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This document describes how AquaSim calculates reduction of current on succeeding membrane panels for
membrane type “Normal” and “Normal with bending stiffness”.
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- Energy method: the energy method is an assessment based on considering energy and the power of
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1 Introduction

When current is passing nets, such as the ones applied in the aquaculture industry, the fluid
velocity will be reduced behind the net. This means that nets behind other nets will experience
less drag forces due to the reduced fluid velocity. Figure 1 show a simplified case with five
nets spread out in the xz-plane, succeeding each other along the y-direction.

OEO N

Figure 1 Fluid flow passing succeeding nets. The color indicates axial force in lines.

As seen from Figure 1, the forces in the lines attached to the nets becomes lower the further
back along the y-direction one gets. The forces range from 9000 N on the upstream net to
5000 N on the one in the back.

This document presents a new method to account for flow reduction behind nets. The current
state of art for accounting for current velocity reduction behind nets is the method presented
by (Leland, 1991). This document also presents an alternative formulation to the reduction of
flow velocity behind a net based on energy conservation. Theory, assumptions, and
implementation to AquaSim are outlined in this document.
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2 Theory

This section describes the theory for the two formulations that account for current reduction
behind nets in AquaSim. The two methods are implemented for the membrane types
“Normal” and “Normal with bending stiftness”. In this document, membrane type “Normal”
and “Normal with bending stiffness” will be referred to as net.

2.1 Basics of nets

Consider a mesh shown in Figure 2.

Figure 2 Mesh alternatively seen as a "screen''.

If we zoom into Figure 2, it will resemble Figure 3 where local definitions are introduced.

ax

y L

Figure 3 Definition to L and d of net twines.

Figure 3 is from (Berstad, Walaunet, & Heimstad, Loads from currents and waves on net
structures, 2012) and

e L is the distance, center-center between adjacent twines.
e d is the diameter of each twine

The most common formal definition to Solidity (Sx) is Sn = Ae / Ao Where A,is the area

casting shadow from a light perpendicular to the net and 4 is the total area of the net. For an
ideal knotless mesh as shown in Figure 3 a mathematical expression for Sn can be formulated
as:
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Historically meshes were made with knots. This leads to higher solidity. A term having been
used by e.g. (Leland, 1991) is:

: d . d . kd?
n = — —_— —_—
Ly L 2(12 + 12)

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

S = +d
N2p _Ly L

Equation 1
normally, we have that L, = L, = L meaning that:

S 2d
Nyp = —
2D =7
This is often denoted the “2D solidity” since it basically is based on summing diameters in
both directions. This can be a good balance since most nets are not mathematically perfect

with an example seen in Figure 4.

Figure 4 Net example.
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2.2 Lelands method

The theoretical formulation for the current reduction According to Leland (1991) Eq. 211 is:
r,=1-046-Cd

Equation 2

where

- 13 1s the current reduction factor, defined as vred/ s
O Vyeq 1S the current velocity behind the net,
o v is the undisturbed current velocity,
- (d is the drag coefficient of the net where the corresponding area is the full area of the
net.

Meaning:

Vred

r, = =1-0.46-Cd

Equation 3
Cd is found from (Leland, 1991) Eq. 199 as:
Cd = 0.04 + (—0.04 + 0.335n + 6.545n% — 4.885n3) - cos a

Equation 4

where Sn is the solidity and « is the angle of the net panel relative to the flow direction. To be
consistent with (Leland, 1991), Sn is found from (Leland, 1991) Eq. 198 as:

o 2 &
LAY

Equation 5
where

- d is the diameter of each twine, according to Figure 3,
- L is the length of each twine, according to Figure 3.
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2.3 The energy method

The energy method is an assessment based on considering energy and the power of the
system. Consider a frame enclosing a permeable “screen” with current flowing through as
shown in Figure 5.

~

Figure 5 Screen with water flowing through having a cross section areal A to the flow.
The screen/frame in Figure 5 has area 4.

By definition, the kinetic energy E of a moving mass, m with a velocity v is:

1
E = -mv?
va

The mass of the fluid passing within an area A as in Figure 5 can be found as
m = pvtA
where

- pis the density of the water,
- tis the considered time period.

The means that the kinetic energy of undisturbed water passing through the area marked by
the square in Figure 5 is:
1
Epiow = E,DtAU3
Equation 6

The corresponding power, P (energy per time unit) is then:

P—1A3
_2pv
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Consider a net being put into a flow field with an undisturbed velocity, v as seen in Figure 6.
As energy must be conserved, the energy in Equation 6 represents the max energy to be either
absorbed to the screen or passing through in the flow behind the net.

<

\\

T~ F/4

v~ \\\\\/

Figure 6 Net put into flow field.

The drag force to the net is by definition:

1
Firag = EpCdsz
Equation 7

where Cd is the drag coefficient for the net based on the screen (i.e. membrane element) area
A as representing the area. Now, let us follow in e.g. (Hansen, 2008) “1D momentum theory”
where they consider flow about circular screen symmetric about a central axis in the flow
direction as shown in Figure 7 where

- v is the undisturbed fluid flow upstream of the screen,
- u is the velocity at the screen,
- Vpeq 18 the reduced velocity behind the screen.
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v
A2 Vred
A1

Figure 7 Flow through disc symmetric about the central axis.

