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Abstract Mussel biofouling increases energy losses in hydraulic structures. The first contribution of this
paper is the quantification of the mussel-induced equivalent sand roughness k; as function of the mussel
attachment density N and the shell length L. Laboratory experiments reveal that k/L =~ 1.5 for a continuous
regular layer of mussels, which is found for N [>>12.For05<NL*< 1.2, the mussels form a continuous
irregular roughness layer with increased values of k/L of up to 2.4. These geometrical irregularities are
interpreted as macro-roughness elements, that is, roughness elements with a spatial scale larger than that of an
individual mussel. For N L? < 0.5, the density of the irregularities is too low to act as macro-roughness elements
leading to k/L < 1.5. The second contribution is the establishment of a threshold criterion for the importance of
filtering activity on k, based on data from the here reported experiments and data reported in literature in other
configurations and/or with other mussel species. It is found that laboratory conditions are often close to the
threshold value but that mussel filtering is always negligible in large hydraulic structures. The third contribution
is the development of a method based on 3-D numerical simulations for estimating a Darcy-Weisbach friction
factor ffor walls that are only partially covered with patches of mussels. An application example illustrates how
the thus obtained fcan be used in a 1-D model for quantifying the additional energy losses in large water transfer
projects.

Plain Language Summary Mussel biofouling is the colonization of walls by mussels. The mussels
accumulate at walls in the form of patches that expand. Mussel biofouling increases the wall roughness and
hence the frictional energy losses in water transfer projects, such as a grand Water Transfer Project (G-WTP) of
China. At present, there are no methods to quantify the biofouling-induced wall roughness and energy losses.
Based on laboratory experiments with mussels sampled in a natural river, this paper quantifies the wall
roughness as a function of the mussel size and the density of the mussel attachment at the wall. It is found that
the mussels considerably increase the wall roughness. Hydrodynamic theory can provide the additional energy
losses as a function of the wall roughness for walls with homogeneous mussel patterns, but not for wall with
non-homogeneous patchy mussel patterns. For the latter configurations, a method for estimating the additional
energy losses is developed based on a 3-D numerical model. Application of this model to the G-WTP shows
high biofouling-induced energy losses. The methods for quantifying the biofouling-induced wall roughness and
energy losses can be applied to a broad range of hydraulic structures.

1. Introduction

Biofouling is the gradual accumulation of waterborne organisms on man-made and natural surfaces submerged in
water. Inter-basin water transfer projects, which aim to alleviation of water scarcity, break the biogeographic
isolation of watersheds, create invasion highways for species (Zhan et al., 2015) and are also susceptible to
biofouling. They provide habitats with abundant food resources and lack of competition for some invasive
species, such as mussels. Mussel biofouling causes serious problems to water transfer projects, such as plugging
pipes, corroding concrete or metal structures, affecting the safety and operation of mobile structures, and
modifying the flow (Lazzarin et al., 2023) and thereby increasing the wall roughness and frictional energy losses
(Darrigran, 2002; Ricciardi, 1998; Yao et al., 2017). The focus of the present paper is on the increased wall
roughness and frictional energy losses induced by biofouling by golden mussels (Limnoperna fortunei,
Dunker, 1856). The golden mussel is one of the common biofouling organisms in freshwater. It is native to Asia
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and was accidently introduced to South America in the 1990s. The abilities to tolerate a wide range of envi-
ronmental conditions (Liu et al., 2020) and to form large colonies make golden mussels particularly challenging to
control in water transfer projects (Boltovskoy, 2015).

The question of roughness and energy losses induced by golden mussel biofouling is of interest to a broad
audience. The estimation of the additional energy losses and strategies to mitigate them are crucial to engineers
and managers dealing with large hydraulic structures. The mechanical processes underlying the additional energy
losses and methods to quantify them are important to fluid mechanicians and hydraulic engineers. The biological
effects of biofouling and their relevance for mitigation strategies are important for biologists.

The relevance of the reported research is illustrated with the case of the 1,400 km long grand Water Transfer
Project (G-WTP) of China, which is representative for large water transfer projects (Figure 1a). Golden mussel
biofouling in the G-WTP was first observed in 2017 and continues spreading northwards. The golden mussels
have an attachment density N [ind./mz], that is, the number of attached mussels per wall area, that varies along the
G-WTP, as summarized in Table 1. Moreover, the mussels do not colonize the entire wall, but rather patches at
preferential locations (Figures 1b—1d). Figure le illustrates the texture of homogeneous patches of mussels for
N = 1,000, 3,000, 8,000 and 13,000, respectively, as observed in a water transfer project in Guangdong, China.
Questions of broad relevance for the operation of water transfer projects are how important biofouling-induced
additional energy losses are and how they can be quantified. The questions whether or not a layer of mussels in
large hydraulic structure, characterized by a low value of k,/R;, of O (0.01), induces significant energy losses and
how to account for patchiness are not trivial at all. In a culvert of the Dongguan-Shenzhen Water Transfer Project
in China, for example, Li (2009) observed that biofouling by golden mussels increased the frictional energy losses
by 36%. Similar problems were encountered in the Pearl River Delta Water Resources Allocation Project
(Qin, 2021) and an irrigation channel in Lake Kasumigaura (Ito & Takimoto, 2013).

According to Prandtl's hydrodynamic boundary layer theory (Prandtl, 1956), the wall roughness is the most
important characteristic of a water-conveying structure, such as an open-channel, aqueduct or, tunnel. The wall
roughness, which is typically parameterized with the equivalent sand roughness k, [mm] according to Nikur-
adse (1933), determines the resistance to the flow and hence the frictional energy losses and conveyance capacity
(Chen et al., 2020; Sandbach et al., 2012). At present, there is no quantitative prediction method for the mussel-
biofouling-induced k, on rigid impermeable walls.

Additionally, mussels take water in through their inhalant apertures and expel it through their exhalent siphons
during feeding and breathing (Sylvester et al., 2005). Beside the physical roughness of the mussel matrix, this
filtering activity may also affect the nearby flow and the energy losses (Lazzarin et al., 2023; Wu et al., 2020),
resulting in a modified value of k,. An important unresolved question is under what conditions the filtering ac-
tivity of mussels enhances k, and the energy losses. This question is relevant, because the killing of attached
mussels, without their mechanical removal, has been adopted as a mitigation measure in the past (Ye et al., 2011).
A quantitative criterion that indicates when the filtering becomes relevant would also be useful for the design of
laboratory experiments with mussels and for the interpretation of scale effects.

