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Abstract: The mooring force in a fish cage array subjected to currents and waves is investigated using
the finite element method. Firstly, the numerical model of a fish cage array with six gravity cages is
built by Ansys/APDL. Collars and bottom rings are simulated with pipe and beam elements while
the rest structure is simulated with link elements, including the net and mooring cables. Thus, the
weight and hydrodynamic load on the cables can be considered. The initial shape of the mooring
ropes is calculated based on mooring dynamics. Since each component is a slender structure in the
cage array, the Morison equation is used to calculate the hydrodynamic load. Secondly, the mooring
forces are assessed for the system in different sea states. The locations of the maximum mooring force
on different parts in the mooring system are found. The mean values and amplitudes of maximum
mooring forces on different parts are calculated. The main ropes have the maximum mooring forces
under all sea states. The mean values of the maximum mooring forces increase with the current
velocity and wave height. When the attack angle is 0◦ and 90◦, the two adjacent bridle ropes do not
play the role of pulling the cage together. One is pulled tight and the other one is slack.

Keywords: mooring force; gravity fish cage; fish cage array; numerical model

1. Introduction

Aquaculture plays a critical role in supplying food and bioenergy to the world’s grow-
ing population. According to The State of World Fisheries and Aquaculture 2018, aquaculture
production reached 53% of total food uses in 2016 [1]. Due to environmental pollution and
overfishing, the production of traditional capture fishery has not increased since the 1990s,
while the production of aquaculture has increased more than five times from 1990 to 2016.
To meet the demand for higher quality and larger quantities, more offshore fish farms have
been established for high water quality, rapid transport and dilution of waste production,
stable temperatures, high levels of oxygen, and less influence from terrestrial runoff [2,3].
On the other hand, the harsh environment of the offshore area is a big challenge to the
safety of the fish farming equipment.

Aquaculture cages can be classified into four primary groups: fixed, floating, sub-
mersible and submerged [4]. The floating gravity type cage is the most widely used fish
cage worldwide, for its large culturing volume and simple and visual operating process.
A floating gravity fish cage is usually composed of four parts. Floating collars provide
buoyancy and working space. Flexible nets are hung onto the collar and connected to
sinkers at the bottom. The net is stretched by the collar and sinkers to provide enough
volume for the fish inside. The mooring system is used to fix the cage. Usually, a fish farm
contains several or even dozens of fish cages.

Due to the large projected area, the hydrodynamic load on the gravity fish cage
is very heavy, which results in large mooring forces and rapid cage volume reduction.
Many publications studied the hydrodynamic characteristics of gravity fish cages. Føre
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et al. [5] performed a drag test to measure the drag coefficients of net panels and derived
the relationship between the coefficients and Reynolds number. Dong et al. [6] built an
experimental model to study the hydrodynamic characteristics of a flexible net cage under
uniform flow, including the drag force, remained cage volumes and the flow field inside
and outside the net cage. A strong negative correlation between the drag force and cage
volumes was found from their results. Hou et al. [7] studied the annual fatigue damage
of mooring lines in an offshore fish farm system by the generalized probability density
evolution method and a virtual stochastic process. Fredriksson et al. [8] predicted the
structural integrity of the HDPE floating collar and investigated the maximum loading
conditions at estimated yield values for the material. Moe et al. [9] reduced the risk of
tearing of the net and escape of cultured fish by inclining the cross ropes and bottom ropes
on the net.

Endresen et al. [10] calculated the wake effect between twines nearby and the upstream
twines to downstream twines and applied the result in their numerical models. Bai et al. [11]
used shell elements to simulate the collar and calculated the stress concentration in the
connecting area between the collar and the cables. They used the results to evaluate the
fatigue life of the collar based on the S–N curve and Palmgren–Miner rule. Zhao et al. [12]
performed experiments to measure the mooring forces and the velocity reduction in a
series of net cages in a steady current. Fu et al. [13] carried out a forced oscillation test to
simulate the motion of a floating cylinder in oscillatory and steady flows and derived the
hydrodynamic coefficients. Berstad and Tronstad [14] used membrane elements to model
the net and computed the mooring forces of a fish farm under both current and regular and
irregular waves. Lee et al. [15] used the mass-spring model to build a computation model
of a fish cage and a pound net.

Li et al. [16,17] used the buoyancy distribution method to simulate the partly immersed
collar and built a numerical model of an entire fish cage to study the dynamic response of a
fish cage under both regular and irregular waves. Decew et al. [18] used acoustic sensors to
measure the deformation of a full-scale fish cage. Gansel et al. [19] towed a full-scale fish
cage at a constant speed and measured the drag force and volume reduction. Guo et al. [20]
provided a more extensive and detailed review of the theoretical, numerical, and exper-
imental progress made in the application of porous membranes and net-type structures
to fish cages. Dong et al. [21] reviewed existing numerical and experimental models and
estimated the model uncertainty in hydrodynamic characteristics of the aquaculture plant
and its mooring system. The result showed that it is very significant to consider the model
uncertainty in reliability analysis for aquaculture structures.

