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force distribution of a
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cage in currents
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!South China Sea Fisheries Research institute, Chinese Academy of Fishery Sciences/Key Laboratory
for Sustainable Utilization of Open-Sea Fishery, Ministry of Agriculture and Rural Affairs,
Guangzhou, China, 2Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai),
Zhuhai, China

Assessing the current forces exerted on a semi-submersible truss fish cage is
crucial for understanding drag force distribution and ensuring the structural
safety. The present study employs computational fluid dynamics (CFD) methods
and porous media theory to predict the drag forces on a semi-submersible truss
fish cage, providing a detailed description of the magnitude and distribution
patterns of drag forces on the plane nets, pontoons, columns, and braces. Results
indicate that the side plane nets bear the highest forces, contributing 24.3% of the
total force. The pontoons and thick columns are the next most affected,
contributing 18.7% and 13.8% of the total force, respectively, while the middle
cross braces bear the least force at 3.7%. A decrease in current speed leads to
reduced drag forces on the downstream side plane nets, columns, pontoons, and
braces. However, the projected area of each component in the current direction
is a critical factor influencing changes in drag forces. Additionally, the torque
generated by the drag forces on the semi-submersible truss fish cage is
examined. Center position of the torque can alter the torque direction exerted
on the truss net cage, and the transition occurs between 18 cm and 19 cm. The
present investigation provides a comprehensive evaluation of the drag force
distribution on the semi-submersible truss fish cage, which is significant practical
engineering implications.
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1 Introduction

In recent decades, aquaculture has developed rapidly, providing essential food and
nutrients. According to the Food and Agriculture Organization of the United Nations
(FAO), aquaculture production reached 94.4 million tons (Figure 1), surpassing capture
fisheries at 51% of total aquatic animal output, with 57% intended for human consumption
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FIGURE 1

Production of the capture fisheries and aquaculture in the world (FAO, 2024).

(FAO, 2024). By 2022, global production rose to 130.9 million tons,
a 6.6% increase from 2020, reflecting a steady growth trend. Deep-
sea aquaculture, with its large capacity, resilience, and efficient use
of open sea areas, plays a key role in sustainable fisheries, addressing
coastal resource shortages and pollution.

As marine aquaculture progresses from nearshore to open sea
environments, the development of aquaculture equipment deserves
attention, particularly the structural resilience to withstand currents
and waves, which is of paramount importance. Facing a harsh
marine environment in open sea, ensuring the safety of net cage
structures is crucial for the success of aquaculture operations. At
present, the development of deep-sea aquaculture equipment is the

fastest in Norway and China (Figure 2), such as OceanFarml,
Shenlan 1, Dehai 1 and other large truss net cages in China and
Norway (Chu et al., 2020; Xu and Qin, 2020). The characteristics of
these aquaculture equipment are that they have a rigid frame
system, which not only ensures sufficient aquaculture space, but
also provides the ability to resist environmental loads. However,
research on the aquaculture equipment predominantly focuses on
the hydrodynamic characteristics of the overall structure, including
motion, mooring forces, and flow field distribution, while lacking
analysis of the local loads exerted on the truss net cage. By analyzing
the current forces on local structures, such as plane nets, pontoons,
columns and braces, we can understand the pattern of drag forces

FIGURE 2

Type of the large truss net cage: (a) Ocean farm 1, (b) Shenlan 1, (c) Dehai 1 and (d) JOSTEIN ALBERT.
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on the aquaculture equipment and the changes in drag forces due to
attenuation of current speed, which provides valuable insights for
the design and optimization of net cage structures.

