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ABSTRACT

The paper uses information from eddy-resolving simulations to characterize flow and turbulence around
freshwater mussels at the organism scale. The focus is on the simplest case of a partially burrowed, isolated
mussel aligned with the incoming flow in an open channel. The wake structure and the capacity of the flow to
displace the mussel from the bed substrate and to induce local scour around the mussel are investigated as a
function of the ratio between the height of the exposed part of the mussel, h, and the total mussel height, d, and
as a function of the filtration velocity ratio (VR) between the incoming channel flow velocity, Uy, and the mean
velocity inside the excurrent siphon, U.. As opposed to flow past most surface-mounted obstacles where the bed
shear stresses are reduced in the wake of the body, the capacity of the flow to induce bed erosion behind isolated
mussels aligned with the flow is relatively large because of strong downwelling motions inside the horizontal
separated shear layers. These flow features are associated with the formation of counter-rotating base vortices
of unequal coherence that induce upwash behind the mussel. The total circulation of the base vortices increases
with increasing h/d and VR. Though both symmetrical and anti-symmetrical shedding are observed in the wake,
the anti-symmetrical mode dominates and its strength increases with increasing VR. The nondimensional
streamwise force acting on the emerged part of the mussel’s shell increases with increasing h/d and VR. Finally,
the paper discusses the effects of varying h/d and VR on the dynamics and dilution of the jet of filtered water
originating in the excurrent siphon, which is important to understand how mussels affect mixing and water

quality (e.g., nutrient availability, phytoplankton concentration) in natural streams.

Keywords: freshwater mussels, turbulence, active filtering, numerical simulations

1. INTRODUCTION
Freshwater mussels are bivalve mollusks that live at the sediment-water interface in sand-bed and gravel-bed
rivers and can actively adapt to the surrounding environment. Their shell contains two valves that are close to
symmetric. The shell is partially burrowed in the substrate of the river channel (Fig. 1a). Using their foot,
mussels can slowly migrate and change their orientation. They can modify their filtering flow rate and increase
or decrease their degree of body exposure to the flow such that they are not displaced from the substrate in

which they are anchored during flood events. To increase their stability, mussels tend to orient themselves
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parallel to the incoming flow. Mussels also contain two siphons on their posterior side. Water containing
particulate organic material, nutrients, phytoplankton, zooplankton and dissolved organic matter enters the
mussel through the incurrent (inhalant) siphon. Filtered water depleted of nutrients, fine suspended matter and
waste leaves the mussel through the excurrent siphon (Vaughn et al., 2004, 2008). As a result, freshwater
mussels act as ecosystem engineers and are a main contributor to purifying the water in natural streams.
Moreover, mussels help stabilizing the bed surface, provide habitat/refuge for benthic organisms, redistribute
nutrients and increase the dissolved oxygen concentration in the soil substrate (Lohrer et al., 2004; Allen and
Vaughn, 2009). Mussel excretion can account for a large part of the nitrogen available in the river food web
(Atkinson et al., 2014). Freshwater mussels are also good indicators of water quality in rivers based on the

levels of toxic substances and pollutants accumulated in their tissue.

As mussels generally live for tens of years, they need to be able to withstand extreme flow conditions such as
large floods. During such events, bed scour and drag forces acting on the mussels are larger, which can lead to
their displacement from the substrate in which they are anchored. Moreover, loss of habitat, dam construction,
harvesting and the presence of invasive mussel species have led to a decline in mussel populations in many
rivers (Strayer et al., 2004; Haag, 2012). As a result, many species of freshwater mussels are now listed as
imperiled. Improving habitat conditions for imperiled freshwater mussels can stop the decline and restore
freshwater mussel communities in rivers (Nakato et al., 2007). It is generally agreed that habitat suitability is a
function not only of substrate characteristics but also of hydrodynamic conditions, as these conditions control
the stability of the river bed and the capacity of the mussels to remain anchored into the bed substrate
(Englehardt et al., 2004). Hydrodynamics also affects turbulent entrainment of nutrients into the benthic
boundary layer where nutrients are depleted due to consumption. Unfortunately, little is known on how
freshwater mussels interact with their hydrodynamic habitat both at organism scale and at river reach scale
where mussels generally live in large colonies (Howard and Cuffey, 2003). For sufficiently high densities of the
mussels forming the colony, the hydrodynamic conditions and the availability of nutrients, phytoplankton and
other transported matter around a particular mussel are a strong function of the relative position of the mussel

inside the mussel bed and the proximity of other mussels.

The present numerical study focuses on investigating flow and turbulence structure surrounding isolated,
partially-burrowed mussels, drag forces acting on the exposed part of the mussel’s shell and sediment
entrainment mechanisms that lead to local scour and, eventually, to displacement of the mussel from the bed.
Though, as already mentioned, mussels generally live in colonies, small clusters or even isolated mussels can
be observed in rivers. Flow conditions near the most upstream mussels of a mussel bed are also close to those
observed around isolated mussels. The case of an isolated mussel also serves as a limiting case with respect to
which one can quantify changes in flow conditions due to mussel-to-mussel interactions that become more

important with increasing density of the organisms forming the mussel bed.
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The turbulent flow past the exposed part of the mussel’s shell is highly three-dimensional and induces the
formation of energetic coherent structures that play an important role in bed erosion, particulate and nutrient
transport. Active filtering by the mussel is also thought to affect not only the mean flow and turbulence around
the posterior side of the mussel but possibly the drag forces acting on the mussel’s shell and transport of matter
and particulates. The present study focuses on the case where the major axis of the mussel is oriented parallel
to the incoming flow direction, which is the orientation that results in minimum streamwise drag force acting
on the exposed part of the mussel’s shell. A main goal of the present study is to elucidate near-bed flow
hydrodynamics past partially burrowed mussels with and without filter feeding. To address this goal, we conduct

a parametric study in which we vary the filtering velocity ratio (VR) and the degree of shell exposure.

