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Abstract

In suspended mussel farms, culture-layer food supply can be limited, whereas the 4-8 m
subsurface layer is rich in particulate organic matter and seston. Using a representative
aquaculture block off Gougqi Island, China, this study examined the hydrodynamic and
transport effects of non-uniform hanging-depth layouts. The 0° uniform-depth layout was
the reference. Five configurations were modeled: V-shaped, inverted V-shaped, uniform-
depth (90° inflow), V-shaped (extended), and inverted V-shaped (extended). Flume PIV
validated the model. Simulations used uniform and measured velocity-profile inflows,
with and without density stratification; a passive tracer tracked seston-rich water from
the 4-8 m layer. Uniform-depth hanging formed a low-velocity zone in the sleeve layer,
limiting water exchange. Non-uniform layouts altered drag distribution and promoted
tracer redistribution into overlying 3-5 m waters. In the V-shaped configuration, water
was guided upward along sleeve bottoms in the downstream half of the aquaculture
block (S2), where pronounced redistribution within the aquaculture block resulted in a
tracer concentration of approximately 0.1362 in the 2-3 m layer. Stratification constrained
upward spreading, whereas extended configurations may limit food replenishment through
enhanced upper-layer blockage and filtering effects. Low-Richardson-number regions
corresponded with tracer uplift and enhanced spreading, indicating local shear. Overall,
the V-shaped configuration balanced in-farm replenishment, downstream transport, and
flow maintenance without additional sleeve length.

Keywords: sustainable development goal 14 (life below water); sustainable aquaculture;
canopy drag dynamics; seston replenishment; shear-induced mixing

1. Introduction

Marine aquaculture has considerable potential to contribute to future global food
security by meeting the growing demand for sustainable protein. Shellfish and other
low-trophic-level organisms are particularly important components of marine food pro-
duction [1-3]. In recent years, as nearshore marine aquaculture has expanded, increasing
attention has been paid to the interactions between aquaculture facilities and the sur-
rounding hydrodynamic environment [4,5]. Large-scale suspended aquaculture facilities
can modify local flow structures and water-exchange processes and may further affect
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nutrient cycling, the source—sink dynamics of particulate organic food, and the ecolog-
ical carrying capacity of aquaculture waters [6-9]. China is one of the world’s major
shellfish-producing countries, where suspended shellfish aquaculture is widely practiced
in coastal waters [10-13].

The waters off Gouqi Island, Zhejiang Province, China, are among the country’s
important suspended mussel farming areas, characterized by large farming scales and
hydrodynamic conditions typical of suspended mussel farms [10,14]. Mussel sleeves are
typically suspended in the near-surface water column by buoys and longlines. Together
with associated facilities, they form a distinct suspended canopy drag structure in the
upper part of the farm [15] (Figure 1). As farm area and mussel-sleeve density increase, the
flow-blocking effects of buoys, longlines, and mussel sleeves become more pronounced,
potentially reducing current velocities and water exchange within the farm and modify-
ing local flow structures [7,10,16-20]. The hydrodynamic and mass-transport effects of
suspended mussel aquaculture facilities are closely related to the spatial distribution of
drag they exert [9]. Drag exerted by the suspended canopy reduces current velocities and
forms shear layers near canopy boundaries, thereby promoting the exchange of momen-
tum and scalars between the interior and exterior of the canopy [21]. Under seasonally
density-stratified conditions, interactions between canopy shear flow and vertical density
gradients become more complex. Stratification suppresses vertical mixing, whereas canopy-
induced shear and turbulence can promote vertical mixing and transport [22]. High-density
shellfish aquaculture facilities can exhibit porous-medium-like flow-blocking character-
istics, causing flow diversion, deceleration, wake dispersion, and shear mixing within
the farm [23-25]. These processes can affect phytoplankton growth, the deposition and
resuspension of organic detritus, and the transport, mixing, and associated biogeochemical
processes of mussel metabolic products [16,26,27]. At a more general level, theoretical
studies of idealized immersed-body systems have shown that hydrodynamic forces and
resistance can be affected by relative spacing, body-size ratio, oscillatory motion, frequency,
and prescribed surface boundary conditions [28,29]. Although these simplified systems
differ from suspended mussel farms, they further highlight the importance of geometric
arrangement and structural-motion assumptions when evaluating flow through densely
distributed suspended structures. Mussel sleeves in suspended farms are primarily dis-
tributed within the upper culture layer. The combined effects of mussel filtration and
flow blockage by aquaculture facilities can further restrict the replenishment of particulate
organic food within this layer [18,30]. Observations have shown that, during spring and
summer stratified conditions, peak chlorophyll-a concentrations within the farm commonly
occur in mid-depth waters below 5 m, whereas concentrations in the overlying culture
layer are relatively low [16,31]. This suggests that, under natural hydrodynamic conditions,
seston-rich subsurface waters cannot effectively replenish the near-surface culture layer
occupied by mussels.

Existing studies on hydrodynamic regulation in suspended mussel farms have pri-
marily focused on the flow-blocking effects and configuration of aquaculture facilities,
with particular attention to how facility density, culture-line spacing, incident-flow angle,
longline arrangement, and farm planform layout affect current reduction, water exchange,
and mass transport [32-35]. Adjusting row and line spacing or optimizing the planform
layout of a farm can, to some extent, improve flow pathways and internal water exchange
conditions [36,37]. However, under conventional uniform-depth hanging configurations,
mussel sleeves generally extend to the same depth, readily forming a relatively contin-
uous flow-blocking layer within a specific water-depth range. As water passes through
the culture array, the flow tends to bypass it along paths of lower resistance, while flow
exchange among different layers within the array and wake-induced disturbances remain
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relatively limited. Meanwhile, during the spring—summer stratified season, the euphotic
depth in the farm area is approximately twice the hanging depth, allowing relatively high
phytoplankton biomass to persist at depths of 4-8 m. Therefore, in addition to optimizing
culture-line spacing and arrangement at the horizontal scale, adjusting hanging depths to
regulate the vertical drag distribution within the mussel sleeve array and promote material
exchange between the culture layer and the underlying high-biomass water layer represents
another effective approach to improving aquaculture efficiency.
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Figure 1. Schematic diagram of the non-uniform hanging-depth layout and vertical structure of a
suspended mussel farm. (a) Planform arrangement of aquaculture blocks. The central aquaculture
block shows the V-shaped configuration; 0° and 90° denote inflow angles. (b) Vertical structure of
the aquaculture block, prescribed inlet velocity profile, and conceptual normalized chlorophyll-a
profiles. Profiles I-III represent conditions outside the farm, within the farm, and after the upward
redistribution of chlorophyll-a-rich subsurface water, respectively.

Non-uniform hanging-depth layouts provide a new approach for optimizing the
hydrodynamic environment of suspended mussel farms. The main novelty of this study
lies in treating the vertical distribution of sleeve hanging depths as an explicit design
variable, rather than focusing only on horizontal spacing, cultivation density, or farm
planform arrangement. Unlike conventional uniform-depth hanging, they vary the hanging
depths of mussel sleeves at different positions, dispersing the vertical drag distribution of
the farm structures and creating velocity differences and local pressure gradients among
sleeves at different depths. These changes can affect wake disturbances behind the sleeve
array and interlayer mass exchange. This approach does not require additional energy
input; instead, it regulates the local flow field through geometric reconfiguration of the
farm structures, showing potential as a passive hydrodynamic control strategy. In a
broader context, model-based prediction and optimization are increasingly used to support
the design and management of marine systems under complex operational constraints.
For example, Meng et al. developed a constraint-embedded model predictive control
framework for the real-time trajectory planning of unmanned surface vehicles, illustrating
the broader value of numerical modelling and optimization in modern marine-system
design and management [38].
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To address the hydrodynamic and transport limitations associated with conventional
uniform-depth hanging layouts, this study used a representative aquaculture block within
a suspended mussel farm off Gouqi Island as the study system. We hypothesized that
non-uniform hanging-depth layouts would redistribute canopy drag, alter wake structures
and local shear, and promote the upward redistribution of subsurface water into the upper
culture layers. The existing uniform-depth hanging layout at a 0° inflow angle was included
as a reference scheme, and three-dimensional numerical models were developed for five
sleeve-hanging configurations: V-shaped, inverted V-shaped, uniform-depth (90° inflow
angle), V-shaped (extended), and inverted V-shaped (extended) (Figure 2). Uniform and
measured velocity-profile inflow conditions were considered, each with and without
density stratification. Tracer transport was compared among the different hanging schemes
within the farm, in the downstream region without aquaculture facilities, and across
different water layers to investigate the effects of non-uniform hanging-depth layouts on
local in-farm transport and the maintenance of downstream transport. The results provide
a basis for optimizing hanging layouts and improving water exchange in suspended
mussel farms.

