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ABSTRACT:

A new technical standard, NS 9415 has been introduced to the fish farming industry in Norway. Several
technical projects are currently being carried out to enhance the technical foundation for improvements of NS
9415. In this paper work in one of these projects is presented.

Design codes do in general describe the relation between the maximum wave height to be used in a design
wave approach and the significant wave height. NS 9415 does likewise. Due to the large extension of typical
fish farm facilities, the use of a design wave approach may be more conservative compared to structures
where one wave cover the structure. The importance of this issue is closely correlated to the relative impor-
tance of current and waves and the combined effect of these two load components.

The case study presented in this paper considers the responses from waves and current within a typical
polyethylene fish farm configuration Analysis using both regular and irregular waves, combining load cases
consisting of both current and waves has been carried out and is presented. The results show that both waves
and current should be accounted for, and that design loads for parts of the mooring system may be reduced by
using irregular waves. However for the general case, the present relation between regular and irregular waves

seems reasonable.

1 INTRODUCTION

As of April 1st 2004 a Norwegian Standard NS
9415 was introduced to the offshore fish farming in-
dustry in Norway. This was the first technical stan-
dard world wide to be applied for such facilities.

The standard, NS 9415 specify technical criteria
fish farm facilities need to comply with in order to
be acknowledged for use in Norway.

Since NS 9415 is new, there is little experience of
applying it to practical fish farm facilities. As part of
a joint industry effort, Aquastructures as a certifica-
tion body within the industry have initiated a re-
search project to enhance both the analytical and
empirical basis of the standard.

There have recent years been several research ef-
forts on fish farm facilities. Fredheim and Faltinsen
(2003) have proposed a model to calculate the re-
sponse of net structures. In this model the wake be-
hind meshes is derived and hence fluid velocities,
making it possible to account for velocity reduction
behind the mesh analytically. So far this has gener-
ally been based on empirical values (e.g. Lgland
1991). Lader et. al. (2003) use a time domain drag

load approach similar to the present for waves and
current, but have an alternative formulation for the
net structure elements as well as for the drag and lift
force. Vikestad and Lien (2005) proposed a simpli-
fied formula for the relation between current veloc-
ity and forces in the mooring system. Berstad et. al.
(2005) presented case studies of volume calculations
and forces on both floaters and mooring system.
Fredriksson et al (2003) has compared calculations
with measurements for a type of fish farm where a
linearized approach was applicable allowing for
them to carry out a frequency domain analysis.

Typical fish farm structures in the market today
have too large deflections when exposed to wave
and current forces that linearized approaches are not
applicable in order to account for the highly flexible
structures interacting with fluid forces in a hydroe-
lastic manner.

Generally, current induced forces have been con-
sidered important for polyethylene based fish farm
systems. However, some related questions have
been raised:

* How important are wave forces compared to cur-
rent induced forces?
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* Is it too conservative to use a design wave ap-
proach for derivation of wave forces?

This paper presents a case study on a polyethylene
based fish farm system as shown in Figure 1 investi-
gating the above queries. The case study represents a
typical fish farm system operating in Norway today.
In addition, forces in the different mooring compo-
nents due to current will be compared to the formula
presented by Vikestad and Lien (2005).

The algorithm and softwaretool used for the calcu-
lations is outlined in Berstad et al (2004).
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Figure 1 Fish farm used as case study

2 POLYETHYLENE FISH FARMS

Fish farms with polyethylene floaters are typi-
cally built up with a flag shaped fishnet with weights
in the areas close to the bottom and a floater giving
the buoyancy as seen in Figure 2. A mooring system
is attached to the floater. Most commercial fish
farms consist of several floaters as similar to the
case seen in Figure 1. Systems with up to 20 and 30
cages exist. Typical systems based on steel cages
may be seen in Berstad et al (2004).
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Figure 2 Usual mooring system for polyethylene based
fish farms

3 CASE STUDY

For this case study a 10 cage fish farm system is
used. A each cage there are two polyethylene rings.
They are modeled in a simplified manner using one
ring with material, cross sectional and buoyancy pa-
rameters representing both inner and outer ring.

The floaters are modeled with beam elements ac-
counting for large geometric deformations (e.g.
Halse, 1997). The polyethylene pipes have a diame-
ter of 315 mm and a thickness of 17 mm. Hand rails
and clamps are not considered. The floater has a
Young’s module of 0.8 GPa and a Poisson’s coeffi-
cient of 0.3. The mass density is 950 kg/m?. The wa-
ter line is located 130 mm. above the bottom of the
floaters at static equilibrium. The Hydrodynamic
model has been simplified to an oval section with
the same water plane area and buoyancy as two cir-
cular sections.