2. REVIEW OF EXPERIMENTAL AND NUMERICAL INVESTIGATIONS
Several relevant experimental studies were conducted to investigate the hydrodynamics of flow past wall-
mounted, submerged, idealized-shape obstacles (e.g., Okajima, 1982; Savory and Toy, 1986, 1988; Okamoto
and Uemura, 1991; Okamoto and Sunabashiri, 1992; Shamloo et al., 2001; Martinuzzi and AbuOmar, 2003;
Sumner et al., 2004; Pattenden et al., 2005; Hajimirzaie et al., 2012; Hajimirzaie and Buchholz, 2013). In
particular, the eddies generated around fully submerged, low-aspect-ratio obstacles (e.g., streamline and
transverse oriented semi-ellipsoids, vertical cylinders and hemispheres) and the wake structure of these
obstacles bear important similarities with those observed for isolated, partially burrowed mussels. Besides the
horseshoe vortices in front of the obstacle, vortex tubes are present in the separated shear layers (SSLs). The
shape of the vortex tubes corresponds to that of the detachment line/lines on the body. For noncircular obstacles,
these studies have also shown that the coherence of the various vortices and the dominant shedding frequency
in the wake are a function of the orientation of the obstacle relative to the incoming flow direction. Generally,
an increase in the angle of attack increases the degree of bluntness of the obstacle and generates stronger vortices
both in front and in the wake of the obstacle. Shamloo et al. (2001) found that the deformations of the free
surface are negligible if the relative submergence (e.g., the ratio between the flow depth, D, and the height of

the emerged obstacle, h) is larger than four.

Several experimental investigations were conducted in laboratory flumes with partially burrowed mussels. They
included live mussel experiments (e.g., see Butmann et al., 1994; Sansom et al., 2018; Kumar et al., 2019). If
the mussel is aligned with the flow, the mussel’s shell resembles a fairly streamlined, but slightly asymmetric
body. The filtering flow through the two siphons can disturb the formation of coherent structures generated in
the SSLs. Motivated by the fact that some field observations showed no particular orientation of the siphons
relative to the flow direction, while others showed that siphons are generally pointed upstream (Di Maio and
Corkum, 1997), Kumar et al. (2019) performed experiments for isolated live mussels oriented parallel to the
flow with siphons facing both upstream and downstream. Some flume studies of flow past a mussel bed included
the siphonal flows but were conducted with very idealized shapes of the mussels (e.g., Crimaldi et al., 2007).

Other experimental studies used dead mussels or realistic models of dead mussels (e.g., Crimaldi et al., 2002;
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Constantinescu et al., 2013) but did not account for the siphonal flows. In a recent study, Sansom et al. (2018)
added a pair of flexible PVC tubes inside a dead mussel shell through which water was pumped at a constant
rate to account for the siphonal flows and used 2-D particle image velocimetry (PIV) to measure the velocity
field and turbulent kinetic energy in selected planes for a half-burrowed mussel placed in a flume with a gravel-

bed.

Numerical studies can also help understanding flow and transport processes around freshwater mussels provided
that they can capture the large-scale coherent structures in the flow. This requires the use of large eddy
simulation (LES) techniques that directly resolve the energetically important eddies in the flow. Compared to
laboratory studies that generally provide information in a limited number of 2-D sections, eddy-resolving
simulations provide 3-D information on the flow and coherent structures, allow estimating the bed shear stresses
and the drag forces acting on the mussels. Such an LES study was reported by Constantinescu et al. (2013) who
investigated flow past a cluster of three non-filtering, half-burrowed freshwater mussels placed at an angle of
attack of 90° with respect to the incoming flow direction. The present study adopts a similar numerical approach
but focuses on an isolated freshwater mussel (Lampsilis siliquoidea) placed at an angle of attack of 0° in a flat-

bed open channel with fully developed, turbulent incoming flow.

3. NUMERICAL MODEL

3.1 Viscous flow solver and turbulence model
The finite-volume, non-hydrostatic, 3-D flow solver in the commercial code STAR-CCM+ (CD-Adapco) was
employed to perform the numerical simulations. A hybrid approach called Detached Eddy Simulation (DES)
was used to resolve the energetically important eddies in the flow. DES reduces to unsteady RANS near the
solid boundaries and to LES in the rest of the computational domain (Spalart 2000; Chang et al., 2007). Use of
LES and hybrid RANS-LES methods like DES was shown to result in more accurate predictions of the mean
flow and turbulence statistics for complex turbulent flows such as flow in natural channels, flow past surface-
mounted obstructions and flow over rough surfaces (Constantinescu and Squires, 2003; Constantinescu et al.,
2003; Keylock et al., 2005, 2012). For such flows, DES that resolves the viscous sublayer was shown to be of
comparable accuracy to LES without wall functions, but computationally much less expensive (Rodi et al.,

2013).

The present simulations were conducted with the Spalart-Allmaras, 1-equation model as the base RANS model
(Spalart and Allmaras, 1992). A transport equation was solved for the modified eddy viscosity, §i. Away from
the solid boundaries, the definition of the length scale in the destruction term of the transport equation solved
for ¥ is modified such that the eddy viscosity becomes proportional to the grid size, like in classical LES. The
governing equations are integrated through the viscous sublayer and no wall functions are used. The IDDES
version of DES was used to perform the simulations discussed in the paper (Rodi et al., 2013). This advanced

version of DES eliminates or reduces some of the problems reported with the standard version of DES such
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as premature switch to LES mode and the log-layer mismatch between the regions where the RANS and LES
modes are active in attached-boundary-layer flows. The use of resolved turbulence in the flow fields specified
at the channel inlet further alleviates these problems (Koken et al., 2013; Zeng et al., 2008). The full model
DES equations and coefficients can be found in Spalart (2000) and Rodi et al. (2013).

The governing equations are discretized and solved on unstructured, Cartesian-like grids. The code allows using
nested Cartesian grids with cell cutting near boundaries of complex shape. The viscous flow solver employs the
SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm to achieve pressure-velocity
coupling for the discretized Navier-Stokes equations. In the SIMPLE algorithm, an intermediate velocity is
obtained by solving the momentum equations without the pressure gradient term. The intermediate velocity
field does not satisfy the continuity equation. A pressure correction algorithm is used to modify the pressure
field such that the final velocity field satisfies continuity. The convection terms in the momentum equations are
discretized using the 3™ order MUSCL scheme to keep numerical dissipation low. The convective terms in the
transport equations solved for the modified eddy viscosity and the passive scalar introduced in the excurrent
siphon are discretized using the second-order-accurate upwind scheme. The diffusive and pressure gradient
terms are discretised using the second-order-accurate, central scheme. The implicit temporal discretization is
second-order accurate. The viscous solver in STARCCMH+ is parallelized using MPI. The same solver was
previously used to conduct unsteady RANS and DES simulations in our group for complex turbulent flows.
These studies (e.g., Wu et al., 2020; Horna-Munoz and Constantinescu, 2018, 2020; Cheng et al., 2018) also

include detailed validation with experimental data.