—
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Figure 2. Schematic illustration of mussel sleeve-hanging configurations. (a) V-shaped; (b) in-
verted V-shaped; (c) uniform-depth (90° inflow angle); (d) V-shaped (extended); and (e) inverted
V-shaped (extended).

2. Materials and Methods
2.1. Physical Model

The waters off Gougqi Island, Shengsi County, Zhejiang Province, China, are among the
representative areas for suspended mussel farming in China, where farm structures are de-
ployed at a large scale and in a regular arrangement. To illustrate the design concept of the
non-uniform hanging-depth layouts and the vertical configuration of the farm structures,
a schematic diagram is presented in Figure 1. Based on field surveys, a typical aquacul-
ture block within a suspended mussel farm in this area covers approximately 4800 m?
(80 m x 60 m) and is located in water approximately 20 m deep. The geometric parameters
used in the physical model, including the sleeve length, sleeve density, row spacing, and
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overall arrangement, were derived from field investigation of the suspended mussel farm
off Gougi Island and from the local farming configuration reported in previous work [32].
Therefore, the model geometry represents the typical high-density mussel sleeve arrange-
ment considered in the study area, rather than an arbitrarily prescribed farm configuration.
The components of the farm structures were appropriately simplified in the geometric
model. Buoys were represented as cylinders with a diameter of 0.45 m and a height of
0.30 m, with a submergence depth of 0.30 m. Mussel sleeves were represented as cylindrical
structures with a diameter of 0.25 m and a length of 3.00 m. To facilitate mesh generation,
the cross sections of the sleeves were approximated as regular octagons. The streamwise,
transverse, and vertical directions were defined as the x-, y-, and z-axes, respectively.

To examine the effects of non-uniform hanging-depth layouts on hydrodynamics and
mass transport within the farm, five sleeve-hanging configurations were established based
on the baseline idealized aquaculture-block model: V-shaped (Figure 2a), inverted V-shaped
(Figure 2b), uniform-depth (Figure 2c), V-shaped (extended) (Figure 2d), and inverted V-
shaped (extended) (Figure 2e). All five configurations contained 13 rows of suspended
sleeves, with a streamwise spacing of 3.0 m between adjacent rows and a transverse
spacing of 0.80 m between adjacent columns. The configurations differed primarily in the
streamwise variation in sleeve lower-end depth and sleeve length.

The five configurations were selected to provide a controlled and practically feasible
comparison of representative vertical drag distributions under the 90° inflow-oriented
arrangement, rather than to exhaustively search all possible geometric layouts. Relative to
the existing uniform-depth layout with a 0° inflow angle, the proposed 90° arrangement
allows the incoming flow to encounter a smaller streamwise spacing between mussel sleeve
rows. Within this framework, the V-shaped and inverted V-shaped configurations represent
two opposite streamwise variations in hanging depth, whereas the uniform-depth configu-
ration serves as an equal-depth control under the same 90° inflow-oriented arrangement.
The two extended configurations were included to examine whether increased vertical
sleeve coverage could further enhance tracer redistribution. Therefore, these configurations
cover the main contrasting modes of vertical drag arrangement considered in this study.

In the uniform-depth configuration, all rows of mussel sleeves had the same length
and lower-end depth, forming a uniform hanging structure. In the V-shaped and inverted
V-shaped configurations, all sleeves were 3.0 m long, and non-uniform hanging depths
were achieved by varying their suspension depths. In the V-shaped configuration, the
lower-end depths of the sleeves gradually increased from both ends toward the center of
the array. The lower-end depths of the first seven rows ranged from 3.75 to 5.85 m below
the water surface, while the remaining six rows were arranged symmetrically with respect
to the first six rows. In contrast, in the inverted V-shaped configuration, the lower-end
depths gradually decreased from both ends toward the center. In the V-shaped (extended)
configuration, sleeves were shorter at both ends and longer near the center, whereas the
opposite pattern was used in the inverted V-shaped (extended) configuration, with longer
sleeves at both ends and shorter sleeves near the center. Flow structures and tracer transport
characteristics were compared across the five hanging configurations to evaluate the effects
of different non-uniform hanging-depth layouts on the hydrodynamic environment and
mass transport processes within the farm.

2.2. Numerical Modeling Method
2.2.1. Governing Equations and Turbulence Model

A three-dimensional numerical model was developed using the computational fluid
dynamics software ANSYS Fluent 2023 R1 to simulate flow structures and mass transport
processes in suspended mussel farms under different sleeve-hanging configurations. The
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model was based on the continuity and momentum equations for incompressible flow,
together with the energy equation to describe flow processes under temperature-induced
density stratification. Given the pronounced unsteady disturbances and wake structures
around the aquaculture facilities, large eddy simulation (LES) was adopted to resolve
turbulent flow characteristics in the vicinity of the sleeve array [15,32,39,40]. Compared
with RANS, which primarily represents the time-averaged effects of turbulence, LES
can resolve the dominant unsteady large-scale eddies associated with wake interactions,
flow separation, and shear-layer development. Although DES can also resolve separated
turbulent structures, its transition between the RANS and LES regions requires careful grid-
dependent treatment. Therefore, LES was selected to provide a consistent representation
of the dominant unsteady turbulent structures throughout the densely arranged sleeve
array. The kinetic-energy transport subgrid-scale model implemented in ANSYS Fluent
was used to represent unresolved turbulent motions associated with flow separation, wake
interactions, and shear-layer development around the mussel sleeve array. This model
solves an additional transport equation for the subgrid-scale kinetic energy. A passive tracer
was introduced to represent mass transport in the water column [41], and its concentration
distribution was calculated using the species transport model [40] to evaluate the effects of
different hanging configurations on mass transport and redistribution.

2.2.2. Computational Domain, Mesh, and Boundary Conditions

To simulate aquaculture facilities in an open-water environment, the computational
domain was set to 200 m x 15 m x 20 m (length x width x height). The computational
domain size was determined according to the spatial extent of the simplified mussel-sleeve
array and the downstream wake region to be resolved. A transverse width of 15 m was
adopted so that the lateral symmetry boundaries were separated from the main sleeve array
and statistical regions, thereby reducing their influence on the in-farm flow structure and
tracer redistribution. The outlet boundary was placed sufficiently far downstream of the
mussel-sleeve array to avoid direct effects of the outflow condition on the hydrodynamic
structure within the aquaculture block and the near-field wake region.

Strong velocity gradients and complex vortical structures were expected around
the farm structures. Therefore, the mesh was locally refined around the aquaculture
model and its surrounding region to ensure computational accuracy. Mesh generation
was performed using the Meshing module in ANSYS Workbench 2023 R1. Given the
geometric complexity of the model, the computational domain was discretized using
an unstructured tetrahedral mesh. A representative V-shaped case with a prescribed
uniform inflow velocity of 0.5 m s~! and without density stratification was selected for the
mesh-sensitivity analysis. Three mesh resolutions containing approximately 1.0, 2.0, and
4.0 million cells were examined. The volume-averaged tracer concentrations in the 3-4 m
depth layer of the S1 and S2 statistical regions, as defined in Section 2.2.3, were selected as
evaluation metrics. For the 1.0, 2.0, and 4.0 million-cell meshes, the tracer concentrations
were 0.1952, 0.1139, and 0.1171 in S1, and 0.3571, 0.1822, and 0.1808 in S2, respectively.
Taking the 4.0 million-cell mesh as the reference, the relative differences obtained with the
2.0 million-cell mesh were 2.73% for S1 and 0.77% for S2. These results indicate that further
mesh refinement beyond approximately 2.0 million cells had only a limited influence on
the evaluated tracer-transport results. Accordingly, meshes containing approximately
2.0 million cells were adopted for the subsequent simulations. For the adopted mesh
resolution, the minimum and maximum element sizes were 0.08 and 0.8 m, respectively.
Minor variations in the total cell number occurred among the different hanging-depth
configurations owing to geometric differences. The same meshing strategy was applied to
all 13 cases to maintain consistent spatial resolution for inter-case comparisons.
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The bottom boundary and all solid surfaces, including the farm structures, were
assigned no-slip wall boundary conditions, whereas the lateral boundaries and the top
boundary were specified as symmetry boundaries.

