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Abstract

Five plane net samples of different geometry are sclected and the
hydrodynamic loads on them in quasi-static (steady current) and oscillating
flow (harmonic waves) are measured in a towing tank and a wave basin. The
data from the experiments is compared with existing empirical formulac and a
numerical model. It is revealed that drag cocefhicients for nets and cylinders as
a function of the Reynolds number have identical trends with steady oftsets
from cach other. It is concluded that the drag coefticient for nets 1s equivalent
to the drag coefticient tor cylinders (and spheres for knotted nets) modified by
a function of net porosity. A two-factorial experimental design was applied to
screen individual and interaction eftects of net solidity and steady current
velocity. This analysis shows that solidity and velocity have a synergetic
effect on drag. The drag component and added mass are extracted from the
total wave force by applying a vector approach. It 1s shown that drag and
added mass coefficients could not be expressed by conventional non-
dimensional parameters. Based on data analysis, unsteady drag coctlicient is
suggested as a function of wave particle velocity and net porosity. It is
recommended to estimate added mass through an effective thickness, the
width of water affected by the net, which is a function of wave frequency and

net solidity.
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I. Introduction and overview

Aquaculture has traditionally operated in near-shore locations on a small
business scale. However, due to reductions in the world’s fish stocks and
continuously increasing food demand on a global scale, aquaculture 1s increasing
in mdustrial scale. Particularly, according to the Canadian Aquaculture Industry
Alliance, aquaculture is the fastest growing tood industry in Canada and its value
1s expected to grow more than five times over the next ten years. Presently. the
industry is considering the use of offshore ocean regions as an alternative to
traditional near-shore locations. This mnovation is motivated by the limitations
of suitable coastal areas and environmental and aesthetic concerns. A move 10
open-occan locations is expected to provide higher levels of environmental
loading and thus it is essential to assess the behavior of open-ocean fish
containment  structures  before they are exposed to these more severe
environmental forces. Since, coastal fish farms have been located on sites
protected from extreme currents and waves, comprehensive studies on large
hydrodynamic forces applied on aquaculture structures in more  extreme
conditions have not previously been necessary.

Typically a fish farm presents a tloating platform, which 1s moored to the
seabed, with net cages attached to it (Fig 1.1). Previous experimental and
numerical studies conducted in this area constdered force estimation on entire net

cages, mooring cables and plane net samples. Berteaux | 5] and other rescarchers,




at different times, have extensively discussed normal and tangential forces on
mooring lines and cables. Nets present a more complex type of flexible structure
with multiple degrees of freedom that undergo large deformation under external
and internal forces. A net changes its shape under hydrodynamic load. but as the
shape changes, the loads are also changing. In other words, the net shape and
forces have a complex non-linear effect on each other. These properties
complicate the investigation of flow through and around the twine bars of a mesh
structure and hydrodynamic loads applied on them. Due to this complex nature
of the fluid forces on netting and since open-ocean aquaculture is a relatively
recent mnovation, loads on nets, especially in oscillating flow, are not yet

comprehensively understood.

Fig. 1.1 Floating fish platform
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There has been a volume of research conducted on cage modeling [4]. [8],
[T, [12], [13], but although these studies provide a better understanding of
velocity reduction downstream due to net cages arranged i rows (approximately
10% reduction), hydrodynamic load results are applicable to specific cages tested
as units only. A more fundamental and universal technique for load estimation on
netting would provide researchers and engineers with better accuracy in
modcling fish cages, which will ultimately help to build more reliable open
ocean larms.

Since a net consists of cylindrical twine bars and knots similar to spheres,
and there is a comprehensive body of knowledge on the tluid dynamics of
cylinders and spheres, this work can be applied as a starting point.

A drag force F), of a body with the frontal area § in steady uniform flow
of velocity U, can be estimated as

F,=05pC,SU" (1.1)
where p is water density and (') is the drag coefficient which is an emptrically
obtained ftunction of the Reynolds number Re, a non-dimensional parameter,
detined as:

Ud (1.2)
4

Re =

where « is a dimension of a body across the flow and v 1s the kinematic viscosity

of the fluid. This dependence is estimated by applying dimensional analysis and




based on the fact that the force resisting motion is a sum of frictional drag caused
by viscous action and pressure drag related to the shape of the object, both
eftects arising from the viscosity of the fluid [16].

