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Two typical gravity-based fish cages with circular and square shapes are modeled in the present study to compare
their cage deformations, cultivation volumes and drag forces under different pure current conditions. Two hy-
drodynamic models, i.e., Morison model and Screen model, are implemented into a general finite element (FE)
solver Code_Aster as a new module and employed in the dynamic analyses of the fish cages. Different cage di-
mensions (i.e., circumferences and design heights) and current velocities are considered in the comparative
study. The numerical results indicate that given the same area of netting, the circular cage can gain more
cultivation volume than the square cage, especially when the initial cage volume is larger than 100,000 m®. The

square cage has a slightly larger drag force per cultivation volume than the circular cage. This study suggests that
the circular cage is superior to the square fish cage for large-scale fish farms.

1. Introduction

Aquaculture is one of the most rapid-growing food production in-
dustries in the world. In 2016, aquaculture accounted for 47% of global
fish production (Food and Agriculture Organization, 2020). The
expanding global population together with stagnation in capture fish-
eries is driving the food demand from aquaculture. One way of meeting
this food demand is to explore the offshore area for more suitable
farming sites. The other way is to enlarge fish cages in the present sites
and increase the cultivation volume per cage.

Although repositioning of fish farms at exposed sites is becoming a
new trend in recent years, the strong currents and rough waves can
cause a severe problem with fish welfare and may hinder this trend
(Hvas et al., 2021). For Atlantic salmon (Salmo salar), 0.2-0.5 m/s is the
optimal current velocity, and 0.75 m/s is the maximum recommended
current velocity (Jonsdottir et al., 2019; Cardia and Lovatelli, 2015).
When a fish farm moves to an offshore site, the cultured fish may easily
become fatigued and get stuck on the cage wall, leading to unacceptable
fish welfare (Brizzi and Sabbagh, 2021). Moreover, the structural design
for offshore fish farms is still in its infancy with only a few successful
cases, such as Ocean Farm 1 and Havfarm (Jin et al., 2021; Li et al.,
2019). Hence, it is important to derivate an optimum cage design in
order to improve the capacity of the present fish cages (Shainee et al.,
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2013).

Throughout past decades, considerable researchers have investi-
gated hydrodynamic forces and cage deformations of various cage
shapes and mesh types. Theret (1993) successfully created software for
calculating the hydrodynamic forces and the corresponding shapes of a
trawl exposed to a constant flow velocity. A Finite Element (FE) solver
was proposed by Tsukrov et al. (2003) to investigate the structural re-
sponses of net panels subjected to environmental loading. Endresen and
Klebert (2020) compared experimental and simulated loads and re-
sponses on flexible conical and cylindrical fish cages, where the nu-
merical results underestimated the drag forces. Balash et al. (2009)
concluded from experiments that drag coefficients for nets and cylinders
are similar and just modified by a function of solidity (Sn). Tsukrov et al.
(2011) found through experiments that it is not sufficient to predict the
drag coefficients of net panels only by Sn. By conducting experiments
with cruciform and sphere structure, Lader et al. (2014) proposed that
the geometry of the knot in a net structure have a major impact on the
drag force. Tang et al. (2018) found that Reynolds number (Re), Sn,
attack angle, knot type and twine construction are all related to the
hydrodynamic coefficient of netting panels. However, these parameters
are difficult to implement in numerical models completely. Thus, sec-
ondary parameters are ignored in order to make the numerical solver
feasible. Cheng et al. (2020) systematically reviewed the previous
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hydrodynamic models for calculating hydrodynamic forces on nets, and
implement these models into a general FE solver, Code_Aster, for dy-
namic analyses of fish cages. The present study is performed based on
the work by Cheng et al. (2020).

The most widely used fish cage shapes in Norwegian waters are
either circular or square and are illustrated in Fig. 1 (AKVA Group,
2020). Previously, square fish cages were the dominant shape for fish
farms, while circular fish cages are currently trending. Since circular and
square fish cages are widely implemented in Norwegian fish farms, these
two cage shapes are chosen in this study. In general, different types of
weight systems can be applied to a fish cage to control net deformation
when fish cages are subjected to strong currents. According to Cardia
and Lovatelli (2015), the commonly used weight systems are (1)
multiple-sinker weight system (multiple sinkers attached to floating
collars using side ropes), (2) single-sinker weight system (only one single
weight attached to the bottom net) and (3) sinker tube (one continuous
pipe attached to the bottom net). Huang et al. (2007) found through
experiments that the difference of volume reductions for the fish cages
using multiple-sinker weight system and sinker tube are within 10%. In
practice, the selection of weight systems depends on net material, cage
shape and environmental conditions. Because the multiple weight is
commonly used in conventional fish cages, it is chosen to be the studied
weight system in this study.

