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To address the limitations of existing studies that neglect sediment feedback and thus
underestimate the complexity of the flow field, this study develops a three-dimensional
hydrodynamic model for aquaculture cages that couples a porous-media representation
of netting with a two-way discrete-phase model for sediment transport. Unlike
traditional single-factor simulations, this work systematically evaluates three interaction
scenarios: netting-only, netting-fish coupling, and netting-fish-sediment multi-factor
coupling, thereby revealing key nonlinear hydrodynamic mechanisms that have not been
reported before. The results demonstrate that sediment particles induce a distinct
momentum-feedback-driven “local re-acceleration zone” downstream of the cage,
increasing turbulent kinetic energy by 13.2% and reducing wake velocity attenuation by
6-8%. These findings confirm that sediment-fish—netting interactions significantly
modify wake shear structures and must be accounted for to ensure accurate flow
prediction. This study provides new mechanistic insights into multi-factor
hydrodynamics and a refined modeling framework to optimize cage design, enhance
water exchange, and support sediment management in intensive mariculture.

INTRODUCTION

With the continuous growth of global demand for high-
quality aquatic products, marine aquaculture has become
an increasingly important component of the fisheries pro-
duction system. Larimichthys crocea (large yellow croaker),
one of China’s most important endemic economic fish
species, is widely cultivated due to its high nutritional
value.! In recent years, deep-sea cage aquaculture has
gradually emerged as the dominant farming mode.23 How-
ever, aquaculture cages are not merely physical enclosures;
their hydrodynamic environment directly controls water
exchange, oxygen supply, and waste dispersion, thereby af-
fecting fish health and production efficiency%>

Previous studies have shown that aquaculture cages, as
porous and flexible structures, significantly alter surround-
ing flow fields. Flow passing through cage nets experiences
viscous and inertial resistance, resulting in velocity atten-
uation and the formation of wake and turbulence zones.®
7 Aarsens? first established an empirical formula describing
flow velocity attenuation through physical experiments.
Klebert et al.? reported that the internal flow velocity
within deep-sea cages could be approximately 10% lower
than that of the ambient current. Patursson et al.l0 found,

through both experimental and numerical studies, that flow
velocity could decrease by 30-60% after passing through
cage nets, with the solidity ratio and inflow velocity iden-
tified as key influencing factors. Similarly, Solstorm!! con-
ducted field measurements in four Norwegian fish farms
and observed velocity reductions ranging from 33% to 64%
after the flow traversed the cages. Furthermore, Turner et
al.12 demonstrated through physical modeling experiments
that square-shaped cages result in greater downstream ve-
locity reduction and generate a more evident wake region.
For cultured fish, an appropriate hydrodynamic environ-
ment exerts a dual influence. On the one hand, a moder-
ate current velocity enhances swimming activity, improves
metabolic efficiency and immune response, and thereby
promotes healthy growth.!314 On the other hand, exces-
sively strong currents increase energy expenditure, induce
stress responses, and reduce feeding efficiency.!>16 Con-
versely, when the flow velocity is too low, water exchange
within the cage becomes insufficient, leading to the ac-
cumulation of uneaten feed and metabolic waste, dete-
rioration of the seabed, and eutrophication of the water
body.17:18 Therefore, an optimal hydrodynamic condition
must achieve a balance—ensuring effective water renewal
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and oxygen supply while maintaining fish comfort and
physiological well-being.

Beyond the influence of cage structure itself, the behav-
ior of fish schools and the transport of particulate mat-
ter—including uneaten feed, metabolic by-products, and
suspended sediments—also play crucial roles in shaping the
hydrodynamic environment. Gansel et al.# demonstrated
that fish swimming induces localized flow disturbances, al-
tering the velocity distribution and turbulent structure
within the cage. Michelsen et al.1? further noted that higher
fish stocking densities intensify flow resistance, enhancing
blockage effects. Meanwhile, it was found that the diffusion
of residual feed and organic particles is closely related to
internal flow velocity; under low-flow conditions, these
particulates tend to settle, increasing the risk of benthic
degradation.20 In nearshore aquaculture areas, sediment
transport similarly modifies the local hydrodynamic
regime,20.21 thereby influencing nutrient cycling and envi-
ronmental stability within the farming system.

In recent years, advances in computational fluid dynam-
ics have provided new approaches for investigating cage
hydrodynamics. Because cage nets are composed of small-
scale, flexible filaments, direct geometric modeling incurs
high computational costs. Tsukrov et al. proposed using
the porous media model to represent net resistance equiv-
alently, significantly reducing computational demand. Sub-
sequently, Zhao et al.22 and Bi et al.23 successfully applied
combined porous-media formulations to reproduce flow-
field characteristics consistent with experimental observa-
tions. In China, Bortoletti et al.24 and Huang et al.25 em-
ployed both physical modeling and numerical simulation
to explore the hydrodynamic behavior of Larimichthys cro-
cea cages. More recently, research has expanded to include
multi-cage arrays, variable cage arrangements, fish-in-
duced turbulence, and sediment-flow coupling, providing
deeper insights into the multifactor interactions that gov-
ern hydrodynamic performance.26:27

In summary, existing studies have clarified the role of
cage structures in flow attenuation and wake formation,
and have separately investigated the effects of fish behavior
and particulate transport. However, most studies focus on
single-factor or simplified conditions, and a systematic un-
derstanding of multi-factor interactions remains lacking.
Specifically, it is still unclear how fish-induced blockage in-
teracts with sediment-fluid momentum exchange to influ-
ence wake recovery, velocity redistribution, and turbulent
structures in cage systems. Moreover, the relative contri-
butions of these factors across different spatial scales (e.g.,
single cage versus cage arrays) have not been quantita-
tively evaluated. Therefore, a comprehensive investigation
of coupled netting-fish-sediment effects is required to rep-
resent realistic aquaculture conditions better and improve
the predictive capability of hydrodynamic models.