Figure 3 shows key data for the mooring system.
The system is symmetric about a vertical plane
trough the centre point of the mid cages in the y- di-
rection as seen in Figure 3. All components in the
mooring system are modeled with bar elements.

B Buoys at all corners

50 m

Figure 3 Key data for the mooring system

There are 3 mooring cables of type A (see Figure 3)
both left and right. They have a horizontally pro-
jected length of 200 meters and a depth of 50, 60
and 73 meters from bottom to top in Figure 3. In addi-
tion there is 25 m, 36 mm bottom chain along bot-
tom springs. The mooring cables of type B have a
horizontally projected length of 200 meters and a
depth of 80 meters with 20 meters chains along the
bottom. The mooring cables of type C have a total
length of 250 meters bolted to shore. Each has a
weight of 1.5 tonnes 30 meters of shore.

All mooring cables are standard polypropylene
ropes with a diameter of 48 mm. The Young’s mod-
ule is 2GPa. The square frame part of the mooring



system is located 5 meters below the surface. There
are 18 linear surface piercing buoys at each corner
of the mooring frame having a water plane area of
0.4 m? in the inner region and 1 m? at the corners
pointing offshore (at the attachment of both type A
and B moorings). The density of the polypropylene
cables is set to 950. A relative weight in water of 6
N per meter is added.

The fish cage net is modeled with membrane
elements, 16 elements in the horizontal and 4 ele-
ments in the vertical direction. There are 16 vertical
net staves which are modeled with bar elements.
The vertical net staves have a Young’s module of
2.0 GPa and a diameter of 16 mm. Considering each
twine of the net separately, the net itself has a
Young’s module of 1.0GPa. The diameter of each
twine is 2 mm. The meshes are square and the length
between knots is 25 mm. Marine fouling is added
such that the solidity including fouling is 0.25. Both
the net and the net staves are not assumed to have
any relative weight in the water.

The net is 20 meters deep and the bottom of the
net is not included in the computer model. The
weight at the bottom of the net keeping the shape in
waves and current is introduced by a filled polyeth-
ylene ring. As default this component has a relative
weight in water of 20 kg/m in total (the full mass is
35 kg/m). The bottom ring is a 180 mm PE pipe with
a thickness of 32 mm. The ring is modeled as a
beam. The net is modeled slightly conical such that
the circumference of the bottom ring is 81.7 meters.

The method used to carry out the time series
simulations of the largely hydroelastic response is
outlined in Berstad et al (2004).

For bar elements the Morison formulae is used
with the cross flow principle (see. e.g. Faltinsen
1990). The load application to membranes is analo-
gous to the Morison approach used for cables. The
present calculations follow the approach of Tronstad
(2000).

A reduction coefficient r, is introduced for net
structure or part of net structure located behind other
net structures (See e.g. Leland 1991).

r=1.0 -0.46*Fac 1)
where

Fac =0.04+(-0.04+0.33Sn+6.54S5,"2-
4.885,"3)*cos(«) (@)

where S, is the solidity of the net and « is zero if the
current velocity is normal to the net.

When Morison loads are applied, both the mass
of the structure as well as added mass in the cross
sectional plane is accounted for. Due to the large de-

flections occurring, the added mass is nonlinear.
Hydrodynamic loads are applied to the floaters
meaning that diffraction and radiation is accounted
for as described in Berstad et al (2005).
The mooring cables have pretension. In the type

A and B mooring cables, tension at static equilib-
rium is in the range of 20-25 kN. For the type C
moorings it is approximately 20 kN. In the frame the
pretension varies from 10-20 kN and in the crowfoot
type mooring it ranges from 1-9 kN.

A coordinate system is defined such that the x-
and y- axis runs parallel with the mooring as shown
in Figure 3.

4 RESULTS AND DISCUSSION

In the graphs in this section the moorings will be
named as shown in Table 1

Table 1 Notations used in results for the various parts of
the mooring system

Name Notation
Moorings left and right in Figure 3 A
Moorings to deep side (up) in Figure 3 B
Moorings to shore side (down) in Figure 3 C
Vertical net staves (within the net) D
Crowfoot type mooring E
Frame F

The reported force in this paper will refer to the
maximum force in the type of mooring referred to.

4.1 Forces in the moorings from current

Vikestad and Lien (2005) proposed a simplified
formula for the relation between forces in the moor-
ing and the current velocity, where the resulting
forces in the mooring system could be approximated
as being linear with respect the current velocity U.

Analysis on the case study has been carried out with
various current and wave directions.