Milne | 14]. Aarsnes [1] and Freedman [9] established empirical formulas
for the drag cocflicient of nets in steady current as a function of net gecometry.
Milne (equations 1.3 and 1.4) also considered the knot factor (woven or knotted

nect) and Aarsnes (equation 1.5) included an angle of attack:

C,=1+189S,+2.34S; fora knotted net (1.3)
C,=1+1.375,+0.785; fora knotless net (1.4
C,=0.04+(-0.04+5, —1.24S7 +13.75 ) cos(r) (1.5)
C - 3&&)%7 (1.6)

Re

where S, is the solidity ratio, or in other words, the ratio of actual twine area to
total projected area; and « is an angle between the current direction and the net
plane. The issuc with the equations [.3-1.5 is that they incorporate net solidity
only, but not the Reynolds number. Milne also conducted tests to mvestigate
marine bio-fouling etfects on the drag coefficients for a range of net materials. It
appears that the net drag drastically increases (up to 300%), due to fouling. even
within two months of submersion. However, fouling is a further complication
because it tends to both increase the solidity in the net plane and also adds

material that trails out of the net plane adding further surface area.




Armour [2] studied the nature of fluid flow through woven screens. He
simplified a screen with a very thin packed bed and developed a general pressure
drop correlation to all types of woven and metal screens with a unique definition

of the Reynolds number:

v (1.6)

vad

Re
where « is a surface area to unit volume ratio of the screen wires and d is a screen
diameter.

Koo [10] developed a mathematical model for steady 2D tlow around a
submerged screen. The screen was replaced with a distribution of sources and
then the mass and momentum balances across the screen were adjusted for this
flow. The model was successfully validated with wind-tunncl tests.

Loland [12] applied the Schlichting approximation for deriving the
velocity profile behind a single cylinder in steady flow and obtained a
mathematical formulation for the velocity profile in the turbulent wake behind
the screen, which is presented as a summation of cylinders.

In addition to current loads, nets also undergo large loads from waves.
The drag force can be estimated from equation 1.1. The velocity component is

UlU. so the direction of the force is stipulated as it changes every

presented as
half a wave cycle. However, the drag cocetlicients in steady and oscillating flow

are not the same [7]. In the meantime. there is an inertia effect due to the

N




acceleration of the flow in a wave. A fluid particle moving in simple harmonic
motion possesses a momentum. As the {luid particle under the wave passes
around the circular cylinder, it {irst accelerates to reach the midpoimnt and then
decelerates down the surface. This translates to work done on the cylinder, which
introduces a force on the cylinder proportional to the tluid particle acceleration
and the cylinder volume [7]. This inertia force related also to the added mass, 1s
presented in terms of an inertia coefficient Cy, another empirical. non-
dimensional parameter. The interaction between drag and inertia is commonly
simplified as a linear summation, known as Morison’s equation, which per unit
length appears as follows:

o (1.7)
= pC, /T(TU+;/)(‘/)|UIU

Drag and inertia coefficients for cylinders in oscillating tlow are
empirically determined as tunctions of Reynolds number Re and Keulegan-
Carpenter number KC, which is a non-dimensional drag/inertia ratio presented as

I7a g
o U (1.8)
d

where 7 1s a wave period, U 1s a maximum particle velocity. However, even
though there have been empirical and numerical studies on net structures. a well
accepted technique for deriving the mertia cocefticient does not yet exist. Instead

the coetticient for a circular cylinder is assumed.
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The synergistic effects of current and waves on nets are assumed to be
secondary. Since loads on nets in oscillating flow alone are not yet definitely
quantified, the combined effects can only be minimally covered. However, |13
suggested a method to estimate the horizontal component of hydrodynamic loads
on aquaculture cages exposed simultaneously to current and waves m parallel to
cach other. The drag equation was integrated over the projected area using a
derived velocity term, representing both velocity components. However, the drag
coeflicient was assumed constant for each individual net wall of a cage, even
though they were on different angles of attack to the tlow.

