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Abstract 21 

High-density attachment of Limnoperna fortunei (LF) would lead to the increase of flow 22 

resistance, which has posed big challenges to the normal operation of water conveyance projects. 23 

It is very necessary to quantify the flow resistance caused by the attachment of LF. In this study, 24 

a 3D geometric model of LF was generated based on real images. Attachment models of LF were 25 

generated with different densities and mussel size distributions, whose geometric characteristics 26 

were evaluated by some fundamental physical quantities, including attachment thickness, bed 27 

coverage, surface vertical roughness, and roughness concentration. Furtherly, a 3D numerical 28 

model with specific boundary conditions was established in OpenFOAM to simulate the flow 29 

over the LF attachment. Body-fitted mesh was generated using snappyHexMesh based on the LF 30 

attachment model. The results show that in high-density scenarios, a big wake zone formed 31 

inside LF attachment by the combined effects of each individual LF. Turbulence kinetic energy 32 

distribution indicated that LF attachment would cause viscous dissipation thus leading to more 33 

energy loss. The flow structure inside LF attachment was controlled by the mussel size and 34 

spacing between each mussel. Manning’s n values were calculated based on the CFD results at 35 

different densities. The results show that the flow resistance of LF attachment also followed the 36 

classic flow regimes, where in the skimming flow regime, the mussel size distribution played a 37 

non-negligible role. Higher flow speed resulted in larger flow resistance, and n could increase 38 

more than 90% compared to the scenario without LF attachment.  39 

1 Introduction 40 

In recent years, inter-basin water transfer projects have increased dramatically due to human 41 

water management needs, and long-distance water transfers pose a serious risk of biological 42 

invasions (Barbosa et al., 2018; Pyšek et al., 2020; Haubrock et al., 2022; Zhang et al., 2022; 43 

Mahapatra et al., 2023). These aquatic organisms have spread to many parts of the world, such as 44 

North American, South American, and European continents (de Medeiros Fortunato & Andrade 45 

Figueira, 2022; Elizarraga et al., 2023). Their attachment corrodes concrete walls, increases flow 46 

resistance, clogs pipes and damages the structure of man-made buildings (Boltovskoy et al., 47 

2022; de Souza et al., 2023), which cost $ 63.7 billion (2017 US$) across all regions and socio-48 

economic sectors between 1980 and 2020 (Haubrock et al., 2022). China also faces a significant 49 

risk of invasion by Limnoperna fortunei (LF) from its warm water source in South China (Zhan 50 
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et al., 2015; Wang et al., 2023; Wang et al., 2023; Yang et al., 2024). When LFs are in the 51 

planktotrophic larvae stage, they flow with the water which causes a rapid spread through the 52 

water transfer channel (Ricciardi, 1998; Nakano et al., 2012; Cataldo, 2015). Byssal attachment 53 

occurs in a selected suitable habitat, and the dissoconch will soon become adult (Morton, 2015). 54 

When the adult LF is under suitable conditions of ecological amplitude and flow speed, the 55 

attachment density increases rapidly (Xu et al., 2015; Zhao et al., 2019; Liu et al., 2020), 56 

resulting in the variation of the flow resistance as well (Li, 2009; Yan & Sun, 2019). 57 

Nevertheless, the changes in flow resistance due to LF attachment increase the unpredictability 58 

of hydraulic calculations for open channels, which posed a great potential threat to the operation 59 

of water transfer projects. Some hydrodynamic variables, such as velocity (Zhang et al., 2020), 60 

wall shear stress (French & Ackerman, 2014), and vortex structure (Lazzarin et al., 2023) were 61 

used to describe the impact of mussel attachment on the flow field (Hardison & Layzer, 2001; 62 