Bernardo and Guedes Soares [22] reviewed the current procedures for computing the
loads on the net structure. They used a commercially available numerical tool, SIMA, to
simulate the motion of a gravity cage subjected to currents and waves. Mohapatra et al. [23]
calculated the hydrodynamic load on a moored flexible cylindrical net cage subjected to
waves by both numerical and analytical methods, and they obtained a good agreement.
Zhang et al. [24] built a numerical model of 6 × 6 semi-rigid fish cages by the lumped mass
method. The mooring forces were calculated and the effect of waves was studied.

The mooring system keeps the fish cages in place. As one of the components of a float-
ing fishing cage, the mooring cables should also be considered in the design. Commonly,
the mooring system is a catenary, where the cable provides the restoring force to the top
floating structure by the weight of the suspended segment. The length of the suspended
line varies with the dynamic motion responses of the top floating structure, which indicates
that the segment laid on the seafloor should be long enough to prevent it from being fully
lifted up. Consequently, the catenary mooring lines are very long, and the system footprint
is relatively large.

A review of existing mooring systems for deep and shallow water can be found in [25].
Advances in mooring designs for renewable energy devices, which operate also in shallow
water, could be applicable to fish cages by using taut moorings, in which the restoring
force is provided through axial stretching and the bottom footprint is much smaller. The
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mooring lines of a fish cage must perform two functions: withstand and transmit forces.
The loads imposed on a cage mooring system are usually dynamic. It is important that
mooring lines have a high breaking strength and can absorb much of the kinetic energy
of rapidly changing forces. Steel cables, although very strong, are expensive and heavy,
especially for a catenary configuration where the total length of the chain must be very
long. The use of synthetic fibre ropes has resulted in significant improvements in safety,
performance and economical aspects, due to the lower submerged mass per unit length,
a lower cost per unit length and the potential to reduce peak loadings [26]. In addition,
synthetic ropes generally have a better tension fatigue performance in water and fewer
corrosion problems [27]. Therefore, the application of multi-components with chain or wire
ropes in conjunction with synthetic fibre rope is a good choice.

Among the synthetic fibre ropes, HMPE, aramid, polyester and nylon are the most
used mooring ropes. HMPE and aramid have higher strength but lower elasticity. Polyester
and nylon are more compliant and cost-efficient. Although polyester has previously been
employed in taut mooring systems [28], nylon has higher compliance than polyester,
leading to a smaller mooring footprint and thus higher array density, again making it more
economically attractive for fishing cage farms. Berstad and Tronstad [14] have considered
the typical use of polyethene in fish farms. The nonlinear load-elongation properties of the
fibre ropes make the fluid–structure interaction of the system more complicated and require
a clear characterization of the mechanical behaviours of the mooring ropes. Experimental
studies on identifying the effects and properties of synthetic ropes can be found in [29–31].

In the previous study, spring elements were used to fix a single cage model [32,33].
Thus, the relationship between the displacement of the cage and the mooring force is
simplified into a linear relationship. In this work, a complete mooring system is built for a
fish cage array by link elements. The dynamic load and weight of the mooring ropes are
considered in the system and a multi-component of wire ropes and synthetic fibre rope is
applied. The maximum mooring forces and their locations are calculated and the effect of
the current velocity and wave height is studied. The results of this paper can be used in
the study of the connection of mooring ropes, stress concentration of collars and fatigue
analysis of the mooring material.

In the present paper, a numerical model of a fish cage array with six gravity cages is
built by Ansys/APDL. Pipe and beam elements are used to model the collar and the bottom
ring while the flexible net and mooring cables are modelled by link elements. The Morison
equation is applied to calculate the hydrodynamic load. More details of the numerical
model can be found introduced in Section 2. The mooring forces are assessed for the system
in different sea states. The main ropes have the largest mooring force under all sea states.
The mean value of the maximum mooring force increases with the current velocity and
wave height. More detailed calculation results are shown in Section 3. The locations of the
maximum forces and the application method of current velocity reduction and its limitation
are discussed in Section 4. At last, a conclusion is drawn in Section 5.

2. Numerical Model

The numerical model of the fish farm is composed of six gravity fish cages and the
surrounding mooring system. The transient analysis is carried out by Ansys/APDL and
the computing time is from 100 s to 150 s to ensure that for each case, the structure has
moved around its stable position for at least two periods. A gravity fish cage includes three
components: the floating collar, the net and the bottom ring. The floating collar is modelled
with pipe elements, which are slender elements with a hollow cross-section. The bottom
ring is modelled with beam elements. Each pipe element and the beam element have two
nodes and each node has six degrees of freedom, the translations in the x, y and z directions
and rotations about the x, y and z directions. The cross-sections of pipe and beam elements
are different. The cross-section of pipe elements is a ring while the cross-section of beam
elements is circular.
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The net has a large projected area subjected to currents and waves, which is the main
source of the hydrodynamic loads on cages. In ANSYS/APDL, Link 180 is a 3-D spar
element that can be used to model trusses and cables. It is a uniaxial tension–compression
element with three degrees of freedom at each node: translations in the nodal x, y and
z-direction. No bending of the element is considered.

