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Key Points:

e Generation & analysis of geometric models of adult Limnoperna fortunei (LF)

attachments, considering mussel densities & size variations

e Development of a numerical modeling scheme to replicate the flow over the LF
attachment with internal periodic boundary conditions

e LF attachments reducing local velocity & boosting turbulence, and increasing the

Manning's n value in skimming flow by over 90%
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Abstract

High-density attachment of Limnoperna fortunei (LF) would lead to the increase of flow
resistance, which has posed big challenges to the normal operation of water conveyance projects.
It is very necessary to quantify the flow resistance caused by the attachment of LF. In this study,
a 3D geometric model of LF was generated based on real images. Attachment models of LF were
generated with different densities and mussel size distributions, whose geometric characteristics
were evaluated by some fundamental physical quantities, including attachment thickness, bed
coverage, surface vertical roughness, and roughness concentration. Furtherly, a 3D numerical
model with specific boundary conditions was established in OpenFOAM to simulate the flow
over the LF attachment. Body-fitted mesh was generated using snappyHexMesh based on the LF
attachment model. The results show that in high-density scenarios, a big wake zone formed
inside LF attachment by the combined effects of each individual LF. Turbulence kinetic energy
distribution indicated that LF attachment would cause viscous dissipation thus leading to more
energy loss. The flow structure inside LF attachment was controlled by the mussel size and
spacing between each mussel. Manning’s n values were calculated based on the CFD results at
different densities. The results show that the flow resistance of LF attachment also followed the
classic flow regimes, where in the skimming flow regime, the mussel size distribution played a
non-negligible role. Higher flow speed resulted in larger flow resistance, and n could increase
more than 90% compared to the scenario without LF attachment.

1 Introduction

In recent years, inter-basin water transfer projects have increased dramatically due to human
water management needs, and long-distance water transfers pose a serious risk of biological
invasions (Barbosa et al., 2018; Pysek et al., 2020; Haubrock et al., 2022; Zhang et al., 2022;
Mahapatra et al., 2023). These aquatic organisms have spread to many parts of the world, such as
North American, South American, and European continents (de Medeiros Fortunato & Andrade
Figueira, 2022; Elizarraga et al., 2023). Their attachment corrodes concrete walls, increases flow
resistance, clogs pipes and damages the structure of man-made buildings (Boltovskoy et al.,
2022; de Souza et al., 2023), which cost $ 63.7 billion (2017 US$) across all regions and socio-
economic sectors between 1980 and 2020 (Haubrock et al., 2022). China also faces a significant

risk of invasion by Limnoperna fortunei (LF) from its warm water source in South China (Zhan
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et al., 2015; Wang et al., 2023; Wang et al., 2023; Yang et al., 2024). When LFs are in the
planktotrophic larvae stage, they flow with the water which causes a rapid spread through the
water transfer channel (Ricciardi, 1998; Nakano et al., 2012; Cataldo, 2015). Byssal attachment

occurs in a selected suitable habitat, and the dissoconch will soon become adult (Morton, 2015).
When the adult LF is under suitable conditions of ecological amplitude and flow speed, the
attachment density increases rapidly (Xu et al.,_2015; Zhao et al., 2019; Liu et al., 2020),
resulting in the variation of the flow resistance as well (Li, 2009; Yan & Sun, 2019).
Nevertheless, the changes in flow resistance due to LF attachment increase the unpredictability
of hydraulic calculations for open channels, which posed a great potential threat to the operation
of water transfer projects. Some hydrodynamic variables, such as velocity (Zhang et al., 2020),
wall shear stress (French & Ackerman, 2014), and vortex structure (Lazzarin et al., 2023) were
used to describe the impact of mussel attachment on the flow field (Hardison & Layzer, 2001;
Allen & Vaughn, 2010; Lopez & Vaughn, 2021). However, the quantification of the flow

resistance due to LF attachment structures remains unresolved.