Allen & Vaughn, 2010; Lopez & Vaughn, 2021). However, the quantification of the flow 63 

resistance due to LF attachment structures remains unresolved. 64 

Flow resistance controls the energy losses due to viscous dissipation (Smith, 2014), thus scholars 65 

use experiments and numerical simulations to quantify flow resistance generated by the presence 66 

of roughness elements. In both natural rivers and water transfer channels, the aquatic organisms 67 

as well as other in-stream structures attached to the bottom walls can be considered as roughness 68 

elements in hydrodynamics (Styles, 2015; Xu & Liu, 2017; Yang & Nepf, 2019; Ismail et al., 69 

2021). The flow field around such roughness elements can be divided into three regimes (Morris, 70 

1955; Mayaud et al., 2016; Sansom et al., 2020): isolated roughness flow, wake-interference 71 

flow, and skimming flow, based on bed coverage (%) (Davis & Barmuta, 1989; Friedrichs et al., 72 

2000) and dimensionless physical quantity roughness concentration (Lee & Soliman, 1977; 73 

Sansom et al., 2022), where the isolated roughness flow occurred when percent bed coverage 74 

was less than 5% or roughness concentration was less than 0.082, the wake interference occurred 75 

when percent bed coverage was 5% to 8% or roughness concentration was 0.082 to 0.198, and 76 

the skimming flow occurred when percent bed coverage was over 12% or roughness 77 

concentration was over 0.198. In previous studies, many efforts have been made to quantify the 78 

flow resistance due to the streambeds. In mountain streams, flow resistance was found to be 79 

maximized at the roughness concentration of 0.2-0.4 (Canovaro et al., 2007). In vegetated 80 

channels, it was found that flow resistance was connected to the patch-scale vegetation 81 
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distribution, rather than the geometry of single plant (Nepf, 2012), the drag coefficient was 82 

studied for an emergent vegetated patch area under nonuniform flow (Zhang et al., 2024). In 83 

Chen et al. (2019)’s study, different sizes of streambed sediment were scanned and reconstructed 84 

based on structure-from-motion (SfM) photogrammetry, and they discovered that the stream 85 

flow resistance was mainly controlled by the standard deviation of the bed elevation normalized 86 

by water depth. As for these aquatic organisms, the species, sizes, densities and distribution may 87 

play important roles in flow resistance (Ghisalberti, 2009; Wang et al., 2010; Mossa et al., 2017; 88 

He et al., 2021). Therefore, some hydraulic models incorporate the geometric features of the 89 

roughness elements to increase the prediction of flow resistance (D’Ippolito et al., 2021). 90 

Freshwater mussels, as an important component of the aquatic system, cover an increasing area 91 

of the bottom bed in water transfer projects. Therefore, the flow resistance generated by their 92 

attachment to the wall cannot be not ignored. The presence of both live and dead mussel shells 93 

increase benthic surface area and shear stress (Vaughn & Hakenkamp, 2001; Zimmerman & De 94 

Szalay, 2007). Early studies of ship resistance in 1916 showed that fouled plates exposed to 95 

seawater had four times the frictional resistance of new smooth plates (McEntee, 1916). When 96 

the percent bed coverage of the mussels reached 100%, the overall structure and underlying 97 

substrate of the streambed or boat bottom were changed (Widdows et al., 2002). Different sizes 98 

of Barnacle attached to the ship bottom increased the flow resistance, leading to power loss of up 99 

to 86% at cruising speed (Schultz, 2007). As a further study, the effect of roughness on the 100 

frictional resistance of a ship could be well predicted with a uniform distribution of the 101 

organisms (Demirel et al., 2017). Experimental studies showed that the attachment of Mytilus 102 

edulis (55% - 95% bed coverage) enhanced the turbulent kinetic energy and wall shear stresses 103 

(Widdows et al., 2009). After further quantification of the hydraulic elements, the mussel-104 

covered streambed increased wall shear velocity by 28% and bed roughness by nearly 300% 105 

(Sansom et al., 2018). When the density of Lampsilis siliquoidea exceeded 25 mussels/m
2
 on the 106 

wall surface, the turbulent shear stresses acting on the mussels were reduced by up to 64% 107 