MATERIALS AND METHODS

GOVERNING EQUATIONS

The Realizable k-¢ turbulence model is widely applicable
and robust, demonstrating superior predictive capability in
flows with strong pressure gradients. In the case of flow
passing through and around cage nets, significant pressure
differentials are generated between the inner and outer re-
gions of the cage due to the blocking effect of the net pan-
els. Therefore, the Realizable k-£ model was selected as the
most suitable approach for analyzing the hydrodynamic be-
havior of aquaculture cages.28:29

The fundamental governing equations utilized in this
model are expressed as follows:

Continuity equation:

dp  O(pui)
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Momentum Equation:
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In the momentum equation, t denotes time, while p and
represent the dynamic viscosity and density of the fluid, re-
spectively. The term pt corresponds to the turbulent viscos-
ity. The pressure p is given by the following relation:

2
P=p+ <k (3)

In the above formulation, p denotes the static pressure,
while k corresponds to the turbulent kinetic energy. The
mean velocity components along the three Cartesian axes
(%, v, z) are defined as u¢® and u® (i,j = 1,2,3). The gravi-
tational acceleration component is represented by g, and
S<& denotes the source term appearing in the momentum
equation. Outside the porous region, S& vanishes, whereas
inside the porous medium it is evaluated according to the
following expression:

1
S; = — (Dij/.l,’u, + C,]5p|u|u> (4)
Where Dij and Cij are defined by:
D, 0 0 C, 0 0
Dj=10 D¢ 0], Ciij=10 C; 0 (5)
0 0 Dt 0 0 Ct

The terms Di]- and C& < represent the viscous and inertial
resistance tensors, respectively. Specifically, D& and D&
define the viscous resistance in the normal and tangential
directions, while C& and C<® denote the corresponding in-
ertial resistance components. These resistance parameters
reflect the directional permeability of the porous structure
and are determined empirically by calibrating to the hydro-
dynamic response of the netting material.
Turbulent Kinetic Energy Equation:
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Turbulent Dissipation Rate Equation:

(6)

Israeli Journal of Aquaculture - Bamidgeh 37



Hydrodynamic Analysis of Aquaculture Net Cages Under Coupled Netting-Fish-Sediment Interactions

O(peu;

(pEU) :i /Jf_F& ﬁ +p01S6

0x; Oz o. ) Ozx; @)

e? €
— pCy————= + C1.—C3.Gp + S;
p 2k+\/1/_€ 1e - Caelrp
k
C, = max [0.43, 17+L5] R 7):,5,‘Zy S = 1/28:;8;; (8)
1 aul 8Uj

Here, G represents the production of turbulent kinetic en-
ergy due to the mean velocity gradient. For modeling in-
compressible flows without thermal fluctuations, the buoy-
ancy term G, and the compressibility term YM can be
neglected, i.e.,G,=0 and Y,=0. The constants C,, C;,, and
Cs, are empirical coefficients; Here, S denotes the magni-
tude of the mean strain-rate tensor, while o, and o are
the turbulent Prandtl numbers associated with k and &, re-
spectively. S, and S, represent user-defined source terms.
In the realizable k-& turbulence model, the empirical con-
stants are set as follows: C;; = 1.44, C, = 1.9, g, = 1.0, and
o= 1.2.

In this study, the Realizable k-& turbulence model is
adopted to simulate the flow field around the aquaculture
cages. Previous studies have shown that this model exhibits
good numerical stability and computational efficiency in
problems involving porous structures, separated flows, and
shear flows, and has been widely used in hydrodynamic
simulations of cages and fishing gear (e.g., Patursson et
al.10; Zhao et al.22; Bi et al.23:30), Compared with the RNG
k-¢& model, the Realizable k—& model offers better numer-
ical stability for strongly shear-driven and rotating flows,
and shows superior convergence in engineering-scale simu-
lations. Given that the present study focuses on large-scale
cage arrays and multi-factor coupled flow problems, in-
volving a relatively large computational domain, and given
the primary interest in the overall flow field distribution
and wake evolution characteristics, the Realizable k-¢&
model—being computationally efficient and extensively
validated—was preferentially selected.

POROUS MEDIA RESISTANCE COEFFICIENT

The porous media model Xu et al.3! and Liu et al.32 de-
scribes the motion of fluid within a porous region through
empirically determined flow resistance parameters. For
fluid passing through a porous structure, the hydrodynamic
force acting within the control volume is formulated as:
F=S;\B (10)
In this context, S; denotes the momentum source term, A
represents the porous layer thickness, B the corresponding
cross-sectional area, and F; the hydrodynamic force com-
ponent in direction i. The source term in Equation (10) de-
scribes the additional resistance per unit volume. Its vol-
ume integral yields the total force on the netting, which can
be decomposed into drag and lift forces to establish a cor-
respondence with classical hydrodynamic coefficients.

By inserting Equation (4) into Equation (10), the drag
F; and lift F; acting on the planar net are derived, with F;
aligned with the incoming flow and Fl acting in the normal
direction.

= Mosh bar langth

9
5

Figure 1. Bar length and twine arrangement of the net
panel structure.

Substituting Equation (3) into Equation (8) yields the
formulae for calculating the planar net resistance F; and
the lift force F,. Here, the resistance F,; acts parallel to the
flow direction, while the lift force Fl is perpendicular to it.

P = <Dn,m + Cn%p|u|u) AB (11)

1

The porous media coefficient is different from C, and C;;
the former describes the resistance per unit volume, while
the latter characterizes the overall dimensionless force.
Typically, based on force equivalence, model parameters
are fitted using experimental or velocity attenuation data to
ensure that the numerical results are consistent with real-

ity.
DETERMINATION OF NET DRAG COEFFICIENTS

By applying the least squares method to model test data,
Patursson et al.10 derived the porous media coefficient re-
lations for nets normal to the flow, incorporating an empir-
ical formula:
D, = 1.11 x 10752 + 2.26 x 1052
D; =3.97 x 10°S? + 1.33 x 10%8,,
C, = 70.282 +13.25,
C; = 31.952% + 6.93S,
In these equations, S, represents the net solidity, given by
S,=2R/b, where R is the twine diameter and b is the bar
length. The unit cell configuration of the net is illustrated
in Figure 1.