Fish cages can be enlarged in the horizontal or vertical direction to
accommodate more fish. However, a comprehensive study of gravity fish
cages with different dimensions is still lacking. Li et al. (2006), Lee et al.
(2008), Moe-Fgre et al. (2016), Huang et al. (2006), Zhao et al. (2007a),
Chen et al., (2021) and Zhao et al. (2007b) studied the effects of mesh
types, submerged weights and cage sizes on the net deformations using
the lumped mass model. However, these studies can hardly be applied to
the aquaculture industry because (1) their model did not include the
bottom nets and (2) their model-scale studies failed to reflect the hy-
drodynamic responses of full-scale cages (Ruzzo et al., 2021). To the
authors’ knowledge, no researcher has systematically compared the
hydrodynamic characterizes of different types of fish cage shapes with
various dimensions and current velocities. In the present study, two
shapes of gravity type fish cage with varying dimensions (including
circumference, design height) are modeled using a FE solver,
Code_Aster. The detailed descriptions of the fish cages and their
modeling method are presented in Sections 2 and 3. The effects of
varying design parameters on the cage deformation, cultivation volumes
and drag forces are discussed in Section 4. An insight towards the design
direction for improving the cultivation volume per cage is given together
with conclusions in Section 5.

2. Description of the fish cage models

In the present study, two typical Norwegian fish cages are numeri-
cally modeled and compared under pure current conditions. The two
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cages are reproductions of fish cages according to AKVA Group (2020):
one is a circular cage, the other is a square cage. As shown in Fig. 2, the
two cage models, corresponding to the illustrations in Fig. 1, have the
same weight system as the multiple-sinker. The colored components
refer to the floating collar (red), ropes (blue) and nettings (gray).

The nettings in the two fish cages have the same following parame-
ters: solidity (Sn) of 0.25, twine diameter (d,,) of 1.5 mm and half mesh
length (L) of 12 mm. The material properties of the nettings are assigned
with Young’s modulus (E) of 200 MPa and density of 1120 kg/m® to
represent the Nylon material. The solidity in the present study indicates
a realistic fish cage with little biofouling. For all cases, the netting has a
cone-shaped bottom with a cone height of 3 m.

The ropes attached to the floating collar have a section diameter of
50 mm and are 1 m longer than the cage design height. The material of
the rope is Polyethylene (PE) with Young’s modulus (E) of 300 MPa and
density of 1100 kg/m?.

The sinkers are directly attached to the lowest end of the ropes.
According to Cardia and Lovatelli (2015), the weight of sinkers is
calculated mainly based on the expected current and is usually in a range
of 40-70 kg/m in salmon farms. In the present study, the weight is
50 kg/m. Accordingly, the total weight of sinkers varies with the
circumference of the cage, i.e., for a fish cage with 120 m circumference,
the total submerged weight of sinkers is 50 x 120 = 6 000 kg.

3. Numerical method
3.1. Structural model

3.1.1. Governing equations

In the present study, Code_Aster is used as the structural solver to
calculate the structural responses of fish cages. The open-source
Code_Aster, is developed by EDF R&D (Electricité de France (EDF),
1989), and is well verified according to Févotte and Lathuiliere (2017).

The fish cage netting is divided into a set of line-type elements for
calculating the structural responses. Based on the Cartesian coordinate
system, the motions of Lagrangian nodes can be expressed with the
differential equations as:

MG+ [Klg =F; +F; + F, @

where ¢ is the time-dependent vector of nodal displacements, M is the
mass matrix, K is the stiffness matrix, F, is the nodal force vector due to
gravity, Fj is the nodal force vector due to buoyancy, and Fj, is the nodal
force vector for the hydrodynamic forces. Fj, is a time-dependent vector
and calculated using the hydrodynamic model given in Section3.2. The
other two force vectors, F, and F;, are only calculated at the initiali-
zation step, which after, remain constant throughout the numerical
simulation process. The system is highly nonlinear because of the last
term (F}), on the right-hand side of Eq. (1), which is dependent on the

(b)

Fig. 1. Illustration of two fish cages: (a) is a circular fish cage and (b) is a square fish cage. These two cages employ the multiple-sinker weight system. The il-

lustrations are gathered from a user manual by Egersund net (AKVA Group, 2020).
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Fig. 2. Numerical models of the two fish cages. Note: Although only one sinker is shown in the illustrations, multiple sinkers are assembled at the lowest end of

the ropes.

time, the square of nodal velocities, and the structural deformations.