Figure 4 and Figure 5 shows the relation between
current velocity and maximum axial force in the
moorings (A-F). As seen from the figures there will
be a range where the pretension is of importance. It
is noted that the pretension is only of significant im-
portance in a current range where the mooring on
the shaded side is not offloaded.
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Figure 4 Forces in mooring D, Eand F
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Figure 5 Forces in moorings A, Band F

As seen from Figure 4 and Figure 5 the mooring
cable type A are most loaded. This is plausible since
these moorings are located upstream. Figure 6 shows
the forces in mooring A compared to a linear and a
quadratic function originating in the origin and end-
ing at the same force level at U = 1.6.
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Figure 6 Axial forces as function of current velocity

As seen from Figure 6 the relation between cur-
rent velocity and mooring forces falls in between a
linear and squared response pattern. This is consis-
tent with the used load formulation. Vikestad and
Lien (2005) use a formulation based on empirical re-
sults by Aarsnes et .al. (1990). We have in the pre-
sent analysis used the cross flow approach consider-
ing each twine separately as in Tronstad (2000). For
a typical fish farm facility the net will consist of

equally spaced vertical and horizontal twines. For
the vertical twines there will be an increased lift
component and decreased drag component as the
mesh deform. However there will be a drag term for
the horizontal twines where the reduction in drag
will not be as significant. This will also be the case
for the bottom ring. This may give some different
results compared to Vikestad and Lien (2005)

Figure 7 Initial and deformed shape respectively

From Figure 7 it can be noted the strong deforma-
tion in the nets with a current velocity of 1.4 m/s. As
seen from this figure the deformation is strongest in
the nets upstream. This is due to the reduction in
current velocity experienced further down the chain
due to shading.

4.2 Current and waves

How to handle current in combination with waves
for design of fish farms is assessed in NS 9415
(NAS 2003).

The most important load component for the whole
system is drag loads introduced to the nets in the
cages. In a simplified manner these forces can be
expressed as

F= ch |Urel|Urel (3)

where U, is the relative difference in the velocity
between the structure and the fluid. KCq is a factor
including the drag coefficient Cy and factors depend-
ing on fluid density and angle of attack combined in
K. In the above equation

Urel = UCUI’ + Uwave - VStI’UC (4)

Where Ug, is the current velocity, Uyaye is the fluid
velocity introduced by the wave field riding on top
of the current field and Vs IS the velocity of the
structure. Due the nonlinear response from the loads
time domain simulations need to be carried out for
given sets of current and waves. For the practical
calculations this is carried out by first obtaining
static equilibrium. Then a steady state solution is ob-
tained for current. Then one wave cycle is used to



build up the wave amplitude. Then two consecutive
waves are simulated.
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Figure 8 Forces in mooring in current and waves
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Figure 9 Increase in forces relative to forces with current
only

The combination of current and waves investi-
gated is this case study is given in Table 2. These
wave conditions represent typical conditions many
such facilities are experiencing. Most facilities have
a design current of less than 0.5 meters whereas the
wave height can be both larger and smaller than the
investigated case. Current is assumed to have a uni-
form distribution with airy waves “riding” the cur-
rent field. Hpax is defined as 1.9 Hs.

Table 2 Load cases investigated

. Wave Current
Hmax Period
Case [m] [s] angle | U[m/s] | angle
[deg. ] [deg. ]
1 3.17 4.23 -45 0.5 -10
2 3.8 5.1 -45 0.5 -10
3 3.17 4.23 -45 0.5 -45
4 3.8 5.1 -45 0.5 -45
5 3.17 4.23 -90 0.5 -80
6 3.8 5.1 -90 0.5 -80

As seen from Equation 3 and 4 the force will
roughly be depending on the difference between the
wave and current velocity and the structural veloc-
ity. Loads are applied such that first current is intro-
duced then waves are applied. During the first wave
cycle the wave amplitude is increased from 0 to
Hmax, then 2 wave cycles are run with Hpax.

Figure 8 shows forces in mooring with waves
and current from load case 1 and 2 in Table 2. Re-
sults are compared to results for current only

Figure 9 shows the same results as Figure 8 but
in this case the results are presented relative to re-
sults for current only. As seen from the figure all
mooring cables experience an increase in the forces
when waves are applied. Note that Mooring C is lo-
cated on the sheltered side towards shore. In moor-
ing D (net staves) the forces will increase 7.5 times
meaning that waves are the most important load
component for forces in this part of the structure.
(Note that the reference value for this load case is
0.5). This agrees with experience that increased
waves and increased buoyancy leads to more fatigue
in the upper part of the net. For the crowfoot type
cables the forces are more than doubled and for the
other elements forces are increased from 50 — 70 %.