3.2 Simulations set up
To define the boundaries of the computational domain and generate the mesh, the most critical part is obtaining
a detailed mapping of the mussel’s shell geometry (Fig. 1). A stereo lithography (STL) file containing the
geometry of the two valves was provided by the team at the SUNY Univ. at Buffalo who used 3-D tomography
to map the external surfaces of a mussel (Lampsilis siliquidea) used in their laboratory experiments (Sansom et
al., 2018). Once read in AUTOCAD, the geometry was cleaned of its spurious parts. Then, the geometry of the
two valves was assembled into one surface and the boundary surfaces corresponding to the two siphons were
defined. The computational domain contains the posterior end of a mussel in a partially burrowed state (Fig.
1b). Except for one simulation, the mussel was oriented parallel to the streamwise direction with the siphons
pointing upstream. The angle of attack for these cases was defined as being 6=0° (Table 1). One simulation was
performed with the siphons pointing downstream, which formally corresponds to 6=180°. The burrowed part of
the mussel was eliminated and a short, straight, vertical pipe connecting to the excurrent siphon was added in
the simulations with VR>0. This allows the excurrent jet flow (Riisgéard et al., 2011) to develop in a more
realistic way around the region where the flow through the excurrent siphon enters the channel. No pipe was
added in the VR=0 simulations where the surfaces corresponding to the two siphons were treated as no-slip

surfaces.
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The mesh generator in STAR-CCM+ allows the use of various controls and the generation of fine meshes in
different parts of the domain where the flow resolution needs to be higher. First, the surface mesh on the
boundaries of the computational domain is generated (Fig. 1¢). Hexahedral meshes are created based on the
specified cell size on the boundary surface. Automatic grid refinement is then applied in regions containing
surfaces of complex shape. Trimmed cells are added near these surfaces. This procedure also ensures a smooth
transition to regions where the mesh is coarser. The prism layer meshing function in STARCCM+ was used
near solid boundaries to refine the mesh close to the mussel’s surface such that the first point off this surface is

situated inside the viscous sublayer.

Table 1 Main flow and geometrical parameters and predicted variables for the simulated cases (0 is the angle of
attack, Uy is the incoming channel flow velocity, U, is the mean exit velocity in the excurrent siphon, VR=U./U,,
h is the height of the exposed part of the mussel, d is the total mussel height, b is the maximum width of the
mussel at the channel bed, AR=h/b, D is the channel flow depth, Q. is the volumetric discharge in the excurrent
siphon, Rey=bUo/v, Rer=hUo/v, v is the molecular viscosity, X, is the length of the bubble containing flow
moving upstream at the back of the mussel measured from the center of the mussel (x=0), Sty=fub/Up, fu is the
frequency of the full oscillatory cycle of the horseshoe vortex system, Stw=fwb/Uo, fw is the dominant anti-
symmetric wake shedding frequency).

0 VR hid AR D/h U Q. Rey Ren x/d x/h Sty Stw

x10°
) ) G G G @y x10* x10* (5) () () ()
(m%/s)
QRO
0 0.13 0.5 075 5.0 0.3 1.66 1.3 1.0 095 19 0.19 0.37
0 0.13 0375 0.64 6.7 0.3 1.66 1.2 0.8 090 24 - 035
0 0.13 025 0.50 100 0.3 1.66 1.0 05 0.75 3.0 - 034

0 0 05 075 50 03 0 1.3 1.0 1.0 2.0 0.19 0.32
0 0.5 05 075 50 03 638 13 1.0 090 1.8 0.19 0.38
0 0.7 0.5 075 5.0 03 894 13 1.0 085 1.7 0.19 039
0 005 05 075 50 075 166 34 25 095 19 0.19 040
180 0.7 0.5 075 5.0 03 894 13 1.0 060 12 0.26 0.20

The flow depth was D = 0.15 m. The other dimensions of the computational domain were L=0.4 m (L/D=2.66)
and B=0.4 m (Fig. 1b). The length scale used in the simulations was d=0.06 m, which corresponds to the total
height of the mussel (Fig. 1a). Most of the simulations (Table 1) were conducted with an incoming channel flow
velocity, Up=0.3 m/s, which corresponds to the value used in the validation experiment of Sansom (2019). One

simulation was conducted with a higher velocity value, Uy=0.75 m/s.

The volumetric discharges through the incurrent (Q;) and excurrent siphons (Q.) were equal. The range

considered in the simulations was 0<Q.<8.94x10°® m’/s (Table 1). This corresponded to a filtration velocity
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ratio, VR=U./U,, between 0 and 0.7. Most of the simulations were conducted with Q.=1.66x 106 m?/s, which
corresponds to an excurrent siphon velocity U.=0.05 m/s. The peak value of Q. corresponds to U.=0.27 cm/s,
which is slightly above the maximum excurrent siphon velocity reported by Sansom et al. (2018) in their live
mussel experiments and close to the maximum volumetric flow discharge in unionids reported by Price and
Schiebe (1978). Simulations were conducted with three different levels of mussel burrowing for which h=0.5d,
0.375d and 0.25d (Fig. 1c). For the highest degree of exposure of the mussel, (h/d=0.5), the maximum length
and width of the partially-burrowed mussel were 1/d=1 and b/d=0.65, respectively, giving 1/b=1.5 and an aspect
ratio AR=h/b=0.75. The Reynolds number calculated with Uy and the width of the exposed part of the mussel
was Rey=13,000 (Table 1).

The channel bed and the emerged part of the mussel’s shell were treated as no-slip smooth surfaces. The free
surface was treated as a zero-shear-stress boundary. This is an acceptable approximation given the low value of
the channel Froude number (<0.3). The mean velocity was specified at the inlet of the pipe through which the
excurrent siphon flow was advected into the channel. The outflow discharge was specified on the surface
corresponding to the incurrent siphon. The lateral surfaces were treated as symmetry boundaries on which the
normal velocity component was equal to zero. This type of boundary conditions is more appropriate for the case
one is interested to study flow past an isolated mussel situated away from any boundaries (e.g., channel banks).
Precursor simulations of fully-developed, turbulent flow in a straight periodic channel of depth D and width B
were conducted with the corresponding value of Uo. The instantaneous flow fields in a cross section were saved
over 30D/Uj at a time interval of 0.01D/Uy and then fed in a time-accurate way in the simulations conducted
for flow past an isolated mussel. Linear interpolation in time was used in between consecutive fields. The
predicted mean nondimensional streamwise velocity profile at Rep=UoD/v was in agreement with data collected
at comparable Reynolds numbers for smooth-bed channels. The nondimensional bed friction velocity was close
to the value expected for a fully-developed flow (e.g., u«/Uop=0.047 for Rep=45,000). A convective boundary
condition was used at the exit section. The concentration of the scalar, C, was set to zero at the inlet of the
domain and to Cy at the inlet of the pipe connected to the excurrent siphon. Second order extrapolation was used

to estimate C at the outlet boundaries. A zero gradient condition was imposed for C at the other boundaries.