According to Antonutti et al. (2018), the system nonlinearity can
cause high-frequency oscillations and bring challenges for the simula-
tions to convergence. These oscillations commonly occur in structural
mechanics and are solved by introducing damping. In the present
structural solver, Eq. (1) is solved by utilizing the unconditionally stable
Hilber-Hughes-Taylor-a (HHT-a) method, proposed by Hilber et al.
(1977). With a continuous variable timestep, the HHT-a method in-
troduces low numerical damping in the low-frequency band and high
damping at the high-frequency band (Antonutti et al., 2018). By
implementing the HHT- a in Eq. (1), the discretized form in time can be
expressed as:

Miiq + (1 —a)Kxi +aKx; = (1 — a) (Fg + Fy + Fp) i1 + a(Fy + Fy + F);
(2)

where the relation for the HHT- « is obtained together with the dis-
placements and velocities in the following equations:

Xig1 =X + Amx; + AP[(0.5 — B)%; + fiiy ] 3)
Kipr = &+ Af[(1 = )% +yi ] ()]

where the parameters a,  and y are satisfied:

1 (- 1
3 ﬂ_T’ r=5ta (5)

0<a<
3.1.2. Finite element construction

The structural responses of fish cages mainly depend on the nettings,
ropes and bottom weights. The structural element used in the present
study is a one-dimensional finite element denoted as “CABLE” in the
structural solver, which was initially developed to calculate the me-
chanical behavior of overhead electrical lines. This element is a version
of the classic two-node “bar” element but can only bear tensions. It is
suitable for representing highly flexible line-like structures (Antonutti
et al., 2018), and thus, suitable for modeling of the nettings and ropes.
The weights at the lowest end of ropes are modeled as constant forces,
ignoring their shapes and hydrodynamic loads.

3.2. Hydrodynamic model

3.2.1. Hydrodynamic model for netting

Based on a large number of experiments (Balash et al., 2009; Lader
et al., 2014; Tang et al., 2018; Tsukrov et al., 2011), researchers found
that the hydrodynamic characteristics of for nettings are mainly
dependent on the two dimensionless variables, Sn and Re. For
square-mesh nettings, the first dimensionless variable, Sn, can be
expressed as:

Sn =

2d,  (d,\,
L (f) ©®

where d,, is the twine diameter and L is the half mesh size, as illustrated
in Fig. 3. The solidity ratio for aquaculture netting is in the range of
0.19-0.43, including biofouling (Kristiansen and Faltinsen, 2012).
The second dimensionless variable, Re, is defined as:
Re = % @)
v
where U is the undisturbed fluid velocity, d,, is the twine diameter and v
is the kinematic viscosity of the fluid. The typical Reynolds number for
fish cage nettings is in the range of 100-10 000 (Cheng et al., 2020).
In the present study, hydrodynamic forces on nettings are calculated
based on Screen models. According to Cheng et al. (2020), Screen
models are theoretically superior to Morison models, because the
twine-to-twine interaction is implicitly included in the force calculation.
Fig. 4 illustrates the screen model that is used in the present study to
calculate the hydrodynamic forces (F;) on the netting. The hydrody-
namic forces are decomposed into drag force Fp Eq. (8) and lift force Fy,
Eq. (9):

1 .

Fp = EC”"’WA’W‘ —vfip (8)
1 ).

F, = ECLPWAJUc — % (C))

where p,, is the fluid density, A; is the area of the net panel, U, is the
velocity of the fluid at the centroid of the net panel and v is the velocity
of the structure. Cp and C; are the drag and lift force coefficients in
Screen model, respectively. The unit vectors ip and i;, which are used to
indicate the directions of drag and lift force and are defined by Eqgs. (10)
-(12).