The solidity, which is defined as the ratio between the projected area of the twines and
the total area of a net mesh, is an important parameter and determines the projected area
and hydrodynamic load on the structure. The solidity for square knotless nets is given by

Sn =
2d
L

−
(

d
L

)2
(1)

where Sn is the solidity of the net, d is the thickness of one twine, and L is the length of the
mesh bar. Due to the lack of data on the wake effect of currents and waves, the current
velocity reduction after each cage is assumed as 15% from the experiment under uniform
flow [5].

If the link elements have the same diameter as the real net, which is between 1.5 mm
to 2 mm, as usual, the model will include too many elements to calculate. Thus, the
net structure is simplified into horizontal and vertical lines. The distance between the
horizontal lines is 1 m and there are a total of 20 vertical lines distributed evenly along the
diameter of the cage. Link elements are used to mesh these lines. The total section area
of the adjusted structure is the same as the original structure. To keep the same weight
and tensile stiffness of the adjusted structure as the original one, the density and Young’s
modulus of the material are consistent with the original structure. However, it results in
a smaller projected area. To ensure that the hydrodynamic force is consistent with the
original structure, the drag and inertial coefficients increases according to the ratio of the
projected area of the adjusted structure to the original structure. The drag coefficients are
collected from the experiment in [5], which are 0.8 to 0.9 in this work. The mass coefficient
is 2. More details can be found in a previous study [32]. Table 1 shows the main parameters
of the adjusted structure and original structure.

Table 1. Parameters of the adjusted structure and original structure.

Parameters Original Structure Adjusted Structure

Density (kg/m3) 1140 1140
Young’s modulus (GPa) 1.4 1.4
Twine diameter (mm) 2.7 N.A.
Length of the mesh bar (mm) 24 N.A.
Total Number of horizontal lines 417 9
Total Number of vertical lines 3140 20

Cross-section of each mesh bar (mm2) 5.73 265.07 (Horizontal lines)
899.37 (Vertical lines)

In addition, flat-bottom panels and rope structures have a limited effect on flow,
loads and net shape due to a relatively small projected area compared to the large vertical
netting material area, so they are not considered in the numerical model [34]. The result of
the single cage model was compared and validated with the experimental and theoretical
models in our previous study [32,33]. The differences between the calculated displacements
of the collar from the numerical model and the theoretical model are less than 3% [32].
The differences between the volume reduction ratio of the numerical model and other
published results are also less than 5.5% [33].

According to [7,35,36], the surrounding mooring system is composed of bridle ropes,
frame ropes and the main ropes. Buoys are located at the junctions of bridle ropes and
the frame ropes and are used to keep the mooring frame at its designated depth [36]. In
the numerical model, the buoyancy generated by the buoys acts on their positions but the
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hydrodynamic loads on the buoys are neglected. As shown in Figure 1, the bridle ropes
connect the collars to the frame ropes and the main ropes connect the frame ropes to the
anchors. Figure 2 shows the entire numerical model viewed from different perspectives.
The type of bridle and frame ropes is high modulus polyethene (HMPE) fibre rope, and the
main ropes are six-strand wire ropes. The data of mooring ropes are collected from [28,37].
The main dimensions and material parameters are listed in Table 2.
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Table 2. The main dimensions and material parameters of the numerical model.

Component Dimension/Parameter Value

Collar Material type HDPE
Young’s modulus (GPa) 0.65

Diameter (m) 24
Cross-section diameter (m) 0.5

Thickness (mm) 50
Net Material type Nylon

Young’s modulus (GPa) 1.4
Twine thickness (mm) 2

Solidity 0.21
Density (kg/m3) 1140

Bottom ring Material type HDPE
Young’s modulus (GPa) 0.65
Weight/length (kg/m) 32

Buoy Buoyancy (kN) 3
Bridle/frame rope Material type HMPE

Stiffness, AE (N) 1.25 × 108

Frame rope depth (m) 3
Distance between cages (m) 6

Submerged weight/length (N/m) 9.92
Breaking strength (kN) 920

Main rope Material type Six-strand wire rope (IWRC)
HMPE

Stiffness, AE (N) 7.2 × 107

Anchor depth (m) 50
Submerged weight/length (N/m) 54.4

Breaking strength (kN) 840

Linear wave theory is used in this work. The velocity potential and dispersion rela-
tionship were expressed as

φ(x, z, t) =
H1g
2ω

cosh(k(h + z))
cosh(kh)

sin(kx −ωt) (2)

ω2 = kgtanh(kh) (3)

where k is the wavenumber, H1 is wave height, h is the depth of the fluid, ω is the angular
frequency of the wave, x and z are coordinates of the point.