(Sansom et al., 2020). The study of the flow field structure around the mussels revealed that 108 

vortex structures were formed around the mussels, which increased the wall shear stress and 109 

induced local scour in front and behind the mussel(Lazzarin et al., 2023). In most studies of 110 

mussel roughness, the studied species were much larger than LF, thus the pervious findings may 111 
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be not applicable for LF. Moreover, the non-uniform distribution of mussel size has not been 112 

considered yet. 113 

CFD-based numerical simulations have been more and more popular for the studies of the flow 114 

field around aquatic organisms (Wu et al., 2020; Xu & Liu, 2021; Wu & Constantinescu, 2022). 115 

By resolving the complex geometric structures of the aquatic organisms, forces acting on the 116 

objects as well as the local flow structures could be accurately predicted (Xu & Liu, 2017; Chen 117 

et al., 2018; Lazzarin et al., 2023). Therefore, high-resolution geometric models are crucial to 118 

ensure the accuracy of numerical simulations. Turbulence modeling also plays an important role 119 

in CFD simulation of mussel attachment. Khor & Xiao (2011) used Standard k -  turbulence 120 

model to simulate the effect of biofouling, indicating that the pressure gradient increased 121 

gradually with the height of attachment. Constantinescu et al. (2013) used large eddy simulation 122 

(LES) to simulate the turbulence structures around a group of freshwater mussels, which were 123 

also validated by PIV measurements. Wu et al. (2020) used Spalart-Allmaras model (Spalart & 124 

Allmaras, 1992) in their simulation, and a positive correlation was found between the current 125 

force acting on the mussel shells and the ratio of the exposed height and length of the mussel 126 

shells. Song et al. (2020) used Unsteady Reynolds Averaged Navier-Stokes (URANS) model to 127 

simulate the roughness effect of biofouling on ship bottom, and established the relationship 128 

between roughness and factors such as Froude number. Lazzarin et al. (2023) used the Detached 129 

Eddy Simulation (DES) in STAR-CCM+ to resolve flow field among the partially-buried 130 

mussels. 131 

To quantify the flow resistance due to the attachment of non-uniform and high-density 132 

distribution of LF, the following objectives were fulfilled: 1) geometric structures of LF 133 

attachment with different densities and size distributions were generated properly; 2) geometric 134 

parameters of the LF attachment were carefully calculated and analyzed; 3) a numerical model 135 

featured with internal periodic boundary condition was proposed to simulate the flow over the 136 

LF attachment, obtaining rich information about mass transfer and momentum exchange; 4) 137 

Manning’s n value was also used to quantify the overall roughness effect of LF attachment under 138 

different flow conditions.  139 
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2 Geometric models 140 

2.1 Limnoperna fortunei attachment 141 

The size of adult mussel shells usually varied in the north and south of China due to 142 

environmental factors such as water temperature (Liu et al., 2020). According to the previous 143 

sampling data in the main channel of grand water diversion project, the lengths of the adult LF 144 

shells were greater in the south than that in the north (Fu & Bin, 2012; Wei et al., 2015;  Zhao et 145 

al., 2019; Yang et al., 2024). In this study, the average size of the adult LF model was 146 

determined to be 22.0 mm in length in the south and 17.0 mm in length in the north. Based on 147 

the front-view image, the anterior edge of the adult shell is nearly rounded, and it is connected to 148 

the posterior edge to form a large arc. From the view of dorsal side, the adult shells are slightly 149 

swollen and narrowed posteriorly, with the ligaments of the adult shells located in the medial 150 

side. From the ventral side, the adult shell has a narrow undercut and the shell outline is 151 

diamond-shaped. Thus, the geometric model of an individual adult LF was built in Blender as 152 

shown in Figure 1c. 153 

Carefully considering the size of an individual adult LF, a 20 cm × 20 cm plane was selected to 154 

place a certain density of LF, so as to mimic the attachment of LF. Due to the maximum LF shell 155 

length limitation in the south, the highest achievable density for a single-layer LF is 15000 156 

ind/m
2
. Any density exceeding this limit would result in multi-layer attachment. Similarly, the 157 

maximum density in the north is 20000 ind/m
2
. To ensure the non-overlapping and randomness 158 

of attachment, the density of the attachment model used in this study was set from 500 ind/m
2
 to 159 