In this study, the fish cage was idealized as a simplified
structure comprising five net panels uniformly arranged on
a square framework. The hydrodynamic behavior of a single
cage was simulated by assigning porous-media parameters
to each net panel under different flow incidence angles. A

(13)
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(a) Plan View of the Cage Model

- Cage

(b) Elevation View of the Cage Model

Figure 2. Schematic of the simplified cage model

schematic illustration of the cage geometry and its simpli-
fied computational model is shown in Figure 2.

DISCRETE PHASE MODEL

The Discrete Phase Model33:34 is suitable for the two-phase
flow problem in this study, as the volume fraction of the
discrete phase remains below 10%, ensuring its applicabil-
ity. Within this framework, individual particles are tracked
using a Lagrangian formulation, while the continuous fluid
phase is resolved through an Eulerian approach by solving
the Navier-Stokes equations. This combination enables a
two-way coupling between the fluid and particle phases
through momentum exchange. The motion of each particle
is obtained by integrating the force differential equation
in the Lagrangian reference frame. The particle’s force bal-
ance, where its inertia equals the total forces acting upon
it, can be expressed in Cartesian coordinates as:

du, 9x(pp — P)
—? _ Fp(u— = T LF
= p(u — up) + o + Fx
Where FD is the drag coefficient, which can be calculated

by:

(14)

Fp = 18u CpRe (15)
ppd?j 24
In this formulation, u denotes the fluid velocity, U, is the
particle velocity, u represents the dynamic viscosity of the
fluid, p and p, are the fluid and particle densities, respec-
tively, dp is the particle diameter, and Re refers to the par-
ticle Reynolds number, which is defined as:
pdplup — u|
n

Where Cp is the drag coefficient, which can be expressed by
the following relation:

Re = (16)

(c) Schematic Representation of the Cage Simplified as a Porous Media Model

(d) Sel d as a Porous Media Model

ion of the Cage Simpl

as
Cp = 22
D=1+ ot he

For spherical particles, the empirical coefficients a;, a5, and
az in the correlation are considered constants within a spe-
cific Reynolds number range.

t
Xp(t) = Xpo +/ u,(t)dt
to

Where x*po* denotes the initial position of the particle, and
to represents the initial time, respectively.

The discrete phase model is applicable to particle-laden
two-phase flows at low volume fractions, assuming negli-
gible interparticle interactions and that particle motion is
primarily governed by fluid forces. Based on this, the sed-
iment is treated as a dilute discrete phase in this study,
considering only momentum exchange with the continuous
phase.

(17)

(18)

BOUNDARY CONDITIONS AND NUMERICAL METHODS

In the numerical setup, a velocity inlet boundary condition
was imposed at the upstream boundary of the external do-
main, while an outflow condition was applied at the down-
stream boundary to maintain mass conservation and en-
sure a realistic pressure field. The lateral boundaries were
defined as symmetry planes to minimize lateral confine-
ment effects, and the bottom boundary was modeled as
a no-slip wall to represent viscous interactions with the
seabed. The top surface was treated as a stress-free wall,
mimicking the hydrodynamic characteristics of an open sea
surface.

For the porous media regions, a porous jump boundary
condition was employed to represent the flow resistance
equivalent to that imposed by the net panels. In Fluent,
anisotropic resistance is achieved by setting direction-de-
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Table 1. Drag and Lift Coefficients of the Net Panel

Experiment Simulation
Drag Coefficient 0.29 0.30
Lift Coefficient -0.01 -0.01

pendent resistance coefficients for the porous medium. In
the Discrete Phase Model calculations, the particle-bound-
ary interaction at the bottom was defined as a “trap” con-
dition, simulating the deposition process of sediment or
other particulate matter.

The particle phase was tracked using a Lagrangian ap-
proach, while the fluid phase was solved via an Eulerian
framework. The motion of particles is influenced by fluid
velocity, pressure, and turbulence. Concurrently, particles
exert a reciprocal effect on the fluid phase, primarily
through momentum exchange, turbulence modulation, and
energy transfer, thereby modifying the continuous phase
flow behavior. To accurately capture these fluid-solid inter-
actions, a two-way coupling approach was adopted in the
solution.

Flow velocities were recorded at four measurement
points located both upstream and downstream of the net
panel. These data were used to determine the drag coef-
ficient C, and lift coefficient C; of the net. A comparison
between the numerical predictions and experimental mea-
surements is summarized in Table 1. The simulated results
show strong consistency with experimental observations,
with deviations remaining within acceptable error margins.
This confirms that the porous media model effectively re-
produces the hydrodynamic behavior of the net panel and
cage structure, providing a reliable foundation for further
flow field analysis of aquaculture cages.

This study adopts a steady-state numerical simulation
approach, which does not involve a physical time-marching
process. Convergence is determined during the computa-
tion using dual criteria of residuals and monitored quan-
tities: the calculation is considered converged when the
residuals of the continuity equation, momentum equations,
and turbulence equations all drop below 1073, and the ve-
locity variations at typical monitoring points inside the
cage and in the wake region become stable. Convergence
is typically achieved after approximately 2400 iterations. In
the discrete-phase calculation, a two-way coupling method
is used to account for particle-fluid interactions. The con-
tinuous-phase flow field and particle-phase motion are up-
dated alternately until both phases reach steady state, en-
suring the reliability of the numerical results.

MODEL VERIFICATION AND VALIDATION

The numerical model was validated against experimental
data from Patursson et al. for a single net panel. The com-
parison is shown in Figure 3. A numerical flume measuring
35 m in length, 4 m in width, and 4 m in depth was used.
Bi et al.30 tested three porous media thicknesses: 5 mm, 10
mm, and 50 mm. Results showed that thickness has little
effect on the simulation. Therefore, a 50 mm thickness was
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Figure 3. Model and measurement points

chosen for the net porous media. This selection balances
accuracy and grid size. The twine diameter was 2 mm, and
the bar length was 0.028 m. The x-, y-, and z-axes represent
the streamwise, transverse, and vertical directions, respec-
tively. A uniform inflow velocity of U = 0.5 m/s was applied
at the inlet.