The purpose of the study presented in this paper is to empirically estimate
drag and inertia coctficients for scaling of quasi-static and dynamic loads on nets.
In order to quantify the horizontal component of loads in current and waves at
normal angles of attack, a range of plane net samples was tested m a towing tank
and a wave basin at the Institute for Ocean Technology, in St. John's, NL. The
data from the steady experiment was also compared with a numerical model
developed by Wayne Raman-Nair, Institute for Ocean Technology. St. Johns, NL
(the work has not been published yet). Based on the experimental results, a
unique empirical formula for steady tlow drag coefticient as a function of net
solidity and circular cylinder (and sphere, in case the net is knotted) was derived.
Applying a two-level factorial design [15], a synergetic effect between net

solidity and current velocity was indicated. In the end, unsteady flow drag




coefficient was formulated as a function of particle velocity and net porosity: and
added mass was estimated through effective thickness (the width of water that is
conjectured to be affected by the net), which is a function of wave frequency and

net solidity.






Solidity S, is the ratio of actual twine area to total projected arca; it 1s

defined as follows:

d o
S, = 27 tor woven (knotless) nets

»

2Ad + a7 4

. E for knotted nets

The first component of the numerator in equation 2.2 should strictly be 2¢/-D)d.
but extra twine 1s included to account for the convexity of the knots. The mesh

geomeltry is spectlied on Fig 2.1,

:
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Fig. 2.1 Knotted net mesh geometry specification
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Manual measurements, using a vernier caliper and a micrometer serew
cauge, of net geometry are subject to errors in measurement on small elements,
which are then multiplied over larger arcas. In order to check the accuracy of
manual measurements, image analysis was emploved to quantify the frontal arca
of the net samples. Image analysis is a software-based technique to measure
objects from an image. A photo image of the net sample was taken on a
contrasting background and the image was converted into a grayscale image.
Then. setting a gravscale threshold. the image was ranged into two levels only:
black and white. Applving a Matlab code, cach pixel was perceived as a member
of a matrix. so an amount of black or white pixels can be counted and thus the
actual twine area 1s estimated. It can be seen from Table 201 that image analysis
and  manual  measurement results are approximately  10% difterent. The
agreement might change with ditterent lighting conditions. In the present case,
unequally distributed light over the sample caused some shadows. This problem
was more evident i images of Jarge mesh samples. For small mesh cases. a
smaller image of a sample could be taken and then multiplied by the total
projected area with small error (this was actually done). but for nets with large
meshes, the amount of twine in a small image segment when Iinearly multiplied
to the larger arca of the actual sample may cause a significant error. Also hight on

objects may show as larger pixel arcas than in reality if the light is reflected from

the hnes.













2.3 Steady flow experiment

The steady flow drag experiment was conducted in a tow tunk of (wo-
meter depth. Lach net sample was (ested twice in a flow normal to the plane of
the net at the following velocities: 0.1, 0.2, 0.5, 0.75, 1.0, 1.25. 1.50. 2.0 ms. In
real environmental settings, net structures might undergo loads from higher
currents; however, in the experiment, the apparatus started to experience
significant vibration at higher speeds. To avord significant noise in the data
caused by vibration tests were not done above 2 ms, which is approximately 4

knots.









arising from the small foads apphed on the horizontal rods. After cach run a
proper amount ol time (approximately 20 mim) was allotted for the tank water to

stabilize prior to the next run.




2.5 Data filtration

To filter out noise or spurtous signals in the data output from the probes
and load cells. lgor data analvsis software was used.

For the steady low experiment, moving averages ol torce and towing
velocetties were caleulated.