Flow resistance controls the energy losses due to viscous dissipation (Smith, 2014), thus scholars
use experiments and numerical simulations to quantify flow resistance generated by the presence
of roughness elements. In both natural rivers and water transfer channels, the aquatic organisms
as well as other in-stream structures attached to the bottom walls can be considered as roughness
elements in hydrodynamics (Styles, 2015; Xu & Liu, 2017; Yang & Nepf, 2019; Ismail et al.,
2021). The flow field around such roughness elements can be divided into three regimes (Morris,
1955; Mayaud et al., 2016; Sansom et al., 2020): isolated roughness flow, wake-interference
flow, and skimming flow, based on bed coverage (%) (Davis & Barmuta, 1989; Friedrichs et al.,
2000) and dimensionless physical quantity roughness concentration (Lee & Soliman, 1977,
Sansom et al., 2022), where the isolated roughness flow occurred when percent bed coverage
was less than 5% or roughness concentration was less than 0.082, the wake interference occurred
when percent bed coverage was 5% to 8% or roughness concentration was 0.082 to 0.198, and
the skimming flow occurred when percent bed coverage was over 12% or roughness
concentration was over 0.198. In previous studies, many efforts have been made to quantify the
flow resistance due to the streambeds. In mountain streams, flow resistance was found to be
maximized at the roughness concentration of 0.2-0.4 (Canovaro et al., 2007). In vegetated

channels, it was found that flow resistance was connected to the patch-scale vegetation
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distribution, rather than the geometry of single plant (Nepf, 2012), the drag coefficient was
studied for an emergent vegetated patch area under nonuniform flow (Zhang et al., 2024). In
Chen et al. (2019)’s study, different sizes of streambed sediment were scanned and reconstructed
based on structure-from-motion (SfM) photogrammetry, and they discovered that the stream
flow resistance was mainly controlled by the standard deviation of the bed elevation normalized
by water depth. As for these aquatic organisms, the species, sizes, densities and distribution may
play important roles in flow resistance (Ghisalberti, 2009; Wang et al., 2010; Mossa et al., 2017;
He et al., 2021). Therefore, some hydraulic models incorporate the geometric features of the

roughness elements to increase the prediction of flow resistance (D’Ippolito et al., 2021).

Freshwater mussels, as an important component of the aquatic system, cover an increasing area
of the bottom bed in water transfer projects. Therefore, the flow resistance generated by their
attachment to the wall cannot be not ignored. The presence of both live and dead mussel shells
increase benthic surface area and shear stress (Vaughn & Hakenkamp, 2001; Zimmerman & De
Szalay, 2007). Early studies of ship resistance in 1916 showed that fouled plates exposed to
seawater had four times the frictional resistance of new smooth plates (McEntee, 1916). When
the percent bed coverage of the mussels reached 100%, the overall structure and underlying
substrate of the streambed or boat bottom were changed (Widdows et al., 2002). Different sizes
of Barnacle attached to the ship bottom increased the flow resistance, leading to power loss of up
to 86% at cruising speed (Schultz, 2007). As a further study, the effect of roughness on the
frictional resistance of a ship could be well predicted with a uniform distribution of the
organisms (Demirel et al., 2017). Experimental studies showed that the attachment of Mytilus
edulis (55% - 95% bed coverage) enhanced the turbulent kinetic energy and wall shear stresses
(Widdows et al., 2009). After further quantification of the hydraulic elements, the mussel-
covered streambed increased wall shear velocity by 28% and bed roughness by nearly 300%
(Sansom et al., 2018). When the density of Lampsilis siliquoidea exceeded 25 mussels/m? on the
wall surface, the turbulent shear stresses acting on the mussels were reduced by up to 64%
(Sansom et al., 2020). The study of the flow field structure around the mussels revealed that
vortex structures were formed around the mussels, which increased the wall shear stress and
induced local scour in front and behind the mussel(Lazzarin et al., 2023). In most studies of

mussel roughness, the studied species were much larger than LF, thus the pervious findings may

4 of 26



112
113

114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

132
133
134
135
136
137
138
139

Water Resources Research

be not applicable for LF. Moreover, the non-uniform distribution of mussel size has not been
considered yet.