Flow velocities were measured at four monitoring points
upstream and downstream of the net panel. These values
were used to calculate the drag coefficient C,, and lift coef-
ficient C; of the net. A comparison between the simulated
results and existing experimental data is presented in Table
2. The results indicate that the numerical predictions are in
good agreement with the experimental measurements, with
discrepancies falling within acceptable limits. This demon-
strates that the porous media model reliably captures the
flow characteristics around the net panel and the cage
structure, thereby providing a sound theoretical basis for
subsequent hydrodynamic analysis of the cage system.

The validation conditions in this study use a uniform in-
coming flow with the netting arranged vertically, aiming to
calibrate the porous media model’s ability to characterize
the netting’s basic resistance characteristics. These condi-
tions enable accurate determination of the netting’s normal
resistance, providing fundamental parameters for complex
scenarios. The effects of multiple cages, fish bodies, and
sediment primarily alter the local flow-field distribution
and momentum-exchange processes, without changing the
dominant resistance mechanism of the netting. Therefore,
the parameters obtained under these conditions can rea-
sonably support numerical simulations under multi-factor
coupled scenarios.
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Table 2. Grid independence test results for the computational domain

Mesh Scheme Minimum Cell Size (m) Number of Grid Cells Velocity at Monitoring Point (m/s)
Coarse 0.020 1,596,000 0.4365
Medium 0.017 3,196,000 0.4371
Fine 0.012 5,696,000 0.4372

Figure 4. Aquaculture Net Cage

RESULTS

NUMERICAL SIMULATION OF LARGE YELLOW CROAKER
AQUACULTURE NET CAGE

DESCRIPTION OF THE NET CAGE CASE

Based on the prototype of a large yellow croaker aquacul-
ture farm located offshore of Ningbo, a geometric and envi-
ronmental model of the net cage was developed for numer-
ical computation. According to field survey data, As shown
in Figure 4, the cage structure is square-shaped, measur-
ing about 9 m on each side and 4.8 m in height. It is con-
structed using knotless polyethylene netting composed of
2 mm diameter twine with a mesh bar length of 0.028 m.
From these parameters, the net solidity is calculated as S =
0.143, and the porosity is approximately 0.82. The stock-
ing density is about 9 fish/m3, with an average body weight
of approximately 0.5 kg per large yellow croaker during the
spring season. To match the actual structural layout, the
numerical flume was configured with a length of 150 m, a
width of 30 m, and a depth of 30 m. The net cage is posi-
tioned at the center of the flume, with its center located ap-
proximately 34.5 m from the inlet boundary, ensuring fully
developed flow conditions at the cage site.

The study area is located in the offshore aquaculture
zone near Ningbo, Zhejiang, characterized by a typical sub-
tropical monsoon climate. The region is influenced by both
the coastal currents of the East China Sea and surface cir-
culation. The average water depth ranges from 20 to 25 me-
ters, with seabed sediments dominated by silty clay mud.
The suspended sediment grain size measures approxi-

mately 60-100 um. Field measurements indicate that tidal
dynamics in the area are primarily semidiurnal. The flood
and ebb currents mainly follow a northeast-southwest di-
rection, with flow velocities ranging between 0.3-0.7 m/s.
A representative inflow velocity of 0.5 m/s was selected for
this study. The mean annual water temperature is approx-
imately 20.5°C, with salinity varying between 27-31 PSU.
The resulting seawater density ranges from 1023 to 1026
kg/m3.

MODELING, MESHING, AND SIMULATION

The cage structure was modeled using the DesignModeler
module in ANSYS, while the 3D geometry of the large yel-
low croaker was imported from SolidWorks. An unstruc-
tured tetrahedral mesh was employed. The porous media
region representing the net panel was discretized with the
minimum element size. The mesh size was then gradually
increased inward and outward from this region with growth
rates of 1.1 and 1.2, respectively. The surface of the large
yellow croaker model was meshed,3° while its internal vol-
ume was not. In the present study, fish bodies are simplified
as stationary rigid structures with no-slip wall boundary
conditions. This treatment aims to represent the macro-
scopic blockage effect and additional flow resistance in-
duced by fish biomass, which are the dominant mechanisms
affecting cage-scale hydrodynamics. Although real fish ex-
hibit active swimming behavior, including tail-beat-in-
duced turbulence and schooling dynamics, previous experi-
mental and numerical studies have shown that, at the scale
of aquaculture cages, the overall hydrodynamic effect of
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Figure 5. Schematic Diagram of the Local Mesh for the
Net Cage

fish schools can be reasonably approximated as an equiva-
lent resistance or momentum sink.19:30,35

A grid independence study by Zhang et al.3 was con-
ducted using three mesh configurations with minimum el-
ement sizes of 0.025 m, 0.020 m, and 0.017 m. The results
showed that reducing the element size from 0.020 m to
0.017 m caused less than a 1.8% change in the average flow
velocity inside the cage and less than a 2.3% difference in
the maximum velocity within the wake region, indicating
satisfactory convergence. Consequently, the mesh with a
minimum element size of 0.017 m was selected for the final
simulations to balance computational accuracy and effi-
ciency. A detailed view of the local mesh is presented in
Figure 5.

The inlet boundary was set as a velocity inlet with a flow
velocity of 0.50 m/s and a turbulence intensity of 5%. The
fluid density was set to 1025 kg/m3, and the dynamic vis-
cosity was 1.08x1073 Pa-s. When simulating sediment ef-
fects, the Discrete Phase Model was activated with two-way
coupling. The sediment density was set to 2650 kg/m> with
a particle diameter of 100 ym, and the injection flow rate
was 5x107¢ kg/s. Particles were injected at the fluid inlet
boundary. A mixed “Trap” and “Reflect” condition was ap-
plied to the cage and bottom boundaries to simulate the
processes of partial deposition and resuspension.