Due to the ease of application, a hydraulic analysis for structures that convey flows with one predominant di-
rection is mostly performed with a one-dimensional (1-D) model, in which all information is averaged over the
cross-section of the flow. In 1-D models, the frictional energy losses are parameterized with a friction coefficient,
such as the commonly used Darcy-Weisbach coefficient (f [-]) that will be used in this paper. For walls with a
homogeneous roughness distribution, hydrodynamic theory provides f as a function of Re and k,/R;,, where Re is
the Reynolds number and R) the hydraulic radius (Moody, 1944; Rouse, 1943). Walls affected by mussel
biofouling, however, do not represent a homogeneous roughness to the flow, because mussels do not colonize the
entire wall at once and first appear in patches (Figures 1b—1d). For walls that are only partially covered with
patches of mussels, hydrodynamic theory does not allow estimating f based on the distribution of k,. Water
engineers and managers would benefit from a standardized methodology for such configurations.

Based on laboratory experiments and 3-D numerical simulations that cover the range of parameters and con-
figurations encountered in large water transfer projects, the present paper has the following objectives: (a)
determining the & of a wall homogeneously attached with mussels as a function of the main characteristics of the
mussel matrix; (b) investigating the relevance of the mussels' filtering activity on k, and establishing a quantitative
criterion for it; (c) developing a methodology for estimating f for walls with patches of mussels; (d) quantifying
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Figure 1. Map of the grand Water Transfer Project (G-WTP) with indication of the cross-sectional shapes. ZZ, Zhengzhou;
SJZ, Shijiazhuang; TJ, Tianjin; BJ, Beijing. (b) Typical trapezoidal cross-section with open-channel flow; (c) typical U-
shaped cross-section with open-channel flow; (d) typical circular cross-section with pressure-driven flow. The numerals in
(b)—(d) indicate the patches where golden mussels preferentially attach; they preferentially settle first at (i) and then spread
out to locations indicated with higher roman numerals; (e) pictures of patches with mussel densities of N = 1,000, 3,000,
8,000 and 13,000 [ind./m?].
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Table 1

Average Mussel Attachment Density N Observed in Patches of the Wall With
Attached Mussels in the Four Reaches of G-WTP (the Observed N Is
Calculated by Our Investigation and Data From Zhao et al., 2019) and
Attributed k, Value Based on the Results of the Reported Laboratory
Investigation

DIJK-SH  SH-SJH  SJH-FSH  FSH-END

Length (km) 249.49 121.87 699.34 125.48
Observed N (ind./m?) 1,200 8,100 5,500 100
Attributed k, (mm) 5 17 27 0

the relevance of mussel biofouling induced additional energy losses and
identifying the worst-case configurations in large water transfer projects, by
considering the application example of the G-WTP.

2. Theoretical Framework

2.1. Determining the Equivalent Sand Roughness k, of a Wall
Homogeneously Attached With Mussels

The determination of & is done on the scale of a patch of the wall with ho-
mogeneous attachment density N, that is, the scale is larger than the micro-
topography of the mussel matrix and the roughness represented by the
mussels to the flow can be considered as homogeneous. At this scale, k, can be

derived from Prandtl's hydrodynamic boundary layer theory, according to which the velocity profile perpen-
dicular to a boundary is logarithmic in a turbulent flow and can be written as (Prandtl, 1956):

u(z) = “n (5) ="In@) — “In(z,) -
K \Z K K

du U,
A~ x )

This velocity profile is valid in the overlapping layer between the inner and outer regions. Here u is the longi-
tudinal component of the time-averaged velocity, u* is the shear velocity, « is the Karman constant and the z-axis

is perpendicular to the boundary. A constant value of x = 0.41 is appropriate for the investigated configuration of

rigid impermeable walls, whereas smaller values of x have been reported over boundaries that are mobile due to
sediment transport (Antico et al., 2019; Ferreira, 2015; Ferreira et al., 2012; Gaudio et al., 2010; Guta et al., 2022,
2024). The reference level z, corresponds by definition to the level where u = 0. The slope of the straight line that
fits best to the measured values of u plotted as a function of In(z) provides an estimate of u,/x and the intersection

of this best-fitting straight line with the vertical axis provides an estimation of z, (Figure 2; Bergeron &

Abrahams, 1992).

For the case of a rigid impermeable wall, the value of z,, generally depends on k, and v/u,,, where v is the kinematic
viscosity of the water. Nikuradse established on the basis of measurements that z, = 0.11 v/u,, in smooth turbulent
flow, defined by Re, = u.k,/v < 5, and that z, = k,/30 in rough turbulent flow, defined by Re, > 70 (Nikur-
adse, 1932, 1933; Prandtl, 1956). In the intermediate regime of transitional turbulent flow, defined by 5 < Re. <
70, Rouse (1950, p. 104) and Schlichting and Gersten (2017, p. 531) propose the following analytical relation for
roughness elements consisting of a statistical grouping of irregularities of various sizes:

1
10 E— (x’x
C &)
L "x’
I U 0,045 ——— 2% U= 0,018 [m/s]
102k K= L7 :
z[m] F
-3
O 5 s -076x103m]
1074 H M M N :
0 0.05 0.1 0.15 0.2 0.25

ulm/sl

Figure 2. Estimation of u, and z, from fitting a logarithmic profile to the
measured velocities according to Equation 1, illustrated for an experiment
with Q = 6.52 1/s and N = 5,400 ind./m? (Table 2).

vk
=0.11—+ = 2
2 u*+30 @)

Hence, the value of k, is estimated by (a) fitting a straight line to the measured
values of u plotted as a function of In(z) and deriving the values of u, and z, as
illustrated in Figure 2; (b) computing k, by plugging these values of u, and z,
in Equation 2 that relate u, and z, to k, for transitionally and rough turbulent
flows, which are the flow regimes in the reported experiments.

The comprehensive literature on the equivalent sand roughness k of gravel
beds and different types of biotas provides guidance for relating the thus
obtained value of k, of a wall homogeneously attached with mussels to the
main characteristics of the mussel matrix (objective (i)). Ferreira et al. (2012)
and Ferreira (2015) provide a comprehensive review for the case of gravel
beds. They highlight that &, is not primarily dependent on the grain size
distribution of the gravel, but rather on the bed surface complexity. In studies
on wall-attached barnacles, Kempf (1937) and Schultz (2007) found that the
size of the barnacles and the coverage rate were the main factors that affected
k,. In an investigation on coral reefs, Carlot et al. (2023) found that k relates
to the structural complexity of the coral reef, that is, the number of coral
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colonies, their width, height and length. In studies on oyster reefs, Styles (2015) found that a good approximation
for the physical roughness of oysters is five times the average height of the oysters, while Cannon et al. (2023)
found that the surface roughness depends not only on the oyster density and shell length, but also on the structural
complexity of the oyster reef canopy. In studies on submerged vegetation, Cheng (2011) and Feng et al. (2024)
found that the roughness height is proportional to the vegetation concentration and geometrical characteristics of
the vegetation, such as the stem diameter (Cheng, 2011) or the ratio of width to height of the vegetation (Feng
et al., 2024).