20,000 ind/m
2
. Obviously, the actual LF attachment naturally comprises mussel shells of diverse 160 

sizes. The mussel length frequency distribution for the south and north, based on the sampling 161 

data provided by Yang et al., 2024, is illustrated in Figure 1b. Accordingly, the size of each 162 

individual LF in the attachment model was set randomly based on the length frequency. In 163 

addition, the location and orientations of each individual LF placed on the plane are randomized. 164 

The placement of LF on the plane were processed by activating the falling action of the physical 165 

motion engine in Blender, and the plane was set as stationary rigid body. The placement process 166 

for each density was replicated three times to yield three unique 20 cm × 20 cm LF attachment 167 

planes, with the intention of capturing a certain degree of bio-attachment diversity. For 168 

convenience of discussion, the attachment model in the south is denoted as Sam, and the north 169 
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model is denoted as Nam. The LF attachment models were generated as STL (STereoLithography) 170 

file format, which is actually triangulated surface mesh. STL files can be easily used as input to 171 

generate 3D mesh in OpenFOAM. 172 

Then, the geometric features of the LF attachment models were examined by several geometric 173 

parameters, including maximum and mean thickness, bed coverage, surface vertical roughness, 174 

and roughness concentration. These geometric parameters not only provide a quantitative 175 

description of the attachment model, but also provide a basis for further investigation of flow 176 

resistance, thus promoting the further development of roughness elements research. It should be 177 

noted that this study focused on the mechanisms of flow resistance induced by a single-layer 178 

attachment instead of multi-layer attachment. 179 

 

 

 
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 180 

The attachment thickness refers to the height of the roughness elements, which is a fundamental 181 

physical quantity for describing the attachment of aquatic organisms. In this study, the mean 182 

height H0 and the maximum height Hm are used to describe the thickness of the attachment 183 

model. The maximum height refers to the vertical distance between the lowest and the highest 184 

points of the attachment model, which is easy to obtain. The mean height was calculated by 185 

averaging the height of each LF in the attachment model, which can be done using Python scripts. 186 

In order to evaluate the randomness of the attachment model, the standard deviation of 187 

attachment thickness was calculated for each same density. The relationship between density and 188 
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attachment thickness is shown in Figure 2. It can be seen that Hm is close to the maximum length 189 

of the individual. H0 gradually increases with the attachment density, with a significantly steeper 190 

increase in the south compared to the north, likely due to the different length distributions in the 191 

respective regions. The small and consistent deviation in attachment thickness at the same 192 

density indicates that the current random placement method is suitable for modeling attachments. 193 

 
 

Figure 2. The thickness of LF attachment model at each density for both South (Sam) and North (Nam) 

2.3 Bed coverage 194 

Bed coverage is one of the most important physical quantities for bio-attachment, which has 195 

been linked to flow resistance in many studies (Manga & Kirchner, 2000; Demirel et al., 2017; 196 

Nugroho et al., 2023). Using bed coverage to quantify the effect of mussels on the wall would be 197 

more effective than using density because different mussels vary in size, whereas bed coverage 198 

considers only the contact area and is independent of mussel size. The bed coverage is calculated 199 

as following (Sansom et al., 2022): 200 

 b

total

A
C

A


  (1) 201 

where bC  is the bed coverage (%) occupied by mussels on the bed; A is the area occupied by an 202 

individual mussel (m
2
); totalA is the total planar area (m

2
).  203 

Figure 3 shows the bC of LF at different distances from the wall in the south and north. Due to 204 

the randomness of the attachment position and orientation, bC  varied greatly at different 205 
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distances from the wall. It also turned out to be significantly different for different attachment 206 

densities. Overall, higher density resulted in larger bC . For each density, bC  was greatest at the 207 

distance of 5-10 mm from the wall both south and north. When establishing the fitting 208 

relationship between roughness concentration and bed coverage, the maximum bed coverage at 209 

each density was used for the calculations. 210 

 