CFD-based numerical simulations have been more and more popular for the studies of the flow
field around aquatic organisms (Wu et al., 2020; Xu & Liu, 2021; Wu & Constantinescu, 2022).
By resolving the complex geometric structures of the aquatic organisms, forces acting on the
objects as well as the local flow structures could be accurately predicted (Xu & Liu, 2017; Chen
et al., 2018; Lazzarin et al., 2023). Therefore, high-resolution geometric models are crucial to
ensure the accuracy of numerical simulations. Turbulence modeling also plays an important role
in CFD simulation of mussel attachment. Khor & Xiao (2011) used Standard k - ¢ turbulence
model to simulate the effect of biofouling, indicating that the pressure gradient increased
gradually with the height of attachment. Constantinescu et al. (2013) used large eddy simulation
(LES) to simulate the turbulence structures around a group of freshwater mussels, which were
also validated by PIV measurements. Wu et al. (2020) used Spalart-Allmaras model (Spalart &
Allmaras, 1992) in their simulation, and a positive correlation was found between the current
force acting on the mussel shells and the ratio of the exposed height and length of the mussel
shells. Song et al. (2020) used Unsteady Reynolds Averaged Navier-Stokes (URANS) model to
simulate the roughness effect of biofouling on ship bottom, and established the relationship
between roughness and factors such as Froude number. Lazzarin et al. (2023) used the Detached
Eddy Simulation (DES) in STAR-CCM+ to resolve flow field among the partially-buried

mussels.

To quantify the flow resistance due to the attachment of non-uniform and high-density
distribution of LF, the following objectives were fulfilled: 1) geometric structures of LF
attachment with different densities and size distributions were generated properly; 2) geometric
parameters of the LF attachment were carefully calculated and analyzed; 3) a numerical model
featured with internal periodic boundary condition was proposed to simulate the flow over the
LF attachment, obtaining rich information about mass transfer and momentum exchange; 4)
Manning’s n value was also used to quantify the overall roughness effect of LF attachment under
different flow conditions.
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2 Geometric models

2.1 Limnoperna fortunei attachment

The size of adult mussel shells usually varied in the north and south of China due to
environmental factors such as water temperature (Liu et al., 2020). According to the previous
sampling data in the main channel of grand water diversion project, the lengths of the adult LF
shells were greater in the south than that in the north (Fu & Bin, 2012; Wei et al., 2015; Zhao et
al.,, 2019; Yang et al., 2024). In this study, the average size of the adult LF model was
determined to be 22.0 mm in length in the south and 17.0 mm in length in the north. Based on
the front-view image, the anterior edge of the adult shell is nearly rounded, and it is connected to
the posterior edge to form a large arc. From the view of dorsal side, the adult shells are slightly
swollen and narrowed posteriorly, with the ligaments of the adult shells located in the medial
side. From the ventral side, the adult shell has a narrow undercut and the shell outline is
diamond-shaped. Thus, the geometric model of an individual adult LF was built in Blender as

shown in Figure 1c.

Carefully considering the size of an individual adult LF, a 20 cm X 20 cm plane was selected to
place a certain density of LF, so as to mimic the attachment of LF. Due to the maximum LF shell
length limitation in the south, the highest achievable density for a single-layer LF is 15000
ind/m?. Any density exceeding this limit would result in multi-layer attachment. Similarly, the
maximum density in the north is 20000 ind/m?. To ensure the non-overlapping and randomness
of attachment, the density of the attachment model used in this study was set from 500 ind/m? to
20,000 ind/m%. Obviously, the actual LF attachment naturally comprises mussel shells of diverse
sizes. The mussel length frequency distribution for the south and north, based on the sampling
data provided by Yang et al., 2024, is illustrated in Figure 1b. Accordingly, the size of each
individual LF in the attachment model was set randomly based on the length frequency. In
addition, the location and orientations of each individual LF placed on the plane are randomized.
The placement of LF on the plane were processed by activating the falling action of the physical
motion engine in Blender, and the plane was set as stationary rigid body. The placement process
for each density was replicated three times to yield three unique 20 cm x 20 cm LF attachment
planes, with the intention of capturing a certain degree of bio-attachment diversity. For

convenience of discussion, the attachment model in the south is denoted as S,n, and the north
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model is denoted as Nam. The LF attachment models were generated as STL (STereoLithography)
file format, which is actually triangulated surface mesh. STL files can be easily used as input to
generate 3D mesh in OpenFOAM.