Preliminary simulations were conducted to ensure that the width and length of the computational domain used
in the simulations reported in the paper were sufficiently large for the mean flow and turbulence statistics to be
independent of the domain size. The grids were refined near all solid surfaces. The level of mesh refinement in
the wall normal direction was such that the viscous sublayer contained two grid points. The mesh was refined
around the shell to resolve the horseshoe vortex and the vortex tubes inside the SSL. Simulations with different
levels of grid refinement were conducted for some of the h/d=0.5, Uo=0.3 m/s cases. The minimum number of
grid cells needed to get grid independent solutions in the aforementioned computational domain was slightly

larger than one million. However, simulations are reported on grids containing close to 2 million cells. For these



246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262

263
264
265
266
267
268
269
270
271
272
273
274
275

grids, the average cell size in the directions parallel to the shell’s surface was about 20 wall units close to the

mussel.

3.3 Validation
Several validation simulations were performed for flow past an isolated mussel with 6=0° using the experimental
data collected by SUNY Univ. at Buffalo (Sansom, 2019). The experiment was performed in a recirculating
hydraulic flume that was 10.7 m long and 0.5 m wide (Sansom et al. 2018). The streamwise velocity profile was
measured at the center of the flume, 0.5 m upstream of the mussel’s location using an Acoustic Doppler
Velocimeter (ADV) Vectrino Profiler and a two-dimensional Particle Image Velocimetry (PIV) system was
used to collect data in several planes. Details of the flume and instrumentation used for data collection are given
in Sansom et al. (2018) who performed similar gravel-bed experiments of flow over an isolated mussel and a
large cluster of mussels in the same flume. For the validation experiment (Sansom 2019), the bed was smooth,
the flow depth was D=0.15 m, the mean incoming velocity was Uo=0.3 m/s and only one model mussel with
h/d=0.5, b/d=0.65 and Q.~0 (VR=0) was introduced in the flume. The model mussel was constructed from oak

wooden blocks designed using a 3-D scan of a Lampsilis siliquoidea shell.

Table 2 Inlet mean velocity profile, U/Uy vs. z/D, in the validation experiment and simulations

z/D U/Ug
0.07 0.808
0.2 0.884
0.33 0.910
0.47 0.997
0.6 1.025
0.73 1.071
0.87 1.120

To better mimic the experimental conditions, the computational domain used in the validation simulation was
0.5 m wide, the lateral boundaries were treated as no-slip walls, the mesh was refined near the lateral walls to
resolve the attached boundary layers and the inlet section that was situated 0.5 m upstream of the mussel where
the mean velocity streamwise profile was measured (Table 2). Though the boundary layer extended up to the
free surface, the measured mean velocity profile showed some differences with the standard fully-developed,
turbulent open channel flow profile in a wide open channel. Simulations were performed on a coarser mesh with
about 1.5 million cells and on a finer mesh with about 4 million cells. The simulations matched the measured
streamwise velocity profile at the inlet section of the computational domain but had to approximate the inflow

turbulence characteristics due to lack of detailed information.

Figure 2 compares the nondimensional mean streamwise velocity (U/Up) and turbulent kinetic energy (TKE/UZ)

profiles measured in a horizontal plane (z/h=0.5) cutting at about mid distance between the channel bed (z=0
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m) and the top of the exposed part of the mussel (z=0.03 m). The profile at x/b=1.28 cuts through the horizontal
SSLs, which explains the two peaks of the TKE around y/b=-0.45 and y/b=0.45. The profile at x/b=2.56 cuts
through the near-wake region. Overall, the differences between the streamwise velocity and turbulent kinetic
energy profiles predicted by the two simulations are sufficiently small to conclude that the solutions are grid
independent. Moreover, the predicted streamwise drag force acting on the mussel and the dominant wake
shedding frequencies differed by less than 2% between the two simulations. Some larger differences are
observed between the numerical predictions and the experimental data in Fig. 2. They are most probably due to
differences in the mean flow (e.g., due to secondary currents forming in the flume) and turbulence characteristics
at the location of the inlet cross section. The wake flow seems to recover faster in the simulation compared to
the experiment, which triggers the underprediction of the velocity deficit inside the wake (see velocity profile
at x/b=2.56 in Fig. 2b. The TKE predictions at the same streamwise locations are in fairly good agreement with

the experimental data.

4. WAKE REGION

4.1 Dynamics of the vortex tubes and separated shear layer
Figure 3a visualizes the vortical structures in the instantaneous flow for the 6=0°, VR=0, h/d=0.5 case. It shows
that U-shaped vortex tubes are shed away from the separation line on the mussel’s shell. These vortex tubes are
severely stretched via interaction among neighboring tubes or with energetic eddies that are present inside the
recirculation region at the back of the mussel. At most time instances, the heads of the U-shaped tubes are tilted
toward the downstream direction (Fig. 3a), though vortex tubes that move with little disturbance of their heads
or that slightly tilt toward the back of the mussel are also observed at times. Given that there is no active filtering
for this case, results can be qualitatively compared with those obtained for semi-ellipsoids by Hajimirzaie and
Buchholz (2013). Based on analysis of the correlations of the instantaneous velocity, they concluded that vortex
tubes tilt upstream for a semi-ellipsoid with AR=0.89 and downstream for a semi-ellipsoid with AR=0.67. They
related this change in the dynamics of the vortex tubes to the presence of upwash or downwash induced by tip
or base vortices forming at the back of the semi-ellipsoid. For the VR=0, h/d=0.5 case, the aspect ratio is
AR=0.75 and downstream tilting dominates. This result is consistent with the model proposed by Mason and
Morton (1987) that associates upwash induced by base vortices with downstream tilting of the vortex tubes near

the obstacle.

Regardless of the tilting direction of the vortex tubes close to the mussel, the head of each vortex tube is advected
faster than its legs at distances larger than two times the body width from the back of the mussel. The head is
situated in a region of larger mean streamwise velocity compared to the base part (legs) of the vortex tube. This
induces severe stretching of the legs of the U-shaped tubes that move from being vertical to making a small
angle with the bed (e.g., see the most downstream hairpin in Fig. 3¢). As a result, most of the vortex tubes in
the near wake resemble large-scale hairpins. The dimensions of these hairpins scale with the height of the

exposed part of the shell, h.
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As mussel filtering becomes active (VR>0), the excurrent jet strongly disturbs the part of the SSL situated on
top of it. The tops (heads) of the vortex tubes are strongly disturbed by the jet, which may cause these tubes to
break into two separate eddies. The effects of the excurrent jet on the SSL can be better understood by comparing
the instantaneous spanwise vorticity distributions in the y/d=0 plane shown in Fig. 4. The main effect of
increasing VR is to augment the angle between the SSL and the horizontal. The vorticity levels inside the eddies
present near the back of the mussel are also increasing, which has a direct effect on the TKE in this region.
Besides disturbing the vortex tubes, the interaction of the jet with the incoming flow that tries to accelerate the
jetin the streamwise direction generates large-scale hairpins for sufficiently large VR values. The jet shear layer
is severely skewed and jet shear layer vortices are generated on the upstream side of the jet (Mahesh, 2013).
Such hairpin vortices are present in the VR=0.7, h/d=0.5 simulation (Fig. 3b). They are qualitatively similar to
those observed by Sau and Mahesh (2008) for a round jet in crossflow with VR=1. These hairpins disturb the
vortex tubes and decrease the regularity of the interactions between the two legs of same vortex tube which

results in a weakening of the symmetric wake shedding mode (see section 4.5).

