal pressure and static equilibrium

Consider a tank filled with an arbitrary fluid. The tank can also be empty. Assume
that the fluid inside the tank has a different water level than the fluid outside the tank,
as shown in Fig. 1.

Figure 1: Tank in water

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

Fn = gzA(ρext − ρint)− ghAρint (1)

Where Fn is the normal force to a net panel pointing into the tank where a net is
subdivided into several panels. More abbreviations is found at the end of this document.
Positive value of h means the water level inside the tank is higher than the water level
outside the tank. If the tank is empty the inside water density, ρint, will be zero.

Figure 2a and 2b shows a case were the inside water density is the same as the outside
water density, but the water height, h, inside is one meter above the water level outside
the cage. In this cage the inside pressure leads to a deformation of the net going outwards
(x-direction) and downwards (z-direction). Whether the net is deformed, or the cage
moves downwards is decided by the stiffness of the net, relative to the stiffness of the
water plane area.

2
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(a) x-direction (b) z-direction

Figure 2: Deformation of the net. Inside water lever is one meter above the outside water
level

2.2 Forces from current flow around cylinder

Impermeable nets may also be open at the top and at the bottom. For example skirts
to avoid lice, i.e. lice skirts. This is shown in Fig. 3. In this case, the static pressure
inside will be equal to the static pressure outside the net.

Figure 3: Dense net in current flow.

Consider a current velocity approaching along the x-axis. The current flow around a
cylinder will introduce a velocity field which introduces a pressure field to the cylinder.

The pressure field around a cylinder is implemented to AquaSim in a simplified way
as shown in Fig. 4. A drag and a lift coefficient is introduced. The pressure coefficient,
Cp, upstream is expressed as:

Cp = 1− (Cl + 1) sin4 θ, for 0◦ ≤ θ ≥ 90◦ (2)

Note that this corresponds to the analytical solution for an inviscid flow with Cl = 3.0.
Cp at the leeward side of the cylinder is found as:

Cp = min(1− (Cl + 1) sin4(90 + (θ − 90) · 1.5)− Cwake (3)

3
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Where Cwake is found by matching the overall drag to the cylinder, to the drag force
derived from the input drag and lift coefficients.

Figure 4: Pressure distribution around a cylinder as calculated in AquaSim.

Having found Cp as a function of the angle between the element in the horizontal plane,
and the current flow the force acting on a net panel with an area, A, is found as:

Fn =
ρACp

2
U2
c (4)

The cross-flow principle is applied such that the 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
U2
tan (5)

The skin friction part of the force is applied for the current flow in the tangential
direction, both circumferential and along the length of the cylinder.

2.3 Wave force

For wave forces the pressure from the incident wave, i.e. Froude-Kriloff, and the pres-
sure caused by the wave diffraction are calculated according to MacCamy and Fuchs
theory [6].

In a regular sea with airy waves, the dynamic pressure from the incident wave is found
as [4]

pFC = ρgζ
cosh k(z + h)

cosh kh
sin(ωt− kx) (6)

For an irregular sea state the expression for the dynamic pressure is [4]:

pMF =
N∑

n=1

ρgζn
cosh kn(z + h)

cosh knh
sin(ωnt− knx+ εn) (7)

4
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In Eq. 7 N sinusoidal wave components are used to represent the wave spectrum, n means
the nth sinusoidal wave component and εn is a random phase for each sinusoidal wave
component.

The pressure caused by a diffracted wave around the surface of the cylinder with a
radius r, according to [6] is:

pMF = ρgζ
cosh k(z + h)

cosh kh

∞∑

n=0

i[BnH
1
n(kr)] cosnθe−iωt (8)

Where:

Bn = −εnin
J ′(kr)

H(1)(kr)
(9)

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

pMF =
N∑

m=1

ρgζm
cosh km(z + h)

cosh kmh

∞∑

n=0

i[BnH
1
n(kr)] cosnθe−iωt+εn (10)

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

p = pFC + pMF (11)

As the MacCamy and Fuchs theory for diffracted waves is valid for vertical cylinders,
ρMF is multiplied with the vertical projection of the area.

2.3.1 Wave drift

Drift forces is proportional to the wave elevation squared and is hence a 2nd order
effect. It should therefore be found keeping all 2nd order terms of the force in a 2nd order
perturbation approach. The wave potential may be expressed as [4]:

φ = φ1 + φ2 (12)

Where φ1 is the 1st order potential and φ2 is the 2nd order potential. Latter will not
give any contribution to drift forces [4]. Hence, drift forces is found by keeping the 2nd

order terms when evaluating the Bernoulli equation in the 1st order potential, given as:

p = ρgz − p∂φ1

∂t
− ρ

2

{(
∂φ1

∂x

)2

+

(
∂φ1

∂y

)2

+

(
∂φ1

∂z

)2
}

(13)

Also, 2nd order terms with a zero mean force can be omitted. Following [4] the terms
given in Eq. 14 and Eq. 15, of the 1st order potentials, are the ones contributing to drift
forces:

5

109



A. J. Berstad, L. F. Heimstad

p = −ρg
∫ ζ

0

zdz − p∂Φ1

∂t
|z=0ζ (14)

and:

−ρ
2

∫ 0

−∞

{(
∂φ1

∂x

)2

+

(
∂φ1

∂y

)2

+

(
∂φ1

∂z

)2
}
dz (15)

Which corresponds to the velocity squared term in the Bernoulli equation. Equation 14-
15 are valid for infinitely deep cylinders. For the real case the integrals are performed
from the bottom of the cylinders, as the lowest point.