Existing research on the drag force acting on the aquaculture
net cages primarily focuses on the following three aspects: (1)
Physical model experiments enable the direct measurement of
drag force acting on a single net panel or the entire net cage,
thereby revealing the drag force variation under different inflow
velocities (Chen et al., 2024; Guo et al,, 2023; Huang et al.,, 2020;
Kristiansen et al., 2015; Kristiansen and Faltinsen, 2015; Zhao et al.,
2015). This method provides accurate drag force data and serves as
a basis for parameter determination and validation in subsequent
numerical simulations. However, the limitations of experimental
facilities, as well as the complexity of setup and data acquisition,
restrict further in-depth investigations into the drag force of net
cages. (2) The semi-theoretical and semi-empirical Morison
equation is widely used to calculate the drag force and the drag
coefficient can be obtained through physical model experiments or
empirical formulas (Huang et al., 2018; Li et al., 2013; Liu and Liu,
2024; Tsukrov et al,, 2003; Xie et al., 2023; Zhao et al., 2013b).
Numerical simulation methods, including the lumped mass
method, finite element method, and boundary element method,
are then employed to compute the drag force acting on net panels or
net cages. Although this approach allows for relatively efficient
calculations, it relies on empirical parameters or experimental data,
making it difficult to accurately account for the effects of localized
flow velocity variations on the forces exerted on the net cage. (3) As
the computational performance improves, the use of computational
fluid dynamics methods (CFD) to calculate drag force on net cages
has become increasingly prevalent. While direct CFD simulations of
net structures are feasible, the fine-scale structure of the net panels
leads to an exponential increase in the number of computational
grids, resulting in extensive computational costs and long
simulation times (Tang et al., 2017). In recent years, numerous
researchers have incorporated the porous media model into CFD
simulations by introducing source terms into the momentum
equation, thereby enabling the prediction of drag force on net
cages with significantly improved computational efficiency (Bi et al.,
2018; Liu et al., 2021; Zhao et al., 2013a).

Although the aforementioned literature has comprehensively
covered the drag force aspects of net cage, it lacks more in-depth
mechanistic research, especially in terms of the pattern of the
current load exerted on the components of truss net cage. When
water flows through net cages, there is a velocity decay, meaning
that truss net cages have a blocking consequence on the current.
Consequently, the decay in current speed inevitably leads to
changes in current load downstream of the truss net cage.
Existing studies have applied the finite element method and
lumped mass method to calculate the forces on the net cages, but
these methods, based on the Morrison equation, cannot accurately
account for the impact of flow variations on the main structure.
Instead, they rely on simple semi-theoretical and semi-empirical
coefficients. Furthermore, directly using the CFD method to
calculate the current load pattern on the truss net cage is
impractical. The reason is that the net structure is small and
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numerous, resulting in the number of grids in the calculation
domain exceeding 100 million. Existing normal computing
equipment cannot handle this, leading to severely reduced
calculation efficiency. The novelty of the present study lies in the
application of the CFD approach, integrated with a porous media
model, to predict the drag force of local structures in semi-
submersible truss fish cage. This numerical model accounts for
the influence of flow field variations on drag force, as well as the
mutual interactions among structural components, including
columns and nets, in the three-dimensional space. Furthermore, it
successfully computes the drag force acting on both small structural
elements (such as nets and columns) and larger components (such
as pontoons).

The present study mainly consists of five parts. Section 1 outlines
the background and significance of the present investigation. Section
2 presents the semi-submersible truss fish cage model and numerical
method. Section 3 details the verification process through numerical
and experimental comparisons. Section 4 discusses the numerical
simulation results, including the pattern of drag force exerted on the
plane nets and frame, and the torque exerted on the truss net cage.
Section 5 provides the final conclusion.

2 Numerical methods

Semi-submersible truss fish cages serve as the research object,
with an analysis of drag force on plane nets, columns, pontoons,
and braces under working draught conditions from a localized
perspective. The computational fluid dynamics (CFD) method and
porous media theory are applied in the present study, with the SST
k-o turbulence equation used to describe water flow. To facilitate
data exchange between the porous media and current, the boundary
where the plane nets contact the water is defined as an interior
surface. The discretized governing equations are solved to obtain
the ultimate information on current speed, pressure, and drag force
exerted on the truss net cage.

2.1 Governing equations

The study of fluid dynamics is primarily based on the following
important assumptions in present research. First, the fluid is
considered a continuum. Second, all fields (such as velocity field
and pressure field) are differentiable. In addition, the fluid is regarded
as a Newtonian fluid and is incompressible, meaning its density does
not change over time. Based on these assumptions, the continuity
equation and the momentum equation are used to describe the
motion of the fluid inside and around the truss net cage (Patursson
et al,, 2010), as shown in Equations (1) and (2) below:
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where p is the fluid density, ¢ is the time, u; and u;j are the mean
current speed, respectively, x; and x; are the three direction
coordinates, including x, y and z, respectively, P is the mean fluid
pressure, v and v; are the fluid kinematic viscosity and the fluid eddy
kinematic viscosity, respectively, g; is the gravity accelerate and S; is
the source term of the momentum equation.