Based on the guidance of these investigations, we hypothesize that the equivalent sand roughness &, of a ho-
mogeneous patch of mussels on a rigid impermeable wall depends on the geometrical characteristics of the mussel
matrix and on the filtering activity of the mussels. The geometrical characteristics of the mussel matrix can be
represented by the mussel shell length L [m], the attachment density N, the shape of the mussels as parameterized
by their ratio of width:height:length, and the microtopography of the mussel matrix. Hence, k, can be generally
expressed as:

k, = function(shell length L, attachment density N, width : height

: length, microtopography mussel matrix, mussel filtering activity) 3)

When only considering biofouling by golden mussels, the shape of the mussels and the microtopography of the
mussel matrix can be assumed as quasi-invariable and it can therefore be expected that k, is predominantly related
to L and N. The equivalent sand roughness k, of the mussels can be expected to be proportional to their size as
parameterized by the shell length L, thatis, k;, ~ L. Indeed, increasing the size of the mussels by a factor f for the
same mussel shape and structure of the mussel matrix will lead to a corresponding increase of k, by a factor f.
Obviously, this would lower the attachment density by a factor /2, that is, N ~ L~2. Based on these consider-
ations, Equation 3 can be written in nondimensional form as:

s

7= function(N L2, mussel filtering activity) “@

Objective (i) involves determining the functional relation between k,/L and N L, and objective (ii) focuses on
investigating the effect of the mussel filtering on this relation.

It should be noted that this theoretical framework is only valid for rigid impermeable walls. Extensions for
boundaries that are mobile due to sediment transport or permeable due to hyporheic exchange are reported by
Ferreira et al. (2012), Ferreira (2015) and Antico et al. (2019). These authors also report a more detailed
dimensional analysis of the parameters affecting the logarithmic velocity profile (Equation 1) and the equivalent
sand roughness k.

2.2. Estimating the Relevance of the Mussels' Filtering Activity on k

In a laboratory investigation, Van Duren et al. (2006) found that the importance of the filtering activity of blue
mussels, Mytilus edulis, depended on the ambient flow conditions: it was significant at low and moderate ve-
locities but limited at high velocities. In another laboratory investigation, Sansom et al. (2018) observed that the
filtering activity of fat muckets, Lampsilis siliquoidea, altered the patterns of mean flow and turbulent kinetic
energy downstream. The filtering rate of a single golden mussel is in the range from 0.004 to 0.70 [l/ind./hr]
(Cataldo et al., 2012; Frau et al., 2013; Pestana et al., 2009; Riickert et al., 2004; Sylvester et al., 2005; Tokumon
et al., 2016; Zhang, Xu, & Yang, 2024), with the filtering rate increasing with shell length (Zhang, Xu, &
Yang, 2024). The filtering rate of golden mussels is lower than the filtering rate of blue mussels (5.3-7.0 [1/ind./
hr] for L = 63.5 + 6.1 [mm], Tang and Riisgard (2018)) or fat muckets (0.14-6.9 [1/ind./hr] for L =9.3 = 1.4
[mm], Sansom et al. (2018)). Golden mussels have, however, a higher attachment density than blue mussels or fat
muckets (Van Duren et al., 2006; Sansom et al., 2020).

In order to establish a quantitative criterion for the relevance of mussel filtering on k, (objective (ii)), the ratio of
the discharge that is filtered by the mussels to the total discharge, Qp;,,/Q, is considered. The discharge filtered by
one single mussel, Qg ; is typically expressed in units of [I/hr]. The number of mussels contributing to the
filtering in one cross-section is equal to P N'?, where P [m] is the part of the wetted perimeter covered with
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mussels, and N'/? [ind./m] is the number of mussels per unit length in the flow direction, under the hypothesis that
the mussel matrix is homogeneous. Hence the ratio can be expressed as:

Oriy —ppb 1 Qi1 )
0 36x100 0

The division by the factor 3.6 x 107 accounts for the conversion of Opy,,; into units of [m? s™"]. This equation
reflects that the importance of the filtering activity depends on the filtering capacity of the mussel species, O, ;,
and increases with the attachment density. The importance of the filtering activity decreases with increasing
discharge, which typically relates to the size of system. A threshold value for the ratio Qp;/Q will be derived by
comparing results from the here reported laboratory and field measurements with golden mussels to the laboratory

experiments reported by Van Duren et al. (2006) with blue mussels.

2.3. Estimating the Darcy-Weisbach Friction Factor f for Configurations With Mussel Patches

In a 1-D framework that is typically used to investigate large structures that convey flows with one predominant
direction, the quantification of the additional energy losses induced by mussel biofouling boils down to the
estimation of the Darcy-Weisbach friction factor f, which is defined as:

1 U?

S, = —
¢ f 4Rh 2g

(©)

Here U [m/s] is the cross-sectional averaged velocity. The variable S, corresponds to the energy slope in uniform
open-channel flow and to the non-dimensional pressure gradient, d(p/pg)/ox with p the pressure, p the density of
water, g the gravitational acceleration and x the distance in flow direction, in pressure-driven flow.

As mentioned in the introduction, hydrodynamic theory allows estimating f as a function of k, for walls that are
homogeneously covered with mussels (Moody, 1944; Rouse, 1943), but not for walls that are only partially
covered with patches of mussels. Heterogeneous roughness distributions are known to induce 3-D flow pattern,
including lateral mass and momentum exchange, cross-channel secondary flow and turbulent vortices (Anderson
et al., 2015; Vermaas et al., 2011), which affect the energy losses, but experimental and numerical investigations
on heterogeneous roughness distributions remain scarce. Objectives (iii) and (iv) of the present paper are to the
importance of heterogeneous patchy roughness distributions and to propose a method that allows estimating the
relevance of biofouling-induced additional energy losses in configurations with walls that are partially covered
with patches of mussels. The method consists in estimating f based on 3-D flow simulations, which provide U, R,
and S, and allow estimating f from Equation 6.

The key in the numerical simulations is the appropriate choice of the grid size. It should be larger than the micro-
topography of the mussel matrix such that the roughness represented by the mussels to the flow can be considered
as homogeneous in every grid cell. And it should be small enough such that N remains constant within the grid
cell, that is, it should be significantly smaller than the size of the mussel patch. For an appropriately chosen grid
size, the roughness represented to the flow by the mussels is then parameterized by a value of k, in every wall-
bounded grid cell, which may vary from cell to cell. Technical details of the implementation of the numerical
model and its application to the case of the G-WTP are given in the online supporting information.

3. Methods

Laboratory experiments with mussels homogeneously attached to the wall were used for objectives (i) and (ii).
Because the investigation of mussels organized in patches along the wall was logistically not feasible in the
laboratory due to limitations in the size of the experimental flume, 3-D numerical simulations were the key tool
with respect to objectives (iii) and (iv). The main link between both is that the 3-D numerical simulations require
input on k, as a function of N and L, which is provided by the laboratory experiments.

Differences in cross-sectional shape, flow conditions, climatic conditions, mussel attachment density N, etc., are
to be considered in the evaluation of mussel biofouling on k, and the energy losses. A parameter range for the
laboratory experiments and the 3-D numerical simulations is obtained from the conditions occurring in the G-
WTP, which are presented in the next section. The present paper is not a case study on the G-WTP, however,
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the G-WTP defines a parameter range that is representative for a broad range of large-scale water transfer
projects.