Two types of inlet boundary conditions were adopted to represent flow characteristics
within the farm under different hydrodynamic environments. The uniform velocity-inlet
condition was used to simulate typical tidal-current conditions for aquaculture blocks
located at the periphery of the farming area. The upstream velocity was uniform over the
water depth and set to 0.5 m s~ !, whereas the downstream boundary was also specified as
a velocity inlet with a streamwise velocity of —0.5 m s~! to maintain a prescribed uniform
through-flow.

The measured velocity-profile inlet condition was used to simulate vertically non-
uniform flow fields within the farm, in which surface velocities were substantially re-
duced by the cumulative flow-blocking effects of upstream buoys, longlines, and mussel
sleeves. The measured velocity profile and density-stratification characteristics are shown
in Figure 3. The observed ADCP (Signature500, Nortek AS, Rud, Norway) velocity profile
and CTD-derived temperature and density profiles (SBE 19plus, Sea-Bird Electronics, Belle-
vue, WA, USA) were imposed at the inlet using a user-defined function (UDF), and the
corresponding stratified background field was initialized. In the stratified cases, density
stratification was therefore prescribed according to the measured vertical temperature and
density profiles rather than generated dynamically through surface heating, cooling, or
tidal mixing processes. This approach allowed the influence of the observed background
stratification to be incorporated into the comparative simulations, while maintaining consis-
tent geometry and boundary conditions among the different hanging-depth configurations.
For these cases, a pressure-outlet boundary condition was applied at the downstream
boundary. Under both inlet conditions, comparison cases with and without density strat-
ification were established. Based on the inlet condition, the numerical simulations were
organized into two groups comprising 13 cases in total, as summarized in Table 1. Case
0 represents the existing uniform-depth hanging layout under the uniform velocity-inlet
condition without density stratification and at a 0° inflow angle; it was included as a
reference case for comparison with the five proposed sleeve-hanging configurations.

. 3
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Figure 3. Measured vertical profiles of density and velocity. The red solid line denotes velocity, and
the blue dashed line denotes density.
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Table 1. Settings of numerical simulation cases.

Inflow

Case Group Condition Density Stratification Hanging Configuration
Case 0: Uniform-depth (0° inflow angle)
Case 1: V-shaped
Uniform Ab Case 2: Inverted V-shaped
I velocity inlet sent Case 3: Uniform-depth (90° inflow angle)
Case 4: V-shaped (extended)
Case 5: Inverted V-shaped (extended)
Uniform )
velocity inlet Present Case 6: V-shaped
Case 7: V-shaped
Measured Case 8: Inverted V-shaped
velocitv-profile inlet Present Case 9: Uniform-depth (90° inflow angle)
I P Case 10: V-shaped (extended)

Case 11: Inverted V-shaped (extended)

Measured
velocity-profile inlet

Absent Case 12: V-shaped

Note: Case 0 represents the existing uniform-depth layout (0° inflow) used as a reference. Case 6 is the stratified
comparison case under the uniform velocity-inlet condition, whereas Case 12 is the unstratified comparison case
under the measured velocity-profile inlet condition.

A time-step size of 0.1 s was used for all transient simulations. Each simulation was
continued for at least one characteristic flow-through time of the computational domain to
allow the imposed inflow conditions and associated wake structures to develop throughout
the domain. The uniform-inflow cases were simulated for 650 s, and the instantaneous
results from 600 to 650 s were time-averaged for all quantitative analyses. The measured
velocity-profile cases were simulated for 1000 s, and the corresponding results from 950 to
1000 s were time-averaged.

2.2.3. Definition of Tracer Release Zone, Statistical Regions, and Vertical Layers

To simulate tracer transport within and downstream of the aquaculture block, a tracer
release zone was specified near the inlet of the computational domain. The release zone
extended from 4 to 8 m below the water surface and had a transverse width equal to that
of the aquaculture block. At the beginning of each simulation, the tracer concentration
throughout the computational domain was initialized to 0. At the inlet, the tracer concen-
tration in the release zone was set to 1, while that in the remaining inlet water layers was set
to 0. This tracer boundary condition was imposed continuously throughout the simulation.
Therefore, the simulated tracer concentration represents the relative transport intensity of
water originating from the 4-8 m layer rather than measured seston concentration or actual
food availability. Particle settling and biological processes, including mussel filtration,
biological uptake, and phytoplankton growth, were not considered in the present model.

S1 and S2 were defined as the upstream and downstream statistical regions within
the aquaculture block, respectively. S3 and 54 were located in the near-field wake region
extending one block length downstream of the mussel sleeves. S5 and S6 were located in
the downstream wake region, with a total length equal to that of S1-52 and S3-54. Each
statistical region had a transverse width of 3 m.

To analyze the distribution of tracer concentrations across different water layers,
each statistical region was divided into ten 1 m-thick layers over the 0-10 m depth
range below the water surface. The tracer concentration in each layer was represented
by its volume-averaged value and used to compare the vertical distribution and down-
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stream evolution of tracer transport under different hydrodynamic conditions and hanging
configurations (Figure 4).

oY)

B Sl S2 S3 S4 S5 ' S6 i7-5 m

(a) [
200 m

37smH T 11T T 585m

20 m

(b)

200 m

Figure 4. Schematic layout of the statistical regions and mussel sleeve array. (a) Plan view showing
the streamwise statistical regions S1-56 and the transverse width used for statistical analysis; (b) side
view showing the vertical distribution of the mussel sleeves.

3. PIV Flume Experiments and Numerical Model Validation
3.1. Experimental Setup

Flow-field validation experiments were conducted in a U-shaped recirculating flume
at the Hydrodynamics Laboratory of Shanghai Ocean University. The facility consists
of two parallel straight channels connected by a semicircular bend. The straight test
section is 6.0 m long and 0.45 m wide, with a maximum water depth of 0.55 m. The bend
consists of concentric semicircular channels with inner and outer radii of 0.53 m and 0.98 m,
respectively. To validate the effects of sleeve arrays with different hanging depths on the
local flow field, the experimental model appropriately simplified the actual sleeve structure
and did not include auxiliary components such as raft frames and buoys.

The experimental model was designed based on the Froude similarity criterion. Con-
sidering both the prototype sleeve dimensions and the dimensions of the experimental
flume, the geometric scale factor was set to A;, = 50. The sleeve models were fabricated
from transparent acrylic to minimize optical obstruction during particle image velocimetry
(PIV) data acquisition. Based on this geometric scale, the sleeves were represented in the
physical model as equivalent cylinders with a characteristic diameter of 5 mm. A V-shaped
non-uniform hanging-depth arrangement was adopted for the experiment. The sleeve
array consisted of 13 rows. The lower-end depths of the first seven rows below the water
surface were set to 7.50, 8.20, 8.90, 9.60, 10.30, 11.00, and 11.70 cm, respectively, while the
remaining six rows were arranged symmetrically about the central row. This layout formed
a V-shaped hanging structure, with shallower sleeves at both ends and deeper sleeves near
the center, to examine the effects of varying sleeve depths on the local flow field.

The experimental model was positioned 1.20 m downstream of the flume inlet and
centered laterally within the channel. According to Froude similarity, the inflow velocity
in the flume experiment was set to 0.14 m s~1 whereas the inlet velocity in the CFD
simulation was set to 1.0 m s~!. Flow-field measurements were conducted using particle
image velocimetry (PIV), with polyvinyl chloride (PVC) particles with a diameter of 50 um
used as tracers. The PIV flume experiment was conducted as a single independent physical
validation run (n = 1), rather than a repeated statistical experiment. During this run, velocity
fields were obtained from a time sequence of PIV images, and the reported velocities
represent time-averaged values over the sampling period. For both the PIV measurements
and CFD simulations, the mean velocity and temporal standard deviation at each sampling
point were calculated from the corresponding velocity time series over their respective
monitoring periods. These standard deviations represent temporal velocity fluctuations
rather than variability among independent physical replicates. The PIV measurement plane
was located at the central vertical plane of the sleeve array to obtain the two-dimensional
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velocity field around the non-uniform hanging-depth sleeve array (Figure 5). To validate
the numerical model, velocity measurements obtained from the flume experiments were
compared with the corresponding numerical results. The validation was conducted along
a velocity sampling line located in the central vertical plane of the sleeve array. Nine
sampling points were arranged along this line at intervals of 3 cm. Differences between the
experimental and simulated velocities at these points were used to evaluate the accuracy
of the numerical model in reproducing the local flow structure under the V-shaped non-
uniform hanging-depth configuration.