 

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

North (Nam) 

2.4 Surface vertical roughness 211 

The standard deviation of all the individual LF height in each attachment model can be 212 

calculated as the surface vertical roughness as follows (Nikora et al., 1998; Aberle & Smart, 213 

2003): 214 

 2

z 0

1

1
( )

1

m

i

i

H H
m




 

  (2) 215 

where z  is surface vertical roughness (mm); m  is the number of LF (ind.); iH  is the height of 216 

each individual in the attachment model (mm); 0H  is the mean height of the attachment model 217 

(mm). 218 

 219 
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Figure 4 shows the variation of z at different densities. In the south, z increases first, and then 220 

decreases, with a maximum value at density of 5000 ind/m
2
, while in the north, it increases with 221 

density and then gradually stabilizes at the density of 10000 ind/m
2
. It also indicated that the 222 

trend of z variation at different densities were related to the length distribution of mussels.  223 

 
 

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

2.5 Roughness concentration 224 

In order to relate the attachment thickness of roughness element to the density, roughness 225 

concentration was calculated by multiplying the projected area by the density, as follows: 226 

 cL A D  (3) 227 

where cL  denotes the roughness concentration; Adenotes the projected area of the attachment 228 

model (m
2
/ind); D denotes the density of the attachment model (ind/m

2
). 229 

In the process of calculating the projected area, researchers used to assume mussels as ellipses 230 

because of the its irregularity in shape (Wolfe & Nickling, 1993; Sansom et al., 2022). In this 231 

paper, an octree algorithm was used to calculate the exact projected area of the attachment model 232 

in order to speed up the computation. 233 

The relationship between the bed coverage ( bC ) and roughness concentration ( cL ) were 234 

carefully examined. Data of different densities from both south and north were plotted in Figure 235 

5. It turned out that these tow variables fitted well with a quadratic function. It should be noted 236 
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that the maximum bC  at each density was selected as the fitting data. Since it is difficult to 237 

directly obtain the cL  under actual attachment conditions, the bed coverage can be measured or 238 

photographed instead. The advantage of this fitting function is that it is independent of the size 239 

distribution of the mussels and is therefore applicable to a wide range of attachments.  240 

 
 

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

3 Numerical Simulation 241 

3.1 Governing equations  242 

Eddy-resolving turbulence models such as LES (Constantinescu et al., 2013) and DES (Lazzarin 243 

et al., 2023) were used to simulate the flow around mussels. However, compared to the previous 244 

study, the individual mussels in this study were significantly smaller and their attachment was 245 

much denser, resulting in increased computational requirements. Therefore, SST k -  RANS 246 

model was used instead in this study. The governing equations can be found as follows: 247 

 0i

i

u

x





 (4) 248 

 
2 2

( 2 ) 2
2 2

i i
j j ij i i j i ij ji i j ij

j j

u u p
u u s u u u u s s u u s

t x x
 



     
            

     
 (5) 249 
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where iu  is the resolved velocity; 
2 2

2 2

i i
j

j

u u
u

t x

    
   

    
 denotes the change rate of the mean 250 

kinetic energy; ( 2 )j ij i i j i

j

p
u s u u u u

x





   


 denotes the mean kinetic energy transport due to 251 

the mean pressure; 2 ij jis s  represents the mean kinetic energy transport due to the viscous stress; 252 

i j iju u s   represents the mean kinetic energy transport due to the Reynolds stress.  253 

The attachment of LF to the wall acts as a barrier to water flow, thereby increasing the viscous 254 

stress on the solid wall surface and converting the average kinetic energy into internal energy, 255 

ultimately leading to flow resistance. 256 

SST k -  turbulence model combines the advantages of both the k - ω and the k - ε turbulence 257 

models (Menter, 1994). The governing equations of k and  can be found as follows: 258 

k equation: 259 

  
( )j

k k k t

j j j

u kk k
P D

t x x x


  

   
          