The screen in Figure 7 will have a pressure drop over it, leading to a (drag) force pushing in
the direction of the flow. For the vocabulary of Hansen, the drag force corresponds to the
torque force, 7. By putting up the applicable control volume (Hansen, 2008) ends up with e.g.
Eq 4.12 and shows that the drag force to the disc in Figure 7 is:

Equation 8

T = Fdrag = puA(V — Vreq)

Where u is the flow velocity at the screen as illustrated in Figure 7. A is the total areal the
screen covers cross sectional to the flow.

The flow velocity at the screen will be (Hansen, 2008) Eq. 4.11:

Equation 9

u= E(v + Vrea)

By inserting Equation 9 into Equation 8 it is seen that the drag force can be expressed as

meaning

Equation 10

Combining Equation 10 and Equation 7 means:

1
Fdrag = EPA(U + Vyea) (V= Vreq)

Firag = L A(W? — Vpog?)
drag Zp red

1 2 2 1 2
EPA(U — Vred") ZEPCdAv
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Meaning

V2 —v,04% = Cdv?

Meaning
Vrea” = v?(1—Cd)
Meaning
Vyea = vV1—Cd
The fraction v’:d is then:
et _Vi-cd

Equation 11

Denoting this fraction as ry, we get:

(%
re =—2 =vV1=cd

v

Equation 12

Which in AquaSim then is the relation between the undisturbed flow v and the reduced flow
velocity behind the net, v;,4.

Following (Hansen, 2008) Eq. 4.16 an induction factor, a, can be defined, defining the
relation between v and v.s where a is define by this relation:

Vyeg = (1 — 2a)v
This means
rg=(01—-2a)=Vv1-Cd
Equation 13

According to Hansen Equation 12 is valid for a < 0.4 (Hansen, 2008) meaning that it is
considered valid while 7z > (.2 meaning it is valid for

Cd = 4a(l —a) < 0.96

Assuming the drag coefficient is found as presented in Equation 20 in (Berstad, TR-FOU-
100004-6 Revision 1, 2024):

2

Cd = Sn (1 Sn )

This then means that the current reduction is valid for a solidity of Sn < 0.507.
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2.4 Comparison Lgland and Energy method
2.4.1 Perpendicular flow

Consider a flow perpendicular to a net as shown in Figure 6. Calculate the relative velocity
behind the net by Leland using Equation 2, and from the formal energy assessment using
Equation 11. This is shown in Figure 8 where:

7 is the reduction factor, describing the ratio between the reduced velocity behind the

net and the undisturbed velocity, vrv—ed,

- 1 Energy, 1y are results from Equation 11,
- 1 Leland, r;, are results from Equation 2,
- The relative difference is the difference between the two reduction factors.

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

Reduction factor r

Cd

r Energy r Lgland Relative difference

Figure 8 Flow velocity reduction behind net as function of Cd.

As seen from Figure 8 the energy method predicts more velocity reduction behind net than
Loland method and the difference gets higher for higher Cd.
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2.4.2  Flow at oblique angle

Consider inflow to a net with an angle as seen in Figure 9.

z \\{ F/4
\/ h

~J

Per definition, the area used for calculating the force in Figure 8 is the area seen when looking
in the direction of the flow. For oblique flow, this will correspond to a smaller area than the
total screen area, as seen in Figure 10.

Figure 9 A net screen with flow at angle not perpendicular.

[ F/4

Figure 10 Net at oblique angle.

A net at oblique angle will give rise for both drag and lift forces and the flow behind will not
be symmetric. However, in terms of energy the relation that extracted energy have a
corresponding velocity reduction behind stands. This means:

1 2
Farag = EpCdApv
Equation 14

Where A, is the net area projected in the flow direction. This means we can find (by
definition):
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F drag

%pApv2

Cd =

Equation 15

Or by including the energy loss due to lift, in addition:

Cdp = 1——
5 pA,v?
Equation 16

Where F is the total force acting by the current to the panel and Cdy, is factor to be used with
Equation 12 to find the reduction factor behind the net as:

v
TE: red :W/1_CdE

v

Equation 17

A panel been analyzed for a case with a 2D solidity of 20%. Figure 11 presents the reduction
factor, by applying Equation 16 and then Equation 17 to find the reduction factor r Energy, r5.
In Figure 11 this is compared to the reduction factor predicted by Leland, 7;.

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

0
0 10 20 30 40 50 60 70 80 90

—r Energy r Lgland AquaSim r Energy

Figure 11 Velocity reduction factors (1-r) as a function of inflow angle.

As seen from Figure 11 the velocity reduction varies differently based on the two approaches.
For the Loland approach, the most part of Cd decays with the angle such that the reduction of
velocity decreases with increasing angle. As one can imagine, this will not be the case for a
real panel based in the energy approach since the skewing the net means more twines in a
smaller projected area. The line “r Energy” in Figure 11 is derived by calculating the force to
the panel and divide by the projected area of the panel perpendicular to the flow. Oblique flow
will lead to different loading to twines due to the fact that the inflow is not perpendicular as
illustrated in Figure 12.
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v
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v

by Ly

Figure 12 Local flow angle.