Then, the geometric features of the LF attachment models were examined by several geometric
parameters, including maximum and mean thickness, bed coverage, surface vertical roughness,
and roughness concentration. These geometric parameters not only provide a quantitative
description of the attachment model, but also provide a basis for further investigation of flow
resistance, thus promoting the further development of roughness elements research. It should be
noted that this study focused on the mechanisms of flow resistance induced by a single-layer
attachment instead of multi-layer attachment.

(a) Biofouling ‘(b) Length frequency E— ‘(C) Attachment model‘

Mussel length (mm) ‘{ ¥ o~ E.‘/t‘_‘::.';
B 26-30 S )
I -5 SN PR
— TS e
RIBE TV oA | -
st N
6-10 « S &
- SO“ﬂf | 0-5 Il North 21 _\: .;-:_ 3 :..., B
80 60 40 20 0 0 20 40 60 80 : =
Frequency (%)

Figure 1. Geometric models of the Limnoperna fortunei (a) biofouling; (b) the frequency of mussel length in

southern and northern China; (c) visualizations of an individual LF model and attachment model

2.2 Attachment thickness

The attachment thickness refers to the height of the roughness elements, which is a fundamental
physical quantity for describing the attachment of aquatic organisms. In this study, the mean
height Hy and the maximum height Hy, are used to describe the thickness of the attachment
model. The maximum height refers to the vertical distance between the lowest and the highest
points of the attachment model, which is easy to obtain. The mean height was calculated by
averaging the height of each LF in the attachment model, which can be done using Python scripts.

In order to evaluate the randomness of the attachment model, the standard deviation of

attachment thickness was calculated for each same density. The relationship between density and
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attachment thickness is shown in Figure 2. It can be seen that Hy, is close to the maximum length
of the individual. Hy gradually increases with the attachment density, with a significantly steeper
increase in the south compared to the north, likely due to the different length distributions in the
respective regions. The small and consistent deviation in attachment thickness at the same

density indicates that the current random placement method is suitable for modeling attachments.

,é\ 304 P 7y z - . = a

= 251
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£ 201

Q 2

= 154 » >

5 - - ‘

g 10 4 = o o Hml Num

% o Hﬂ ' Nmm

E 51 A H-n ’ Sum
0 v HFJ s Snm

0 5000 10000 15000 20000
Density (ind/m?)

Figure 2. The thickness of LF attachment model at each density for both South (S,n,) and North (Nap)

2.3 Bed coverage

Bed coverage is one of the most important physical quantities for bio-attachment, which has
been linked to flow resistance in many studies (Manga & Kirchner, 2000; Demirel et al., 2017,
Nugroho et al., 2023). Using bed coverage to quantify the effect of mussels on the wall would be
more effective than using density because different mussels vary in size, whereas bed coverage
considers only the contact area and is independent of mussel size. The bed coverage is calculated

as following (Sansom et al., 2022):

_ZA”

C. =
’ Aotal

1)

where C, is the bed coverage (%) occupied by mussels on the bed; A" is the area occupied by an

individual mussel (m?); A, is the total planar area (m?).

Figure 3 shows the C, of LF at different distances from the wall in the south and north. Due to

the randomness of the attachment position and orientation, C, varied greatly at different
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distances from the wall. It also turned out to be significantly different for different attachment
densities. Overall, higher density resulted in larger C, . For each density, C, was greatest at the

distance of 5-10 mm from the wall both south and north. When establishing the fitting

relationship between roughness concentration and bed coverage, the maximum bed coverage at
each density was used for the calculations.

50 S‘”" 40 Nmn
-]
X401 = 30- >
(5]
€30 &
S 5 20
3 20- 3
Q A o
e k=
10- -
2 104 ] . 2
O A )
0{ & ~g— 5 —% G 0. g S "
0 5 10 15 20 25 0 5 10 15 20
Z (mm) Z (mm)
O 500 ind/m*> 0O 1000 ind/m?*> A 3000 ind/m?> ¢ 5000 ind/m> < 7500 ind/m?
10000 ind/m?> ¥ 12500 ind/m? 15000 ind/m*> @ 20000 ind/m?