To solve for current speed and drag force, it is necessary to
further obtain the fluid eddy viscosity, and complete the closure of
the continuity and momentum equations. In the present study, the
shear stress transport k-omega turbulence model (SST k-m) is
applied to describe the current and the specific Equations (3-5)
can be presented as follow:

Vv, = L (3)
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Dpk ou; dk
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where a; = 0.31 is a constant, k is the turbulent kinetic energy,

o is the turbulent dissipation rate, Q is the absolute value of the

vorticity, F, is the second blending function, T is the stress, 8*
9/100 is a constant, t= p - v is dynamic viscosity, 0y is the turbulent
Prandtl numbers for k, 4, = p - v, is eddy viscosity, o is the function
of k and w, B is the coefficient of thermal expansion, o, is the
turbulent Prandtl numbers for @, F; is a blending function, o, =
0.856 is a constant.

To simulate the plane nets, the present study uses a porous

media region to replace the plane nets (Figure 3), achieving the nets

(a)

FIGURE 3
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ability to obstruct and allow water flow. The impact of the plane
nets on the water is incorporated into the source term of the
momentum equation. The porous media theory is applied and the
specific Equation (6) is as follows:

0 No nets ©)
S, 1 6
3 3 .
XD = 3, G Ep\u\uj with nets
where Dj; is the viscous resistance coefficient and Cj; is the

inertial resistance coefficient.
The resistance coefficient is calculated by the Loland (1993)
Equations (7, 8), which is as follows:

C;=0.04 + (—0.04 +0.33S, + 6.54S2 — 4.888>)coso!’  (7)

C; = (-0.05S, +2.38* - 1.7683)cos20!/ (8)

where C; is the drag coefficient of the fish net, C; is the lift
coefficient of the fish net, &' = 90 — «, « is the attack angle, and S,
is the plane net solidity.

2.2 Computational domain grids

In the present study, the computational domain is 10 m long, 2
m wide, and 1 m high, and detailed geometric dimensions of the
semi-submersible truss fish cage can be obtained from the reference
of Liu et al. (2021). Given the complexity of the semi-submersible
truss fish cage, a regional meshing strategy is employed. Hexahedral
orthogonal grids with a dimension of 0.1 m are used in the inlet
(Zonel) and outlet zones (Zone3) to minimize the number of grids
(Figure 4). Tetrahedral grids with a minimum dimension of 2.5 mm
are implemented in the region containing the truss net cage (Zone
2) to conform to the boundaries of columns, pontoons, braces, and

(b)

The simulation of the fish plane nets: (a) the real fish plane nets and (b) the porous media region.
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FIGURE 4
Grids of fluid domain and porous media domain (unit: m).

plane nets, preserving geometric features. The porous media region
is divided into 2 layers of tetrahedral grids with a dimension of 2.5
mm along the thickness direction. The computational domain
employs a grid growth rate of 1.2 to seamlessly connect fluid
domain boundaries with the porous media region, reducing
computational load and enhancing efficiency.

The grid independence has a significant impact on the convergence
and accuracy of the numerical calculation results. This study analyzes
the influence of three grid sizes, 1.3 mm, 1.6 mm and 2.5 mm, on the
current speed. The flow velocity change is measured at z = 25 cm along
the flow direction. The results show that the change of the grid based
on the minimum geometric size has little effect on the current speed
pattern results and all converge (Figure 5). Therefore, to minimize the
amount of calculation and enhance the processing performance, the
grid of 2.5 mm is selected to divide the computational domain.

2.3 Boundary and solution settings

To clarify the subsequent description of drag forces on each
component, the semi-submersible truss fish cage components are
detailed as follows: Side plane nets (Spun), Bottom plane nets (Bun),
Pontoon (P), Thick column (Tkc), Thin column (Tnc), Lower
diagonal brace (Ldb), Middle diagonal brace (Mdb), Lower cross
brace (Lcb), Middle cross brace (Mcb) and Upper cross brace (Ucb)
(Figure 6). The pontoons, thick columns, and thin columns are
labeled clockwise, with numbers from 1 to 8. The central pontoon
and column are labeled as number 9. Additionally, side plane nets,
bottom plane nets, lower diagonal braces, middle diagonal braces,
lower cross braces, and middle cross braces are labeled clockwise
from 1 to 16 (Figure 7). Abbreviations can be used in subsequent
descriptions of drag forces on each component.

0.30 T T

0.24

0.18 4

Gridl, 2.5 mm
= =Grid2, 1.6 mm
- =Grid3, 1.3 mm

u/(m/s)

0.12 4

0.06

0.00 T v T
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FIGURE 5
Influence of grid independence on calculation results.
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Side plane nets

Middle cross brace

Lower diagonal brace

FIGURE 6

Schematic diagram of the structure of a semi-submersible truss fish cage.