The Morison equation is used to calculate the hydrodynamic force. To take the relative
motion between the structure and water particles into account, a modified Morison equation
is expressed as [38].

f =
1
2
ρCDD(u − .

x)
∣∣u − .

x
∣∣ + ρCM

πD2

4
.
u − ρ(CM − 1)

πD2

4
..
x (4)

where f is the hydrodynamic force per length, CM is the mass coefficient, Cd is drag
coefficient, ρ is the density of seawater, D is the diameter of the slender structure, u and
.
u are the velocity and acceleration of the water particle,

.
x and

..
x are the velocity and

acceleration of the structure element.
Different from previous studies [33,35], the mooring force is the main research content

of this work. Thus, link elements replaced the spring element to model mooring cables to
consider the load on mooring cables and the mooring dynamic in the numerical model.

To establish the initial configuration of the mooring cables, a static design is performed
using catenary equations and neglecting the bending stiffness and the dynamic effects in
the line. As seen in Figure 3, a horizontal seabed is assumed. The cable is in a vertical
plane coinciding with x-z-plane. The cable line has a constant weight, w, per unit length in
the water.
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For the small segment in Figure 3, ds is the upstretched length, T is the tension and
replaced by its vertical and horizontal components (V and H) at the left end of the segment,
and w is the submerged weight per unit length. In the numerical model, a part of the
mooring line is assumed to be lying on the seabed, thus ϕa is assumed to be 0. The
pretension is set as 1 kN. The location of the mooring line (x, z) as a function of s can be
expressed as [39]:

x(s) =
H

EA0
s +

H
w

sinh−1
(ws

H

)
(5)

z(s) =
ws2

2EA0
+

H
w

(√
1 +

(ws
H

)2
− 1

)
(6)

Implicit transient analysis is used to solve the following structural dynamic equi-
librium equation. The time step is from 0.0001 s to 0.1 s. Geometric nonlinearities are
considered due to the large deformation of the net. The structural dynamic equilibrium
equation can be expressed as [16,32]:

[M]
[ ..
x
]
+ [C]

[ .
x
]
+ [K][x] = G + fb + fH (7)

where [M], [C] and [K] are the mass matrix, the damping matrix and the stiffness matrix,
respectively, and G, fb and fH are the load including gravity, buoyancy and hydrodynamic
load from currents and waves, respectively.

3. Results

The results of the mooring forces in different sea states are shown in this section. The
parameters of waves are consistent in Section 3.1 to study the effect of current velocity,
while the current velocity in Section 3.2 is set as 0.5 m/s to study the effect of waves
with different heights. At last, current and waves attack at different angles in Section 3.3.
Figure 4 shows the example of the instantaneous axial force distribution.
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Figure 4. The instantaneous axial force distribution, unit: N. (current velocity = 0.5 m/s, wave height
= 1 m, wave period = 10 s, time = 120 s).

In addition to the mooring forces, it is found that the vertical displacements of collars
are close to the wave height. Because the vertical displacements of different collars are
almost the same, as they are subjected to the same sea states, the results of the upstream
collar are used as an instance. Figure 5 shows the vertical displacements of the left node on
the upstream collar under waves with different heights. The initial time of the motion in
Figure 5 is when the cage already moves around its stable position.
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3.1. Numerical Model Subjected to Different Current Velocities

The mooring forces are assessed for the cage array in different sea states. Firstly, to
study the effect of the current velocity, the numerical model is assumed to be under waves
with a period of 10 s and a height of 1 m, but with different current velocities, varying from
0.25 m/s to 1 m/s. Figure 6 shows the deformation of the model under different current
velocities. With the increase of current velocities, the cages deform more and move further
away from their initial position. The cages downstream are less deformed than the cages
upstream. Shapes of the upstream mooring cables under the current velocity of 0.25 m/s
and 1 m/s are compared in Figure 7. When the current velocity is small, the mooring cables
are bent due to their weight. However, when the current velocity increases to 1 m/s, the
mooring cables are almost straight because of the large horizontal hydrodynamic load.



J. Mar. Sci. Eng. 2022, 10, 331 9 of 17J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 6. Deformation of fish cages under waves with a period of 10 s and a height of 1 m and 
different current velocities: (a) current velocity = 0.25 m/s, (b) current velocity = 0.5 m/s, (c) current 
velocity = 0.75 m/s, (d) current velocity = 1 m/s. 

 
Figure 7. Deformation of upstream mooring cables: (a) under current velocity of 0.25 m/s, (b) under 
current velocity of 1 m/s). 