U —v
7|Ucfv|

ip 10

Fig. 3. Illustration of the twine diameter d,, and half mesh size L for a square-
mesh netting.
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Fig. 4. Illustration of a net panel in Screen model. The inflow angle 6 of the net
panel is the angle between the normal vector e, and current velocity U,.

. (Uc—v)xe, x (U —v)
= (U, —v) x e, x (U —v)]| an

_— ——
P1P2 x P1P3

= il (12)
P1P2 x P1P3

€n

The force coefficients employed in this study are originally proposed
by (Kristiansen and Faltinsen, 2012), and are expressed as Egs.
(13)-(20). The drag and lift coefficients are expressed respectively as:

Cp = Cpo(0.9c0s0 +0.1cos30) 13)
Cp = Cpo(sin20 + 0.1sin40) 14
Sn(2 — Sn)
CD() = CL’y/imlerm (15)
0.5Cpy — Cpass
Cpp = ———2 16
10 3 (16)
Cyss
Crps = —Fi— 17
578 4 Cuas an
Sn
Cras = C{)’lindﬁrm (18)
Coptinder = — T8.46675 +254.73873 (log,,Re) — 327.8864(log, Re)*
+223.64577(log,yRe)* — 87.92234(log ,Re)* +20.00769(log,Re)’
—2.44894(log oRe)®  +0.12479(log,oRe)’ 19
Re = @0WUe =) 10an o gy < 10t (20
v(1 — Sn)

3.2.2. Hydrodynamic model for floating collar and cables

For the ropes and the HDPE floating collar, the hydrodynamic forces
are calculated based on the Morison model (Morison et al., 1950). The
hydrodynamic forces are decomposed into the two components, ie.,
normal drag force (F,, Eq. (21)) and tangential drag force (F,, Eq. (22)),
which are expressed as:

1
F, = 5 nﬂde‘urn‘urn 21

1

F,:2

C,pLd,, |urt |urt (22)
where L is the length of ropes or HDPE pipes, d,, is the section diameter,
p is the fluid density. u”, and u”, are the normal and tangential velocity of
fluid relative to the twine. C, and C; are the normal and tangential drag
coefficients. The two force coefficients employed in this study originates
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Fig. 5. A 2D illustration of the hydrodynamic forces on cables or pipes. F, and
F, are the normal and tangential drag forces, respectively. The angle of attack a
is the angle between the current direction and the axis of the cable or pipes.

from DeCew et al. (2010) and are expressed by Egs. (23)-(26). A 2D
illustration of the force decomposition is given in Fig. 5.

87

sRe

1.45+48.55Re™"® 1<Re<30
30<Re<2.33x10° (23)
—3.41x107%(Re—5.78x10°) 2.33x10° <Re<4.92x 10

(1-0.87s7%) O<Re<1
Ci= 1.1+4Re™*?

0.401(1—[5’%“05) 4.92x10° <Re <10

C = (0.55\/Re + 0.084Re%) (24)

s = —0.077215665 + In(8/Re); (25)
dw n — Vn

Re = drltn =) 26)

3.3. Wake effect

When the current passes through a net panel, the current velocity
will be reduced by the friction from the twines in the net panel. This
velocity-reduced current results in a smaller drag force on downstream
net panels compared to upstream ones. In order to accurately predict the
drag forces, it is necessary to know how much the velocity is reduced in
the wake. In practice, a flow reduction factor (r) is adopted to address
this current velocity reduction, as expressed by Ugewnstream = Uco
(0 < r < 1), where Ugoynsiream 1S the current velocity in the wake and U,
is incoming velocity. In this study, the flow reduction factor is from the
velocity profiles based on high-fidelity numerical simulations by Cheng
et al. (2022).

3.4. Simulation process

The studied parameters in the present study are given in Table 1. The
dimensions of the fish cage include circumference (C) and design height
(H). The current velocity (U) is assumed uniform within the water depth.