For the oscillating flow, first a scgment of a stabilized wave profile was
chosen and a smusoidal it was overlaid to estimate steady state wave amphitude
and frequency. Afterwards, by applying the frequency estimated from the wave
profile m order to be consistent. the horizontal foree and horizontal particle
veloctty protiles (g, 2.8 and 2.9) were fitted with sinusoids to determine the
maximum horizontal force and velocinty respectively as well as their phase shifts
(from this point i the texi, torce. velocity and acecleration mmply the horizontal
components  only, unless specitied  otherwise). The velocity  profile  was
differentiated to determine maximum particle acceleration and its phase shift (I'ig
2.10). A Fourier analysis of the force signal was also performed (g, 2011 o
compare the actual force frequency  with mmposed  wave  frequency. The

diftference was less than 2%,

19










20 -
15-
brd
X
10-
5.
0.
0 5 10 15 20 25
Hz

Fig, 2,11 Fourter analysis of force

It can be observed visually (Fig 2.12) and further verified by the FFourier
analysis (Fig. 2.13) that the higher wave frequency cases (2.26-5-55 rad sec, or
2-8 m wave length) were dominated with ringing caused by natural vibration in
the apparatus or the towing carriage. This ringing probably occurred because the
net was not heavily or uniformly loaded, since there was a significant difference
between the particle veloeity on the surface and on the bottom of the net. Thus,
the data from these runs was noisy and was not considered for further data

analysis.










Overall, the present experimental data are in good agreement with all
existing formulae, especially with the Freedman formulace, which incorporates
the Reynolds number and hereby more reliable. However, it should be mentioned
that the difference with Aarnes and Milne formulae might have been caused by
slightly increased water velocity in the net plane due to flow around the shrouds

of the load measuring apparatus.
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combination of factors and their levels. The analysis of variances (ANOVA) was
then conducted to identity significant factors. The ANOVA and interaction
graph (Fig 3.3) illustrate that the interaction effect of solidity and vclocity

significantly impact the drag.

DESIGN-EXPERT Plot Interaction Graph

[ TR DT N

drag force

X = A: solidity
Y = B: velocity

@ Design Points B

m R 1 Nn0nn

drag foroe

g [REN 0 st o

A: solidity

Fig. 3.3 Interaction effect of net solidity and current velocity

Fig. 3.3 clearly shows the “positive™ effects of solidity and velocity on the
drag: as solidity or velocity increases, the drag also increases. In other words,
these factors combined have a larger effect on the drag than just a lincar

summation of the two effects. This compound interaction can be explained by the




increasing interaction of flow around individual twine bars as these bars get

closer and closer to each other.
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3.1.4 A universal formula for net drag coefficient estimation

The experimentally obtained drag coefticients for nets were plotted
against Reynolds number for cach sample and compared with the drag
coefticient curve for the circular cylinder with the same diameter as the twine
diameter (Fig. 3.7-3.11). The drag coefficient for nets has an obvious correlation
with the drag coefficient of a circular cytinder: the curves for nets and the
cylinder are ““parallel” with a pronounced and consistent oftset.

The total force on a knotted net per projected arca mceasured i the

experiment was expressed as:

¢ _ Fs'(2/(/+/2’f)‘7 :4) (3.1)
Pl 0.5pL
I'rom the force balance:
f‘:FA‘,+/’\/, (3.2)

where F.;1s the load on two twine bars (cylinders) forming a mesh cell

and F

.o 18 @ load on a knot, simplified as a sphere.

As the net is a system of individual independent cylinders that are
interconnected with each other forming a screen, the strcam flow has to
accelerate to go through the reduced arca and then decelerate as it exits the mesh.

The downstream velocity is known to be lower than the upstream velocity and

thus the velocity losses (or energy losses) in the mesh, appear as drag. Blevins [3]
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relates the increased velocity (local velocity around individual bars) to the screen

porosity:

L) (3.3)

where U is local velocity, Uis a stream velocity and (/-5,) 1s net porosity,

o . . o . 1" = 24d
which is the ratio of “twine free™ area to total projected arca (T ). As can be

seen, net solidity and porosity are interchangeable, so both parameters are used

further in the text. Thus equation 3.2 can be expanded as:

I, a Ut (3.4)
F :—'/)[( ,,l”,”.?/(/+ C"\‘\I'I —“Ji‘:
2 4 (1-5))
Substituting (3.4) into (3.1) yields:
T (3.5)
[C“lu/l + (‘/’I\/'Il 8 a,b’

( D) net] =

_ 2 T
(=5, (I+=up)
8
D D
where ¢ =— and f=—
/ d
Drag coefticients for circular cylinders and spheres have been extensively
studied and can be reliably estimated as [17]

[0 (3.6)
Re”

(‘/)|u/\ =1+

24 O (3.7)

C, =—+ -+04
Ml Re 14 Re!