3.1. Representative Configurations and Parameter Range Based on the G-WTP

The 1,400 km long G-WTP transfers water from the DJK Reservoir on the Hanjiang River, a 1st order tributary of
the Yangtze River that is heavily colonized by golden mussels, northwards to 19 large and medium size cities in
the North China Plain, for example, Zhengzhou, Beijing, Tianjin (Figure 1a). The G-WTP consists of 1,131 km
with trapezoidal cross-sections with open-channel flow, 21 km of aqueduct with U-shaped cross-sections with
open-channel flow and 269 km of circular cross-sections with pressure-driven flow (Figure 1). The cross-
sectional geometries are shown in Figures 1b—1d. These three cross-sectional shapes cover the range of geom-

etries found in most water transfer projects. The design discharge Q, and maximum discharge Q,,,, in the up-

stream reaches are 350 and 420 m> s~, respectively. The discharge decreases in downstream direction due to
water supply to cities along the pathway of the G-WTP. The design discharge and maximum discharge in the
downstream reaches are 265 and 320 m> s, respectively. The discharge in the G-WTP is kept stable, except
during maintenance periods, which ensures that the attachment of golden mussels in the G-WTP is not affected by

water level variations.

The G-WTP runs through different climatic zones: from a subtropical monsoon climate zone upstream to a
temperate monsoon climate zone downstream where water temperature can go below 5°C in winter. The different
climatic and hydrodynamic conditions lead to variations in N along the G-WTP. Consequently, the G-WTP is
divided in four reaches (Figure 1a) according to the average N in patches of the wall with attached mussels, as
observed by Zhao et al. (2019) and summarized in Table 1. Note that patches with homogeneous mussel
attachment density are defined at the wall, and the patch area is enclosed by the line that connects the outmost
mussels of the patch. There is low attachment density in the DJK-SH reach (N = 1,200), medium attachment
density in the SH-SJH reach (N = 5,500), high attachment density in the SJTH-FSH reach (N = 8,100), and hardly
any biofouling in the FSH-END reach (N = 100).

The colonization succession of the golden mussels was investigated in situ by Cao et al. (2014) and Zhao
et al. (2019). Golden mussels do not colonize the entire wall at once, but spread out from initial preferential
locations. In trapezoidal open-channel sections, N is highest near the toe of the bank and decreases higher on the
bank, while it is low on the bottom. In U-shaped sections, N is high on the semicircles and the connection between
the semicircle and side wall, and decreases toward the bottom, and it is low on the vertical walls. In the pressure
tunnel sections, N is high on the top half, while low on the bottom half. The preferential locations for mussel
attachment are schematically indicated in Figures 1b—1d: mussel preferentially attached in the locations indicated
by the numeral (i) and subsequently spread out in the order of increasing numerals. Non-numbered parts of the
cross-section are characterized by low mussel attachment densities.

3.2. Laboratory Experiments

Laboratory experiments with live mussels were performed at Tsinghua University in strict adherence to Tsinghua
University's general laboratory standards for the ethical treatment of experimental animals.

In order to determine the & of a wall homogeneously attached with mussels, it is important to investigate mussels
that are organized in a “natural” porous matrix structure, that is, mussels that have attached at a wall in a natural
way instead of artificial mussel arrangements. Therefore, golden mussel colonies attached on bamboos were
sampled from the Xizhijiang River, a 2nd order tributary of the Pearl River in South China, and cultivated in the
laboratory for the subsequent flume experiments. Two colonized bamboo samples were taken. The shell length in
the first and second samples were L = 10.8 = 1.4 mm and L = 12.3 £+ 2.8 mm, respectively. These shell lengths are
representative for one-year-old golden mussels. Due to the difficulty of overwintering, 1-year old mussels are
often the dominant age category in water transfer projects.

The roughness characteristics of the attached mussels were then investigated in a 4 m long PVC flume, with a
semi-circular cross-section and a diameter of 0.3 m (Figure 3). The colonized bamboos were installed in the flume
in an area of 1.5 x 0.2 m” with a leading edge (LE in Figure 3) 1.5 m away from the flume inlet. Water imported
from the Xizhingjiang River was used in the flume in order to guarantee a natural environment for the mussels
with water that provides oxygen and food.
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Figure 3. Schematic view of the experimental laboratory setup, unit: mm. The bamboo patch including the attached mussels
is indicated in yellow, MS indicates the measurement cross-section and LE the leading edge of the bamboo patch.

(a) Definition of the mussel length, width and height; (b) side view and top view of the laboratory flume and measurement
cross-section with the seven points in the vertical at the channel axis where velocities were measured; (c) schematic
illustration of the method for reducing N while maintaining a staggered arrangement without directional preference. The
method is illustrated on scale for the experiments with the second samples of mussels with N values of 8,800, 6,000 and 3,800
(Table 2); each symbol schematically represents a mussel and dark gray colored symbols represent mussels that were
removed while reducing N.

Obviously, the ratio of the size of the mussels to the size of the flow, as represented by L/R,, is at least one order of
magnitude smaller in a laboratory flume than in a large hydraulic structure. For death mussels, Equation 4 in-
dicates that the dependence of k,/L on N L? primarily depends on the geometric characteristic of the mussel matrix
and not primarily on the flow. This statement is valid as long as the flow in the laboratory flume remains fully
turbulent and the mussels remain fully submerged. As a consequence, the dependence of k,/L on N L? for dead
mussels as derived from the laboratory experiment can be generalized and remains valid for large hydraulic
structures. For alive mussels, Equation 5 indicates that the effect of the filtering depends on the size of the flow
and that the effect of the filtering is much larger in small laboratory flumes than in large hydraulic structures. For
configurations where the filtering activity does affect the dependence of k,/L on N L? in the laboratory experi-
ment, the resulting value of k,/L cannot be generalized.

Experiments were first done for the highest N with the mussels attached in a thick continuous layer. The
attachment density N was then reduced in several steps. Mussels were removed by manually cutting off their
byssal threads. Mussels were removed in such a way that their arrangement remained staggered and homogeneous
without directional preference, that is, they still represent a wall homogeneously attached with mussels. This
method of reducing N is schematically illustrated in Figure 3c for the experiments with the second samples of
mussels with N values of 8,800, 6,000 and 3,800 (Table 2). The investigated attachment densities N and the
experimental conditions are indicated in Table 2.