Figure 3. Bed coverage (%) of LF attachment model at the different distances from the wall (a) South (S.n) (b)
North (Nam)

2.4 Surface vertical roughness

The standard deviation of all the individual LF height in each attachment model can be

calculated as the surface vertical roughness as follows (Nikora et al., 1998; Aberle & Smart,
2003):

o, =Jmi_li(Hi ~H,) @)

i=1
where o, is surface vertical roughness (mm); m is the number of LF (ind.); H, is the height of

each individual in the attachment model (mm); H, is the mean height of the attachment model

(mm).
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Figure 4 shows the variation of o, at different densities. In the south, o, increases first, and then
decreases, with a maximum value at density of 5000 ind/m?, while in the north, it increases with
density and then gradually stabilizes at the density of 10000 ind/m It also indicated that the

trend of o, variation at different densities were related to the length distribution of mussels.

-

(=)}
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=
1

[#58]
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—0— S

am
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Vertical surface roughness (mm)

)

0 5000 10000 15000 20000
Density (ind/m?)

Figure 4. The surface vertical roughness of LF attachment models at each density for both south and north

2.5 Roughness concentration

In order to relate the attachment thickness of roughness element to the density, roughness

concentration was calculated by multiplying the projected area by the density, as follows:
L.=AD 3)

where L. denotes the roughness concentration; A’denotes the projected area of the attachment

model (m?%ind); D denotes the density of the attachment model (ind/m?).

In the process of calculating the projected area, researchers used to assume mussels as ellipses

because of the its irregularity in shape (Wolfe & Nickling, 1993; Sansom et al., 2022). In this

paper, an octree algorithm was used to calculate the exact projected area of the attachment model

in order to speed up the computation.

The relationship between the bed coverage (C,) and roughness concentration (L ) were

carefully examined. Data of different densities from both south and north were plotted in Figure

5. It turned out that these tow variables fitted well with a quadratic function. It should be noted

10 of 26



237

238

239
240

241

242

243
244
245
246

247

248

249

Water Resources Research

that the maximum C, at each density was selected as the fitting data. Since it is difficult to
directly obtain the L, under actual attachment conditions, the bed coverage can be measured or

photographed instead. The advantage of this fitting function is that it is independent of the size

distribution of the mussels and is therefore applicable to a wide range of attachments.

1.0

0.8

0.6 -

0.2 1 o L ,=-4298C,’+4.009 C,+0.012
R?=0.962

Roughness concentration

0 10 20 30 40 50 60
Bed coverage (%)

Figure 5. Relationship between bed coverage (%) and roughness concentration
3 Numerical Simulation

3.1 Governing equations

Eddy-resolving turbulence models such as LES (Constantinescu et al., 2013) and DES (Lazzarin
et al., 2023) were used to simulate the flow around mussels. However, compared to the previous
study, the individual mussels in this study were significantly smaller and their attachment was
much denser, resulting in increased computational requirements. Therefore, SST k - @ RANS

model was used instead in this study. The governing equations can be found as follows:

ou;
-0 4
. (4)
—2 2
o[ U +Uji U :ﬂ(_ﬂu +2v5, T, —UUT) — 2SS, +UUS, (5)
ot\ 2 OX; oX; P
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=2 =2
where U, is the resolved velocity; %(%j+ﬁ . i(%} denotes the change rate of the mean

Jan

kinetic energy; axi(—BU | +2vs, U, —ujuil;) denotes the mean kinetic energy transport due to
P
]

the mean pressure; 2vs;s; represents the mean kinetic energy transport due to the viscous stress;

"We

uu's; represents the mean kinetic energy transport due to the Reynolds stress.

The attachment of LF to the wall acts as a barrier to water flow, thereby increasing the viscous
stress on the solid wall surface and converting the average kinetic energy into internal energy,

ultimately leading to flow resistance.

SST k - w turbulence model combines the advantages of both the k - @ and the k - ¢ turbulence

models (Menter, 1994). The governing equations of k and @ can be found as follows:

k equation:

opk  O(pUk) 0 ok
+ =R -D,+—|(u+ — 6
ot . k KT o (/U O_k/ut) X (6)

j j
where P, is the turbulent kinetic energy (TKE) generation term, which reflects the relationship

between the time-averaged Reynolds stress and the time-averaged velocity gradient; and D, is

the turbulent kinetic energy destruction term, which reflects the turbulent dissipation rate.