(h\ Water surface

3cm
223456789

25cm

—
—

Flow direction

/

Figure 5. PIV flume experiment and velocity sampling arrangement for the V-shaped configuration.
(a) Photograph of the central vertical measurement plane. (b) Velocity sampling line and nine
sampling points downstream of the sleeve array.

3.2. Numerical Model Validation

A representative sampling line downstream of the sleeve array was selected in the
central vertical plane of the model, corresponding to the PIV measurement plane shown in
Figure 5, to validate the numerical model. Figure 6 compares the velocities obtained from
the nine sampling points along this line. Overall, the numerical simulations and flume
experiments showed consistent trends. Both indicated that flow velocity, after being attenu-
ated by the mussel sleeves in the wake region, increased along the streamwise direction
and was accompanied by localized fluctuations. The PIV results showed a local decrease in
velocity between sampling points 5 and 6, while the CFD simulations exhibited a corre-
sponding reduction at the same location, indicating that the model could capture localized
flow disturbances induced by the sleeve structures. The PIV-measured velocities were
converted to the prototype scale according to Froude similarity. The root mean square error
(RMSE) between the converted PIV velocities and the CFD-simulated velocities at the nine
sampling points was 0.02 m s~ !, and the mean relative error was 2.57%, indicating good
agreement between the experimental measurements and numerical results. Taken together,
these results indicate that the numerical model reasonably reproduced the mean velocity
distribution and localized flow variations near the sleeve array under the experimental
conditions. Because independent physical replicate experiments were not conducted, vari-
ability among physical replicates and replicate-based confidence intervals could not be
calculated. Therefore, the PIV flume experiment should be regarded as a representative
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validation case for evaluating the performance of the LES model under the experimental
conditions. Despite this limitation, the agreement between the PIV measurements and
CFD simulations was considered sufficient for the subsequent comparative analyses of
flow structures and tracer transport under different hanging configurations. Future studies
should include independent replicate PIV experiments to further quantify experimental
variability and uncertainty.
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Figure 6. Comparison of velocities at nine sampling points between PIV measurements and CFD
simulations. The left and right axes correspond to PIV-measured and CFD-simulated velocities,
respectively. Error bars denote the temporal standard deviations calculated from the velocity time
series at each monitoring point over the respective sampling periods.

4. Results
4.1. Flow Structures Under Different Hanging Configurations

Under different hydrodynamic conditions and hanging configurations, the mussel
sleeve array altered the velocity distribution both within and downstream of the farm,
generating low-velocity wake regions of varying extent behind the sleeves (Figure 7).
Overall, the flow-blocking effect of the mussel sleeves was mainly confined to the cultured
layer and the adjacent water layers, whereas the deeper water beneath the sleeves retained
relatively high velocities and was less affected by the hanging configuration.

Under uniform inflow without density stratification (Figure 7a—e), the five hanging
configurations exhibited clear differences in velocity distribution. Under the V-shaped
configuration, the low-velocity region extended continuously downstream behind the
mussel sleeve array, with a noticeably undulating wake boundary, indicating stronger flow
deflection and localized disturbances. Under the inverted V-shaped configuration, the
low-velocity region was mainly concentrated near the sleeve array and within the middle
and upper water layers, with a relatively shorter downstream extent and more pronounced
localized flow-blocking effects. The uniform-depth configuration formed a relatively
continuous low-velocity band within the water layer occupied by the mussel sleeves. The
low-velocity region extended steadily through S3 and 54 in the horizontal direction, with a
relatively smooth wake boundary. However, a more pronounced velocity recovery was
observed in S5 and 56 owing to the relatively shallow hanging depth (Figure 7c; Case 3). By
simultaneously varying sleeve lengths and lower-end depths, the extended configurations
further enhanced local drag differences among rows. In particular, the V-shaped (extended)
configuration produced a more distinct low-velocity core downstream of the array, whereas
the low-velocity region under the inverted V-shaped (extended) configuration was more
concentrated within the array and the near-field wake region.
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Figure 7. Velocity distributions in the central vertical plane for Cases 1-12. (a—e) Uniform inflow
without density stratification; (f) uniform inflow with density stratification; (g-k) measured velocity-
profile inflow with density stratification; and (I) measured velocity-profile inflow without density
stratification. Configurations are V-shaped (a,f,g1), inverted V-shaped (b,h), uniform-depth (c,i),
V-shaped (extended) (d,j), and inverted V-shaped (extended) (e k).

With density stratification (Figure 7f; Case 6), wake fluctuations under the V-shaped
configuration were markedly weakened, and the boundary between the high- and low-
velocity regions became straighter. Compared with uniform inflow without stratification
(Figure 7a; Case 1), the vertical expansion of the low-velocity wake was constrained
under stratified conditions. This indicates that stable stratification suppresses the vertical
disturbances and wake spreading induced by flow blockage from the mussel sleeves,
causing velocity variations to be more confined to the water layer occupied by the sleeves
and the adjacent regions.

Under the measured velocity-profile inlet condition with density stratification
(Figure 7g-k), the flow field exhibited a more stable vertically stratified structure. Un-
der the combined effects of the inlet velocity profile and density stratification, the high-
velocity region in the middle and lower water layers remained relatively stable, whereas
the low-velocity wake behind the mussel sleeve array was mainly confined to the upper
and middle water layers. Its vertical extent was markedly smaller than that under uni-
form inflow without stratification. Differences among the hanging configurations were
still evident. Both the V-shaped and inverted V-shaped configurations modified the local
velocity structure downstream of the mussel sleeves, although wake disturbances were
substantially weaker than those under uniform inflow. In the uniform-depth configuration,
the low-velocity region was continuously distributed along the water layer occupied by
the mussel sleeves. The extended configurations produced more pronounced localized
low-velocity regions in the middle and upper water layers, indicating that increasing sleeve
length further enhanced the in-farm flow-blocking effect. Compared with the measured
velocity-profile inlet condition without stratification (Figure 71; Case 12), the wake bound-
ary was smoother under stratified conditions (Figure 7g; Case 7), further indicating that
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density stratification weakened the vertical disturbances and wake spreading induced by
the mussel sleeve array.

Overall, the five hanging configurations primarily regulated flow attenuation and
wake recovery in the upper and middle water layers by altering the vertical distribution of
drag exerted by the mussel sleeves. The V-shaped configuration produced low-velocity
wakes with stronger streamwise continuity, whereas the inverted V-shaped configuration
generated more concentrated localized deceleration zones in the middle and upper water
layers. The uniform-depth configuration exhibited comparatively gradual wake recovery.
By varying sleeve lengths and associated lower-end depths among rows, the V-shaped
(extended) and inverted V-shaped (extended) configurations further increased local dif-
ferences in drag and produced more pronounced low-velocity regions in the middle and
upper water layers under both hydrodynamic conditions. These differences in velocity dis-
tribution provide the hydrodynamic basis for subsequent differences in tracer distribution
and vertical mass transport among the hanging configurations.

4.2. Effects of Different Hanging Configurations on Material Transport
4.2.1. Overall Transport Patterns

The five hanging configurations affected the transport and spatial redistribution of
water within the 4-8 m subsurface layer under different hydrodynamic conditions (Figure 8).
Overall, the tracer was transported primarily downstream within the release layer in the
streamwise direction and underwent varying degrees of vertical transport, wake-induced
turbulent spreading, and redistribution under disturbances generated by the mussel sleeve
array. The differences in tracer distribution corresponded well with the low-velocity regions
and wake disturbance characteristics shown in the velocity fields, indicating that the sleeve
array further regulates water transport pathways by modifying the local flow structure.