In order to study the effects of design parameters on the cultivation
volumes and drag forces, 5 circumferences, 5 design heights and 7
current velocities are considered in the investigation. Together with the

Table 1

Summary of simulation cases.
Parameter Variable Value Unit
Circumference C 100,120, 140, 160, 180 m
Design height H 10, 20, 30, 40, 50 m

Current velocity U 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 m/s
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two types of fish cages, there are 5 x 5 x 7 x 2 = 350 simulation cases
in total. The simulation process is presented in Fig. 6, where an external
module is invoked at each time step to calculate the hydrodynamic
forces on the nets, cables and HDPE pipes and maps the forces onto
corresponding nodes in the structural elements. Two types of hydrody-
namic models, ie. Screen model and Morison model, are applied to
nettings and cables, respectively. In order to compare the stable results,
the fish cages are exposed to a pure current velocity for 60 s with a time
step of 0.1 s. The mean value of the drag force and cultivation volume is
measured from the last 10 s of the simulation process when the fish
cages reach a stable condition.

Aquacultural Engineering 96 (2022) 102223
3.5. Key parameters for measurement

Currently, there are several approaches to estimate the volume of
fish cages, including the scalar triple product method, divergence the-
orem method and the stack of pies method (Xu and Qin, 2020). Overall,
these approaches can provide equivalent results given the same dis-
cretization level. In this study, the fish cage volume is calculated using
the scalar triple product method. The cultivation volume is calculated
as:

N
1
V= Z;E |P1+(P2 x P3)| @7

Start ‘

I

Define mesh and initialize the structure in still water

Generate virtual hydrodynamic elements

!

!

External module :

Calculate hydrodynamic forces }
Map the hydrodynamic forces on nodes | |

Solve the FE equations

!

Update nodal forces, accelerations, velocities and displacements

7
‘

.
i
@

Nodal results converged?

3

=l /ANE

t=t_end?

Output results

!

End

Fig. 6. Reproduction of the simulation process for the numerical solver originally proposed by Cheng et al. (2020).
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where cultivation volume is represented as V, N is the number of net
panel elements to embrace the cage. P1, P2 and P3 are the coordinates of
the vertices in a net panel, as shown in Fig. 2.

The volume reduction factor Vr is defined as a fraction between the
volume when the fish cage is subjected to the velocity and the initial fish
cage volume in still water, and it is expressed as:

Vv
Vr = _— 28
Ve (28)
where V is the mean cultivation volume based on the last 10 s simulation
results and Vj is the initial volume in the still water (U = 0 m/s).

4. Results and discussion
4.1. Cage deformation

Fig. 7 shows the deformation of the two cages under different current
velocities. When the fish cages are exposed to current velocities, the
netting can have observable deformations. As observed from Fig. 7. both
cages have the same following deformation characteristics: (1) the
nettings drift horizontally along the current direction, (2) the draft of the
cage is reduced as the bottom net is lifted, and (3) the side net narrow
towards the center of the cage. However, the two cages have distinctive
deformation on the bottom nets. The square cage has a cruciform pattern

(2)

U=0.0m/s

(®)
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on the bottom nets, and this pattern becomes obvious when U > 0.3 m/
s. However, the circular cage does not have this cruciform pattern. A
possible explanation for the cruciform pattern only appearing in the
square cage might be that current-induced drag forces on the front- and
back-side nets are much larger than those on the two side nets which are
parallel to the current direction. With the constant weight per meter at
the bottom sinkers, the front- and back-side nets will have larger hori-
zontal drifts than the two side nets. Thus, the cruciform pattern can be
seen on the bottom nets of square cages.

Fig. 8 illustrates the deformations of the two cages with varying
circumferences from the side view. The deformed cages with different
circumferences almost have a similar degree of obliquity. This similar
degree of obliquity implies that the increased current loads due to the
larger circumference may be compensated by the increased total weight.
With this hypothesis, the current load on the fish cage should increase
linearly with the circumference, as the total weight is increased linearly
with the circumference. The later discussion in Section 4.3 provides
evidence to prove this hypothesis.

Fig. 9 illustrates the deformations of the two cages with varying
design heights from the side view. As shown in Fig. 9, the cage with
larger design heights has a larger horizontal drift. As the current load on
the fish cage is increased with the increasing design height, the constant
total weights cannot compensate for the increased current load. Thus,
the cage with a smaller design height may have a smaller degree of

s25EE

/S

i

U=0.0m/s U=0.1m/s U=02m/s
Current direction —l
i 8
i
U=0.0m/s U=0.1m/s U=0.2m/s

Current direction ®

U=0.3m/s

j vt

U=0.4m/s

U=0.4m/s U=0.5m/s U=0.6m/s

Fig. 7. Deformations of fish cages with respect to different current velocities where the circular (red) and square (blue) cages are shown from top (a), side (b) and

front (c). Both fish cage have C = 140 m and H = 20 m.
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(a) Circular cage
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(b) Square cage

=

—— C=100m
—— C=120m
—— C=140m
—— C=160m
— —— C=180m

Fig. 8. Deformations of the two cages with varying conferences when H =20 m and U = 0.3 m/s.