A first series of experiments was performed with alive mussels from the first sample with L = 10.8 + 1.4 mm. The
series started with the highest attachment density N = 12,000 [ind./m?], and subsequently lower values of
N = 8,200, 5,400 and 3,600 [ind./m?] were investigated. At the end of the series, the mussels were inactivated and
the experiment with the lowest attachment density of N = 3,600 [ind./rnz] was repeated with dead mussels. The
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Table 2
Experimental Conditions
Q [1/s] Re [-] N [ind./m?] State Shell length L [mm] NIL?[] Number of repetitions
2.65 6,700 12,000 Alive 10.8 + 1.4 mm 1.40 3
8,200 Alive 10.8 + 1.4 mm 0.96 3
5,400 Alive 10.8 + 1.4 mm 0.63 3
3,600 Alive 10.8 = 1.4 mm 0.42 3
3,600 Dead 10.8 = 1.4 mm 0.42 3
0 / / 0 3
8,800 Alive 12.3 £ 2.8 mm 1.33 3
8,800 Dead 12.3 £ 2.8 mm 1.33 3
6,000 Dead 12.3 £ 2.8 mm 0.91 3
3,800 Dead 12.3 £ 2/.8 mm 0.57 3
0 / / 0 3
6.52 14,850 12,000 Alive 10.8 + 1.4 mm 1.40 3
8,200 Alive 10.8 = 1.4 mm 0.96 3
5,400 Alive 10.8 = 1.4 mm 0.63 3
3,600 Alive 10.8 = 1.4 mm 0.42 3
3,600 Dead 10.8 £ 1.4 mm 0.42 3
0 / / 0 3
8,800 Alive 12.3 £ 2.8 mm 1.33 3
8,800 Dead 12.3 £ 2.8 mm 1.33 3
6,000 Dead 12.3 £ 2.8 mm 0.91 3
3,800 Dead 12.3 £ 2/.8 mm 0.57 3
0 / / 0 3
Note. Discharge Q; Reynolds number Re = U R;,/v, with U the depth-averaged velocity in the measured profile, R, the
hydraulic radius and v the kinematic viscosity; attachment density &V, and shell length L.
second series of experiments was performed with mussels from the second sample with L = 12.3 £+ 2.8 mm. First,
alive mussels were investigated at the highest attachment density N = 8,800 [ind./m2]. Then the mussels were
inactivated and experiments were done with dead mussels for decreasing N values of 8,800, 6,000, 3,800 and 3800
[ind./m?]. Comparison of the k, values in experiments with alive and dead mussels under similar hydraulic
conditions allowed assessing the relevance of the filtering (objective (ii)).
Each mussel configuration (N and living status) was investigated for two discharges, Q = 2.65 1 s™' (Reynolds
number Re = U R,/v = 6,700, with U the depth-averaged velocity in the measured profile, R, the hydraulic
radius and v the kinematic viscosity) and Q = 6.521 s~ (Re = 14,850), and was repeated three times, resulting in
six experimental estimations of k. A total number of 66 experiments was performed: 30 with alive mussels, 24
with dead mussels, and 12 without mussels.
In order to estimate k, from hydrodynamic theory according to Equations 1 and 2, a velocity profile was measured
for each experiment at the axis of the flume in the cross-section (MS in Figure 3) situated 1 m downstream of the
bamboo's leading edge with a side-looking Nortek Vectrino Acoustic Doppler Velocimeter (ADV). The quasi-
cylindrical measuring volume is located 5 cm from central emitter and has a diameter of 6 mm. The main
contribution to the velocity measurement comes from the emitter axis, however, because the intensity of the
acoustic field is maximum at the emitter axis and decreases in a Gaussian way with distance perpendicular to the
axis, whereby the diameter of the measuring volume is typically defined by a 6 dB decay in acoustic intensity
(Hurther & Lemmin, 1998). These characteristics in combination with an elevation difference between the
measuring points of 10 mm ensure that the velocity profile is well resolved. It was verified a posteriori by means
of 3-D numerical simulations that the flow was fully developed at this location (not shown). Velocity was
measured at a frequency of 200 Hz in seven points at the elevations shown in Figure 3 for a period of 30 s. It was
ZHANG ET AL. 9 of 17
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Figure 4. Normalized equivalent sand roughness k/L as a function of the
normalized mussel attachment density N L? for the first series of experiments
with alive mussels of L = 10.8 + 1.4 mm (empty boxplots) and the second
series of laboratory experiments with dead mussels of L = 12.3 + 2.8 mm
(shaded boxplots). The corresponding values of N [ind./m?] for each
experiment are also indicated. For each value of N L?, the boxplots indicate
the results of 3 repeated experiments for two discharges (cf. Table 2); the
circles indicate estimates for the individual experiments. On each box, the
central mark indicates the median, and the bottom and top edges of the box
indicate the 25th and 75th percentiles g,5 and g5, respectively. The whiskers
extend to the most extreme data points not considering outliers. Outliers,
defined as data points greater than g,5 + 1.5(¢75 — ¢,5) or less than

@5 — 1.5(q75 — ga5) (Krzywinski & Altman, 2014), are plotted individually
using the '+' symbol. The dashed line represents the trend.

verified that this measurement period of 30 s was sufficient to obtain sta-
tionary statistics on the mean velocity (see online supporting information,
Figure S1 in Supporting Information S1), which is the only flow variable of
interest in the present paper. The data were de-noised and de-spiked according
to the procedure of Goring and Nikora (2002).

4. Results and Discussion

4.1. Equivalent Sand Roughness k, as Function of Attachment Density N
and Shell Length L

Figure 2 illustrates that the measured profiles at the centerline are well
approximated by the logarithmic velocity profile of Equation 1. This suggests
that the velocity profile at the centerline is mainly affected by the roughness
of the mussels installed in the central 0.2 m of the flume and not by the
smooth-wall shallower cross-sectional areas at the left and right of the
mussels.

Figure 4 shows the k/L values as a function of N L%, as estimated from the
laboratory experiments for the first series of experiments with alive mussels
of L =10.8 £ 1.4 mm (empty boxplots) and the second series of experiments
with dead mussels of L = 12.3 + 2.8 mm (shaded boxplots). The figures are
shown in form of boxplots, which are appropriate for sample sizes larger than
5 (Krzywinski & Altman, 2014).

Figure 4 shows that the variance in the estimates of k/L is quite large. Out of
the 66 experimental estimations of k/L, 7 estimations deviate by more than
33% from the median value and one of these estimations deviates by more
than 55%. According to Equation 2, the uncertainty in the estimation of k; is
directly related to the uncertainty in the estimations of «, and z,,, both of which
are estimated by fitting the logarithmic velocity profile (Equation 1) to the
measured data as illustrated in Figure 2. According to Nezu and Naka-
gawa (1993), the uncertainty in the estimation of u, is of the order of 30%.
Because the estimations of u, (slope in Figure 2) and z, (intersect with the

vertical axis) are related, an uncertainty of the order of 30% can also be expected in the estimations of z, and k,,

which complies with the scatter found in the experimental data shown in Figure 4. The six independent estimates

for every value of N allowed for a more accurate estimation of the median value of k/L that clearly reveals the
trend of k/L as a function of N L?, and which confirms the hypothesis that k/L primarily depends on N L?

(Equation 4).