The mean values and amplitudes of the maximum mooring forces in different parts of 
the mooring system are listed in Table 3.  

Table 3. The mean values and amplitudes of the maximum mooring forces in different parts of the 
mooring system under different current velocities. 

Current Velocity (m/s) 0.25 0.5 0.75 1 
Mean value_Main ropes (kN) 21.88 48.41 80.97 116.52 
Amplitude_Main ropes (kN) 5.08 7.26 11.39 14.36 

Mean value_Frame ropes (kN) 4.50 12.68 22.86 35.23 
Amplitude_Frame ropes (kN) 1.83 1.20 1.02 2.42 
Mean value_Bridle ropes kN) 11.44 22.30 35.72 49.10 
Amplitude_Bridle ropes (kN) 2.13 4.26 6.69 6.73 

The mean values of all three parts increase with the current velocity. The maximum 
mean mooring force on the main cable is greatest and reaches 116.52 kN at a current ve-
locity of 1 m/s, while the maximum mean mooring force on the bridle ropes is 49.1 kN and 
the maximum mean mooring force on the frame ropes is 35.23 kN. The location of the 
maximum mooring force is at the top of the middle upstream main rope, as indicated in 
Figure 8. The two outer bridle ropes in the upstream area have the largest mooring force 
among all the bridle ropes. The middle frame rope has the largest mooring force among 

Figure 6. Deformation of fish cages under waves with a period of 10 s and a height of 1 m and
different current velocities: (a) current velocity = 0.25 m/s, (b) current velocity = 0.5 m/s, (c) current
velocity = 0.75 m/s, (d) current velocity = 1 m/s.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 6. Deformation of fish cages under waves with a period of 10 s and a height of 1 m and 
different current velocities: (a) current velocity = 0.25 m/s, (b) current velocity = 0.5 m/s, (c) current 
velocity = 0.75 m/s, (d) current velocity = 1 m/s. 

 
Figure 7. Deformation of upstream mooring cables: (a) under current velocity of 0.25 m/s, (b) under 
current velocity of 1 m/s). 

The mean values and amplitudes of the maximum mooring forces in different parts of 
the mooring system are listed in Table 3.  

Table 3. The mean values and amplitudes of the maximum mooring forces in different parts of the 
mooring system under different current velocities. 

Current Velocity (m/s) 0.25 0.5 0.75 1 
Mean value_Main ropes (kN) 21.88 48.41 80.97 116.52 
Amplitude_Main ropes (kN) 5.08 7.26 11.39 14.36 

Mean value_Frame ropes (kN) 4.50 12.68 22.86 35.23 
Amplitude_Frame ropes (kN) 1.83 1.20 1.02 2.42 
Mean value_Bridle ropes kN) 11.44 22.30 35.72 49.10 
Amplitude_Bridle ropes (kN) 2.13 4.26 6.69 6.73 

The mean values of all three parts increase with the current velocity. The maximum 
mean mooring force on the main cable is greatest and reaches 116.52 kN at a current ve-
locity of 1 m/s, while the maximum mean mooring force on the bridle ropes is 49.1 kN and 
the maximum mean mooring force on the frame ropes is 35.23 kN. The location of the 
maximum mooring force is at the top of the middle upstream main rope, as indicated in 
Figure 8. The two outer bridle ropes in the upstream area have the largest mooring force 
among all the bridle ropes. The middle frame rope has the largest mooring force among 

Figure 7. Deformation of upstream mooring cables: (a) under current velocity of 0.25 m/s, (b) under
current velocity of 1 m/s).

The mean values and amplitudes of the maximum mooring forces in different parts of
the mooring system are listed in Table 3.

Table 3. The mean values and amplitudes of the maximum mooring forces in different parts of the
mooring system under different current velocities.

Current Velocity (m/s) 0.25 0.5 0.75 1

Mean value_Main ropes (kN) 21.88 48.41 80.97 116.52
Amplitude_Main ropes (kN) 5.08 7.26 11.39 14.36

Mean value_Frame ropes (kN) 4.50 12.68 22.86 35.23
Amplitude_Frame ropes (kN) 1.83 1.20 1.02 2.42
Mean value_Bridle ropes kN) 11.44 22.30 35.72 49.10
Amplitude_Bridle ropes (kN) 2.13 4.26 6.69 6.73

The mean values of all three parts increase with the current velocity. The maximum
mean mooring force on the main cable is greatest and reaches 116.52 kN at a current
velocity of 1 m/s, while the maximum mean mooring force on the bridle ropes is 49.1 kN
and the maximum mean mooring force on the frame ropes is 35.23 kN. The location of the
maximum mooring force is at the top of the middle upstream main rope, as indicated in
Figure 8. The two outer bridle ropes in the upstream area have the largest mooring force
among all the bridle ropes. The middle frame rope has the largest mooring force among all
the frame ropes. From the plotting in Figure 9, the increase in the maximum mooring force
on the main rope is much larger than the rest ropes.
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Figure 8. Locations of the maximum mooring force (black: on main ropes, red: on bridle ropes, green:
on frame ropes).
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Figure 9. Mean values of the maximum mooring forces under different current velocities.