 (6) 260 

where kP  is the turbulent kinetic energy (TKE) generation term, which reflects the relationship 261 

between the time-averaged Reynolds stress and the time-averaged velocity gradient; and kD is 262 

the turbulent kinetic energy destruction term, which reflects the turbulent dissipation rate. 263 

 equation: 264 

   2
1

( )
2 (1 )

j

t

j j j j j

u k
P D F

t x x x x x


  

    
   



     
              

 (7) 265 

where P  is the turbulence-specific dissipation generation term, reflecting the relationship with 266 

the eddy viscosity coefficient; D  is the turbulence-specific dissipation law destructive term;   267 

is the hydrodynamic viscosity coefficient;   is specific turbulence dissipation rate; 1F   is the 268 

mixing function term, the turbulence model is mainly through the adjustment of the value of 1F  269 

to achieve the conversion in the k -  and k -  turbulence model. 270 
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In this study, all the numerical simulation cases were performed in OpenFOAM v8 (The 271 

OpenFOAM Foundation, 2020). pimpleFoam was adopted as the solver with adjustable time-272 

step.  273 

3.2 Boundary conditions  274 

In real world, water flows are generally fully developed. However, in numerical simulation, it is 275 

difficult to set the inlet as the fully developed boundary condition. In this study, the inlet 276 

boundary condition (BC) of U, k, and  was set as mapped in OpenFOAM, which refers to 277 

internal periodic boundary condition. The basic idea of this BC is that for each time step, the 278 

values on the inlet cross-section are mapped from the last-time-step values on a certain cross-279 

section some distance downstream, and the mapped values are adjusted to reach a pre-set 280 

average value, which are used as Dirichlet BC for inlet in current time step. In OpenFOAM, BCs 281 

need to be set for each variable. The setup of BCs used in this study can be found in Table 1. The 282 

free surface (top) was treated as free-slip rigid lid, namely symmetryPlane. In order to focus on 283 

the impact of LF attachment, side-wall effects were not considered in this study. Thus, side walls 284 

in the numerical models were set as periodic boundary condition namely cyclicAMI. Numerically, 285 

the two side walls are connected to each other, to form an infinitely wide channel. In this case, 286 

this numerical model is more like a fully developed boundary layer flow. The computational 287 

domain and boundary conditions are shown in Figure 6a. Detailed explanations of all the BCs 288 

can be found on any official website of OpenFOAM. 289 

According to the literature (Jing et al., 2022), Fr in the main channel was chosen between 0.09 290 

and 0.29 in the numerical simulation. Therefore, the mean values of the incoming flow velocity 291 

(U0) were set as 0.20 m/s, 0.25 m/s, 0.30 m/s when the water depth (H0) was 0.5 m, and the U0 292 

were set as 0.20 m/s, 1.00 m/s and 2.00 m/s when H0 was 5.0 m. Cases using hydraulically 293 

smooth wall as bottom (without LF attachment) were performed for these scenarios. Figure 6b 294 

shows the vertical distribution of the simulated streamwise velocity in dimensionless form, all of 295 

which matched well with the theoretical result for smooth walls.  296 

 

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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outlet 
pressureInlet-

OutletVelocity 
totalPressure inletOutlet inletOutlet calculated 

sideWalls cyclicAMI cyclicAMI cyclicAMI cyclicAMI cyclicAMI 

bottom/LF noSlip zeroGradient kqRWallFunction omegaWallFunction 
nutUSpalding- 

WallFunction 

top symmetryPlane symmetryPlane symmetryPlane symmetryPlane symmetryPlane 

 

 
 

Figure 6. (a) 3D model of smooth wall and boundary conditions: Lx, Ly and Lz 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 297 