The k/L values increase with increasing attachment density onto a maximum value of k/L = 2.2 in the range of
values of N L % 0.6 t0 0.9. The k, values then decrease for larger N L* values. A value of k/L ~ 1.5 was found for
the largest investigated N L> = 1.4. This trend is highlighted with the dashed line in Figure 4.

For N L? = 1.4, the mussels form a continuous regular roughness layer of mussels. The value of k/L ~ 1.5
confirms that the equivalent sand roughness k; is proportional to a characteristic geometric scale of the mussels,

which is a result in line with classical hydrodynamic theory (Dittrich, 1998, p. 29; Hinze, 1975; Nezu &

Nakagawa, 1993). Values of N L* >> 1.4 do occur in hydraulic structures. For such values, it is expected that the

thickness of the continuous regular layer of mussels increases, without significantly changing its surface texture
and k/L value. For values of N L* smaller than approximately 1.2, the mussels rather form a continuous irregular
roughness layer. For N L? larger than approximately 0.5, these geometrical irregularities lead to k/L values higher
than that of a continuous regular layer of mussels. These geometrical irregularities are interpreted as macro-

roughness elements, that is, roughness elements with a spatial scale larger than that of an individual mussel.

These macro-roughness elements can be represented by a k, value when modeling the flow on a grid size that is
larger than the scale of the macro-roughness elements, as is the case in the present investigation. This is remi-
niscent of the different roughness scales discussed by Canovaro et al. (2007) and Bertin et al. (2017). For values of
N L?* smaller than approximately 0.5, the density of the irregularities is too low to act as macro-roughness
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= = elements and the resulting k/L value is smaller than that of a continuous
f ?ﬁ regular layer of mussels. In the investigated range of 0.42 < N L* < 1.40, the
2. ; median values of k/L roughly vary between 1.2 and 2.4. The experimental
2 | 4 results suggest that k/L = 1.5 is a good approximation for the roughness of a
continuous regular layer of mussels, and that k/L = 2.4 is a conservative
18 F . estimation for mussels organized in a continuous irregular layer.
Golden mussels have an elongated, oval shape, and a ratio of width: height:
T 16T | length of 1:1.18:2.60 (Morton, 1973). Some other mussels have a similar
5,) shape: zebra mussels, for example, have a ratio of width:height:length of
== L& F 1 1:1.06:2.03 (Thomas & Schloesser, 2013), quagga mussels of 1:1.37:2.31
19 | (Thomas & Schloesser, 2013) and blue mussels of 1:1.31:2.35 (Alunno-
- Bruscia et al., 2001). Because these ratios of width:height:length for different
L ] mussel species are quite similar, it can be assumed that the shape of the
mussels as represented by the ratio of width:height:length does not exert a
08 . H dominant control on k,; (Equation 3) and that the values of k,/L as a function of
’ 042 NI2[] 1.33 N L? found for golden mussels remain good approximations for other mussel
species and mussels with different sizes, but similar shapes. These assump-
Figure 5. Comparison of the normalized equivalent sand roughness k/L of tions are further underpinned by the similar roughness length scales and
alive (empty boxplots) and dead (shaded boxplots) mussels for the similar non-linear variations in bed roughness as a function of mussel density
experiment with N = 3,600 [ind./m”] and = L = 10.8 + 1.4 [mm], and the that were observed for mussel-covered alluvial river beds by Sansom

experiment with N = 8,800 [ind./m*] and L = 12.3 + 2.8 mm. Symbols are
further explained in the caption of Figure 4.

Table 3

et al. (2020) in laboratory experiments and Sansom et al. (2022) in natural
rivers.

4.2. Equivalent Sand Roughness k; of Alive Versus Dead Mussels and Quantitative Criterion for the
Relevance of Mussels' Filtering Activity

Figure 4 suggests that no significant difference exists between the k, values of alive and dead mussels. This is
further substantiated in Figure 5 where alive and dead mussels are compared for the same mussel matrix in two
experiments with identical hydraulic conditions (cf. Table 2). This indicates that the filtering activity does not
significantly modify the hydrodynamics in the vicinity of the investigated mussels and that the mussel-induced
roughness is essentially due to the geometry of the mussel matrix. Alive mussels are open when actively
filtering, whereas dead mussels are closed. This leads to small geometric differences in the mussel matrix that may
tentatively explain the slightly higher values of k, for the alive mussels. Differences in k, between alive and dead
mussels are smaller than the uncertainty in the estimation of k,, however, and it can be concluded from Figures 4
and 5 that no significant difference exist in the k, values of alive and dead mussels in the reported experiments.
Further insight in the geometric differences in frontal area between alive and dead mussels and in the combined
effect of these geometric differences with the hydrodynamic differences due to the filtering would be valuable to
restoration and eco-hydraulic science.

In order to establish a quantitative criterion for the relevance of mussel filtering on &, Table 3 summarizes values
of Qy;/Q estimated from Equation 5 for the laboratory experiments of Van Duren et al. (2006) with blue mussels,
the here reported laboratory experiments with golden mussels, and the G-WTP with golden mussels. For the blue
mussels, the maximum value of Q, ; = 7.0 [I/ind./hr] is used in the estimation. For the here reported laboratory

Estimation of the Ratio of the Discharge That Is Filtered by the Mussels to the Conveyance Discharge, Qp,/Q

OQpir1 [l/ind./hr] N [ind./m?] [ [m>/s] Pm] Qg /O[] Effect of mussel filtering on energy losses

Laboratory experiments of Van Duren et al. (2006) 7.0 1,800 0.013 06 37x107° Yes
0.031 1.6 x 107 Yes
0.084 0.6 x 107 No
Here reported laboratory experiments 0.35 12,000 265x107° 02 08x107° No
6.52 x 1072 03x107° No
G-WTP 0.70 10,000 350 15 08x107°
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experiments, the estimation is done for the highest value of N = 12,000 [ind./m*] and the maximum value of
Opy,; = 0.35 [1/ind./hr] for golden mussels with lengths L of about 10 mm as found in our laboratory experiments
(Zhang, Xu, & Yang, 2024). For the G-WTP, the highest value of O, ; = 0.70 [I/ind./hr] (Cataldo et al., 2012;
Frau et al., 2013; Pestana et al., 2009; Riickert et al., 2004; Sylvester et al., 2005; Tokumon et al., 2016; Zhang,
Xu, & Yang, 2024) and the maximum observed value of N = 8,100 [ind./m?] are taken. These choices yield the
highest values of Qp,/0.