4.2 Flow structure behind the mussel
The 2-D streamline patterns in Fig. 5 show the presence of a recirculation eddy just beneath the SSL in the
y/d=0 plane for the h/d=0.5 simulations with VR<0.5. This eddy corresponds to a cut through the top of an arch
vortex forming at the back of submerged surface-mounted obstacles (e.g., see Pattenden et al., 2002; Chang and
Constantinescu, 2020). The two recirculation bubbles present at the back of the mussel in Fig. 7b correspond to
the legs of the arch vortex. For constant Uy and h/d, the size of the arch vortex decreases with increasing VR
such that the vortex is not present in the VR=0.7 simulation despite the fact that two recirculation bubbles are
still forming at the back of the mussel in horizontal planes situated close to the bed. The size of the U-shape
vortex decreases with increasing Uy for constant Q. and h/d. The vortex does not form in the simulations with
h/d <0.375. In the h/d=0.5 simulations, a second recirculation bubble is present in the y/d=0 plane. For low VR
values, this eddy is situated close to the junction between the back of the mussel and the channel bed. As VR

increases, this bubble starts moving away from the channel bed.

The region containing one or two recirculation bubbles or the one in which the mean flow moves toward the
back of the mussel if no recirculation bubbles form is defined as the recirculation flow region. Its length, x;, is
measured with respect to the middle of the mussel, which approximatively corresponds to the point on the shell
with the highest elevation with respect to the bed, h (see VR=0.13, h/d=0.5 case in Fig. 5). For flow past regular
obstacles (e.g., submerged cylinders, ellipsoids, pyramids), it is customary to report X,/h, where X, corresponds
to the reattachment length of the recirculation bubble at the channel bed. Our definition is different given that
the width of the region where the flow recirculates is not always the largest at the channel bed. Figure 6a shows
that for constant h/d and Uy, x./h decreases close to linearly with increasing VR. Increasing Uy, while keeping

constant Q. and h/d, has a negligible effect on x,. Reversing the incoming flow, while keeping all the other flow
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and geometrical parameters unchanged, decreases x; by about 25%. For constant Ug and VR, x/h increases close

to linearly with decreasing h/d (Fig. 6b). However, X, increases monotonically with increasing h/d (Table 1).

As for submerged, surface-mounted obstacles of regular shape, the TKE is strongly amplified at the end of the
SSL where the legs of the vortex tubes start interacting to shed wake vortices (Fig. 7b). In the vertical direction
(Fig. 7a), the region of high TKE is also bounded by the SSL. The length of the region of high TKE
(TKE/UZ>0.08) at the back of the mussel scales with h and its width scales with the mussel width, b (Fig. 1c).
In the vertical y/d=0 plane, the region of high TKE at the back of the mussel contains two subregions of high
TKE. These subregions are even better delimited in Fig. 5 showing the pressure rms fluctuations, p,.s/pU&. The
top subregion of high flow turbulence is mostly due to the passage of the vortex tubes inside the SSL (Fig. 4),
while the bottom one is situated just downstream of the second recirculation eddy (Fig. 5). For constant h/d and
U, the effect of increasing VR is to decrease the streamwise length of the region of high TKE and, at the same

time, to increase the peak TKE/UZ and p.ms/pU§ levels inside this region (Figs. 5 and 7a).

4.3 Streamwise-oriented vortices

A common feature of the present cases with streamwise-oriented, partially burrowed mussels (AR<0.75) is the
formation of a pair of counter-rotating base vortices that advect fluid upwards in between their cores (upwash
flow). These vortices as visualized in Fig. 8 and in the x/d=0.55 planes in Fig. 9. For high relative submergence,
Hajimirzaie et al. (2012) reported the formation of tip counter-rotating vortices that advect fluid downwards in
between their cores (downwash flow) in the wake of streamwise-oriented (major axis parallel to the incoming
flow) semi-ellipsoids with AR=0.89 and of base counter-rotating vortices in the wake of spanwise-oriented
ellipsoids with AR=0.67. It is not clear if the formation of base vortices rather than tip vortices for the flow and
mussel geometry considered in the present study is due to the particular shape of the mussel or to the relatively
low aspect ratio of the emerged part of the shell (AR<0.75) compared to the ellipsoid (AR=0.89) for which
downwash was reported by Hajimirzaie et al. (2012).

As opposed to the case of symmetrical obstacles of regular shape, the coherence of the two vortices is generally
very different away from the mussel’s back (x/d>1 planes in Fig. 9). Due to the asymmetry of the shell, the left
vortex is more coherent (e.g., higher circulation) than the right vortex in the 8=0° simulations. The opposite is
true in the 6=180° simulation. Reducing the emerged height of the mussel generates counter-rotating vortices
of more comparable coherence (e.g., see Figs. 8 and 9 for the VR=0.13, h/d=0.25 case where the Q criterion
shows the presence of two streamwise oriented vortices at the back of the mussel). In cases with larger h/d, the
vortex on the right side is observed only very close to the mussel, which explains why the Q criterion shows the
presence of only one vortex for the VR=0.7, h/d=0.5 case in Fig. 8. The coherence of the stronger vortex

increases monotonically with increasing VR (e.g., compare Figs. 9b and 9c).
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The pair of base vortices is observed in all simulations in the x/d=0.55 section except for the h/d=0.5, VR=0.7
case (Fig. 9¢) where only one base vortex is observed. These vortices originate close to the bed and their sense
of rotation is opposite to that of the co-rotating primary and secondary horseshoe vortices on the same side of
the mussel. Away from the bed, the cross flow moves toward the region that corresponds to the back of the
mussel (dashed line in Fig. 9). For most cases, the secondary horseshoe vortex loses its coherence for x/d>2 but
the primary vortex is still present even at x/d=5. In the h/d=0.25, VR=0.13 case (Fig. 9d) both base vortices can
be observed until x/d=2. At larger distances, only the base vortex forming on the left side of the mussel is present
and its circulation is comparable with that of the primary horseshoe vortex. In fact, this vortex migrates on the
right side of the mussel and starts interacting with the co-rotating leg of the primary vortex. Finally, the vorticity
distribution at x/d=0.55 in the h/d=0.5, VR=0.7 case (Fig. 9c) shows the presence of another pair of counter-
rotating vortices forming close to the top edge of the mussel. They resemble the vortices that are induced on the
leeward side of a classical jet in cross flow with VR>1. Given the low value of VR, they are very weak and are

not observed for x/d>1.