It should be noted that by including the drift terms from Eq. 14 and Eq. 15 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.

3 CASE STUDIES

3.1 Wave and current forces to cylinder

Two cylinder-shaped models have been established in AquaSim: One consisting of beam
elements, and the other with impermeable membrane elements covering the circumference.
Both models with the parameters given in Tab. 1. The length of the cylinders is situated
vertically, i.e. in the negative z-direction from the sea surface and downwards, as shown
in Fig. 5. The cylinder is kept from moving such that the velocity of the cylinder itself is
negligible, and the wave length is large relative to the cylinder diameter. The long wave
approximation [4] should give good results in this case, meaning that the results from
these two models should have good correspondence.

Table 1: Cylinder particulars

Diameter [m] 4
Depth [m] 15

ρw [ kg
m3 ] 1025

Cd 1.2
ζ [m] 5
T [s] 10
Uc

m
s

1.0
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Figure 5: Vertical cylinder.

The Morrison equation [7], for a non-moving object, can be expressed as:

F = ρCmV u̇+ ρCdAu|u| (16)

Where the first term in Eq. 16 is the inertia forces, and the second term is the drag
forces.

3.1.1 Current loads

Figure 6 shows comparison between the Net model and the Beam model exposed to
current only, and with three different drag coefficients, i.e. Cd = 0.6, Cd = 1.2 and
Cd = 2.0. In this case, only the drag forces from Eq. 16 will apply. As seen from this
figure there is a good correspondence between the results.

Figure 6: Comparison between the Net and Beam model exposed to current, and with
different drag coefficients.

7
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3.1.2 Wave and current loads

The inertia part of the forces is the results of the pressure distribution around the
object, where F in the direction i can be expressed as:

Fi =

∫∫

S

pnids+ ami1a1 + ami2a2 + ami3a3 (17)

Where ni is the normal vector pointing into the object. For a case where the wave is
long relative to the volume, the divergence theorem can be applied and Eq. 17 can be
expressed as:

F1 = ρV a1 + am11a1 = ρV (a1 + a1) = ρV (1 + Ca)a1 = ρV Cma1 (18)

For long waves the MacCamy and Fuchs theory should asymptotically lead to the
same results as Eq. 18 with Cm = 2.0. The results with the Net and the Beam model,
exposed to wave and current, are shown in Fig. 7. As seen from this figure there is a good
correspondence between the results.

Figure 7: Net model and beam model exposed to wave and current.

3.2 Current forces to impermeable net - lice skirt

The load model implemented in AquaSim for impermeable net has been compared to
model experiments performed by [5]. The impermeable net has a depth of 0.540 m, and
the current velocity is in the range Uc = 0.05 − 0.20m/s. The lice skirt corresponds to
the situation shown in Fig. 3. The numerical model from AquaSim is shown in Fig. 8.
The current is applied along the positive x-axis.
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Figure 8: Numerical model in AquaSim with liceskirt.

The numerical results has been compared to the experimental results using a Cd = 1.2,
and a Cl = 2.0. Four different values for Cf has been used, i.e. Cf = 0.00, Cf = 0.12,
Cf = 0.18 and Cf = 0.24. The results are shown in Fig. 9.

Figure 9: Numerical results compared to model experiments from [5], with Cd = 1.2,
Cl = 2.0 and four different values for Cf .

3.3 Wave forces and response to SPAR buoy

Figure 10 shows two variations of a SPAR buoy modelled in AquaSim. In the Beam
model the properties are distributed to beam elements. The properties includes load
application from Morison’s formulae [7] and added mass. For load application the Mori-
son’s formulae is applied for the beam with added mass coefficient of Ca = 1.0, giving a
Cm = 2.0. The Net model consists of a net along the circumference of the cylinder. Loads
are calculated on the net from MacCamy Fuchs theory [6]. Added mass is distributed to
the net giving the same added mass as for the Beam model.

9
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(a) Beam model (b) Net model

Figure 10: SPAR buoy

The main data for the analysed case, in both the Beam and the Net model, is given in
Tab. 2.

Table 2: Particulars regarding the SPAR Buoy

Environment
Wave amplitude [m] 5.0
Wave period [s] 22.6

SPAR buoy
Diameter [m] 37.5
Depth [m] 200.0
COG -102.5
COB -100.0
Mass of structure [ton] 225435
Horizontal added mass [ton] 226416
Vertical added mass [ton] 0

Moorings
Horizontal length [m] 481.25
Depth [m] 202.5
EA [kN] 170112
Pretension [kN] 4888
Weight per meter [kg/m] 185

Eigen period system
Heave 28
Surge/sway [s] 219
Pitch/roll [s] 94
Yaw Suppressed
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Two variations of the Net model has been carried out: One where all load components,
contributing to slow varying drift forces, are accounted for, and one Net model where 1st

order forces are calculated to the actual free surface. The models are:

1. Beam model: All properties are distributed to a beam. Loads are calculated to the
actual free surface, as shown in Eq. 14.