According to the data in Table 3, filtering by blue mussels is relevant in the experiments by Van Duren
etal. (2006) when Qy;,/Q > 1.6 X 1072 and negligible when O/ Q < 0.6 X 107 and filtering by golden mussels is
found to be negligible in the here reported experiments when Qp;,/Q < 0.8 X 1073, The coherence between these
values suggests that Equation 5 may be a useful criterion for assessing the relevance of filtering for different
mussel species. The data in Table 3 further suggest a threshold value of Qj;,/Q ~ 1 X 1073, Equation 5 and the data
in Table 3 further suggest that the mussels' filtering activity may be relevant in small configurations with small Q,
but is negligible in large configurations such as water-conveying structures with large Q. Equation 5 and the
threshold value provide insight in scale effects and may be helpful in designing and interpreting laboratory ex-
periments. Further experiments with values of Q,/Q near the assumed threshold value of 1 X 1072 and with
different mussel species would be useful to confirm that Equation 5 is a useful criterion for assessing the relevance
of filtering for different mussel species and to confirm the generality of the threshold value.

4.3. Application Example

The application to the G-WTP is intended as an example for the modeling of other water transfer projects. The
analysis of the mussel-induced energy losses in water transfer projects based on the novel parameterization of k;
and the method for estimating f proposed in the present paper consists of the following steps. (a) Definition of the
mussel shell length L and representative values of the attachment density N, and estimation of k; based on
Figure 4; (b) definition of a representative cross-sectional geometry and a design discharge and establishment of a
3-D numerical model; (c) definition of the patchiness of the mussel biofouling and attribution of the appropriate k;
value in every grid cell; (d) estimation of the Darcy-Weisbach friction coefficient f from the numerical data
according to Equation 6 and analysis of the results. As an application example, the relevance of the energy losses
induced by mussel biofouling in the G-WTP are quantitatively estimated and the worst-case scenario in terms of
patchiness of the mussels and attachment density N is identified hereafter (objective (iv)).

i. definition of the mussel shell length L and representative values of the attachment density , and estimation of
k, based on Figure 4
The shell lengths in the reported laboratory experiments are representative for one-year-old golden mussels,
which are the dominant age category in the G-WTP due to the difficulty in overwintering. For the application
example, the average mussel length of the laboratory experiments of L = 11.55 mm was adopted.
It is interesting to note that the observed value of N = 5,500 in the longest reach of the G-WTP from SJH to
FSH (Figures 1a and Table 1) is in the range that leads to the highest values of k,/L of up to 2.4 and the highest
additional energy losses. Depending on the size of the mussels, the higher observed value of N = §,100 in the
reach from SH to SJH (Figures 1a and Table 1) can represent a continuous regular layer of mussels with &/
L ~1.5 or a continuous irregular layer with 1.5 < k,/L < 2.4. No experimental data are available for the value
of N = 1,200 observed in the DJK-SH reach, but it can reasonably be assumed that this value is representative
of a rather loose mussel layer arrangement that leads to a smaller value of k,/L.
Based on these observations and interpretations, k,/L values of 0, 0.4, 1.5 and 2.4 have been attributed to the
FSH-END reach, the DJK-SH reach, the STH-FSH reach, and the SH-SJH reach of the G-WTP, respectively.
For the case without mussel biofouling (k,/L = 0), the design value of k, = 0.91 mm of the G-WTP has been
adopted. For the cases with biofouling, the corresponding k, values are 5 mm, 17 and 27 mm, respectively
(Table 1).

ii. definition of a representative cross-sectional geometry and a design discharge and establishment of a 3-D
numerical model
The 3-D numerical model was set-up for the three characteristic cross-sectional geometries (Figures 1b—1d) of
the G-WTP. Numerical simulations were performed for the design discharge Q, along the G-WTP. The
aqueduct reaches consist of three parallel open U-shaped cross-sections (Figure 1c), each having O, = 350/
3=116.7m>s™'. The reach with trapezoidal cross-section (Figure 1b) has 0,=330 m® s~ and the pressure-
tunnel (Figure 1d) reaches consists of two parallel pipes with O, = 265/2 = 132.5 m® s™' each.
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Table 4

Darcy-Weisbach Friction Factor as a Function of the Parts of the Cross-Sectional Perimeter With Mussel Attachment and the k; Value of the Mussel Patches

Typical trapezoidal cross-section R, % 5.0 m

Typical circular cross-section

Typical U-shaped cross-section R, % 2.6 m R,~09m

®

®-@D) (D)-(iii) ® ®-(ib) (D)-(iii) ® ®-@D)

ky=0.91 mm
ky =5 mm 0.0096 (+4%)
0.0099 (+8%)

0.0104 (+13%)

ky, =17 mm

k, =27 mm

0.0092
0.0098 (+7%)
0.0114 (+24%)
0.0117 (+27%)

0.0095
0.0113 (+19%)
0.0119 (+25%)
0.0132 (+39%)

0.0127
0.0133 (+5%)  0.0174 (+37%)
0.0168 (+32%)  0.0220 (+73%)
0.0180 (+42%)  0.0243 (+91%)

0.0100 (+9%)
0.0115 (+25%)
0.0119 (+29%)

0.0098 (+3%)
0.0103 (+8%)
0.0109 (+14%)

0.0119 (+25%)
0.0135 (+42%)
0.0146 (+53%)

iii. definition of the patchiness of the mussel biofouling and attribution of the appropriate k, value in every grid
cell
The part of the wall where mussels preferentially attach was divided into zones, as illustrated in Figures 1b—
1d. First, the flow field was simulated without mussels, then with mussels only attached at the preferential
wall zone, indicated by i. Subsequently, the mussel-attached zones of the wall were gradually enlarged: first i-
ii, then i-ii-iii.
In order to quantify the relevance of mussel biofouling on the energy losses in the application example of the
G-WTP, a range of combinations of two parameters was investigated: the first parameter is the part of the
cross-sectional perimeter with mussel attachment and the second parameter is the attachment density N in the
mussel-attached parts. For the part of the wall with mussel attachment, the same stages in the colonization
succession (Figures 1b—1d) were considered. For attachment density N, four different configurations were
investigated: no or very weak mussel attachment as a reference, low, medium and high attachment densities.
The corresponding values of N are provided in Table 1. They are representative of different reaches of the
G-WTP.

iv. estimation of the Darcy-Weisbach friction coefficient f from the numerical data according to Equation 6 and
(v) analysis of the results.

The Darcy-Weisbach friction coefficients estimated from the 3-D numerical simulation are summarized in
Table 4 as a function of the parts of the cross-sectional perimeter with mussel attachment and the &, value of
the mussel patches. Mussel biofouling causes important additional energy losses, as represented by the in-
crease in the Darcy-Weisbach friction factor, even for the relatively small golden mussels in a large hydraulic
structure like the G-WTP. In the initial stages of biofouling, when mussels only attach at low attachment
density in the preferential patches (indicated by (i)), the overall increase in energy losses is relatively minor
(3%—7%) but already non-negligible. The biofouling-induced additional energy losses are highest in the cir-
cular cross-sections and lowest in the trapezoidal cross-section, as expected based on the respective values of
the relative roughness k,/R,,.