(a) 3

Incoming flow direction

NS
24y MW N\
AR
IR
TR

FIGURE 7

10.3389/fmars.2025.1557985

Middle diagonal brace

Upper cross brace

Lower cross brace

Thin column

(b)

Semi-submersible truss fish cage component numbers and sequence: (a) Pontoons and columns and (b) Bottom plane nets, side plane nets

and braces.

The coordinate system is positioned at the center of the semi-
submersible truss fish cage, with the x-axis oriented in the incident
current direction, adhering to the right-hand rule. Right and left
boundaries are defined as velocity inlets and outflows, respectively,
in a numerical flume. A zero shear force wall boundary condition is
used to model the free surface. A stationary wall boundary
condition without slip defines the side and bottom boundaries of
the flume, as well as the main frame, as depicted in Figure 8. The
governing equations, discretized via the finite volume method, are
solved using the SIMPLEC algorithm within a 3D pressure-based
solver framework implemented in CFD software. A second-order
upwind scheme is used for discretizing pressure, momentum,
turbulent kinetic energy, and specific dissipation rate. The
simulation achieves convergence when all residuals fall below
0.001. The total number of grids is 9,345,381. The numerical

Frontiers in Marine Science

simulation is conducted for 120 seconds with a time step of 0.005
s. The computations are performed on a Dell T7920 workstation
equipped with 128 GB of RAM, an NVIDIA T600 4 GB graphics
card, and an Intel Xeon Gold 6242R CPU with 16 cores and 32
threads, operating at a clock speed of 3.1 GHz.

3 Experimental verifications

The present study adopts the gravity similarity criterion and the
geometric scale is 1:120 and the net uses the variable scale gravity
similarity criterion, with a mesh size and net diameter ratio of 40:8
(Zhao et al., 2019). The semi-submersible truss fish cage model is
0.41 m high and 1.0 m in diameter. The detailed structural
dimensions are shown in Table 1. Experimental validation of the

frontiersin.org
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Boundary condition settings for the computational domains: (a) plan view and (b) elevation view (unit: m).

TABLE 1 Geometric dimensions of truss net cage.

Model Prototype
Component Parameter
P value (m) value (m)

Height 0.110 132
Pontoon

Diameter 0.100 12.0

Height 0.300 36.0
Thick column

Diameter 0.030 3.6

Height 0.280 33.6
Thin column

Diameter 0.020 2.4

Length 0.300 36.0
Inclined column

Diameter 0.008 0.96

Length 0.500 60.0
Bottom brace

Diameter 0.016 1.92

Net diameter 0.0006 0.00375
Net system

Mesh size 0.008 0.05

numerical model was performed in a wave-current flume at the
State Key Laboratory of Coastal and Offshore Engineering, Dalian
University of Technology, Dalian, China., to verify its rationality
and accuracy. The present study considers the current forces
exerted on a semi-submersible truss fish cage with a working
draught of 36 cm in a 1.0 m deep flume. Four incident flow
velocities were selected for validation, and their corresponding

TABLE 2 Incident current speed value.

Model value (m/s) Prototype value (m/s)

0.0571 0.6255
0.1033 1.1315
0.1519 1.6639
0.2204 2.4143
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model values and prototype values are shown in Table 2. The
porous medium has a thickness of 5 mm, with two layers of
tetrahedral grids arranged along the thickness direction to better
connect the plane nets and the column boundaries. A temporal
interval of 0.005 s is utilized, and the calculation runs for 120
seconds to achieve stability. The comparison of current load exerted
on the truss net cage between numerical simulation and experiment
is depicted in Figure 9.

It can be observed from Figures 9a, b that the numerical
simulation results approximate the experimental data for the
single plane nets and semi-submersible truss fish cage. The
average relative errors are 6.10% (single plane nets) and 2.61%
(semi-submersible truss fish cage), respectively. The results of the
numerical simulation lie within a valid range. This numerical model
can be used for further numerical simulation studies to provide
support for understanding the pattern of drag forces exerted on
various components of the semi-submersible truss fish cage.