2. Net model with drift: A net is wrapped around the beams. All hydrodynamic loads
are applied to the net, and not to the beam. The properties regarding the buoyancy
are the same as for the Beam model. In addition to integrating to the free surface,
Eq. 14, the load term of Eq. 15 is included.

3. Net model without drift: In this case the load term from Eq. 15 is not included, but
all other load terms are the same.

A drag coefficient of Cd = 1.2 is applied to all the beam and membrane elements. For
the mooring lines, a drag coefficient of Cd = 1.3 and a drag diameter of 142 mm has been
applied.

The results from the analysis in AquaSim are shown in Fig. 11 and Fig. 12.

Figure 11: Comparison of motions, at the top, for the Beam model, the Net model with
drift, and the Net model without drift.

11
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Figure 12: Comparison of rotations about the axis, normal to the flow, for the Beam
model, the Net model with drift, and the Net model without drift.

As seen from Fig. 11 and Fig. 12 there is a good correspondence in the results. As this
is a dynamic analysis, with the same loading to the two models, this shows that there is
a good correspondence between the mass and the added mass. Whether one use the 2nd

order terms from Eq. 14, or the 2nd order terms from Eq. 14 and Eq. 15 does not seem to
have a large influence on the results in this case.

4 CONCLUSIONS

A load formulation for impermeable nets has been introduced to the Finite Element
Program AquaSim. Three case studies is presented. The case studies validates the calcu-
lation of current and wave loads, and the application of mass and added mass. The case
study performed on lice skirt, which deforms strongly in current, shows the importance
of enabling skin friction. Using a skin friction coefficient of Cf = 0.18, 15 % of the drag
coefficient give results fitting well with the empirical data.

For further work it is suggested to carry out more comparisons between model experi-
ments, and numerical analysis.
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Abbreviations

g Acceleration of gravity m/s2

ζ Amplitude of wave
θ Angle Deg
A Area
J ′n Bessel function, first derivative
Bn Coefficient m
i Complex unit (0,1)
Uc Current flow normal to the element m/s
Utan Current flow tangential to the element m/s
ρ Density of fluid kg/m3

Cd Drag coefficient
ε ε0 = 0 else 2
F Force N
H1
n Hankel function, first kind

Cl Lift coefficient
n Normal vector
Cp Pressure coefficient
Cs Skin friction coefficient
T Time s
h Vertical distance m
z Vertical position m
V Volume m3

ω Wave frequency 2π/s
k Wave number 1/m

13
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% Find the wave number, k, by using the dispertion relation
% This script uses the kSolve function to calculate the wave number,k
% by iteration. Initial guess, x0, is set to 0.

% Constant parameters
g = 9.81;
rho = 1025;

% Wave period, T (s)
T = 3.2;
f = 1/T;

% Water depth (m)
h = 100;

% Initial guess
x0 = [0];

% Dispertion relation function to �nd wave number, k
[k,fval] = fsolve(@(k) kSolve(f,g,h,k), x0);

k
L = (g/(2*pi))*T^2*tanh(k*h)

Published with MATLAB® R2014b

% Solving Dispersion relation
function  [k]= kSolve(f,g,h,k)
% Function that calculates the wave number, k.
% Format of call: kSolve(f,g,h,k)
% input: f, g, h, k
% output: wave number,k

% Authors: Ingrid K.Feyling & Siri M. Kalvig (October 2016)

omega = 2*pi*f;
k  = omega^2-(g*k*tanh(k*h));

end  % end of function

Published with MATLAB® R2014b

G. Matlab Functions

115



% Static mooring line calculations
clc
clear all

% Number of anchors
n = 2;

% Water depth (m)
h = 0:1:95;

% Horizontal load (N) - equal to drag load at
% current speed of X-[m/s]
H_x_total = 2152;
H_x_total = 8608;
H_x_total = 19369;
H_x_total = 121053;

% Divide by anchors
H_x = H_x_total/n;

% Stud-link chain size 1-3/4 inch
% Submerged weight/m (N/m)
W = 39;

% Distance to touchdown point (m)
L = (H_x/W)*acosh(((W*h)/H_x)+1);

Lmax = max(L)

% Geometric pro�le of catenary
y = (H_x/W)*(cosh((W/H_x)*L)-1);

% Touchdown point to anchor
x2 = -70:1:0;
indexmax2 = �nd(max(x2) == x2);
y2 = zeros(1,indexmax2);

% Coordinates of touchdown point
x_td = 0;
y_td = 0;

% Length of catenary
% The total length is calculated when x = Lmax
s = (H_x/W)*sinh((W*Lmax)/H_x)

% Vertical force in Newton
V = W*s

% Total tension, Newton
T = sqrt((H_x^2)+(V^2))
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