Following the statement in section 2.1, snappyHexMesh, a mesh-generation tool in OpenFOAM, 298 

was utilized to generate the body-fitted mesh of the computation domain over LF attachment, 299 

based on the surface mesh of LF attachment model. As shown in Figure 7a, three randomly-300 

generated LF attachment model (200 mm in length) with same density and size distribution were 301 

placed accordingly in upstream part (600 mm in total length). In order to improve the 302 

performance of the inlet internal mapping process, 5 mm gaps were set at both the inlet cross-303 

section and mapping cross-section (about 600 mm from the inlet). Pre-testings showed that 5 mm 304 

gap would not affect the simulation results but greatly improve the robustness of the numerical 305 

model. There was another 190 mm distance between the location of mapping cross-section and 306 

the outlet, which was testified to be long enough to eliminate the effect of outlet overflow. As 307 

shown in Figure 7b, the grid in the near-wall region was refined to improve computational 308 

efficiency. Grid independence analysis shown in Figure 7c indicated that the mesh with 1.2 309 

million cells was good enough for the prediction of the manning roughness coefficient. In order 310 



Water Resources Research 

 15 of 26 

 

to facilitate the simulation, a pre-case with coarser mesh was performed firstly. Then, a case with 311 

finer mesh mapped the result from the pre-case, and used it as initial condition. The y
+
 312 

distribution is shown in Figure 7d. 313 

 

 

 
 

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/m2 

4 Results and discussions 314 

4.1 Near-wall flow field 315 

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

0.1 m to 0.1 m was selected for further analysis. For the south LF size distribution, the mean 317 
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length of LF is L0 = 0.02 m, which will be used as a non-dimensional indicator to investigate the 318 

effect of LF on both velocity and turbulence kinetic energy distribution.  319 

Horizontal velocity distribution at certain distances from the bottom bed was shown in Figure 8, 320 

with U0 = 0.25 m/s. In the streamwise velocity (ux) distribution, the disturbance due to individual 321 

LF, such as wake zones, can be clearly identified in the low-density scenarios. In the high-322 

density scenarios, ux turned out to be much smaller inside the LF attachment (at distance of 0.5L0 323 

from the bed), which could be regarded as a result of the combing effect of each individual LF. 324 

In the transverse velocity (uy) distribution, the disturbance caused by LF was small compared to 325 

ux, but still identical in the near-wall region. Especially, the combining effects of LF on uy 326 

seemed to be independent of density inside the LF attachment. It should be noted that the effect 327 

of the LF attachment could be also found outside the LF attachment (at distances of 1.5L0 and 328 

2L0 from the bed). 329 

 

 
 

Figure 8. Velocity distribution at different distances from the bottom bed, U0 = 0.25 m/s (a) streamwise velocity; (b) 

transverse velocity (L0 =0.02 m, which is the mean length of LF,  0.5 L0, L0, 1.5 L0, 2 L0 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 Eq. (6), which is commonly used to denote the 330 

magnitude of turbulence intensity. Figure 9 shows k distribution at different distances from the 331 

bottom bed, with U0 = 0.25 m/s. Since k is strongly related to velocity, its distribution was very 332 

similar to ux. However, in the canopy layer of LF attachment (at distances of 0.5L0 and L0 from 333 
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the bed), k tended to increase in the wake zone of individual LF, which cannot be identified 334 

inside LF attachment. Overall, low-density LF attachment tended to generate higher k. One 335 

possible reason could be that viscous dissipation occurs as a result of the flow resistance due to 336 

LF attachment. 337 

 

 
 

Figure 9. Turbulent kinetic energy distribution at different distances from the bottom bed, U0 = 0.25 m/s (L0 =0.02 

m, which is the mean length of LF,  0.5 L0, L0, 1.5 L0, 2 L0 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 338 

There is not specific definition on flow structure. In this study, the flow structures were 339 

visualized by 2 criterion in post-processing of OpenFOAM. The flow structure visualization is 340 

accomplished by contour extraction, which can fully identify the vortices in the three-341 

dimensional velocity field (Jeong & Hussain, 1995). The flow structures for different attachment 342 

densities are shown in Figure 10, at 2 = 1, colored by velocity magnitude. It indicated that 343 

although richer coherent flow structures could be found in high-density scenarios, the structure 344 

size appeared to be similar at different densities. The size of the flow structures appeared to be 345 