4 Results and discussions
4.1 Drag force acting on the plane nets

Currently, a majority of researchers emphasize the overall
loading on the net cages, neglecting the current load exerted on
individual fishing plane nets, resulting in a lack of understanding of
the current load on single plane nets within the truss net cage in
current. This oversight hinders accurate identification of maximum
loading areas on net cages and limits the ability to predict or prevent
damage to plane nets. To address these challenges, the present
section examines the current load exerted on individual plane nets
of the truss net cage, comprising the side plane nets and bottom
plane nets, and analyzes the variation patterns of current load at
different positions. Additionally, this study accounts for the
blocking consequence of plane nets on the current, which reduces
current speed and alters current load on the downstream side,
aligning more closely with actual loading conditions of truss net

frontiersin.org
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The comparison of drag force exerted on the semi-submersible truss fish cage between numerical simulation and experiment: (a) single plane nets

and (b) semi-submersible truss fish cage.
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FIGURE 10
Drag force exerted on the side plane nets of the truss net cage.

cages. In the following study, the incident current speed of 0.2204
m/s is selected and applied to analyze the distribution of current
load exerted on the semi-submersible truss fish cage.

Figure 10 illustrates the distribution of current loads on the side
plane nets of the semi-submersible truss fish cage. It can be
observed from Figure 10 that the current load is greatest on the
upstream side plane nets, specifically Spnl and Spnl6. Along the
current direction, the drag force gradually decreases, reaching its
minimum at Spn5 and Spn12. Thereafter, it increases again, peaking
at Spn8 and Spn9. Overall, the current load on the side plane nets
shows a symmetrical pattern along the incoming current direction

Frontiers in Marine Science

Bl Maximum value
mum value
Downstream value

0 Downstream

(0°- 180°line), with peak drag force values appearing on both sides
and troughs in the middle. Calculations show that the current load
on the upstream side plane net (Spnl) is 3.5 times that on Spn5,
indicating that the upstream side plane nets endure substantial
current load and thus face a higher risk of damage. By comparison,
the current load on the downstream side plane nets (Spn8) is
approximately 76.3% of that on the upstream side plane nets
(Spnl), reflecting a 23.7% decay. The blocking consequence of the
upstream plane nets on the current results in a decreased current
speed on the downstream side, leading to reduced current load on
the downstream side plane nets.
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Figure 11 displays the distribution of current loads on the bottom
plane nets of the semi-submersible truss fish cage. On the upstream
side of the truss net cage, the current load does not reach a peak value
(Bpnl and Bpn16). Instead, the maximum current load is observed at
Bpn2 and Bpnl5. The variation in current load along the current
direction does not show a consistently increasing or decreasing trend,
and the pattern of variation is not obvious. Additionally, the
minimum drag force is found on the downstream side of the truss
net cage (Bpn7 and Bpn8). Overall, the current load on the upstream
and downstream sides of the bottom net is relatively small, while it is
larger on the lateral sides of the bottom plane nets (Bpn2 and Bpnl15).
Quantitative analysis reveals that the current load on Bpn2 is 2.2
times that exerted on Bpn7. The arrangement of the bottom plane
nets and the attenuation of current speed have a significant impact on
the current load on the downstream side of the plane nets. The
current load on Bpn2 accounts for approximately 9.4% of the total
current load on the entire bottom plane nets, indicating that the

0.06
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0.04
0.03
0.02

Upstream
180

2

»-
Bpnl5 /

//

225

Drag force (N)

0.02
0.03
0.04
0.05
0.06

FIGURE 11
Drag force exerted on the bottom plane nets of the truss net cage.

Velocity u
Plane gy
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FIGURE 12
Flow velocity distribution and isoline at x-y section.
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strength of the plane nets at this position warrants particular
attention. However, the current load on the bottom plane nets is
40.9% of that on the side plane nets. The side plane nets bear the
majority of the current load, while the bottom plane nets experiences
relatively less current load. Nonetheless, both are crucial in
preventing farmed fish from escaping.

Moreover, it can be observed that although the net cage structure
is symmetrical, the drag force acting on local structures exhibits
asymmetry. As shown in Figure 11, the drag force acting on Bpnl and
Bpnl6 is not identical. To explain this phenomenon, Figure 12
presents the flow velocity distribution in the x-y section at z = 0.13
m and z = 0.18 m. By examining the velocity contours in Figure 12, it
can be seen that the isoline of 0.1 m/s and 0.2 m/s do not exhibit
symmetrical distribution. This asymmetry in flow velocity
distribution leads to variations in the conversion between kinetic
and pressure energy, ultimately resulting in asymmetric drag force at
symmetric positions.

B Maximum value
B Minimum value
45 I Downstream value|

0 Downstream

Z=0.18 m
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4.2 Drag force acting on the frame

The present section primarily analyzes the drag forces exerted
on the main frame of the truss net cage, including the pontoons,
columns, and braces. A detailed examination of the current loads on
each component of the main frame helps to understand the
distribution of current load, especially identifying the locations of
maximum current loads, which is critically important for informing
future optimization of the truss net cage structure.