In AquaSim the drag force to an element is assumed reduced to an element from succeeding
twines as one is closing in on tangential flow as illustrated in Figure 13. This means that when
the flow becomes more parallel to an element the force decreases from this.

Figure 13 Succeeding twines partly shaded from incident flow. (Barkley, 2006).

Based on the calculation of drag force in AquaSim, the resulting force will lead to the relation
seen in Figure 11. If it had not been for the effect shown in Figure 13 accounted for in the
drag force calculation, the reduction would have been going further upward towards 90
degrees and not bend downwards at approximately 75 degrees. These effects are elaborated
more in detail in (Berstad, Walaunet, & Heimstad, Loads from currents and waves on net
structures, 2012).

For analysis, the more the flow is reduced, the less conservatism is included into forces on the
succeeding nets. In order to keep simplicity and conservatism, but still be more accurate than
Lolands formula, the line “AquaSim r Energy” from Figure 11 is introduced to AquaSim to
account for flow reduction behind nets.
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3 Implementation of reduction factor.

The velocity reduction based in an energy consideration is implemented to AquaSim as shown
in Figure 14.

0.16
0.14
0.12

e
—

0.08
0.06
0.04
0.02

Velocity reduction, fraction

0 10 20 30 40 50 60 70 80 90
Panel angle [DEG]

Recuction factor Lgland

Reduction factor Energy

Figure 14 Current reduction Leland method vs Energy method

As seen from comparing Figure 14 to Figure 13 it is seen that the implemented reduction from
the energy method has been reduced a bit from the analytical results in the area from 45 DEG
and up to 90 DEG. Since the energy method gives a larger reduction than Lelands method it is
chosen to use the 0 degree reduction factor up to 80 degrees and then reduce it such that:

TE = 1 - Cduse

Equation 18

Cdyse = Cdgo * min(1,4 cos(a) + 0.04/Cdg,)

Equation 19

Where Cdg, means Cdg at 0 degrees.
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3.1 Case study
3.1 Analysis model

Figure 15 shows a case where a net is sheltered behind a net.

Export Copy model ‘Q | O]

& O M2 ® . X7 .

B Gl « 4 F 0O "

~ 1 Component1  MEMBRANE [l

B 2 diagiine TRUSS .
@3 loadine uss i

Figure 15 Case study. Net behind screen.

The screen and the net have the same net data given in Table 1.

Table 1 Net data.

Net data

Net area [m2] 100
Net 2D solidity 0.2
Screen 2D solidity 0.2
Ceyi 1
Cdmem 1.37
Cd 0.27
Unsheltered force [kN] 14.06
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3.1.2 Analysis response

Figure 16 and Figure 17 shows response at an oblique angle.

Local section forces > Axial force [N]

11944623000

9536.694225

7128.765450

4720836676

2312907901

-95.020874

s

aqrtllrasim

Figure 16 Response at oblique current direction through screen.

Local section forces > Axial force [N]

11844623000
9536.694225
7128.765450
4720836676 z :::
2312.907901

-95.020874

aquasim

Figure 17 Response at oblique current direction through screen seen from another angle.

As seen from Figure 16 and Figure 17 the sheltered net it withheld with bridles and a rope
such that it aligns with the current direction. The current direction is then adjusted with
different angles such that the formulas for current reduction by Lelands method and the
energy method (Equation 18 and Equation 19) can be compared at varying flow angles
through the screen. Results are extracted as axial force in the line as seen in Figure 18.

Front Left Right

Top Bottom IS0 Zoom Zoom fo result

Tools

Help

1944.623000 |
MIN MAX Localsectionforces > Axiaforce IN]

I g tissssonn
ss3500225
Tas7asts0
a8
212007901
1 ss0z0e7e

-95.020874

Figure 18 line where forces are extracted.

-

aquasim

Step Local section forces > Axial force [N]
2 746.819400
3 2986.810800
4 6719.077600
5 11944.623000
6 11944.620000
Copy all to clipboard View local section forces Add series Remove serie
12000 4
10000 /»/
A
o 8000 //
2
6000 £
P
4000 ”
2000 -
OB, =
4 1 2 3 4

— Local section forces > Axial force [N]

Component (3): loadline

Element number: 5 (Length: 10.055764m)

Position of node A (5): -40.000000, 5.000000, -5.000000
Position of node B (6): -34.972153, -3.708482, -5.038658
X: 6, Y: 11944.620000
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3.13 Analysis results

Results are shown in Figure 19.
14
13
12

11

10

Foce in net behind screen {kN]

0 10 20 30 40 50 60 70 80 90
Flow angle [DEG]

——Lgland ——Energy

Figure 19 Force in truss seen in Figure 18.

As see from Figure 19 the energy method means lower forces in the net behind the screen due
to the fact that the energy method leads to a slightly larger current reduction of the flow
passing through the screen, compared to Leland.
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