ANALYSIS OF SIMULATION RESULTS

EFFECT OF NET PANELS ON THE HYDRODYNAMIC
PERFORMANCE OF THE CAGE

Figure 6 presents the flow field distribution cloud map con-
sidering only the effect of the net cage, with the black dot-
dash line indicating the spatial position of the cage. Re-
garding the overall distribution characteristics, the flow is
significantly obstructed as it passes through the cage, ex-
hibiting typical leading-edge deceleration and wake atten-

uation features. Due to the flow resistance imposed by the
net panels, a localized velocity reduction zone forms up-
stream of the cage, with notably weakened internal flow ve-
locity. A large-scale wake attenuation zone develops down-
stream, accompanied by a certain degree of flow
recirculation. Simultaneously, influenced by flow-around
effects, the velocity increases markedly along the sides of
the cage, forming clearly visible localized acceleration re-
gions.

Analysis of the velocity components reveals a distinct
three-dimensional flow pattern inside the cage. The max-
imum transverse velocity V.. occurs on the sides of the
cage, accelerating to 0.0224 m/s, which is approximately
4.48% of the incoming flow velocity Uj. The maximum ver-
tical velocity W .. appears beneath the cage, reaching
0.041 mys, or 8.2% of Uj. This indicates that the drag force
of the net panels not only alters the streamwise velocity
distribution but also induces significant transverse and ver-
tical flow disturbances.

The variation curve of the streamwise velocity U is
shown in Figure 7 and Tables 3-5. In the flow direction, the
velocity gradient is greatest at the cage edges (Y/D=0.5, Z/
H=-0.5), indicating intense local shear effects. After pass-
ing through the cage, the flow velocity decreases sharply,
dropping to a minimum of 0.41 m/s inside the cage, which
is about 82% of the incoming flow velocity. The wake then
begins to recover, gradually approaching the incoming flow
velocity at approximately 2 cage diameters downstream.

Observing the transverse direction (y-direction), the
streamwise velocity at the cage center decreases to 0.44 m/s
(about 88% of Ug), while it accelerates to 0.51 m/s (about
1.02 Uy) on the sides due to the flow-around effect, demon-
strating a clear velocity stratification. Along the vertical di-
rection (z-direction), the velocity gradually decreases from
1 m below the cage to the cage bottom, reaching a mini-
mum of 0.16 m/s at the bottom (about 32% of Uy). The ve-
locity attenuation is more pronounced closer to the cage
center. After the fluid passes through the cage, the velocity
gradually recovers, approaching the incoming flow velocity
again at 1 m above the cage top.

The wake attenuation range simulated in this study
closely corresponds to the numerical and experimental re-
sults reported by Zhao et al.22 further confirming the ap-
plicability and accuracy of the porous media model in net
panel flow analysis. Xu et al.3! demonstrated that the local
resistance distribution of netting is strongly correlated with
turbulent flow structures and significantly affects wake ve-
locity recovery. Meanwhile, Zhao et al.22 observed a veloc-
ity reduction of approximately 15-25% inside cages under
comparable Reynolds number conditions, which aligns well
with the patterns identified in our study.

Beyond confirming existing knowledge, this work pro-
vides new insights into the detailed vertical velocity distri-
bution within the cage. The results reveal that net panel re-
sistance not only attenuates flow in the main streamwise
direction but also enhances local vertical flows and redis-
tributes energy, generating fine-scale vortex structures and
shear-induced stratification in the downstream region.
These findings highlight the continued advantage of the

Israeli Journal of Aquaculture - Bamidgeh 42



Hydrodynamic Analysis of Aquaculture Net Cages Under Coupled Netting-Fish-Sediment Interactions

Length
&7 A
& Top: Zero Shear Wall
.
Height Side Wall: Symmetry Wall Computational Model e
Velocity Inlet
L )
it Bottom: No-Slip Wall
Figure 6. Schematic of the experimental model considering only the netting
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Figure 7. Variation of the streamwise velocity U along different directions
Table 3. Streamwise Velocity in the X-Direction(m/s)
Monitoring Line -18m -9m Om 4.5m 9m 18m
Y/D=0,Z/H=-0.5 0.512 0.493 0.471 0.436 0414 0.381
Y/D=0.5,Z/H=-0.5 0.513 0.494 0.47 0.436 0.391 0.373
Y/D=0.25,Z/H=-0.5 0.51 0.495 0.472 0.371 0.415 0.383
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Table 4. Streamwise Velocity in the Y-Direction(m/s)

Monitoring Line -5m Om 4.5m 9m 14m
Y/D=0, Z/H=-0.5 0.512 0.338 0.437 0.511 0.506
Y/D=0.25,Z/H=-0.5 0.513 0.472 0.442 0.517 0.508
Y/D=-0.25,Z/H=-0.5 0.512 0.326 0.425 0.508 0.507
Table 5. Streamwise Velocity in the Z-Direction(m/s)

Monitoring Line -3m Om 2.4m 4.8m 8m
Y/D=0, Z/H=-0.5 0.511 0.162 0.437 0.433 0.513
Y/D=-0.25,Z/H=-0.5 0.511 0.168 0.442 0.440 0.514
Y/D=0.25,Z/H=-0.5 0.511 0.228 0.425 0.420 0.512

porous media model in resolving three-dimensional flow
features and suggest its novel application value for quanti-
tatively characterizing local flow disturbances around aqua-
culture cages.

These findings collectively demonstrate that net panels
are a critical structural element governing cage hydrody-
namics, with their geometric parameters directly determin-
ing wake velocity distribution and turbulence intensity
variations. The numerical approach employed here enables
quantitative analysis of flow variations in different regions
around the cage, providing fundamental data for subse-
quent investigations into fish behavior interactions and
sediment transport processes.

COUPLED EFFECTS OF LARGE YELLOW CROAKER ON
CAGE HYDRODYNAMICS

Figure 8 illustrates the three-dimensional flow field distri-
bution under the combined influence of fish and the cage
structure, with the black dot-dash line indicating the cage
position. The numerical results show that the overall flow
pattern remains broadly consistent with the net-only case,
exhibiting distinct wake effects and velocity attenuation
zones. However, due to the additional drag imposed by the
individual fish, the fluid experiences further kinetic energy
loss when passing through the cage, resulting in more sig-
nificant velocity attenuation inside and downstream of the
cage, as well as increased complexity in the flow structure.