The Reynolds number in equations (3.6) and (3.7) was taken for local
velocity as specitied in equation (3.3). The Reynolds number for the drag
coefticient of the sphere can be modified as follows:

Iz ) D 3
D R P (3.8)

Re p - S C4 %)
' vl =S,) d d

For nets without knots (3.5) 1s simplified as:

(‘/Jm/] (3-())

(1-5,)

Mact]

Using (3.5) and (3.9) the drag coetficient was estimated for all sohdities
and current velocities. The results were plotted vs. the Reynolds number and
compared with those obtained empirically. The analytical model initially
appeared to only sporadically match the experimental results. However, more
thorough observation led to a supposition that the net porosity had a more
complex influence on the stream velocity than that published by Blevins (1984).
Thus, equations 3.5 and 3.9 were corrected to match the empirical results (Fig.

3.8-3.12) and the analytical model was adjusted as follows:

" o (3.10)
B [(‘/)|r\"/] + (v/)lx/*l] 8
Diner| "
=507 1+ " ap)
8
. B (1/)|A|'/] (31 l)

Coppn =——
Dl ned (I*S’/)”
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Milne, which incorporate net solidity only. The formulae may also be able to be
applied for different angle of attacks as it includes the drag coefficient of cylinder
and sphere. This however would be subject to further verification. The
dependence of the data on the cylinder might also assist in further investigation

of tlow through nets.



3.2 Drag force and added mass

3.2.1 Estimation form the total wave force in oscillating flow

IFor the last four sets of waves, in which the signals were relatively clean
and noise-free, the drag component and added mass were extracted from the total

wave force by applying a vector approach (Fig. 3.12).

b

Total force Fy

Added
mass Fa

Drag force Fy

Fig. 3.12 Vector breakdown for maximum drag force and added mass

The total horizontal force on the net sample was taken to be a steady state
sinusoid, which can be expressed as a vector and resolved into two components,
one in phase with the horizontal wave particle velocity and onc in phase with the
horizontal wave particle acceleration. The velocity and the drag force, which is a
function of the velocity, are taken to be in the same phasc. Similarly the
acceleration and the added mass are taken to be in the same phase, which 1s 90
degrees (orthogonal) to the phase of the velocity and drag. Thus:

F, = F,simwt+¢,) (3.14)

F,=F, sin(wr+¢,) (3.15)



where

F,, - drag force

F, added mass

F; - total wave force

® wave frequency

¢, velocity phase

¢, acceleration phase

As the wave amplitude was much smaller than the water depth, the ratio
of wave amplitude to wavelength did not exceed 1/20. Also the basin floor was
flat, and thus it is reasonable to assume Airy linear wave theory to compare the
velocity measured in the experiment with analytical predictions. According to the

Airy wave theory, velocity and acceleration can be estimated as:

"= “T(UMCQS() (3.16)
sinh(A/1)
N gy LMD G g (3.17)
ot sinh(k/r)

where /1 is water depth, 0 kx-wr; x and z are axis specified on Fig. 2.5
It can be assumed that maximum velocity U, is at x=o0 at a point of time
equals zero. so cos € 1. As the velocity and acceleration have a 90 degrees phase

shift, 0 90" for acceleration and consequently sin 0=1. Overall, experimental and

analytical results are in good agreement (Appendix 11).
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Total wave force and the resulting drag and added mass components are
plotted in Fig. 3.13-15. It can be seen that overall hydrodynamic loads icrease
sensibly as the nets get less porous and particle velocity or acceleration increases;

however, drag force appears more scattered.