Figure 13 shows the distribution of drag forces on the pontoons,
excluding the central pontoon. It is evident that the current load is
greatest on the upstream pontoon (P1), while the current load on
the downstream side pontoon is the smallest (P5) with a significant
attenuation observed. Calculations reveal that the current load on
the upstream pontoons (P1) is 2.1 times that on the downstream
side (P5). The current load exerted on the pontoons decreases
gradually along the direction of the incident current, reaching a
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minimum at P5. Furthermore, we observe that although the current
load on PI is the greatest, the current loads on P2 and P3 only
decrease slightly, with no significant changes. It is owing to that P1,
P2 and P3 are directly impacted by the incident current without
being obstructed by the fish plane nets or frame (Figure 7), which
results in no significant decay in the current loads exerted on P2, P3,
P7 and P8. Additionally, the current load exerted on the central
pontoon of the truss net cage is 0.157 N, which is slightly larger than
the current load on the upstream side pontoon (P1l). The
phenomenon is due to the larger diameter of the central pontoon
compared to the peripheral pontoon (P1), resulting in a larger
projection area. Therefore, the attenuation of the current does not
cause the current load on the central pontoon to be lower than that
on P1.

Figures 14a, b illustrate the current loads pattern on the thick
and thin columns of the truss net cage, respectively. The key
observations are as follows: (1) The current load is greatest on the
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upstream side of the thick column (Tkcl), showing a significant
decreasing trend along the direction of the incident current. It is
calculated that the current load on the upstream side (Tkel) is 1.8
times that on the downstream side (Tkc5). (2) As for the thin
columns, the maximum current loads occur on the upstream side
(Tncl and Tnc8), while the minimum current loads appear on the
perpendicular to the incident current direction (Tnc3 and Tnc6),
rather than on the trailing side. The current load on the Tncl is 2.2
times that on Tnc3. (3) The current load on the upstream side of the
thick column (Tkcl) is significantly greater than that on the
upstream side of the thin column (Tncl), by approximately 1.7
times. However, both exhibit a similar phenomenon, displaying a
symmetrical pattern along the incident current direction.
Furthermore, it is observed that the maximum current load
occurs on the upstream side, while the minimum current load is
found near the downstream position, though not at the 0°location.
The results indicate that while the maximum current load on the
upstream side warrants attention, the current loads on the trailing
side are also significant and cannot be overlooked for ensuring
structural safety. (4) It is an interesting phenomenon that the
current load exerted on the thick and thin columns exhibit
dramatic changes along the incident current direction, which is
different from the current load exerted on the pontoons. As
depicted in Figures 6, 7, the pontoons are located independently
at the bottom of the truss net cage, with minimal influence from
other components. In contrast, the thick and thin columns are
located in the middle of the truss net cage, where they are affected by
the aquaculture structure, leading to significant variations in
current loads along the current direction. Additionally, we

90

(a) 0.08 4

B Maximum value
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observe that along the incident current direction, the current
loads on the thick columns generally show a decreasing trend,
while the current loads on the thin columns reach their minimum
values laterally. It is because the current loads on the thick columns
are significantly affected by the overall current speed decay. In
contrast, the thin columns are influenced not only by the overall
current speed decay but also by the nearby columns and braces at
the Tnc2 and Tnc3 positions, resulting in lower current loads
compared to the upstream side (Tncl) and the downstream
side (Tnc4).

Figure 15 depicts the current loads exerted on different parts of
truss net cage, including lower diagonal braces, lower cross braces,
middle diagonal braces, and middle cross braces. The results
indicate that the maximum current load on the lower diagonal
braces occurs when the lower diagonal braces are oriented
perpendicular to the incident current direction (Ldb5 and Ldb13),
whereas the minimum force is observed on the upstream and
downstream sides (Ldbl and Ldb9). In contrast, the maximum
current loads exerted on the lower cross braces, middle diagonal
braces, and middle cross braces are found on the upstream side
(Lcb1, Mdb1 and Mcb1), while the minimum forces are observed
when these braces are perpendicular to the incident current
direction (Lcb4, Leb5, Mdb4, Mdb5, Mcb4 and Mcb5). Owing to
the attenuation of the current speed, the current loads on the
downstream side of the truss net cage are significantly smaller
than those on the upstream side, with decays of 642.2%, 20.6%,
27.3%, and 28.1%, respectively. Observing the arrangement of these
four structural components in relation to the incident current
direction reveals that the length direction of the upstream lower
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Drag force exerted on the braces: (a) lower diagonal braces, (b) lower cross braces, (c) middle diagonal brace and (d) middle cross braces.
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diagonal braces (Ldbl) aligns with the incident current direction,
resulting in the smallest projected area and thus the least current
load (Figure 16). Conversely, when the orientation is perpendicular
to the incident current direction, the projected area is maximized,
resulting in the highest current load. Contrary to the variation in
current loads on the lower diagonal braces, the lower cross braces,
middle diagonal braces, and middle cross braces exhibit maximum
current loads on the upstream side, where the projected area along
the incident current direction is largest, and minimum forces
perpendicular to the incident current direction.