Specifically, the maximum transverse velocity
Vinax=0-035 m/s, representing about 7% of the incoming ve-
locity Uy, while the maximum vertical velocity W ,,.=0.050
m/s, accounting for 10% of U,. Compared to the net-only
scenario, the inclusion of fish bodies introduces noticeable
fluctuations in the velocity distribution inside the cage and
enhances local vortex structures.

Figure 9 and Tables 6-8 present comparative profiles of
the streamwise velocity through the cage center. The veloc-
ity inside the cage decreases to 0.41-0.42 m/s, correspond-
ing to 82%-84% of Uj, with a wake attenuation magnitude
of up to 16% downstream. In the net-only case, the wake
velocity recovered to about 98% of Uy, at approximately 6
cage diameters downstream. However, when large yellow

croakers at 5% of the actual stocking density are included,
the velocity at the same location only recovers to 0.96U,
indicating that the presence of fish significantly prolongs
the wake recovery distance.

Along the y-direction, the arrangement of fish induces
periodic fluctuations in the streamwise velocity within the
central region of the cage, where the local velocity drops
to a minimum of 0.42 m/s, or about 0.84U. In the z-di-
rection, velocity attenuation near the bottom is particularly
pronounced. Without fish, the minimum velocity was about
55% of Uy, which further decreases to 68% when fish are
added, indicating inhibited fluid exchange near the seabed.

Compared with the findings of XU et al.3! and Patursson
et al.10 the wake attenuation patterns observed in this
study are generally consistent: the combined resistance of
the cage structure and fish collectively attenuates the in-
coming flow kinetic energy, intensifies local turbulent
structures, and extends the length of the wake recovery re-
gion. However, the predicted flow velocity attenuation in
this study is slightly stronger, and the wake recovery dis-
tance is longer, attributable mainly to the following three
aspects.

First, differences in fish modeling approaches contribute
to the deviation. This study simplifies the large yellow
croaker as rigid bodies and does not account for the ad-
ditional kinetic energy feedback induced by tail beating
during actual swimming. Existing research indicates that
fish swimming can generate induced flows in local regions,
thereby reducing velocity attenuation in the wake zone.
Second, discrepancies exist in the resistance parameter set-
tings for the net panels. The normal and tangential re-
sistance coefficients selected in this study are taken from
the upper range of measured values, leading to relatively
higher local resistance in the simulation and thus enhanced
flow attenuation. In contrast, the lower solidity conditions
adopted by Tsukrov et al.® and Xu et al.3! result in smaller
resistance coefficients and consequently faster wake recov-
ery. Finally, differences in the turbulence model and incom-
ing flow Reynolds number also affect wake prediction ac-
curacy. This study employs the Realizable k-& turbulence
model, which exhibits strong turbulent dissipation capabil-

Israeli Journal of Aquaculture - Bamidgeh 44



Hydrodynamic Analysis of Aquaculture Net Cages Under Coupled Netting-Fish-Sediment Interactions

' ' 0.
0.50 uu...' Net . ) Net
o.4ed v - & 0.50 ::":::::"""i
0.46 : i
Fl 7 0.45 4
= o 3 2 i
E ' E 0.40 :
2 0.427 ‘ =
0,40 0.35 ‘
0.38 Net |
: Net+Fish 0.304 | Net
0.36 T t T T T T T
20 0 20 40 60 10 0 5 10 1
X ¥
(a) x~dircction (6)y-direction
* ! Bottoman net
0.504 I =] il
0.45 i
0.401 i
i 0.35 4
0.204 :
0.154 ; Net+Fish
8 6 1 |‘i I i € 8 lln 1
Z
(e) z-direction
Figure 8. Variation of the Streamwise Velocity U along Different Directions
Length
) < »
-
i
@“/\// Top: Zero Shear Wall
-
i I
Helght | 4 Side Wall: Symmetry Wall Computational Model Frespure outlet
— L —>
Velocity Inlet
0 ’ 9x9x4.8m
/" Bottom: No-Slip Wall
Figure 9. Flow velocity patterns within and surrounding the aquaculture net cage
Table 6. Streamwise Velocity in the X-Direction(m/s)
Application -18m -9m Om 4.5m 9m 18m
Net only 0.512 0.493 0.471 0.436 0.414 0.381
Fish + Net 0.513 0.492 0.470 0.427 0.403 0.364
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Table 7. Streamwise Velocity in the Y-Direction(m/s)

Application -5m Om 4.5m 9m 14m

Net only 0.512 0.338 0.437 0.487 0.506

Fish + Net 0.507 0.313 0.424 0.483 0.493
Table 8. Streamwise Velocity in the Z-Direction(m/s)

Application -3m Om 2.4m 4.8m 8m

Net only 0.511 0.228 0.425 0.420 0.512

Fish + Net 0.506 0.158 0.422 0.407 0.501

ity in high-Reynolds-number flows, leading to a relatively
slower velocity recovery in the downstream region.

In summary, the simulation results of this study align
well with previous experimental and numerical findings in
overall trends, validating the reliability of the established
coupled model. Moreover, this work provides quantitative
insights into the influence of fish distribution on the inter-
nal vertical flow structure of the cage, revealing that fish
resistance not only enhances local turbulent disturbances
but also generates a wake dominated by energy dissipa-
tion downstream. These findings offer critical theoretical
and practical implications for optimizing stocking density,
improving cage structural design, and enhancing water ex-
change efficiency.

EFFECT OF SEDIMENT PARTICLES ON CAGE
HYDRODYNAMICS

It should be noted that the objective of this study is to
evaluate the incremental effect of sediment under realistic
aquaculture conditions, where fish and netting coexist.
Therefore, the “netting-fish” case is treated as the baseline
condition, and the “netting—fish-sediment” case reflects
the actual environmental scenario. As a result, the influ-
ence of sediment is interpreted as a background-dependent
response rather than an isolated effect. Although a “net-
ting—sediment” case could further separate independent
contributions, its absence does not affect the validity of
the present conclusions regarding flow modification under
practical farming conditions.