In addition, the mooring forces on the two adjacent bridle ropes are not close. One is
pulled tight and the other one is slack. For instance, Table 4 lists the mooring forces of the
force bridle ropes that connect the cage in the upper left corner in Figure 8.

Table 4. Mean values of the maximum mooring force on different bridle ropes.

Current Velocity (m/s) 0.5 0.75 1

Mean value_Bridle rope 1 (kN) 22.29 35.73 49.10
Mean value_Bridle rope 2 (kN) 0.15 0.18 0.28
Mean value_Bridle rope 3 (kN) 0.18 0.26 0.50
Mean value_Bridle rope 4 (kN) 17.89 29.55 42.02

The mooring forces of Bridle rope 1 are greater than the ones of Bridle rope 4 under
all current velocities. However, the values are close and much greater than the mooring
forces of Bridle ropes 2 and 3. Even under the largest current velocity, 1 m/s, the maximum
mean mooring forces of Bridle ropes 2 and 3 are only 0.28 kN and 0.50 kN, respectively,
which shows that they do not play a role in pulling the cage when the current direction is
the positive direction of the x-axis.
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On the other hand, the variation of amplitudes of mooring forces in different parts
is not as consistent as the one of mean values. The maximum amplitude of the mooring
forces is 14.36 kN on the middle upstream main rope. As seen in Table 3, the amplitude of
the maximum mooring forces on the main rope increases with the current velocity, which
is the same as the mean value. However, the amplitude of the maximum mooring force on
bridle ropes increases obviously with the current velocity until it reaches 0.75 m/s. The
amplitude at a current velocity of 1 m/s is 6.73 kN, which is only 0.67% larger than the one
at a current velocity of 0.75 m/s. Furthermore, there is no obvious relationship between the
amplitude of the maximum mooring force on frame ropes and the current velocity. It might
be because the rope is not tight when the current velocity is 0.25 m/s. Thus, the amplitude
at a current velocity of 0.25 m/s is larger than the ones at a current velocity of 0.5 m/s and
0.75 m/s.

3.2. Numerical Model Subjected to Waves of Different Heights

The influence of wave height on the mooring force is studied in this section. Table 5
lists the mean values and amplitudes of the maximum mooring forces in different parts of
the mooring system under a current velocity of 0.5 m/s and a wave period of 10 s but with
different wave heights. The position of the maximum mooring force does not change with
the wave height, which is the same as Figure 6. The mean values of the maximum mooring
force increase slightly with the increase of wave height. For instance, when the wave height
is 0.5 m, the mean value of the maximum mooring force on main ropes is 44.73 kN, which
is 92.19% of the mean value when the wave height increases to 1 m. On the other hand, the
influence of wave height on the amplitude is obvious. When the wave height is 0.5 m, the
amplitudes of the maximum mooring forces on main ropes and bridle ropes are 3.4 kN and
2.11 kN, respectively, which are only 46.83% and 49.53% of the ones under wave height
of 1 m.

Table 5. Mean values and amplitudes of the maximum mooring forces in different parts of the
mooring system under different wave heights.

Wave Height (m/s) 0.5 0.75 1

Mean value_Main ropes (kN) 44.73 45.97 48.41
Amplitude_Main ropes (kN) 3.40 5.10 7.26

Mean value_Frame ropes (kN) 11.91 12.12 12.68
Amplitude_Frame ropes (kN) 0.83 0.95 1.2
Mean value_Bridle ropes kN) 20.49 21.09 22.30
Amplitude_Bridle ropes (kN) 2.11 3.07 4.26

3.3. Numerical Model Subjected to Different Attack Angles

The influence of the attack angle is studied in this section. The current and wave
direction are kept in the positive direction of the x-axis. The whole structure is rotated
22.5◦, 45◦, 67.5◦ and 90◦ around the z-axis and towards the positive y-axis, as shown in
Figure 10. The mooring ropes are also numbered in Figure 10 to show the location of the
maximum mooring force. The current velocity, wave height and wave period are kept as
0.5 m/s, 1 m and 10 s. The mooring forces of the numbered ropes are listed in Tables 6–8.
The rest ropes are symmetrical to them or have much smaller mooring forces.
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Table 6. Mean values and amplitudes of the mooring forces on main ropes under different attack
angles.