The worst-case scenario consists in the largest extension of mussels (patches (i)-(iii) for the trapezoidal and U-
shaped cross-sections and the entire wall for the circular cross-section) with the highest &, value (k, = 27 mm), that
is, mussels organized in an irregular matrix with irregularities that act as macro-roughness elements. For this
worst-case scenario, additional energy losses amount to 29% in the trapezoidal channel, 53% in the open-channel
U-shaped aqueduct, and 91% in the pressure-driven flow in the circular pipe. This level of additional energy losses
is obviously inacceptable and would endanger the G-WTP's operation.

Interestingly, mussel patches with the highest k, value (k, = 27 mm) on part of the wall (patches (i)-(ii) for the
trapezoidal and U-shaped cross-sections and patch (i) for the circular cross-section) cause similar additional
energy losses as mussels with the highest attachment density (k, = 17 mm) covering the largest extension on the
wall (patches (i)-(iii) for the trapezoidal and U-shaped cross-sections and the entire wall for the circular cross-
section). For the trapezoidal cross-section, the attachment of mussels in patch (iii) hardly influences the energy
losses. This is because flow velocities are low near the corner of the cross-section and this flow area only
marginally contributes to energy losses.
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Figure 6. Velocity redistribution induced by the mussel biofouling as quantified by the difference between u/U in
configurations with mussel patch (characterized by k, = 27 mm) and the reference configuration without (k; = 0.91 mm) in
the three typical cross-sectional geometries. (a), (b), (¢c) Mussel attachment in patch (i); (d), (e), (f) Mussel attachment in
patches (i) and (ii). Patches with mussel attachment are indicated by a thick gray line. The thick velocity contour separates
regions of increased and decreased u/U.

The effect of the mussel patches on &, values and energy losses is substantiated by the velocity redistributions.
Figure 6 shows the difference between the patterns of u/U with patches of mussel biofouling characterized by
k, = 27 mm and the reference configuration without (k, = 0.91 mm). An increase of the roughness from
k,=0.91 mm to k; = 27 mm causes an important velocity redistribution, even in the large cross-sections of the G-
WTP with a relatively low value of k,/R;, = 0.00018 (Table 4). As expected, the velocity decreases in the vicinity
of the roughened mussel patches. Due to mass conservation, this is accompanied by a velocity increase in the
central part of the cross-section. For the open-channel flow configurations, a roughening at the wall causes an
increase in water surface elevation and a decrease in cross-sectional averaged velocity. This causes a slight bias
toward negative values in Figures 6a, 6b, 6d, and 6e. Biofouling at the preferential patch (i) causes a velocity
reduction in a substantial part of the cross-section that ranges from the patch at the wall to the free surface in the
trapezoidal and U-shaped cross-sections, and that covers approximately half of the cross-section in the circular
cross-section. The maximum velocity reduction occurs in the immediate vicinity of the attached mussels and is
approximately 15%. At the wall, the zone with reduced velocities extends beyond the mussel patch. A similar
velocity redistribution is found when the mussels attach at patches (i) and (ii) at the wall.

From these results, it is clear that mussel biofouling at the walls causes important additional energy losses in most
large hydraulic structures, even though the biofouling only causes low values of the relative roughness k,/R;,. For
the case of the G-WTP, the mussel biofouling endangers its operation and attached mussels should be removed
before patches can form that occupy a substantial part of the wall. The results of this application example can be
generalized to other water transfer projects confronted with mussel biofouling.

The proposed methodology makes managers and engineers dealing with large hydraulic structures such as water
transfer project aware of the importance of heterogeneous patchy roughness distributions and allows estimating
the relevance of biofouling-induced additional energy losses. Further numerical and experimental research on
heterogeneous roughness distributions would be useful to gain insight in the hydrodynamic processes underlying
the additional energy losses.
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5. Conclusion

Biofouling by mussels significantly affects the roughness of rigid impermeable walls, the flow patterns and the
frictional energy losses. Non-dimensional representations of the roughness and the attachment density of patches
of mussels are given by k,/L and N L% respectively. The dependence of k,/L on N L? has been investigated in a
systematic series of laboratory experiments with mussels sampled in the natural environment for attachment
densities in the range 0.42 < N L* < 1.40 (Figure 4). For values of N L* larger than approximately 1.2, the mussels
form a continuous regular layer characterized by k/L ~ 1.5. For values in the approximate range 0.5 < N L* < 1.2,
the mussels rather form a continuous irregular roughness layer with increased values of k/L. These geometrical
irregularities are interpreted as macro-roughness elements, that is, roughness elements with a spatial scale larger
than that of an individual mussel. For N L smaller than approximately 0.5, the density of the irregularities is too
low to act as macro-roughness elements and the resulting k/L value is smaller than that of a continuous regular
layer of mussels, k/L < 1.5. These experimental results suggest that k/L = 1.5 is a good approximation for the
roughness of a continuous regular layer of mussels, and that k/L = 2.4 is a conservative estimation for mussels
organized in a continuous irregular layer, with irregularities that act as macro-roughness elements. These results
provide an estimate of k, for mussel-attached walls that is based on the mussel length L. Thanks to the repre-
sentation and analysis in terms of non-dimensional variables, it can reasonably be expected that these values are
good approximations for a broad range of mussel species with different sizes but similar shapes.

In the reported laboratory experiments no difference exists between the k, values of the investigated alive and
dead golden mussels (Figure 5), indicating that the effect of the filtering activity is not significant.

A criterion is proposed for the importance of filtering on k; (Equation 5), and a quantitative estimation of the
threshold value is proposed based on data from the here reported experiments and data reported in literature in
other configurations and/or with other mussel species (Table 3). It is found that laboratory conditions are often
close to the threshold value (Table 3), but that mussel filtering is always negligible in large hydraulic structures.
Such as the investigated G-WTP.

A methodology has been developed for quantifying in a practically useful 1-D framework the energy losses for
walls that are only partially covered with patches of mussels and represent a non-homogeneous roughness dis-
tribution. The method consists in extracting a Darcy-Weisbach friction factor from a fully 3-D numerical
simulation in a simplified reach with constant geometrical properties. The determined friction factor can sub-
sequently be used for the analysis of long systems, such as water transfer projects.

Biofouling-induced energy losses have thus been quantified for the application example of the G-WTP as a
function of the patchiness of the mussel attachment and the attachment density in the mussel-attached patches
(Table 4). Even in the initial stages of biofouling, when mussels only attach at low attachment density in the
preferential patches the overall increase in energy losses is already around 5%. For the worst-case scenario,
consisting in the largest extension of mussels with the highest &, value, additional energy losses amount to 29% in
the trapezoidal channel, 62% in the open-channel U-shaped aqueduct, and 91% in the pressure-driven flow in the
circular pipe. Differences between the three geometric configurations are essentially due to different values of the
relative roughness k,/R,,.

Data Availability Statement

The experimental data (including measured velocity, and mussel shell length) and ADV data processing code is
available in the Zenodo repository (Zhang, Xu, Huber, et al., 2024), which can be accessed at https://doi.org/10.
5281/zenodo.14233518. This data and code repository has been permanently archived to ensure compliance with
FAIR principles, promoting accessibility and reproducibility.
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