controlled by the size and spacing between each individual LF. 346 
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Figure 10. The surface vortex structure with attachment model at 2 = 1, the density of LF: (a) 500 ind/m2 (b) 1000 

ind/m2 (c) 10000 ind/m2 (d) 15000 ind/m2 

4.3 Manning roughness coefficient 347 

After analyzing the changes of the flow field induced by LF attachment, it is necessary to 348 

quantify the flow resistance. In the numerical modeling, the sidewall effect was not considered, 349 

and it was assumed that the channel width be infinite in a numerical sense. The following 350 

equation is derived from manning equation based on the balance between the flow resistance and 351 

the driving force of normal flow. 352 

 
1

6

0

u
n H

U g

  (8) 353 

where n  is the manning roughness coefficient; u  is the shear velocity (m/s); H  is the water 354 

depth (m); 0U  is the incoming flow velocity (m/s). 355 

In this study, H  was set to two constant values: 0.5 m and 5.0 m. u was computed by 356 

wu   , where w  denotes wall shear stress, which can be obtained by w dF A  . dF  and 357 

A  is the total drag force and the area of LF attachment, respectively.  358 

The manning roughness coefficient (n) was calculated based on the numerical results from 359 

various LF attachment densities, U0, H0.  According to the simulation results in Figure 11, LF 360 

attachment density has a significant impact on n. The presence of LF caused an immediate 361 

increase in n, but as the density increased, n gradually decreased. South LF and north LF showed 362 

different variance in n. The peak value of n arrived at density of 1000 ind/m
2
 for south LF, 363 

whereas for north LF, it reached its maximum at a density of 7500 ind/m
2
. Additionally, a 364 

smaller U0 led to a smaller n value, along with a steeper decline in n. It should be mentioned that 365 

for high-flow scenario, n remained around 0.015, which increased more than 90% comparing to 366 
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the cases without LF attachment. Furthermore, in scenarios with deeper water, the transition of 367 

the flow regime to skimming flow resulted in a smaller variance of n compared to scenarios with 368 

shallower water depth. 369 

 

 
 

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

 

Figure 12 shows the n’s variance with roughness concentration ( cL ) at different LF attachment 370 

densities. Based on the flow regime definition in section 2.5, Lc can be divided into three 371 

regimes, as shown in Figure 12. These are the Isolated Roughness Flow (IS), Wake-Interference 372 

Flow (WI), and Skimming Flow (SK).  In IS regime, n increased rapidly with cL . As it 373 

transitioned to WI regime, n stabilized. Upon reaching skimming flow regime, the overall flow 374 

resistance due to LF attachment might decrease with density, wherein the mussel size 375 

distribution played a non-negligible role.  376 
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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 

 377 

5 Conclusions 378 

The primary focus of this study is to investigate flow structures within Limnoperna fortunei 379 

attachments and quantitatively assess flow resistance using OpenFOAM. In regard to flow 380 

structure, as density gradually increases, the vortex structure on the surface of LF transitions 381 

from a clustered formation to a lamellar one. In high-density scenarios, a big wake zone was 382 

formed inside LF attachment by the combining effects of individual LF. When quantifying the 383 

flow resistance, different densities of attachment produced different flow regimes near the LF: a 384 

hydrodynamic phenomenon known as skimming flow occurred when LF densities exceeded 385 

3000 ind/m
2
. The flow regime not only affected the local flow field, but also had a significant 386 

impact on the overall flow field. The manning roughness coefficient of the flow field increases 387 

with increase attachment density and then gradually stabilizes, and the biggest change rate of 388 

manning roughness coefficient is more than 90% compared to the cases without LF attachment. 389 

This significantly reduced the water transfer efficiency of the project. 390 

The present physical modeling of attachment only considers a single-layer attachment situation, 391 

while in the water transfer project, the attachment density is high enough that the multi-layer 392 

attachment phenomenon occurs. Future study will consider the modeling of real attachment and 393 

the multi-layer attachment on flow resistance, and further improve the simulation conditions in 394 

the consideration of the engineering flow.  395 
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