B T | (e

Tracer concentration 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Figure 8. Tracer concentration distributions in the central vertical plane for Cases 1-12. (a—e) Uniform
inflow without density stratification; (f) uniform inflow with density stratification; (g-k) measured
velocity-profile inflow with density stratification; and (1) measured velocity-profile inflow with-
out density stratification. Configurations are V-shaped (a,f,g1), inverted V-shaped (b,h), uniform-
depth (c,i), V-shaped (extended) (d,j), and inverted V-shaped (extended) (e k).
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Under uniform inflow without density stratification (Figure 8a—e), the tracer plume
exhibited pronounced disturbances and spreading downstream of the mussel sleeve array;,
and the high-concentration regions showed noticeable spatial undulations farther down-
stream. Under the V-shaped equal-length configuration (Figure 8a; Case 1), the tracer
extended relatively continuously in the streamwise direction, and the transport pathways
within and downstream of the farm remained comparatively stable. This indicates that
the configuration facilitates the transport of tracer-laden water from the 4-8 m subsur-
face layer into the farm and the downstream wake region. Under the inverted V-shaped
configuration (Figure 8b; Case 2), in-farm upward transport occurred in S1, unlike the
V-shaped configuration, in which in-farm upward transport occurred in S2. In both con-
figurations, the upward-flow regions were aligned with the streamwise upward-sloping
sections of the sleeve bottoms, indicating a pronounced flow-guiding effect induced by
the flow-blocking structures. Under the uniform-depth configuration (Figure 8c; Case 3),
the tracer was advected primarily downstream within relatively fixed water layers, with
weaker vertical disturbances, consistent with the continuous and stable low-velocity band
observed in the corresponding velocity field. The extended configurations altered mussel
sleeve lengths among rows (Figure 8d,e; Cases 4 and 5), enhancing local flow blockage and
wake disturbances and thereby promoting more pronounced tracer transport and redis-
tribution behind the sleeve array. However, these effects were accompanied by stronger
localized velocity attenuation. With density stratification, the tracer plume under the same
V-shaped equal-length configuration exhibited weaker spatial undulations, a narrower
vertical spreading range, and high-concentration regions more confined to the release layer
and its adjacent water layers (Figure 8f; Case 6). This indicates that stable stratification
suppresses the vertical disturbances induced by the mussel sleeves, causing water from the
4-8 m subsurface layer to be preferentially advected downstream within its original water
layer and reducing exchange between adjacent water layers.

Under the measured velocity-profile inlet condition with density stratification
(Figure 8g—k), tracer transport exhibited a more stable layered structure. Compared
with the uniform inflow condition without density stratification (Figure 8a—e), the high-
concentration regions extended more smoothly downstream along the release layer, while
vertical spreading and plume undulations were markedly weakened. This indicates that the
combined effects of the background velocity profile and density stratification constrained
vertical mixing. Differences among the hanging configurations were still evident. Under the
V-shaped configuration (Figure 8g; Case 7), tracer transport within the aquaculture block
remained relatively continuous, whereas the inverted V-shaped configuration (Figure 8h;
Case 8) showed more pronounced localized accumulation. The uniform-depth configura-
tion produced relatively stable transport pathways but weaker vertical spreading (Figure 8i;
Case 9). The extended configurations enhanced downstream tracer redistribution while
potentially intensifying localized flow blockage (Figure 8j,k; Cases 10 and 11). Under the
measured velocity-profile inlet condition without density stratification (Figure 8l; Case 12),
in-farm upward transport in S2 was more pronounced. In contrast, under stratified con-
ditions (Figure 8g; Case 7), the high-concentration region did not extend downstream
into S3 (Table 2), and the vertical thickness of the high-concentration band was reduced.
These results further indicate that density stratification suppresses vertical tracer spreading
induced by the mussel sleeve array.
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Table 2. Tracer concentrations in the 2-3 m layer below the water surface across S1-S6 for Cases 0-12.

Case S1 S2 S3 S4 S5 Se6
Case 0 0.0021 0.0093 0.0353 0.0559 0.1169 0.1918
Case 1 0.0145 0.1362 0.1277 0.1309 0.1617 0.1533
Case 2 0.0393 0.0186 0.0422 0.0658 0.1012 0.1313
Case 3 0.0017 0.0026 0.0248 0.0575 0.1269 0.1551
Case 4 0.0031 0.0339 0.0719 0.1410 0.1804 0.2071
Case 5 0.0131 0.0428 0.2209 0.1836 0.1821 0.2135
Case 6 0.0130 0.1131 0.0716 0.0524 0.0339 0.0389
Case?7 0.0598 0.1860 0.0358 0.0375 0.0990 0.1999
Case 8 0.0958 0.0588 0.0747 0.0466 0.1002 0.2093
Case 9 0.0138 0.0614 0.1123 0.1379 0.1884 0.2614

Case 10 0.0263 0.0959 0.0342 0.0420 0.1094 0.2202
Case 11 0.0717 0.0725 0.0456 0.0321 0.1054 0.2202
Case 12 0.0723 0.2619 0.2282 0.1971 0.2049 0.2176

4.2.2. Tracer Mixing Under Uniform Inflow Conditions

Under uniform inflow conditions, tracer concentrations exhibited clear vertical differ-
entiation among the hanging configurations (Figure 9; Tables 2 and 3). Under unstratified
conditions, the tracer was mainly distributed within and adjacent to the 5-8 m release
layer and transported downstream (Figure 9a—e). As the reference case representing the
existing uniform-depth hanging layout at a 0° inflow angle, Case 0 showed low tracer
concentrations in the upper water layers of S1 and S2. Specifically, concentrations in the
2-3 m layer were 0.0021 and 0.0093, respectively, whereas those in the 1-2 m layer were
close to zero (Tables 2 and 3). These results indicate that, under the existing hanging layout,
transport of water from the release layer into the upper in-farm culture layers was weak.

Depth (m)
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1.00

0.75

0.50
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0.25
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Statistical region

Figure 9. Vertical tracer concentration distributions across S1-S6 under uniform inflow.
(a—e) V-shaped, inverted V-shaped, uniform-depth, V-shaped (extended), and inverted V-shaped
(extended) configurations without density stratification; (f) V-shaped configuration with density
stratification. Panels (a—f) correspond to Cases 1-6 in Table 1. Blue triangles mark the tracer release-
layer boundaries.
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Table 3. Tracer concentrations in the 1-4 m layers below the water surface within the aquaculture
block (S1 and S2) under uniform inflow conditions.

S1 S2
Case

1-2m 2-3m 3-4m 1-2m 2-3m 34 m
Case 0 0.0000 0.0021 0.0804 0.0005 0.0093 0.0509
Case 1 0.0001 0.0145 0.1139 0.0180 0.1362 0.1822
Case 2 0.0002 0.0393 0.2119 0.0001 0.0186 0.1490
Case 3 0.0000 0.0017 0.0680 0.0001 0.0026 0.0337
Case 4 0.0001 0.0031 0.0895 0.0017 0.0339 0.2023
Case b 0.0000 0.0131 0.1690 0.0008 0.0428 0.1803
Case 6 0.0001 0.0130 0.1061 0.0080 0.1131 0.1992

Compared with Case 0, the non-uniform hanging-depth configurations altered the
vertical tracer distribution within the farm, although the locations and intensities of upward
transport differed among configurations. Under the V-shaped configuration (Figure 9a;
Case 1), tracer concentrations in the 1-2 m, 2-3 m, and 3—4 m layers of 52 were 0.0180, 0.1362,
and 0.1822, respectively, indicating relatively continuous upward redistribution of release-
layer water into the upper in-farm water layers. Under the inverted V-shaped configuration
(Figure 9b; Case 2), higher concentrations occurred mainly in S1, while tracer concentrations
in the 2-3 m and 3—4 m layers of S2 decreased to 0.0186 and 0.1490, respectively, indicating
that upward transport was concentrated primarily in the upstream portion of the farm.
Under the uniform-depth configuration with a 90° inflow angle (Figure 9¢; Case 3), tracer
concentrations in the 2-3 m layer of S1 and S2 were only 0.0017 and 0.0026, respectively,
indicating relatively limited tracer replenishment to the upper in-farm water layers.

The two extended configurations mainly enhanced localized tracer redistribution
near the upper boundary of the release layer. Under the V-shaped (extended) config-
uration (Figure 9d; Case 4), the tracer concentration in the 3—4 m layer of S2 reached
0.2203, whereas concentrations in the 1-2 m and 2-3 m layers were only 0.0017 and 0.0339,
respectively. A similar pattern was observed under the inverted V-shaped (extended) config-
uration (Figure 9¢; Case 5; Table 3). These results indicate that the extended configurations
promoted tracer redistribution in the 3—4 m layer but provided limited replenishment
to the shallower 1-3 m layers. Concentration variations across S3-56 reflected differ-
ences in downstream transport and wake-induced redistribution among the configurations
(Figure 9a—e; Table 2).