4.3 Discussion of drag force and torque
acting on the aquaculture platform

The distribution of current load exerted on the various
components of the semi-submersible truss fish cage has been
described in detail. However, an assessment of the proportion of
current loads on each component relative to the total current load is
missing. As illustrated in Figure 17, it can be found the side plane
nets bear the highest proportion of current load, accounting for
24.3% of the total force exerted on the semi-submersible. This is
followed by the pontoons and the thick columns, which account for

Ldb5

Incoming flow direction

—

v

Ldbl

FIGURE 16

10.3389/fmars.2025.1557985

18.7% and 13.8% of the total current load, respectively. The middle
cross braces bear the smallest proportion, at only 3.7%. A
comparison between the current loads exerted on the side plane
nets and the bottom plane nets reveals that the force exerted on the
side plane net is 2.4 times greater than that on the bottom plane
nets. It indicates that the side plane nets bear a significantly higher
current load, making its safety more critical. The primary function
of the bottom plane nets is to prevent fish from escaping, thereby
maintaining the overall integrity of the truss net cage. Compared
with the side nets, the presence of the bottom net can also aggravate
the fluctuation of current speed, forming a large area of low current
speed at the bottom of the culture platform (Figure 18). The
pontoons and columns bear substantial hydrodynamic loads,
second only to the side plane nets, suggesting that the structural
strength of these components should be reinforced. In contrast, the
braces, namely lower diagonal braces, lower cross braces, middle
diagonal braces, and middle cross braces, experience relatively
smaller current loads. Their primary function is to connect
various components, transmit loads, and ensure the overall
stability of the structure, which cannot be ignored.

As reported by Liu et al. (2021), in the condition of an incident
current speed of 0.2204 m/s, the current speed decreased by 38.57%
at a distance of 1.0D downstream from the truss net cage. Owing to

Lcb4

/chl

Incident current direction and braces arrangement, such as lower diagonal braces and lower cross braces
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FIGURE 17

The proportion of current load exerted on components to the total current load exerted on the truss net cage.
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the blocking consequence of the truss net cage on the current,
multiple low-current speed areas appear inside and downstream of
the truss net cage (Figure 19). As for the current load, the forces
exerted on the downstream side, such as Spn8, P5, Tkc5, are 76.3%,
48.3% and 54.2% of the force exerted on the upstream side, namely
Spnl, P1, Tkcl, and reduced by 23.7%, 51.7%, and 45.8%,
respectively (Figure 20). The current load attenuation is basically
above 20% for the components of the truss net cage. It is
acknowledged that the blocking consequence of the truss net cage
on the current speed leads to a significant decay in the current loads
on the downstream side plane nets, pontoons, columns and braces.
Additionally, it is observed that the current loads on the bottom
plane nets (Bpnl and Bpn16) and lower diagonal braces (Ldb1 and
Ldb16) are relatively small. The phenomenon is attributed to the
structural arrangement at certain angles to the incident current
direction, resulting in a reduced projected area along the incident
current direction and consequently lower current loads. Therefore,

the primary reasons for the decay in current loads exerted on the
components of the truss net cage are two aspects: (1) the blocking
consequence of the truss net cage on the current speed, causing a
decay in current speed (Figure 19), and (2) the projected area of the
truss net cage components in the direction of the incident
current (Figure 16).