3.2.2 Drag coefficient in oscillating flow

As mentioned previously, the drag coefticient for a cylinder in oscillating
flow is conventionally considered as a function of the Keulegan-Carpenter (KC')

and Reynolds numbers [7]. This dependence is also shown in Fig. 3.16.

2.0
154 0 T
e
e n_____ﬂ_,_.-——ﬂ“"_—-'—.n-_
1.0 /’:‘:-'-"’/::’:—’—‘ : ’
Re Range
0 - 10,000
o5y 10,000 - 20000
e e ——— 20,000 - 30.000
o 30,000 - 40.000
0 b —— > 40,000
0 5 10 15 20, .25 30 35 4

Fig. 3.16 Drag coefticients for an oscillating vertical cylinder trom [7]

It can be seen from Fig. 3.16 that for Reynolds numbers below 10,000, the
dra

ag coefficient strongly depends on the Keulegan-Carpenter number i

comparison to Reynolds numbers over 10.000 for which drag coefficient only
changes slightly even with signiticant change in the Keulegan-Carpenter number.
Due to the relatively small twine diameter of the nets, as illustrated in Fig
3.17, the Keulegan-Carpenter number appears on a much larger scale 1n
comparison to cylinders tested by Chakrabati [7]. It can also be observed that the

drag coefficient for nets changes significantly even with a slight change in the
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Since the experiment was conducted with tull-scale nets, it 1s assumed that
a dimensional parameter, such as the effective thickness, can be used to express
added mass for nets. Wave frequency i1s a major determinant for particle
acceleration, so it seems sensible to consider the dependence of eftective
thickness on frequency (Fig. 3.23). It can be seen that the effective thickness
increases as wave frequency increases (waves become shorter, and in this
experiment also less steep). However, after approximately 2rad/sec, the effective
thickness decreases, especially for less porous nets, which is a common trend for
bodies in oscillating flows. It also appears that effective thickness depends on net
solidity.

Thus, it is suggested that added mass for nets can be estimated as a
function of wave frequency and net solidity. Expressing the added mass in terms
of effective thickness over the net area also offers a more intuitive measure of the

added mass effect than coefficients based on the displacement of the net twine.



IV. Conclusions and further work

Two experiments were conducted to estimate the hydrodynamic loads on
five plane net samples in steady and oscillating flows. A new empirical formula
15 suggested as a function of net porosity and drag coetlicient for a cylinder (and
a sphere tor knotted nets). The advantage of the tormula in comparison to the
existing ones 15 that it incorporates the well-established drag coetticient of a
cylinder and thus it 1s less Iimited in Reynolds number. The inclusion of the drag
coefticient for a cylinder should naturally allow the application of the formula tor
different angles of attack as well: however, it is recommended to verify this
presumption with another experiment, where net samples are tested over a range
of angles of attack.

The interaction effect of net solidity and water velocity was disclosed by
applying a two-factorial experimental design. This analysis 1s meant to disclose
effects by assuming their nature 1s linear only. However, the Response Surface
Method (Montgomery 1995) can be applied i the future to cstablish a
polynomial formula for predicting steady flow drag as a function of net solidity
and current velocity.

It was also found that conventional non-dimensional paramcters for drag
and mertia coefticients in oscillating flow arce probably not applicable for nets. It
1s suggested that drag coefficient is perceived as a function of wave particle

velocity and net porosity. For further verification it i1s recommended to

"N
[



experimentally study the individual intluence of wave particle velocity and wave
period on drag. Wave period 1s a function of wavelength, but particle velocity 1s
a function of wave period and amplitude. Thus, the same wavelength can be
maintained for different velocities if the wave amplitude changes.

A new parameter was introduced for added mass estimation: effective
thickness, a width of water notionally affected by the net as a tunction of particle
velocity and net porosity. This parameter offers an intuitive improvement over
conventional concepts of added mass coetticients related to the mass or
displacement of the physical body, in this case the net twine, but the data set
collected as part of this study does not provide a definitive proof of the utility of
the concept. Thus, it is recommended to conduct another experiment for a wider
range of wave frequencies to establish a formula for added mass estimation
through effective thickness which is a function of net porosity and wave

frequency.
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