When considering the combined effects of fish, cage
structure, and sediment particles, the numerical simulation
results reveal that the flow field exhibits more complex
multiscale coupling, as shown in Figure 10. Overall, the
macroscopic distribution pattern of the flow field remains
dominated by the cage structure. However, the superpo-
sition of the volume-blocking effect from fish bodies and
the momentum feedback effect from sediment particles re-
sults in a more non-uniform velocity distribution inside
and downstream of the cage, with significantly enhanced
turbulent structures.

In terms of velocity component variations, the maximum
transverse velocity V.. is 0.028 m/s, approximately 5.56%
of the incoming flow velocity Uj, while the maximum ver-
tical velocity Wmax reaches 0.235 m/s, accounting for 47%

of Uy. Compared to the scenario considering only the net
panel, the resistance from fish further attenuates the flow
velocity inside the cage, while the presence of sediment
particles, through two-way fluid-particle momentum cou-
pling, locally enhances the re-acceleration phenomenon in
the wake region. This results in a stratified velocity distri-
bution: significant flow reduction in the upper part of the
cage and local flow recovery in the lower sediment settle-
ment zone.

Figure 10 and Tables 9-11 present comparative results
of the streamwise velocity distribution profiles through the
cage center. Compared to the case considering only the
net panel and fish, the inclusion of sediment reduces the
streamwise velocity U inside the cage by approximately
12%-15% overall. However, in the downstream wake region
within about 5-7 cage diameters, local recovery occurs, with
velocity restoring to 98%-99% of the incoming flow veloc-
ity. This recovery is slightly higher than the 96% observed
in the case with only fish and net panel, indicating that sed-
iment introduction alters the momentum distribution and
turbulent dissipation characteristics in the wake region.

The streamwise velocity variation curves through the
cage center were compared with corresponding cases in-
volving only the net panel and the net panel with large yel-
low croaker. It can be observed that the streamwise veloc-
ity distribution when considering fish, sediment, and net
panel together is similar to that of the net panel-only case.
However, the flow velocity downstream of the cage is higher
than in both the net panel-only case and the case with net
panel and fish combined.

This phenomenon is consistent with the findings of Xu
et al.31 and Liu et al.13 both indicating that particles exhibit
significant inertial lag effects in the flow field. Their mo-
mentum feedback can create localized “re-acceleration”
zones in the wake region, leading to a recovery trend in
downstream flow velocity.

Comprehensive analysis reveals three primary mecha-
nisms responsible for the local velocity recovery in the wake
region: Momentum Feedback Mechanism: When sediment
particles enter the low-velocity wake zone, their velocity
lags behind the main flow, significantly reducing the re-
verse drag force on the fluid. This decrease in local resis-
tance induces slight re-acceleration within the wake core
region.Turbulent Redistribution Effect: Sediment particles
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Figure 10. Flow velocity patterns within and surrounding the aquaculture net cage

Table 9. Streamwise Velocity in the X-Direction(m/s)

Application -18m -9m Om 4.5m 9m 18m

Net only 0.512 0.493 0.471 0.436 0414 0.381

Fish + Net 0.513 0.492 0.470 0.427 0.403 0.364

Fish + Net + Sediment 0.512 0.492 0.463 0.425 0.429 0.396
Table 10. Streamwise Velocity in the Y-Direction(m/s)

Application -5m Om 4.5m 9m 14m

Net only 0.512 0.338 0.437 0.487 0.506

Fish + Net 0.502 0471 0.435 0.476 0.498

Fish + Net + Sediment 0.503 0.311 0.427 0.484 0.498
Table 11. Streamwise Velocity in the Z-Direction(m/s)

Application -3m Om 2.4m 4.8m 8m

Net only 0.511 0.228 0.425 0.420 0.512

Fish + Net 0.506 0.158 0.422 0.407 0.501

Fish + Net + Sedimentt 0.508 0.462 0.419 0.453 0471

trigger secondary turbulence within the wake shear layer,
altering the spatial distribution of turbulent energy. This
redistribution concentrates part of the turbulent kinetic en-
ergy back into the mainstream direction, thereby enhanc-
ing velocity recovery capability in the wake region. Density
Difference and Particle Settling Effect: The settling of sedi-
ment particles in the wake region increases local fluid den-
sity in the lower layers, subsequently modifying pressure

gradient distribution. Upper-layer fluids accelerate as they
circumvent these high-density zones, forming localized ve-
locity recovery bands.

This study not only confirms the momentum feedback
characteristics of sediment particles but also further reveals
the nonlinearly enhanced redistribution effect in the wake
under the synergistic action of fish and sediment. The re-
sults demonstrate that when fish and sediment coexist, the
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wake recovery velocity increases by approximately 6-10%
compared to the cage-only scenario, with local turbulent
kinetic energy enhanced by about 15%. Nevertheless, the
overall flow attenuation remains predominantly governed
by the structural resistance of the cage.

ANALYSIS OF RESULTS

Simulation results indicate that the presence of netting sig-
nificantly dissipates incoming flow energy, resulting in a
velocity reduction of approximately 15%-25% in the wake
region and the formation of a relatively stable downstream
recirculation zone. These findings are consistent with both
experimental and numerical results reported by Fan et al.
and Zhao et al., confirming the reliability and applicability
of the porous media model for simulating the hydrody-
namic behavior of aquaculture cages.

When both fish bodies and netting are considered, the
overall flow distribution remains primarily governed by the
drag of the net structure. However, additional resistance
from the fish and the associated flow separation signifi-
cantly intensifies local turbulence. Numerical results show
that the maximum lateral and vertical velocities reach ap-
proximately 7% and 10% of the inflow velocity, respectively,
while the wake decay region expands and the downstream
recovery distance increases by about 10%. These trends
agree with the results of Xu et al.3! and Liu et al.,!3 al-
though the present study predicts slightly higher attenu-
ation. This difference is mainly attributed to the use of
relatively high porous resistance coefficients and the as-
sumption of rigid fish bodies, both of which enhance local
energy dissipation. The results suggest that the presence of
fish redistributes energy within the cage, leading to a non-
uniform, dissipation-dominated wake structure.