In addition, the present section also discusses an intriguing
issue is that the direction of tilt experienced by the truss net cage in
the current. It is well-known that under the impact of current or
during towing operations, the truss net cage may tilt, and when the
tilt exceeds a safe angle, it can lead to fish escaping. The tilting of the
truss net cage involves the consideration of torque. Thus, the
present study investigates the changes regarding torque at
working draught conditions to determine the direction of the
platform’s tilt in current. As illustrated in Figure 21, the changing
trend of the torques generated by current loads around the center of
the truss net cage without mooring conditions is described. When
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FIGURE 19
The distribution of current speed inside and around the truss net cage.
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The torque generated by the current force exerted on the semi-submersible truss fish cage.

considering only current forces, selecting a center point near the
bottom pontoon results in a positive torque, indicating a clockwise
rotation and a tilt towards the downstream side. Conversely,
selecting a center point near the water surface results in
counterclockwise torque, indicating a tilt towards the upstream
side. When the center point is between 0.18 m and 0.19 m, the
torque generated by the current loads is near zero, and the truss net
cage reaches a state of equilibrium. It is important to note that this
study only considers torque generated by current forces. In practical
engineering applications, the truss net cage is subjected not only to
current forces but also to wave forces, mooring forces, and
gravitational forces. Therefore, calculating the direction and
magnitude of platform tilt becomes more complex. During the
design and evaluation, we can try to concentrate the force generated
by external loads at the position where the torque is zero. This can
reduce the tilt angle of the truss net cage and reduce the risk of
equipment on the truss net cage being damaged and fish escaping by
crossing the platform. In summary, while this study provides
insights into the tilting behavior of the truss net cage under
current forces, further research is needed to comprehensively

Frontiers in Marine Science

understand the influence of additional forces in practical
engineering to accurately predict and mitigate potential tilting
and its associated risks.

5 Conclusions

The present study utilizes computational fluid dynamics
methods and porous media theory to analyze the distribution of
current loads exerted on various components of a semi-submersible
truss fish cage. The topic has not been previously addressed in the
literature, making it a novel and intriguing area of investigation.
Thus, the present research quantifies the current loads exerted on
the plane nets, pontoons, columns, and braces, and assesses the
torques induced by these forces on the truss net cage in current. The
main findings are outlined below:

1. The drag force exerted on the side plane nets of the

upstream side (Spnl and Spnl6) experiences the greatest
values, whereas the minimum current load occurs on the
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side plane nets oriented perpendicular to the current
direction (Spn5 and Spnl2). Additionally, the maximum
current load on the bottom plane nets does not occur at
Bpnl and Bpnl6, but rather at Bpn2 and Bpnl5, with the
minimum current load observed on the downstream side. It
is indicated that the current load exerted on the side plane
nets is considerably higher than that on the bottom plane
nets. Nevertheless, the bottom plane nets are essential for
preventing fish escape.

. The drag force on the pontoons and columns is highest on
the upstream side. The minimum force on the pontoons
and thick columns occurs downstream, while for the thin
columns, it is perpendicular to the current direction.
Additionally, the current load on the lower diagonal
braces is lowest on the upstream side and highest
perpendicular to the incident current direction. The
maximum current load on the lower cross braces, middle
diagonal braces, and middle cross braces occurs on the
upstream side, while the minimum force is observed
perpendicular to the incident current direction.

. By quantifying the drag forces exerted on the plane nets,
pontoons, columns, and braces, it is evident that the side
plane nets bear the greatest current load (24.3%), followed
by the pontoons and thick columns (18.7% and 13.8%,
respectively). The current load exerted on the middle cross
braces is the smallest, at 3.7%. Furthermore, we found that
the decay regarding the projected area of the components in
the coming current direction and the attenuation of current
speed are two significant factors influencing the decrease in
current load. In addition, considering the phenomenon of
the semi-submersible truss fish cage tilting in the current,
the torque exerted by the current loads exerted on the truss
net cage is studied in detail. The results indicate that, only
considering the current forces, the truss net cage tilts
downstream when the torque center is located at the
bottom pontoons. Conversely, the truss net cage tilts
upstream when the torque center is near the free water
surface. The truss net cage remains relatively balanced
when the torque center is positioned at 18-19 cm along
the depth direction.

The present study only considers the distribution of drag force
exerted on various components of the truss net cage in the current,
without accounting for the consequences of wind or waves on the
current load distribution. This limitation represents a shortcoming
of the current research. In practical engineering applications, the
combined consequences of wind, waves, and currents have a
significant impact on the safety of net cage structures, particularly
regarding strength-related damage, which cannot be ignored. The
present study serves as a foundation for understanding
hydrodynamic forces. In future research, we will focus on the
truss net cage under the influence of wind, waves, and currents,
including strength analysis of components such as the truss
structure, netting, and mooring systems, to achieve optimized
structural design and improvement.
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