Under uniform inflow with density stratification, the V-shaped configuration still
promoted upward tracer transport into the upper water layers in S2, although its spreading
toward shallower layers was constrained (Figure 9f; Case 6). Tracer concentrations in the
1-2 m, 2-3 m, and 3—4 m layers of S2 were 0.0080, 0.1131, and 0.1992, respectively, which
were lower than those under the unstratified V-shaped condition (Case 1; Table 3). These
results indicate that density stratification did not completely prevent in-farm tracer redis-
tribution but suppressed its further spreading into the shallower culture layers. Overall,
under uniform inflow, the V-shaped configuration showed the most pronounced in-farm
upward transport in 52, whereas density stratification weakened transport toward the
shallower water layers.

4.2.3. Measured Velocity-Profile Conditions

Under measured velocity-profile inflow conditions, tracer concentrations exhibited
clear vertical differentiation among the hanging configurations (Figure 10; Tables 2 and 4).
Under density-stratified conditions, the tracer was mainly distributed within and ad-
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jacent to the 5-8 m release layer and transported downstream along the streamwise
direction (Figure 10a—e).
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Figure 10. Vertical tracer concentration distributions across S1-56 under measured velocity-profile
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inflow. (a—e) V-shaped, inverted V-shaped, uniform-depth, V-shaped (extended), and inverted V-
shaped (extended) configurations with density stratification; (f) V-shaped configuration without
density stratification. Panels (a—f) correspond to Cases 7-12 in Table 1. Blue triangles mark the tracer
release-layer boundaries.

Table 4. Tracer concentrations in the 1-4 m layers below the water surface within the aquaculture
block (S1 and S2) under measured velocity-profile inflow conditions.

S1 S2
Case

1-2m 2-3m 3-4m 1-2m 2-3m 3-4m
Case 7 0.0040 0.0598 0.2032 0.0272 0.1860 0.3110
Case 8 0.0022 0.0958 0.2941 0.0049 0.0588 0.2150
Case 9 0.0003 0.0138 0.1386 0.0063 0.0614 0.1487
Case 10 0.0019 0.0263 0.2028 0.0081 0.0959 0.3858
Case 11 0.0040 0.0717 0.3248 0.0070 0.0725 0.2768
Case 12 0.0071 0.0723 0.2203 0.1971 0.2619 0.2654

In-farm upward transport under the different configurations was mainly evident in 51
and S2. Under the V-shaped configuration (Figure 10a; Case 7), tracer concentrations in
the 1-2 m, 2-3 m, and 3—4 m layers of S2 were 0.0272, 0.1860, and 0.3110, respectively, all
higher than those in the corresponding layers of S1 (Table 4). This indicates that release-
layer water could undergo continuous upward redistribution into the upper water layers
within the farm. Under the inverted V-shaped configuration (Figure 10b; Case 8), higher
concentrations occurred mainly in S1, while tracer concentrations in the 2-3 m and 34 m
layers of 52 decreased to 0.0588 and 0.2150, respectively, indicating that upward transport
was concentrated primarily in the upstream portion of the farm. Under the uniform-depth
configuration (Figure 10c; Case 9), tracer concentrations in the upper water layers of S1 and
S2 were generally low, indicating relatively limited in-farm upward transport.

The two extended configurations mainly enhanced localized tracer redistribution near
the upper boundary of the release layer. Under the V-shaped (extended) configuration
(Figure 10d; Case 10), the tracer concentration in the 3—4 m layer of S2 reached 0.3858,
whereas concentrations in the 1-2 m and 2-3 m layers were only 0.0081 and 0.0959, respec-
tively (Table 4). A similar pattern was observed under the inverted V-shaped (extended)
configuration (Figure 10e; Case 11). These results indicate that the extended configurations
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promoted tracer redistribution in the 3—4 m layer but provided limited replenishment
to the shallower 1-3 m layers. Concentration variations across S3-56 reflected differ-
ences in downstream transport and wake-induced redistribution among the configurations
(Figure 10a—e; Table 2).

Compared with the V-shaped configuration under stratified conditions, in-farm up-
ward transport was stronger under unstratified conditions (Figure 10f; Case 12). In Case
12, tracer concentrations in the 1-2 m and 2-3 m layers of S2 were 0.1971 and 0.2619, re-
spectively, higher than the corresponding values of 0.0272 and 0.1860 in Case 7 (Table 4).
These results indicate that density stratification limits further tracer spreading into the
upper 1-3 m culture layers, causing more tracer to remain near the upper boundary of the
release layer and in adjacent water layers. Overall, the V-shaped configuration showed
clear in-farm upward transport in S2, whereas density stratification weakened transport
toward the shallower culture layers.

5. Discussion
5.1. Hydrodynamic Dependence of the Effects of Non-Uniform Hanging-Depth Layouts

The velocity-field results are consistent with previous studies showing that suspended
shellfish farming structures can impede incoming flow, reduce flow velocities within farms,
and form low-velocity wake regions downstream of the structures [17,42—44]. Suspended
mussel farming structures can also be regarded as submerged canopy-like structures char-
acterized by distributed drag, where the drag distribution influences flow penetration, flow
deflection, and wake recovery [25,45-47]. In the present study, all five hanging configura-
tions generated low-velocity regions within and downstream of the mussel sleeve array;,
confirming that the sleeve array substantially modified the local flow field. More impor-
tantly, the non-uniform hanging-depth layouts altered the vertical distribution of canopy
drag, which explains the observed differences in wake continuity, localized deceleration,
and downstream recovery among the configurations.

The velocity-distribution and tracer transport results indicate that the effects of non-
uniform hanging-depth layouts depend strongly on hydrodynamic conditions. Under
uniform inflow without density stratification (Case 1-5), the background velocity was
relatively uniform in the vertical direction, and stabilizing constraints on the water column
were weak. Consequently, flow blockage by the mussel sleeve array more readily induced
wake fluctuations and localized disturbances. Under these conditions, the different non-
uniform hanging configurations modified the shape of the low-velocity region behind
the sleeves, generated undulations along the wake boundary, and promoted the vertical
spreading and redistribution of tracer released within the 4-8 m layer downstream of the
sleeve array. Taking the V-shaped configuration as an example (Case 1), its low-velocity
wake extended relatively continuously downstream, and the tracer plume maintained a
relatively stable transport pathway between the farm interior and the downstream region
without aquaculture facilities. These results indicate that, in the absence of stratification,
non-uniform hanging-depth layouts can more readily enhance exchange between adjacent
water layers by inducing wake disturbances.

Compared with the unstratified V-shaped case, density stratification markedly weak-
ened wake fluctuations, straightened the velocity-field and tracer-plume boundaries, and
confined the high-concentration regions (Figure 7a,f and Figure 8a,f; Cases 1 and 6). These
results indicate that stable stratification suppressed sleeve-induced vertical disturbances,
shear mixing, and wake spreading, thereby restricting velocity variations and tracer redis-
tribution to the sleeve layer and adjacent waters. Previous studies have shown that canopy
drag generates shear layers near canopy boundaries and thereby regulates turbulent mixing
and scalar transport. Under stable stratification, interactions between these shear layers and
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vertical density gradients may further limit vertical exchange [24,40,48,49]. Consistent with
these mechanisms, the present results indicate that background stratification constrains
wake disturbances, vertical tracer transport, and interlayer exchange induced by the sleeve
array as a suspended drag structure.

Under the combined effects of the measured velocity-profile inflow and density stratifi-
cation (Cases 7-11), the background flow exhibited pronounced vertical variations. The reg-
ulation induced by non-uniform hanging-depth layouts was therefore influenced not only
by the sleeve configuration but also by differences in incoming velocity among water layers.
The velocity field showed a relatively stable layered structure, with a continuous high-
velocity region in the middle and lower layers, whereas the low-velocity wake behind the
sleeve array was mainly confined to the upper and middle layers. Correspondingly, high-
concentration tracer regions extended more smoothly downstream along the release layer,
with markedly reduced vertical spreading and plume undulation (Figures 7g-k and 8g-k).
Compared with the V-shaped configuration under uniform inflow without density strati-
fication (Case 1), the V-shaped configuration under the measured velocity-profile inflow
without density stratification (Case 12) showed higher tracer concentrations across the sta-
tistical regions, particularly in the shallow water layers of S2. This indicates that vertically
non-uniform inflow was more favorable for streamwise transport of water from the 4-8
m layer and its redistribution into the upper in-farm water layers. Further comparison
between Cases 7 and 12 showed that, under the same measured velocity-profile inflow
condition, density stratification reduced tracer concentrations in the 1-3 m layers of S2.
This indicates that stable stratification mainly limited the further spreading of release-layer
water into the shallower culture layers.