(a) Circular cage
\

=
i

=

-

Current direction

(b) Square cage

H=10m
H=20m
H=30m
H=40m
H=50m

VAW
AL (W LIV LWL

—

Fig. 9. Deformations of the two cages with varying design heights when C = 140 m and U = 0.3 m/s.

obliquity. Based on this observation, the design height of a cage should
not be too large in order to avoid the unwanted horizontal drift.

4.2. Cultivation volume

Because the netting is flexible, the cultivation volume decreases with
the increasing current velocity. The decreased cultivation volume due to
large current loads can shrink the living space for the cultured fish and
pose a negative impact on fish welfare. Consequently, it is critical to
assess the volume reduction due to the environmental impacts at the fish

(a) Circular cage

60
50
40

30

. I——I—H\.\.\.
oo o o

Cultivation volume (1000 x m?)

Cultivation volume (1000 x m?)

farming site. As shown in Fig. 10, the cultivation volumes of both cages
decrease with the increasing current velocity. Within the same circum-
ference, design height and current velocity, the circular cage has a larger
cultivation volume than the square cage.

Fig. 10 also that the cultivation volume increases significantly with
the increasing circumferences. In addition, the cage with a smaller
circumference has a smaller volume reduction with the increasing cur-
rent velocity. This implies that the cage with a smaller circumference
may be more suitable for exposed sites due to its smaller volume
reduction under strong current.

(a) Square cage
60

50

40

e

10 _D——O—O—Q—H\‘

10
0 T T T 0 T T T
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
Current velocity (m/s) Current velocity (m/s)
—@— C=100m - C=120m - C=140m —V¥— C=160m —&k— C=180m

Fig. 10. Cultivation volume of the two cages under different current velocities when H = 20 m.
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Fig. 11 shows the cultivation volume of the two cages with the same
circumference but varying design heights under different current ve-
locities. The circular cage has a larger cultivation volume when the two
cages have the same circumference, design height and under the same
current velocity. Cage with larger design height can gain larger culti-
vation volume. However, the current load can significantly reduce the
cultivation volume. In addition, the benefit of increasing design heights
is promising only when the current velocity is small (ie., < 0.3 m/s).
Thus, increasing the design height of this gravity-type cage can only
bring limited cultivation volume to a cage at exposed sites.

The cost of nettings accounts for a large amount of the total cost of
the cage construction. In order to obtain a large cultivation volume for
the fish, the dimension of the cage usually has to increase. Increasing the
cage dimension can significantly increase the initial cost of a fish farm.
Fig. 12 shows the cultivation volume of the two cages with different
dimensions in still water and under a current of 0.6 m/s. As discussed in
the previous sections and also shown in Fig. 12, circular cages can gain a
larger cultivation volume than the square cages with the same circum-
ference, design height and under the same current velocity. The rela-
tionship between the netting area and cultivation volume is described
using Eq. (29) whose coefficients are given in Table 2. The relationships
indicate that the circular cage is more economical than the square cage,
as the circular cage has a larger cultivation volume per netting area than
the square cage under the same current velocity. Especially for the large
cage (i.e., the cultivation volume is larger than 100,000 m?), the eco-
nomic benefit of the circular cage is more noticeable. For example, a
100,000 m?® circular cage can save approximately 15% netting than a
square cage with the same volume. However, the economic advantage of
the circular cage is insignificant when the cage is small. When the
cultivation volume is less than 20,000 m?, these two types of cage need
approximately the same area of nettings.

V= aA” +b (29)

4.3. Volume reduction factor

Fig. 13 shows the volume reduction factor of the two fish cages with
respect to current velocities, design heights and circumferences. In
general, the square cage has a larger volume reduction factor than the
circular cage, especially for the cages with small circumference and
large design height. Strong current can reduce the cultivation volume
significantly, but when the current velocity is smaller than 0.2 m/s, the
cultivation volume of the cage is almost the same as in still water. With
the constant weight per meter at the bottom sinkers, increasing the

(a) Circular cage
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circumferences has an unnoticeable influence on the volume reduction
factor, while increasing the design height can significantly reduce the
volume reduction factor. Thus, the optimal way to increase the culti-
vation volume of a cage is to increase its circumference.