As discussed in the next subsection, each base vortex induces flow upwelling on the side of its core where its
rotational velocity advects fluid away from the bed and downwelling on its other side. The strength of these
upwelling and downwelling motions is proportional to the circulation magnitude of each vortex. Figure 10
shows the total circulation magnitude of the two base vortices as a function of x/d. For constant h/d, the effect
of increasing VR on the total circulation magnitude is fairly insignificant until VR=0.5. For VR>0.5, the total
circulation increases with VR. For constant VR and Uy, the effect of decreasing h/d is to decrease the total

circulation of the base vortices.

4.4 Upwelling and downwelling motions in the near wake
Compared to flow past emerged, surface-mounted obstacles, the near-wake flow is much more three
dimensional in the case of submerged obstacles. This happens because the incoming flow that is diverted over
the top of the obstacle plunges toward the bed as it passes the obstacle. For example, Chang and Constantinescu
(2020) observed downwelling inside the SSLs forming on the two sides of submerged cylinders. Upwelling was
also observed around the upstream face of the submerged cylinder, near its top boundary. In the case of a
partially burrowed mussel oriented parallel to the flow, the upwelling and downwelling motions are stronger
and the vertical flow patterns are less symmetric compared to those observed for circular submerged cylinders
of same height and width. This is mainly due to the pyramid-like shape of the emerged part of the shell and the
asymmetry of the left and right valves. Strong downwelling is observed in the regions surrounding the horizontal
SSLs. In most cases, the streamwise extent of the downwelling region on the left side of the mussel and the
vertical velocity magnitude inside this region are much larger than those recorded for the downwelling region
forming on the right side of the mussel. Another feature observed in most of the simulations is the presence of
a region of flow upwelling near the back of the mussel, in between of the two regions of flow downwelling.
This flow feature is also qualitatively similar to what was observed for flow past submerged conical bodies and

submerged cylinders.

12



420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456

In the case of streamwise-oriented mussels, the relative size of the downwelling regions is controlled by the
relative coherence of the two base vortices. For example, the circulations of the two vortices are comparable in
the VR=0.13, h/d=0.25 case until x/d=1.5 (Fig. 9b). As a result, the sizes of the downwelling regions forming
on the right and left side of the mussel are also comparable (Fig. 11). Figure 9 shows that the base vortex on the
left side of the mussel is much more coherent and its coherence increases with increasing VR in the h/d=0.5
cases. Consequently, the length and width of the downwelling region on the left side of the mussel and the
vertical velocity magnitude inside this region are increasing monotonically with increasing VR in the h/d=0.5
simulations (Fig. 11). The absence of a counter-rotating base vortex on the right side of the mussel explains the
relatively low length of the corresponding downwelling region in the h/d=0.5 simulations. The effect of
increasing Uy for constant h/d and Q. is to increase the size of the upwelling flow region at the back of the
mussel and the vertical velocity magnitude inside the upwelling and downwelling regions (e.g., compare the

h/d=0.5, VR=0.05 and VR=0.13 simulations in Fig. 11).

4.5 Wake shedding
Analysis of the instantaneous flow field showed that the anti-symmetric shedding mode is present in all
simulations with partially burrowed mussels as the interactions of the horizontal SSLs generate counter-rotating
wake billows. However, the wake generated by the mussels did not assume the undulatory shape generally
observed for cases with a strong anti-symmetric mode (e.g., for emerged, surface-mounted obstacles). These
results are not surprising, as numerical and experimental studies of flow past surface-mounted obstacles of
regular shape have shown that shedding is generally present in the wake provided that the height of the
obstruction is sufficiently large for the Kelvin-Helmholtz instability to generate vortex tubes in the SSLs. For
example, in the case of solid and low-porosity cylinders, Chang and Constantinescu (2020) have shown that the
anti-symmetrical shedding mode is strongly damped even for relatively low submergence depths (D/h<1.33)
compared to the corresponding emerged case (D/h=1). Though the wake did not contain the undulations
associated with the shedding of counter-rotating billow vortices and pairing between successive vortex tubes
took place in the downstream part of the SSLs (symmetric shedding mode), the dominant Strouhal number in
the wake, St.,, was still associated with the anti-symmetric shedding mode. However, its energy was much lower

(e.g., by about 2 orders of magnitude for D/h>3) compared to the emerged case (D/h=1).

The presence of counter-rotating base vortices behind the mussel and the associated upwelling in between the
horizontal SSLs (Fig. 11) act toward damping the anti-symmetric shedding mode. The mechanism is similar to
that observed by Kirkil and Constantinescu (2010) for an emerged cylinder placed on a scoured channel bed.
The upflow induced near the symmetry plane by the counter-rotating vortices at the back of the cylinder impedes
the SSL from one side to move toward the other side such that vortex tubes from the opposite-side SSL can
merge into a wake billow. Besides flow upwelling between the horizontal SSLs, there is another main reason

why the weakening of the anti-symmetric mode is expected to be stronger for non-cylindrical obstructions like
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hemispheres, semi-ellipsoids and partially burrowed mussels. While in the case of cylinders, the vortex tubes
generated in the two SSLs are totally independent eddies, in the case of the afore-mentioned, non-cylindrical
obstacles, the vortex tubes are U-shaped. Though the two legs of the vortex tube look like independent vortices
that are advected inside the horizontal SSLs, they are in fact part of the same vortical structure. Examination of
the instantaneous flow fields shows that the interactions between the SSLs on the two sides of the shell involve
primarily those between the two counter-rotating legs of the same vortex tube. Even though these legs are
deformed and are not situated exactly at the same streamwise position in the region where the horizontal SSLs
interact, the symmetric mode is stronger. Finally, the horseshoe vortex system containing highly coherent
vortices that follow a quasi-regular cycle, that is symmetric with respect to the horizontal SSLs, also acts toward

impeding the lateral anti-symmetrical oscillations of the SSLs (Kirkil and Constantinescu, 2012).