5.2. Mass-Transport Regulation by Non-Uniform Hanging-Depth Layouts and
Practical Implications

Under conventional uniform-depth hanging layouts, mussel sleeves tend to form
extensive low-velocity regions within and downstream of the farm, thereby limiting the
transport of water from the 4-8 m layer into the upper culture layer [32]. In this study,
Case 0, which served as the reference for the existing uniform-depth hanging layout,
showed tracer concentrations of only 0.0021 and 0.0093 in the 2-3 m layer of S1 and S2,
respectively, indicating weak replenishment of the upper in-farm water layers (Case 0;
Tables 2 and 3). By redistributing the vertical drag exerted by the mussel sleeve array,
non-uniform hanging-depth layouts can alleviate the restriction imposed by the continuous
flow-blocking band on water exchange and improve the in-farm velocity structure and
transport of water from the 4-8 m layer (Figures 7a—e and 9a—e; Cases 1-5). Therefore,
the focus of configuration optimization should not be simply to increase sleeve length or
farming density, but rather to enhance replenishment from the middle and lower water
layers while maintaining appropriate flow velocities.

In terms of flow regulation, non-uniform hanging-depth layouts were more favorable
than the uniform-depth configuration for maintaining in-farm water movement. Under
uniform inflow conditions, in-farm velocities ranged from 0.08 to 0.34 m s~! for the V-
shaped configuration and from 0.06 to 0.34 m s~ ! for the inverted V-shaped configuration,
whereas the uniform-depth configuration showed a narrower range of only 0.05-0.13 m s .
These results indicate that the V-shaped and inverted V-shaped configurations disrupted
the continuous flow-blocking layer formed under uniform-depth hanging by varying
sleeve-bottom depths (Figure 7a—c; Cases 1-3). Although the extended configurations
enhanced localized disturbances, they also increased the vertical coverage of the mussel
sleeves and local drag. Their effects on maintaining in-farm flow should therefore be
considered carefully in practical applications (Figure 7d,e; Cases 4 and 5).
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Previous studies have shown that the drag of suspended aquaculture structures
and its interaction with background stratification can regulate local shear, mixing, and
material transport processes [8,10,40,48-50]. Consistent with these mechanisms, the present
results further demonstrate that differences in the vertical drag distribution of the mussel
sleeve array can alter tracer transport pathways and redistribution patterns. The V-shaped
configuration favored relatively continuous streamwise transport, whereas the inverted
V-shaped configuration was more prone to localized high-concentration accumulation.
The V-shaped (extended) and inverted V-shaped (extended) configurations enhanced
local wake disturbances and tracer redistribution. Under density-stratified conditions,
however, the tracer was transported mainly downstream along the release layer and
adjacent water layers, with relatively limited vertical spreading. These findings indicate
that optimization of non-uniform hanging-depth layouts should balance enhanced local
material redistribution with the maintenance of in-farm water exchange.

The gradient Richardson number (Ri) was used to characterize the relative effects
of density stratification and local velocity shear on mixing [40]. Lower Ri values indi-
cate that local shear is relatively stronger than density stratification and is therefore more
favorable for shear-induced vertical mixing. Regions with low Ri values showed good
spatial correspondence with areas of tracer-plume uplift and enhanced spreading, indi-
cating that local shear induced by the mussel sleeve array is an important mechanism
promoting the redistribution of water from the 4-8 m layer into adjacent upper water layers
(Figures 8f-k and 11a—f; Cases 6-11).

40 60 ,_ & 100 120
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Ri: 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Figure 11. Richardson number distributions in the central vertical plane under density-stratified
conditions. (a) V-shaped configuration under uniform inflow, corresponding to Case 6; (b—f) V-
shaped, inverted V-shaped, uniform-depth, V-shaped (extended), and inverted V-shaped (extended)
configurations under measured velocity-profile inflow, corresponding to Cases 7-11, respectively.

https://doi.org/10.3390 /jmse14151418


https://doi.org/10.3390/jmse14151418

J. Mar. Sci. Eng. 2026, 14, 1418

21 of 26

Under measured velocity-profile inflow with density stratification, low-Ri regions
under the V-shaped configuration were distributed relatively continuously across the
downstream half of the aquaculture block and corresponded to tracer redistribution near
52, indicating a greater capacity to promote in-farm water exchange (Figures 8g and 11b;
Case 7). In contrast, low-Ri regions under the inverted V-shaped configuration were more
locally concentrated, whereas those under the uniform-depth configuration were less
extensive. Correspondingly, tracer transport was characterized by localized accumulation
and transport confined near the release layer, respectively (Figures 8h,i and 11c,d; Cases
8 and 9). The two extended configurations formed pronounced low-Ri regions near the
sleeve array, indicating enhanced local shear disturbances. However, tracer redistribution
was mainly concentrated near the upper boundary of the release layer and in adjacent
downstream water layers, providing limited enhancement of replenishment to shallow
in-farm layers (Figures 8j,k and 11e,f; Cases 10 and 11).

It should be noted that the density stratification in this study was prescribed using
one measured temperature—-density profile, and the stratification strength and profile shape
were not varied independently. The comparisons between stratified and unstratified cases
indicate that density stratification constrained tracer uplift and reduced vertical plume
spreading. Therefore, changes in stratification strength or in the vertical density-gradient
structure may influence the vertical extent of tracer uplift and the spatial distribution of
low-Ri regions. In general, stronger stratification may further suppress vertical spread-
ing, whereas weaker stratification may allow more pronounced tracer uplift and broader
low-Ri regions. However, these responses were inferred from the stratified—unstratified
comparisons and were not quantified through additional perturbation simulations of the
density profile. Future studies should include sensitivity tests with different stratification
strengths and profile shapes to further evaluate the robustness of the tracer-uplift and
low-Ri features.

Non-uniform hanging-depth layouts influence water transport not only by modifying
the flow structure but also by altering the spatial relationship between mussel sleeves and
seston-rich water layers. Under the existing uniform-depth hanging layout, the sleeve
bottoms of all rows were located at approximately 3.75 m below the water surface. In
contrast, under the non-uniform configurations examined in this study, the sleeve bottoms
of some rows extended to 5.85 m below the water surface, reaching the upper portion of the
relatively seston-rich 4-8 m layer and thereby increasing their potential for direct contact
with water from this layer (Figure 2).

Under uniform inflow without density stratification, the V-shaped configuration
produced clear in-farm tracer redistribution in S2. This feature remained evident under
the measured velocity-profile inflow with density stratification, indicating that the V-
shaped configuration maintained a relatively stable capacity to transport release-layer
water into adjacent upper in-farm water layers (Figures 9a and 10a; Cases 1 and 7). In
contrast, tracer redistribution under the inverted V-shaped configuration was more con-
centrated in the upstream portion of the farm or localized downstream regions, whereas
enhanced tracer concentrations in the upper layers under the uniform-depth configura-
tion occurred mainly downstream, indicating relatively limited in-farm vertical exchange
(Figure 9b,c; Cases 2 and 3). The two extended configurations enhanced localized re-
distribution near the upper boundary of the release layer and in adjacent downstream
water layers; however, their effects were mainly concentrated around the 3—4 m layer
and provided limited replenishment to shallower culture layers (Figures 9d,e and 10d,e;
Cases 4, 5,10, and 11). For example, under uniform inflow without density stratification,
the tracer concentration in the 2-3 m layer of S2 was 0.0339 and 0.0428 for the V-shaped
(extended) and inverted V-shaped (extended) configurations, respectively, which were

https://doi.org/10.3390 /jmse14151418


https://doi.org/10.3390/jmse14151418

J. Mar. Sci. Eng. 2026, 14, 1418

22 of 26

75.1% and 68.6% lower than that of the non-extended V-shaped configuration (0.1362;
Case 1). However, these values were still higher than that of the existing uniform-
depth reference layout (0.0093; Case 0), indicating that the extended configurations
still improved shallow-layer tracer transport relative to the existing layout, but were
less effective than the non-extended V-shaped configuration (Table 2). From a biologi-
cal perspective, the lower tracer concentrations in the shallow culture layer suggest a
weaker renewal potential of seston-rich water, which may reduce the potential delivery
of seston particles to mussels in this layer compared with the non-extended V-shaped
configuration. However, because mussel filtration, particle settling, biological uptake,
and growth processes were not explicitly simulated, the possible effects on actual food
supply, local carrying capacity, and mussel growth should be further evaluated using
coupled hydrodynamic-biological models and field observations.