@ equation:

@ OX; OX;

opw N o(pU;w)

o0
ot OX _

0
P -D +-2
A “’+6X{(ﬂ+aw'ut)6x

i i

J+ 2p(1-F) (7)

]

where P, is the turbulence-specific dissipation generation term, reflecting the relationship with
the eddy viscosity coefficient; D, is the turbulence-specific dissipation law destructive term; u
is the hydrodynamic viscosity coefficient; @ is specific turbulence dissipation rate; F, is the
mixing function term, the turbulence model is mainly through the adjustment of the value of F,

to achieve the conversion in the k - ¢and k - @ turbulence model.
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In this study, all the numerical simulation cases were performed in OpenFOAM v8 (The
OpenFOAM Foundation, 2020). pimpleFoam was adopted as the solver with adjustable time-
step.

3.2 Boundary conditions

In real world, water flows are generally fully developed. However, in numerical simulation, it is
difficult to set the inlet as the fully developed boundary condition. In this study, the inlet
boundary condition (BC) of U, k, and @ was set as mapped in OpenFOAM, which refers to
internal periodic boundary condition. The basic idea of this BC is that for each time step, the
values on the inlet cross-section are mapped from the last-time-step values on a certain cross-
section some distance downstream, and the mapped values are adjusted to reach a pre-set
average value, which are used as Dirichlet BC for inlet in current time step. In OpenFOAM, BCs
need to be set for each variable. The setup of BCs used in this study can be found in Table 1. The
free surface (top) was treated as free-slip rigid lid, namely symmetryPlane. In order to focus on
the impact of LF attachment, side-wall effects were not considered in this study. Thus, side walls
in the numerical models were set as periodic boundary condition namely cyclicAMI. Numerically,
the two side walls are connected to each other, to form an infinitely wide channel. In this case,
this numerical model is more like a fully developed boundary layer flow. The computational
domain and boundary conditions are shown in Figure 6a. Detailed explanations of all the BCs

can be found on any official website of OpenFOAM.

According to the literature (Jing et al., 2022), Fr in the main channel was chosen between 0.09
and 0.29 in the numerical simulation. Therefore, the mean values of the incoming flow velocity
(Uop) were set as 0.20 m/s, 0.25 m/s, 0.30 m/s when the water depth (Ho) was 0.5 m, and the Uy
were set as 0.20 m/s, 1.00 m/s and 2.00 m/s when Hy was 5.0 m. Cases using hydraulically
smooth wall as bottom (without LF attachment) were performed for these scenarios. Figure 6b
shows the vertical distribution of the simulated streamwise velocity in dimensionless form, all of

which matched well with the theoretical result for smooth walls.

Table 1 Setup of boundary condition of the variables used in OpenFOAM

u p K omega nut

inlet mapped zeroGradient mapped mapped calculated
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Figure 6. (a) 3D model of smooth wall and boundary conditions: L,, L, and L, denote the length, width and height of
the computational domain, respectively (b) vertical distribution of streamwise velocity in dimensionless form for

cases with smooth walls

3.3 Mesh generation

Following the statement in section 2.1, snappyHexMesh, a mesh-generation tool in OpenFOAM,
was utilized to generate the body-fitted mesh of the computation domain over LF attachment,
based on the surface mesh of LF attachment model. As shown in Figure 7a, three randomly-
generated LF attachment model (200 mm in length) with same density and size distribution were
placed accordingly in upstream part (600 mm in total length). In order to improve the
performance of the inlet internal mapping process, 5 mm gaps were set at both the inlet cross-
section and mapping cross-section (about 600 mm from the inlet). Pre-testings showed that 5 mm
gap would not affect the simulation results but greatly improve the robustness of the numerical
model. There was another 190 mm distance between the location of mapping cross-section and
the outlet, which was testified to be long enough to eliminate the effect of outlet overflow. As
shown in Figure 7b, the grid in the near-wall region was refined to improve computational
efficiency. Grid independence analysis shown in Figure 7c indicated that the mesh with 1.2

million cells was good enough for the prediction of the manning roughness coefficient. In order
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311  to facilitate the simulation, a pre-case with coarser mesh was performed firstly. Then, a case with
312 finer mesh mapped the result from the pre-case, and used it as initial condition. The y*

313 distribution is shown in Figure 7d.