Figure 10 and Figure 11 shows the same as Figure 8
and Figure 9 but for load condition 3 and 4

The results in Figure 10 and Figure 11 show the
same general trend as the results in Figure 8 and
Figure 9. Note that the response due to current only
will vary due to different current direction.
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Figure 10 Forces in mooring in current and waves
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Figure 11 Increase in forces relative to forces with current
only

Figure 12and Figure 13shows the same as Figure
8 and Figure 9 for load case 5 and 6.
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Figure 12 Forces in mooring in current and waves
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Figure 13 Increase in forces relative to forces with current
only

The results in Figure 12 and Figure 13 show the
same general trend as the results in Figure 8 and
Figure 9. In this case, note that the forces are larger
and that the wave forces in general add the major
contribution in the B mooring. This is due to the up-
stream localization of these moorings (with this
wave and current heading). In the crowfoot type
mooring, note also that the forces are increase by
approximately 3 when waves are accounted for.

Overall this means that both waves and current
are of importance and must be considered in a de-
sign approach.

4.3 Irregular waves

In NS 9415, it is specified that when using a design
wave approach the wave height should be

Hmax= 1.9 Hs

Where Hpmay is the design wave height and Hs is the
significant wave height of the sea state. Fish farms
are in general large in horizontal extension. Forces
in a given part of the mooring system may be due to
the interaction of forces transported within the
whole system. This means that in a design wave ap-
proach, there may be many wave crests along the fa-
cility. This may give conservative results. In this
section this is investigated.

The structure is responding strongly nonlinear
with respect to applied load. This means that time
series realizations of a sea state must be carried out
for a realization of a sea state to account for irregular
waves.

As time series will repeat after a given amount of
time the two aspects are correlated. In the present
study it was decided to discretize to 20 waves in the
spectrum and have a length of each time series giv-
ing 20 wave cycles at Tp. A PM spectrum is used.

Table 3 shows the load cases applied for the ir-
regular sea calculations.

Table 3 Load cases irregular seas

Hmax/H | Period Wave U Current
Case s [m] [s] angle [mis] angle
[deg ] [deg ]
1 2.85/1.5 4.23 -45 0.5 -10
3.8/2.0 5.1 -90 0.5 -80

For load case 1, 6 time series were generated us-
ing different random seeds, and for load case 2, 4
time series were generated.
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Figure 14 Forces in different parts of mooring system.
Load case 1
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Figure 15 Forces in different parts of mooring system rela-
tive to forces calculated with a regular wave. Load case 1.

Figure 14 and Figure 15 show forces in the dif-
ferent parts of the mooring for load case 1. The label
“Irr#t” denotes load case # using irregular wave. The
label “current” means that the structure is exposed to
current only, whereas “Regular” means results cal-
culated using a regular wave with wave height =
1.9Hs.

Figure 16 and Figure 17 shows the same as
Figure 14 and Figure 15 respectively, but for load
case 2.

As seen from Figure 14 - Figure 17 results using
a regular wave is in general on the conservative side.

For mooring cables type A and B, the force in-
crease due to waves is approximately half of the re-
sults for a regular wave.

Mooring cable C does not get that much axial
forces and results using the two methodologies are
similar.
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Figure 16 Forces in different parts of mooring system.
Load case 2
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Figure 17 Forces in different parts of mooring system rela-
tive to forces calculated with a regular wave. Load case 2

In the vertical net staves (type D) forces from ir-
regular waves are almost as large as the regular
wave case. This may be explained by the fact that
the net staves are more sensitive to forces acting lo-
cally in a very limited area.

For the Crowfoot type moorings (type E) forces
are reduced slightly by introducing irregular seas,
but the reduction is much less significant than for
mooring cables type A and B. This may also be ex-
plained from the fact that they are more depending
on forces over a limited area.

For the frame mooring (type F) the force increase
due to waves are almost halved for load case 1,
whereas it is only reduced with 24% for load case 2.



This means one should be careful to generalize force
reductions.

5 CONCLUSIONS

Three different case studies have been carried
out. Even though environmental load conditions
changes a lot from location to location, the load
conditions presented in the calculations represent
typical conditions for the Norwegian fish farms in-
dustry.

The relation between applied current and forces
in the mooring was investigated. The forces were
non- linear with respect to current velocity and fal-
ling into the range between linear and square behav-
ior biased toward square.

The significance of waves relative to current was
investigated. Load components from both current
and waves were found to be in the same order of
magnitude. Hence their combined load contribution
should be accounted for. For the net staves waves
were most important. For the other moorings they
were about equally important for this case study.
This will vary depending on the environmental con-
ditions at each location.

It is in general conservative to use a regular de-
sign wave approach based on wave height = 1.9Hs.
The degree of conservatism ranged from 0 to 50%.
In general, the conservatism was largest for the
mooring cables connecting the frame to the sea bot-
tom. However the design wave amplitude should
not be reduced for the general case as the conserva-
tism was found to vary strongly for load cases and
components. More research effort should be put to
this.
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