The instantaneous vertical vorticity distributions in horizontal planes cutting through the mussel in the non-
filtering 6=0°, VR=0, h/d=0.5 case show that though nearly-symmetric interactions between the legs of the same
vortex tube occur at times (e.g., see Fig. 12a-b), the dominant interactions are still anti-symmetric (e.g., see
Figs. 12¢c-d). The anti-symmetric interactions generally involve the leg of one vortex tube from one of the
horizontal SSLs moving toward the other side such that it interacts not only with the other leg of the same vortex
tube but also with the leg of another vortex tube advected inside the horizontal SSL on the opposite side. The
most energetic frequency in the wake velocity spectra corresponds to these anti-symmetrical events (Stw=0.32
in Fig. 13a and Table 1). The velocity spectra situated not far from the back of the mussel contain a second
(less) energetic frequency at St=0.64 (=2Sty). This is the nondimensional frequency at which vortex tubes are
advected inside the SSL after vortex merging ceases. This finding is consistent with the afore-described anti-
symmetric shedding cycle that involves the passage of two vortex tubes. The velocity spectrum in Fig. 13a
contains a third energetic frequency. This lower frequency is associated with the symmetric mode Sts~0.08
(=St./4). In this mode, the interactions of the horizontal SSLs are fairly symmetric and result in the shedding of
two counterrotating eddies (legs of the same vortex tube) in the near wake (Fig 12a-b). Finally, the presence of
more than one energetic frequency in the power spectra was also observed in other investigations of surface-
mounted noncylindrical obstacles. For example, Castro et al. (2001) measured spectra containing two energetic

frequencies corresponding to a bi-stable shedding regime behind wall-mounted triangular plates.

The predicted dominant wake frequency for the non-filtering case (St,=0.32 for D/h=10, AR=0.75 and fully
developed incoming turbulent flow) is larger than the one observed for some high-relative-submergence
(D/h>4) obstacles of cylindrical and non-cylindrical shape. For example, Chang and Constantinescu (2020)
predicted Stw=0.15-0.16 for porous cylinders with D/h=4, AR=0.14 and fully-developed incoming turbulent
flow, while Okamoto and Sunabashiri (1992) and Okamoto and Uemura (1991) reported St,~0.22-0.23 for
cylinders with AR=1 and a thin boundary layer at the location of the cylinder. All these values are for subcritical
cylinder Reynolds numbers. For same value of AR, the shape of the obstacle can strongly modify St,. For

example, Martinuzzi and AbuOmar (2003) reported St,,=0.33 for a pyramid with AR=1. This value is very close
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to the one predicted in the present study for a non-filtering mussel. For a square cylinder with AR=0.5 and a
thin incoming boundary layer, Sattari et al. (2010) reported Stw=0.33. Hajimirzaie and Buchholz (2013) reported
St~0.185 for semi-ellipsoids with AR=0.67-0.89, D/h=4 and a thin boundary layer at the location of the obstacle.

Given that the shape of the emerged part of the mussel in the present study is relatively close to that of a semi-
ellipsoid, some discussion is needed on the possible reasons for the large discrepancy between the dominant
wake frequency predicted by the present simulation (St,=0.32) and that observed past semi-ellipsoids with a
similar AR value. It is relevant to mention that in the same semi-ellipsoid experiments, Hajimirzaie and
Buchholz (2013) reported St,~0.35 for D/h=1 where the anti-symmetric mode dominates. There are several
differences in the flow conditions and geometry that can favor a stronger anti-symmetric mode for high D/h
values. The asymmetry of the two sides of the shell means one horizontal SSL is stronger than the other (e.g.,
circulation of one leg of the same vortex tube is generally larger on one side of the mussel compared to the other
side). This increases the asymmetry of the interactions between the horizontal SSLs and can also modify the
frequency of these interactions. Moreover, the incoming flow was fully developed in the present simulations.
This means more energetic eddies are hitting the mussel and its SSL. These disturbances are random and favor

the anti-symmetric mode.

However, the main reason for the variation in St,, is due to the shape of the frontal part of the mussel. Figure 1c
shows that the frontal part is characterized by a pyramid-like shape in the 0=0° cases. By contrast, in the case
of reversed flow (0=180°), the frontal part is much more vertical and closer to a semi-ellipsoid shape. The
dominant wake frequency for this case is St,=0.20, nor far from the value (St=0.185) measured by Hajimirzaie
and Buchholz (2013). This large change in St between 8=0° and 6=180° is not related to a change in the flow
physics, as the interactions of the legs of the vortex tubes remain qualitatively similar. The main difference is
that the siphons are situated inside the recirculatory flow region in the =180° case and outside it in the 6=0°
cases. The present study concentrates on the 0=0° cases because, as mentioned in the introduction, in the field

mussels are mostly oriented with their siphons pointing upstream rather than downstream.

Table 1 provides information on how Sty varies with the main flow and geometrical parameters for 6=0°. For
constant h/d and Uy, Sty increases with increasing VR (e.g., from 0.32 for VR=0 to 0.39 for VR=0.7). For
constant h/d and Q., Sty increases with increasing Uo. Finally, for constant U, and Q., St. decreases with
decreasing h/d or increasing D/h. In terms of the nature of the wake shedding, the increase in VR acts toward
damping the symmetrical mode. As for the VR=0, h/d=0.5 case, the velocity power spectrum in the VR=0.7,
h/d=0.5 case (e.g., see Fig. 13b) contain a secondary peak at St=2St,, that corresponds to the advection of the
vortex tubes in the downstream part of the SSL. A secondary peak is also present at a lower frequency
(St=~0.2=St/2). This frequency seems to be associated with the symmetric mode but, as opposed to the VR=0,

h/d=0.5 case, it is much less energetic compared to St,. Examination of the instantaneous vorticity fields in
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horizontal planes for the VR=0.7, h/d=0.5 case confirms that, at most time instances, the interactions of the
horizontal SSLs are asymmetrical (e.g., see Fig. 14b-c). Even at time instances when the interactions of the
horizontal SSLs are limited to those between the legs of the same vortex tube (e.g., Fig. 14a), the vorticity field

is less symmetric compared to the non-filtering case.

5 MUSSEL STABILITY

The stability of the partially burrowed mussel is mainly a factor of its capacity to avoid displacement from the
bed by the flow. Mussel stability increases with decreasing drag forces acting on the emerged part of the shell
and with decreasing local scour developing around the shell that can further expose part of the mussel’s body.
The effects of the main geometrical and flow parameters on the nondimensional streamwise drag forces and

sediment entrainment mechanisms are discussed next.

5.1 Drag forces
The main contributor to the streamwise drag force, F,, acting on the mussel is the form drag. Figure 15 visualizes
the pressure distribution on the exposed part of the mussel’s shell and the bed surface. The largest pressures are
induced on the front side of the shell where the incoming flow decelerates while being deflected around the two
sides of the mussel. Interestingly, the lowest pressures are not recorded at the back of the mussel but rather just
downstream of the separation line.