(a) Computational domain (b) Mesh generation

""""" ~(mm)
Monitoring region
[ Limnoperna fortunei
/ (©) 00150
P 0.0147+ /
= 0.01444
0.0141+
0.0138

0 50 100 150 200 250
Number of total cells (10%)

Figure 7 Mesh generation using snappyHexMesh (a) placement of LF attachment models on the bed (b) refined
grids of the LF attachment model (c) grid independence analysis of manning roughness coefficient (d) y* distribution:
500 ind/m?

314 4 Results and discussions

315 4.1 Near-wall flow field

316  In order to minimize the possible numerical effects of inlet and outlet, the region with Ly from -

317 0.1 m to 0.1 m was selected for further analysis. For the south LF size distribution, the mean
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length of LF is Lo = 0.02 m, which will be used as a non-dimensional indicator to investigate the

effect of LF on both velocity and turbulence kinetic energy distribution.

Horizontal velocity distribution at certain distances from the bottom bed was shown in Figure 8,
with Uy = 0.25 m/s. In the streamwise velocity (uy) distribution, the disturbance due to individual
LF, such as wake zones, can be clearly identified in the low-density scenarios. In the high-
density scenarios, uy turned out to be much smaller inside the LF attachment (at distance of 0.5L,
from the bed), which could be regarded as a result of the combing effect of each individual LF.
In the transverse velocity (uy) distribution, the disturbance caused by LF was small compared to
Uy, but still identical in the near-wall region. Especially, the combining effects of LF on uy
seemed to be independent of density inside the LF attachment. It should be noted that the effect
of the LF attachment could be also found outside the LF attachment (at distances of 1.5L, and
2L, from the bed).

Figure 8. Velocity distribution at different distances from the bottom bed, Uy = 0.25 m/s (a) streamwise velocity; (b)
transverse velocity (Lo =0.02 m, which is the mean length of LF, 0.5 Ly, Lo, 1.5 Lo, 2 Lo denotes the distance of 0.01

m ,0.02 m, 0.03 m and 0.04 m from the bottom bed)

Turbulent kinetic energy (k) was calculated from Eqg. (6), which is commonly used to denote the
magnitude of turbulence intensity. Figure 9 shows k distribution at different distances from the
bottom bed, with Uy = 0.25 m/s. Since k is strongly related to velocity, its distribution was very

similar to uy. However, in the canopy layer of LF attachment (at distances of 0.5Ly and Lo from

16 of 26



334
335
336
337

338

339
340
341
342
343
344
345
346

Water Resources Research

the bed), k tended to increase in the wake zone of individual LF, which cannot be identified
inside LF attachment. Overall, low-density LF attachment tended to generate higher k. One
possible reason could be that viscous dissipation occurs as a result of the flow resistance due to
LF attachment.

k (m?%/s?)
0.0000 00004 0.0008 0.0012  0.0016

I

500 ind/m?

1000 ind/m?

10000 ind/m?

'!III

15000 ind/m?

i
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1@
ut

w

~
-

\S]

&~
>

05L, L,
Figure 9. Turbulent kinetic energy distribution at different distances from the bottom bed, Uy = 0.25 m/s (L, =0.02

m, which is the mean length of LF, 0.5 L, Lo, 1.5 Lo, 2 Ly denotes the distance of 0.01 m,0.02 m, 0.03 m and 0.04
m from the bottom bed)

4.2 Flow structure near LF attachment

There is not specific definition on flow structure. In this study, the flow structures were
visualized by A, criterion in post-processing of OpenFOAM. The flow structure visualization is
accomplished by contour extraction, which can fully identify the vortices in the three-
dimensional velocity field (Jeong & Hussain, 1995). The flow structures for different attachment
densities are shown in Figure 10, at A, = 1, colored by velocity magnitude. It indicated that
although richer coherent flow structures could be found in high-density scenarios, the structure
size appeared to be similar at different densities. The size of the flow structures appeared to be
controlled by the size and spacing between each individual LF.
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(b)

(d)

Figure 10. The surface vortex structure with attachment model at 1, = 1, the density of LF: (a) 500 ind/m? (b) 1000
ind/m? (c) 10000 ind/m? (d) 15000 ind/m?