From a practical farming perspective, the V-shaped configuration may be relatively fea-
sible for large-scale commercial mussel farms because it does not require new infrastructure,
additional energy input, or an increase in mussel sleeve length. Instead, it can be imple-
mented by assigning different target suspension depths to different sleeve rows within the
existing raft or longline framework. The implementation would mainly involve setting
different suspension depths during deployment, which could be achieved using preset
hanging-line lengths or simple row-specific depth markings, without substantial changes
to the existing installation, maintenance, or harvesting procedures. Therefore, the basic
farming materials, such as mussel sleeves, floats, ropes, and anchors, would remain similar
to those used in conventional uniform-depth layouts, which may help limit additional
construction and material costs. Nevertheless, field trials and cost-benefit analyses are still
needed to verify the accuracy of the prescribed hanging depths and evaluate the associated
labor requirements and economic feasibility under commercial farming conditions.

To provide a clearer quantitative basis for identifying the preferred hanging configura-
tion, the configurations were evaluated using three criteria: (i) in-farm replenishment of
upper culture waters, represented by tracer concentrations in the shallow in-farm layers,
especially the 2-3 m layer of S2; (ii) maintenance of in-farm flow, represented by the velocity
range within the aquaculture block and the avoidance of a continuous low-velocity band;
and (iii) practical feasibility, including whether the configuration required increased mussel
sleeve length, additional infrastructure, or additional energy input.

Based on these criteria, the V-shaped configuration showed the most balanced per-
formance among the configurations examined. Under uniform inflow without density
stratification, the tracer concentration in the 2-3 m layer of S2 reached 0.1362 for the V-
shaped configuration, which was higher than those of the existing uniform-depth reference
case, inverted V-shaped configuration, uniform-depth configuration under 90° inflow,
and the two extended configurations. Under measured velocity-profile inflow with den-
sity stratification, the corresponding value for the V-shaped configuration reached 0.1860,
also exceeding those of the inverted V-shaped, uniform-depth, V-shaped (extended), and
inverted V-shaped (extended) configurations (Table 2; Cases 1 and 7). In terms of flow
maintenance, the in-farm velocity range of the V-shaped configuration under uniform in-
flow was 0.08-0.34 m s~ !, which was broader than that of the uniform-depth configuration
under the 90° inflow arrangement (0.05-0.13 m s~ 1). Although the extended configurations
produced higher tracer concentrations in the 3—4 m layer in some cases, their replenishment
to the shallower 1-3 m layers was more limited. In addition, the V-shaped configuration did
not require increased mussel sleeve length, additional infrastructure, or additional energy
input. Therefore, the V-shaped configuration was identified as the preferred configuration
under the present model assumptions and evaluation metrics.
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Overall, the advantages of non-uniform hanging-depth layouts are reflected in two
main aspects. First, the non-uniform vertical drag distribution alleviates the effects of
continuous flow blockage and improves the in-farm velocity structure. Second, it promotes
the redistribution of water from the 4-8 m layer into adjacent upper culture layers within
the farm while maintaining a certain degree of downstream transport. For high-density
suspended mussel farms off Gougqi Island, optimization of hanging layouts should balance
in-farm flow maintenance, replenishment of target water layers, and drag-related flow
blockage. Among the configurations examined in this study, the V-shaped configuration
provided the most balanced performance in terms of in-farm water transport, flow mainte-
nance, and practical feasibility. It can therefore be considered a preferred option under the
present model assumptions and evaluation metrics.

5.3. Limitations and Future Work

This study used a passive scalar to track the redistribution of water originating from
the relatively seston-rich 4-8 m layer toward the upper culture layers and downstream
regions. The tracer concentration characterizes the extent of this redistribution rather than
the measured seston concentration or actual food availability. Particle settling and biological
processes, including mussel filtration, uptake, phytoplankton growth, and feeding—seston
feedbacks, were not represented. Therefore, “food replenishment” refers only to the
hydrodynamic potential for transporting seston-rich water. The preferred configuration was
evaluated mainly using tracer transport, in-farm flow maintenance, and practical feasibility,
whereas residence time, flushing rate, and carrying capacity were not directly assessed.
Future studies should incorporate these farm-scale indicators and couple hydrodynamic
transport with particle and biological processes.

The mussel sleeves were modeled as rigid structures, without wave—current-induced
oscillation or deformation. Studies of idealized oscillating bodies indicate that relative
motion between neighboring immersed structures can modify hydrodynamic force re-
sponses [28]. Although these systems differ from flexible mussel sleeves, they suggest
that sleeve motion may affect effective frontal area, drag, wake interactions, and tracer
redistribution. In addition, the simulations were limited to a single aquaculture block
and a restricted range of prescribed constant-direction inflow and stratification conditions.
Sensitivity to tidal velocity, oblique and time-varying inflows, waves, seasonal variability,
stratification characteristics, and turbulence-model selection was not systematically eval-
uated. In particular, no direct comparison among LES, RANS, and DES was conducted.
Future field observations and sensitivity analyses should examine these factors to assess
the robustness and applicability of the findings under realistic sea conditions.

6. Conclusions

To address limited potential food-layer replenishment in the surface culture layers of
suspended mussel farms and investigate transport from the relatively seston-rich 4-8 m
water layer, this study used a representative aquaculture block within a suspended mussel
farm as the model system. The existing uniform-depth hanging layout at a 0° inflow
angle served as the reference scheme. Five mussel sleeve-hanging configurations were
evaluated: V-shaped, inverted V-shaped, uniform-depth (90° inflow angle), V-shaped
(extended), and inverted V-shaped (extended). Flow structures and transport characteristics
of water originating from the 4-8 m layer were analyzed under different inflow and
density-stratification conditions. The passive tracer was used to evaluate the hydrodynamic
transport potential of seston-rich water rather than actual food availability. The main
conclusions are as follows:
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(1) Uniform-depth hanging readily forms a continuous low-velocity band within the
water layer occupied by the mussel sleeves, limiting in-farm water exchange and the
transport of water from the 4-8 m layer into the upper culture layers. By altering the
vertical distribution of drag induced by the mussel sleeves, non-uniform hanging-
depth layouts can alleviate the effects of continuous flow blockage and improve the
in-farm velocity structure and local water-exchange conditions under the conditions
considered in this study.

(2) The V-shaped configuration exhibited more pronounced in-farm upward transport.
Under uniform inflow without density stratification, water was guided upward along
the bottoms of the V-shaped mussel sleeves and underwent clear in-farm redistribution
in the downstream half of the aquaculture block (S2), where the tracer concentration in
the 2-3 m layer reached 0.1362. Under measured velocity-profile inflow with density
stratification, the V-shaped configuration still promoted transport of release-layer
water into adjacent upper water layers in S2, indicating good potential for enhancing
in-farm transport of seston-rich water.

(38) Density stratification suppresses tracer spreading into the shallower culture layers,
causing the tracer to remain more concentrated near the upper boundary of the release
layer and in adjacent water layers. Low-Richardson-number regions showed good
spatial correspondence with areas of tracer uplift and enhanced spreading, indicating
that local shear induced by the mussel sleeves is an important mechanism promoting
tracer redistribution into adjacent water layers.

(4) Although the two extended configurations enhanced local shear disturbances and
tracer redistribution near the upper boundary of the release layer, their greater vertical
coverage strengthened flow blockage in the upper layers, providing limited improve-
ment in the hydrodynamic transport potential of seston-rich water toward shallow
in-farm culture waters. Under practical farming conditions, longer mussel sleeves
may also be associated with greater filter-feeding consumption, further increasing
pressure on food replenishment in the upper layers.

Overall, under the hydrodynamic and stratification conditions considered in this
study, the V-shaped configuration provides a better balance among in-farm replenishment,
flow maintenance, and downstream transport. It can therefore be regarded as a preferred
configuration under the present model assumptions and evaluation metrics. Future studies
should incorporate field observations and further consider processes such as flexible sleeve
motion and filter feeding to verify the hydrodynamic and ecological regulation effects of
this layout under realistic sea conditions.
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