Attack Angle (◦) 0 22.5 45 67.5 90

Mean value_Main rope 1 (kN) 48.41 44.65 29.74 12.20 4.49
Amplitude_Main rope 1 (kN) 7.26 8.19 11.6 3.12 0.38

Mean value_Main cable 2 (kN) 22.09 29.41 22.83 8.43 3.63
Amplitude_Main rope 2 (kN) 4.18 7.03 5.90 1.96 0.31

Mean value_Main cable 3 (kN) 3.55 7.36 16.38 25.52 18.92
Amplitude_Main cable 3 (kN) 0.31 1.86 7.57 8.5 5.43
Mean value_Main cable 4 (kN) 5.95 24.46 45.56 42.32 38.49
Amplitude_Main cable 4 (kN) 0.71 7.08 14.33 12.2 10.86

Location of max force 1 1 4 4 4

Table 7. Mean values and amplitudes of the mooring forces on bridle ropes under different attack
angles.

Attack Angle (◦) 0 22.5 45 67.5 90

Mean value_Bridle rope 5 (kN) - 2.06 11.07 22.22 19.18
Amplitude_Bridle rope 5 (kN) - 1.76 6.70 7.39 5.42
Mean value_Bridle rope 6 (kN) 22.29 31.59 25.25 9.82 -
Amplitude_Bridle rope 6 (kN) 4.26 7.19 6.54 3.31 -
Mean value_Bridle rope 7 (kN) 9.62 18.31 15.79 1.50 -
Amplitude_Bridle rope 7 (kN) 0.72 3.82 2.99 1.29 -
Mean value_Bridle rope 8 (kN) - - 8.09 16.21 15.47
Amplitude_Bridle rope 8 (kN) - - 7.82 5.05 5.30
Mean value_Bridle rope 9 (kN) - 5.65 11.28 13.44 18.62
Amplitude_Bridle rope 9 (kN) - 2.59 2.66 5.07 6.18

Mean value_Bridle rope 10 (kN) 6.00 15.98 25.06 12.05 -
Amplitude_Bridle rope 10 (kN) 1.40 7.06 7.01 3.52 -

Location of max force 6 6 6 5 5
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Table 8. Mean values and amplitudes of the mooring forces on frame ropes under different attack
angles.

Attack Angle (◦) 0 22.5 45 67.5 90

Mean value_Frame rope 11(kN) 12.68 9.32 2.77 - -
Amplitude_Frame rope 11(kN) 1.2 1.58 0.72 - -

Mean value_Frame rope 12 (kN) - - 1.97 4.16 3.38
Amplitude_Frame rope 12 (kN) - - 1.03 1.35 0.94
Mean value_Frame rope 13 (kN) 12.31 10.48 - - -
Amplitude_Frame rope 13 (kN) 1.88 1.36 - - -
Mean value_Frame rope 14 (kN) - 4.29 - - -
Amplitude_Frame rope 14 (kN) - 3.23 - - -

Location of max force 11 13 11 12 12

Table 6 lists the mean values and amplitudes of Main ropes 1 to 4 under different
attack angles. The maximum mean value is 46.41 kN on Rope 1 when the attack angle is 0◦.
Rope 1 has the maximum mooring force when the attack angle is 0◦ and 22.5◦. The location
of maximum mooring force moves to Rope 4 since the attack angle changes to 45◦. Among
all the five working conditions, the smallest maximum mooring force is 38.49 kN at an
attack angle of 90◦. In addition, mean values of mooring forces for the four main ropes are
plotted in Figure 11. The mooring force of Rope 1 decreases with the increase of the attack
angle and reduces to 4.49 kN under an attack angle of 90◦. The mooring forces of Ropes
2 and 3 reach their peak value of 29.41 kN and 25.52 kN under attack angles of 22.5◦ and
67.5◦, respectively. The mooring force of Rope 4 reaches its peak value of 45.56 kN under
an attack angle of 45◦ and remains at a high value when the attack angle is larger than 45◦.
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Figure 11. Mean values of mooring forces for Main ropes 1–4.

Table 7 lists the mean values and amplitudes of Bridle ropes 5 to 10 under different
attack angles. It is assumed that the mooring force is mainly generated by its weight and
the hydrodynamic load on it when the mooring force is less than 0.5 kN. The rope does
not pull the cages and the mooring force on it is very small compared with others. Thus,
the mean mooring forces under 0.5 kN are not listed in Table 7 and they are assumed to be
slack. Under an attack angle of 0◦, Ropes 5, 8 and 9 are slack, while the three rest ropes are
slack under an attack angle of 90◦. For the rest cases, all the numbered bridles are pulled
tight except Rope 8 under an attack angle of 22.5◦. The maximum mean value is 31.59 kN
on Rope 7 under an attack angle of 22.5◦. Rope 6 has the largest mooring force when the
attack angle is smaller or equal to 45◦, while the mooring force on Rope 5 is the largest if
the attack angle is larger than 45◦.
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Under all the attack angles, the mooring forces on most frame ropes are very small
and less than 0.5 kN. Thus, they are considered as slack, and the mooring forces on the rest
numbered frame ropes are listed in Table 8. The maximum mean value is 12.68 kN on Rope
11 under an attack angle of 0◦. When the attack angle is 45◦, the maximum mean value is
only 2.77 kN. If the attack angle is larger than 45◦, all the frame ropes are slack except Rope
12 and its symmetrical rope.