4.4. Drag force

Fig. 14 shows the drag force on the two fish cages with respect to
current velocities. In general, the drag force on fish cages increases non-
linearly with the increasing velocity. Additionally, the circular cage
experiences a larger drag force than the square cage with the same
circumference, design height and current velocity.

As shown in Fig. 15, increasing the circumference of a fish cage can
obviously bring additional drag force. Moreover, the drag forces on both
cages linearly increase with the increasing circumferences under a given
velocity. This linear-increasing drag force together with the linear-
increasing total weight for the cage with varying circumference causes
the similar cage deformation that is discussed in Section 4.1.

Fig. 16 shows the drag force on the two fish cages with varying
design heights. Overall, an increase of the design height results in larger
drag forces on both fish cages. Different from the increasing circum-
ference, the drag force is not linearly increased with the increasing
design height, especially when U > 0.4 m/s.

Fig. 17 shows the relationship between drag force and cultivation
volume for the cages with different dimensions. For a given current
velocity, the larger cage experiences a larger drag force. Moreover, a
cage with a larger cultivation volume in still water can have a larger
volume variation under a strong current. The dashed lines in Fig. 17
indicate that with the increasing current velocity, the cultivation volume
is reduced, and the drag force is increased at the same time. In addition,
the scatter plots also indicate that the square cage has a larger drag force
per cultivation volume than the circular fish cage.

Fig. 18 shows the relationship between the normalized drag force
and the volume reduction factor. The normalized drag force is defined as
the ratio of the drag force and total bottom weight. The experimental
results from Dong et al. (2021), where the drag forces and cage de-
formations of a scaled circular cage model are investigated in detail, are
also shown in Fig. 18 for comparison. As shown in Fig. 18(a), the nu-
merical results in the present study agree well with the experiments by
Dong et al. (2021), especially when U > 0.4 m/s. This good agreement
can validate the results of the present simulation. The discrepancy be-
tween the numerical and experimental results under small current ve-
locity may come from that the scaled current speed in that experiments
can only reflect the strong currents in the full-scale circumstances. In

(a) Square cage
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Fig. 11. Cultivation volume of the two cages under different current velocities when C = 140 m.
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(a) Circular cage
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(a) Square cage
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Fig. 12. Cultivation volume of the two cages with different dimensions. The dashed lines in each subplot are the regression curves based on Eq. (29).

addition, given the same normalized drag force, the square cage can

Table 2, . have a larger volume reduction factor than the circular cage.
Regression coefficients for Eq. (29).
Cage shape U=0.0m/s U=0.6m/s 5. Conclusion
a b R? a b R?
Gircular cage 3.08 054 0.977 2.01 5.05 0.942 In this study, the structural responses of two typical gravity-based
Square cage 2.99 2.49 0.952 1.76 5.0 0.932 fish cages with circular and square shapes are analysed with different
dimensions and current velocities. The following conclusions are drawn
from this study:
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Fig. 13. Volume reduction factor of the two fish cages with respect to different current velocities, design heights and circumferences. The red and blue lines refer to

the circular and the square cage, respectively.
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(a) Circular cage
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(a) Square cage
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120 A

100 -

Drag force (kN)

Aquacultural Engineering 96 (2022) 102223

(a) Square cage
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Fig. 18. Relationship between normalized drag forces and volume reduction factor.

e Given the same circumference, design height and current velocity,
the square fish cage has a smaller cultivation volume than the cir-
cular cage.

From the economic point of view, the circular cage can gain more
cultivation volume than the square cage given the same area of
netting. However, this economic advantage of the circular cage is
insignificant when the cage volume is less than 20,000 m®.
Increasing circumference is more efficient than increasing design
height for the improvement of cultivation volume.

With the constant weight per meter, the drag force on both fish cages
increases non-linearly with the increasing current velocity and the
increasing design height, but almost linearly with the increasing
circumference.

The circular fish cage has less drag force per cultivation volume than
the square fish cage.
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