4.3 Manning roughness coefficient

After analyzing the changes of the flow field induced by LF attachment, it is necessary to
quantify the flow resistance. In the numerical modeling, the sidewall effect was not considered,
and it was assumed that the channel width be infinite in a numerical sense. The following
equation is derived from manning equation based on the balance between the flow resistance and

the driving force of normal flow.

1
n=He_= ®)

U9

where n is the manning roughness coefficient; u_ is the shear velocity (m/s); H is the water

depth (m); U, is the incoming flow velocity (m/s).

In this study, H was set to two constant values: 0.5 m and 5.0 m. u, was computed by
u_=./z,/p, where z, denotes wall shear stress, which can be obtained by 7, = F,/A. F, and

A is the total drag force and the area of LF attachment, respectively.

The manning roughness coefficient (n) was calculated based on the numerical results from
various LF attachment densities, Uo, Ho. According to the simulation results in Figure 11, LF
attachment density has a significant impact on n. The presence of LF caused an immediate
increase in n, but as the density increased, n gradually decreased. South LF and north LF showed
different variance in n. The peak value of n arrived at density of 1000 ind/m? for south LF,
whereas for north LF, it reached its maximum at a density of 7500 ind/m® Additionally, a
smaller U led to a smaller n value, along with a steeper decline in n. It should be mentioned that

for high-flow scenario, n remained around 0.015, which increased more than 90% comparing to
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the cases without LF attachment. Furthermore, in scenarios with deeper water, the transition of
the flow regime to skimming flow resulted in a smaller variance of n compared to scenarios with

shallower water depth.

0.0184 § :H=0.5m 00181 N, _:H=05m
— O,
0.015- S 0.015- ﬁ\ﬂ/ﬂ\a
B o, _ AT 0\0/0\
\O/O o~ ,6-/—-9/ o
< 00121 . = 0.012+ —
lu] \n
0.009 - —o— 0.20m/s 0.009 1 —o— 0.20 m/s
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0 5000 10000 15000 0 5000 10000 15000 20000
Density (ind/m?) Density (ind/m?)

Figure 11. The manning roughness coefficient at different LF attachment densities

Figure 12 shows the n’s variance with roughness concentration (L) at different LF attachment

densities. Based on the flow regime definition in section 2.5, L. can be divided into three
regimes, as shown in Figure 12. These are the Isolated Roughness Flow (IS), Wake-Interference
Flow (WI), and Skimming Flow (SK). In IS regime, n increased rapidly with L . As it
transitioned to WI regime, n stabilized. Upon reaching skimming flow regime, the overall flow
resistance due to LF attachment might decrease with density, wherein the mussel size

distribution played a non-negligible role.
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Figure 12. The manning roughness coefficient at different roughness concentrations in the south and north, IS:

isolated roughness flow; WI: wake-interference flow; SK: skimming flow

5 Conclusions

The primary focus of this study is to investigate flow structures within Limnoperna fortunei
attachments and quantitatively assess flow resistance using OpenFOAM. In regard to flow
structure, as density gradually increases, the vortex structure on the surface of LF transitions
from a clustered formation to a lamellar one. In high-density scenarios, a big wake zone was
formed inside LF attachment by the combining effects of individual LF. When quantifying the
flow resistance, different densities of attachment produced different flow regimes near the LF: a
hydrodynamic phenomenon known as skimming flow occurred when LF densities exceeded
3000 ind/m?. The flow regime not only affected the local flow field, but also had a significant
impact on the overall flow field. The manning roughness coefficient of the flow field increases
with increase attachment density and then gradually stabilizes, and the biggest change rate of
manning roughness coefficient is more than 90% compared to the cases without LF attachment.

This significantly reduced the water transfer efficiency of the project.

The present physical modeling of attachment only considers a single-layer attachment situation,
while in the water transfer project, the attachment density is high enough that the multi-layer
attachment phenomenon occurs. Future study will consider the modeling of real attachment and
the multi-layer attachment on flow resistance, and further improve the simulation conditions in

the consideration of the engineering flow.
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