When the combined effects of fish, netting, and sedi-
ment are considered, the flow field exhibits a more com-
plex coupled response characterized by momentum feed-
back and turbulent energy redistribution. Momentum
exchange between sediment particles and the surrounding
fluid generates localized “re-acceleration zones” down-
stream, increasing flow velocity by approximately 6%-10%
and enhancing turbulent kinetic energy by about 15% com-
pared with the single-cage scenario. This behavior can be
attributed to the combined effects of momentum feedback,
turbulent energy redistribution, and density gradient vari-
ations, indicating that moderate sediment concentrations
can promote wake recovery. The present findings not only
support the particle lag and momentum feedback mecha-
nisms proposed by Fan et al. and Li et al., but also suggest
a coupled enhancement effect in wake redistribution under
fish-sediment interactions.

In summary, this study systematically elucidates the
coupled hydrodynamic mechanisms among netting, fish
bodies, and sediment within aquaculture cages, clarifying
their dominant and interactive roles in flow regulation. The
results provide theoretical and engineering insights for op-
timizing deep-sea cage design, regulating stocking density,
and improving water exchange efficiency in intensive mari-
culture systems.

DISCUSSION

This study established a three-dimensional hydrodynamic
model based on a porous media approach to investigate the
flow field inside and around a large yellow croaker aqua-
culture net cage. Numerical simulations were conducted for
three scenarios: net panel only, net panel with fish, and net
panel with both fish and sediment. The hydrodynamic char-
acteristics and wake behavior around the cage were system-
atically analyzed.
The main conclusions are as follows:

1. The porous media model can effectively reproduce
the flow field characteristics around large-scale aqua-
culture net cages.

2. The net panel is the primary factor influencing over-
all flow resistance and velocity distribution, leading
to wake velocity reduction and enhanced flow distur-
bances.

3. Under the net panel-only condition with a solidity s,
= 0.143, the main flow direction remains largely un-
changed. However, the transverse velocity V and ver-
tical velocity w reach maximum values around the
cage, accounting for approximately 4.48% and 6.2%
of the incoming flow velocity, respectively. The ve-
locity attenuation at the cage center reaches about
10%, while downstream velocity initially decreases,
with a maximum attenuation of approximately 18%,
and gradually recovers to the incoming flow level at
around two cage diameters downstream. Addition-
ally, the flow velocity near the cage bottom slightly
increases by about 1%-2% compared to the incoming
flow. These results indicate that the net panel signif-
icantly influences local flow disturbances and veloc-
ity distribution, while having minimal impact on the
overall flow direction.

4. When both fish and net panel are considered, the
overall flow pattern remains similar to that of the net
panel-only case, with pronounced wake effects. How-
ever, due to the additional drag induced by fish, ve-
locity attenuation inside and downstream of the cage
is significantly enhanced, and the wake region be-
comes larger and more intense. The maximum trans-
verse velocity V increases to about 7% of the incom-
ing flow velocity, while the maximum vertical velocity
w reaches approximately 10%. Compared with the
net panel-only scenario, downstream velocity atten-
uation is more severe, recovering to only about 96%
of the incoming velocity at six cage diameters down-
stream. Moreover, significant velocity fluctuations
occur inside the cage, and bottom velocity attenua-
tion increases to approximately 68%. These findings
demonstrate that considering the net panel alone is
insufficient to accurately describe the flow character-
istics and that the combined effects of fish and net
panel must be included.

5. When fish, net panel, and sediment are considered
simultaneously, downstream velocity attenuation is
reduced. In the DPM, under two-way coupling, sed-
iment particles exchange momentum with the fluid.
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As particles pass through the net panel and down-
stream region, part of their momentum is transferred
back to the fluid, resulting in localized velocity in-
creases. At higher sediment concentrations, en-
hanced particle inertia promotes the formation of lo-
cal acceleration zones downstream. Furthermore,
particle—fluid interactions increase turbulent kinetic
energy, enhancing mixing and energy redistribution.
This leads to stronger turbulent diffusion and re-
duced velocity attenuation, or even local velocity re-
covery in the wake region. The presence of sediment
also modifies the wake shear layer, promoting lateral
high-velocity flow toward the wake center and
thereby increasing the velocity in the wake core.

The present model assumes clean netting with a con-
stant solidity of S =0.143, corresponding to a porosity of
approximately 0.82, and fixed hydrodynamic resistance pa-
rameters. Under actual marine aquaculture conditions,
however, biofouling can progressively accumulate on cage
netting and alter its effective solidity, porosity, and hydro-
dynamic resistance. Such changes may further affect water
exchange, velocity attenuation, turbulence development,
and wake recovery around the cage. Therefore, the hydro-
dynamic responses predicted in the present study may dif-
fer from those of cages subjected to different degrees of
biofouling.

Although biofouling was not explicitly incorporated into
the present model, the existing netting-fish-sediment cou-
pling framework provides a basis for further extending the
model to more realistic aquaculture conditions. Future
studies should consider different degrees and spatial distri-
butions of net biofouling and incorporate their effects on
netting resistance into the coupled framework. This would
allow a more comprehensive assessment of the hydrody-
namic performance and environmental conditions of ma-
rine aquaculture cages under long-term operational condi-
tions.

Overall, the results indicate that neither the net panel
nor fish alone can fully characterize the actual flow field
within aquaculture cages. Instead, the coupled effects of
fish activity and sediment transport should be considered
comprehensively. The multi-factor coupled modeling
framework proposed in this study provides theoretical sup-
port and a numerical basis for optimizing cage design, im-

proving water exchange efficiency, regulating stocking den-
sity, and evaluating environmental carrying capacity.
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