4. Discussion
4.1. Mooring Force Distribution

The sea states in Sections 3.1 and 3.2 include different current velocities and wave
heights. Even though they have varying degrees of influence on the mean and amplitude
of the maximum mooring forces, they do not change the position of the maximum mooring
forces, which is at the top of the middle upstream main ropes. However, with the varying
of the attack angle, the location of the maximum mooring force moves to other main ropes.
The mooring forces on the upstream main ropes are much larger than the ones on other
components under all the sea states. In addition, the location of the maximum mooring
force is the connection of the multi-components, where the failure of the mooring system
always occurs. Therefore, the connection of the upstream main ropes with frame and bridle
ropes should be the most concerned location for future research.

On the other hand, from the axial force distributions and Table 8, except for several
frame ropes which are connected to the main ropes, the rest are slack. Especially when
the attack angle is not parallel or perpendicular to the frame ropes (22.5◦, 45◦ and 67.5◦),
the mooring forces are transmitted mainly through the bride ropes but not frame ropes.
The frame ropes have the smallest mooring forces under all the sea states. If the current
direction of the working environment of the fish cage array keeps within a certain range all
year round, some parts, especially the downstream part of the frame ropes, can be removed
to save costs.

Two adjacent bridle ropes are applied to reduce the mooring force and the stress
concentration on the connection between the bridle ropes and the collar. However, from the
results in Tables 4 and 7, most bridle ropes do not pull the cage together. In some cases, one
of the bridle ropes is pulled tight and the other one is slack. Even when the two ropes are
both tight, the mooring forces of one rope are usually much larger than that of the other one.
Thus, the effectiveness of two ropes in reducing the stress concentration is questionable.
Whether it can be solved by adding large pretension or adjusting angles between the bridle
ropes need to be further studied.

4.2. Approximation of Wake Flow in APDL

In Section 2, it is mentioned that the current velocity reduction after each cage is
assumed as 15% in the numerical model. It means that the current velocity subjected to
each cage is constant and it is assumed that the cages have little effect on the wave orbital
velocity. Thus, the ideal solution is to directly reduce the current velocity in the setting of
the flow field. However, in Ansys/APDL, the current velocity cannot be changed in the
direction of the current. The only approach to apply the wake flow is to adjust the drag
coefficient to reduce the drag force directly.

In Equation (4), the velocity of water particle, u, can be divided into current velocity, C,
which is a constant, and wave orbital velocity, u0. The drag force in the Morison equation
can be expressed as:

fD =
1
2

ρCDD
(
C +

(
u0 −

.
x
))∣∣C +

(
u0 −

.
x
)∣∣ (8)

where fD is the drag coefficient, C is the current velocity and
(
u0 −

.
x
)

is the relative velocity
of the water particle to the structure.

From the present calculations, the value of
(
u0 −

.
x
)

is relatively small compared with
the current velocity. For instance, when the current velocity is 0.5 m/s, the wave period
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is 10 s and wave height is 1 m, and the average value of
∣∣u0 −

.
x
∣∣ is only 0.075 m/s for the

net close to the water surface of the upstream cage. Thus, instead of adjusting the current
velocity, which is not applicable in Ansys/APDL, the drag coefficient is reduced to consider
the wake flow in our model. This approach is used to simulate the structures subjected
to uniform flow or long waves, when

∣∣u0 −
.
x
∣∣ equals a small value or 0. However, when

the relative motion of the structure to the water particle is close to the current velocity, for
instance, when the current velocity is very small, it may cause a large error to reduce the
drag coefficient.

5. Conclusions

In the present paper, the mooring forces in a fish cage array subjected to currents and
waves are investigated using the finite element method. The fish cage array model includes
six gravity cages, and the mooring system is modelled by Ansys/APDL. The mooring
forces are assessed for the system in different sea states. It was concluded that:

1. The cages deform more and move further away from their initial position with the
increase of the current velocity.

2. Both the mean values and the amplitudes of mooring forces increase with the current
velocity and wave height. The tops of the upstream main ropes have the maximum
mooring force under all sea states, which is also the connection location of multi-
components. It should be the most concerned location for future research.

3. The mooring forces on the frame ropes are the smallest while most frame ropes are
slack. The downstream frame ropes do not play a structural role and can be removed.

4. In most cases, the two adjacent bridle ropes do not pull the cage together, as the
mooring force on one bridle rope is usually much larger than the other one. Thus, the
two adjacent ropes do not always effectively reduce the stress concentration.
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