Table 3 Mean streamwise drag coefficient, CJ***" and the root mean square (rms) of the streamwise drag

coefficient, C;™ as a function of 6, VR and h/d. Also given are the values of the projected area of the emerged

part of the mussel’s shell, A.

® VR Wd AxI0* Cfmem G
O 6 6 @ 6 06

0.13 0.5 9.072 0.282 0.020
0.13 0375 6.064 0.274 0.019
0.13 025 3.520 0.220 0.016
0.5 9.072 0.277 0.012
0.5 0.5 9.072 0.301 0.014
0.7 0.5 9.072 0.311 0.014

S o o o o o <o
(=]

0.05 0.5 9.072 0.277 0.009
180 0.7 0.5 9.072 0.304 0.018

For constant h/d and Uy, the effect on increasing VR is to reduce the pressure downstream of the separation line
and in particular at the back of the mussel (e.g., compare h/d=0.5 cases with VR=0, 0.13 and 0.7 in Fig. 15).

This explains the observed monotonic increase of the nondimensional streamwise mean drag coefficient,
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crean = E /0.5pUZA (A is the projected area of the emerged part of the shell, Table 3) with VR in Fig. 16a.
The increase of C***™" is close to 12% as VR increases from 0 to 0.7. So, increasing Q. does not result in a
significant increase of the capacity of the isolated mussel to avoid displacement by the overflow. Reversing the
flow in the channel only slightly reduces the drag force. As expected, the streamwise drag force is decaying
with increasing mussel burrowing (Fig. 16b). The main reason is the reduction of the pressure acting at the front
of the shell with decreasing h (e.g., compare VR=0.13 cases with h/d=0.5 and 0.25 in Fig. 15). Table 3 also
reports the values of the root-mean-square (rms) of the streamwise drag coefficient, C4™. These values are less

than 10% of CJ*“". Interestingly, for constant h/d and Uy, C4™ does not increase monotonically with VR but

rather peaks for VR=0.13.

5.2 Sediment entrainment mechanisms
Local scour around the mussel is a function of the bed shear stress in the instantaneous flow fields. Given the
presence of horseshoe vortices, vortex tubes and other energetic eddies in the near wake, analysis of the mean
bed shear stress, T, is not sufficient to characterize sediment entrainment around the mussel. For example,
significant local entrainment can occur at locations where T is less than the threshold value for sediment
entrainment if the turbulence is high near the bed (Cheng et al., 2018). A quantitative measure of the capacity
of large-scale turbulent eddies to increase the instantaneous bed shear stresses near a certain bed location is the
standard deviation of the bed shear stress, T,,s. In fact, in morphodynamics simulations that do not resolve the
energetic eddies in the flow, many approaches to estimate the flux of sediment entrained from the bed
recommend using an augmented bed shear stress T +CT,,s in standard entrainment formulas, where the
empirical coefficient C is close to 1 (Sumer et al., 2003; Kraft et al., 2011; Cheng et al., 2018). Figure 17 presents
the distributions of T/t and T,,,5/T, for representative cases, where T, is the mean bed shear stress in the

approach flow. As the simulations resolve the viscous sublayer, the bed shear stress is estimated as T/pUg =

(i um/UO

e~ ) where u, is the velocity magnitude in a plane parallel to the channel bed situated at a distance n;
1

from it. To estimate T,.,s, the square root of the TKE in the same plane replaces u.

Qualitatively, the distributions of T/T, are remarkably similar among the different simulations. These
distributions also present some important differences with those observed past emerged and submerged, surface-
mounted bluff bodies like cylinders of circular or rectangular shape (Kirkil and Constantinescu, 2009, 2015;
Chang et al., 2017). As for the case of cylinders placed on a horizontal surface, the largest T/T, values are
induced in the region of high flow acceleration on the outer side of the horizontal SSLs. No large amplification
of T/T, is observed beneath the horseshoe vortices and low bed shear stresses are predicted at the back of the
mussel (Fig. 17a). Despite the fairly small asymmetry of the two sides of the shell, the distributions of T behind
the mussel are highly asymmetrical in most simulations, with much higher bed shear stresses being induced on
the left side if the mussel. It is only for relatively low h/d that the distribution of T/Ty becomes fairly
symmetrical (see Fig. 17a for h/d=0.25).
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The most striking difference with the distributions observed for emerged, surface-mounted obstacles and even
for submerged solid cylinders (Kirkil and Constantinescu, 2015; Chang et al., 2017, 2020) is that the near wake
region, where in principle the flow should slowly recover, is not a region of relatively low bed shear stress
compared to the undisturbed channel flow. This effect is due to the high degree of three dimensionality of the
mean flow in the near wake and to the pyramid-like shape of the shell. As the incoming flow is deflected laterally
around the shell and over its top, it acquires a fairly-strong vertical velocity component oriented toward the bed
starting in the region where the flow separates on the shell (Fig. 11). The regions of negative mean vertical
velocity in the z/h=0.5 plane correspond to those of high T/T, in Fig. 17a. These downwelling motions result in
the advection of higher streamwise velocity fluid closer to the bed, which explains why T/Ty>1 over most of
the near-wake region. Though similar downwelling regions form in the case of flow past submerged cylinders
(Chang et al., 2020), the vertical velocities are smaller and the wake mostly contains regions with T/Ty<1. For
the h/d=0.5, Qc=1.66x10° m%/s cases, the region defined by T/T,>1.3 extends until the end of the computational
domain and results suggest that its length is of the order of 10 times the mussel width, b. This has important
consequences not only for the development of scour in the wake of the mussel but also for the deposition of

particulates.

The distributions of t,,5/To in Fig. 17b generally contain two regions of strong amplification of t,,s. The first
one is due to the oscillations of the horseshoe vortices. Except for relatively high levels of mussel burrowing
(h/d<0.375), for which the horseshoe vortex system is steady, the horseshoe vortices are subject to quasi-
periodic oscillations. During these oscillations, merging between the primary and secondary vortices occurs,
similar to what is observed for a laminar horseshoe vortex during the amalgamation regime (Kirkil and
Constantinescu, 2012). The Strouhal number associated with a full oscillatory cycle is close to constant
(Stu=fub/U¢=0.19 for all 6=0° simulations with h/d=0.5, Table 1). The oscillatory movements of the cores of
the horseshoe vortices also explain why the pressure rms fluctuations in Fig. 5 display a two-peak structure in
front of the mussel. This is different from the case for surface-mounted bluff bodies at high Reynolds numbers
where the two peaks are due to bimodal oscillations of the primary horseshoe vortex (Kirkil and Constantinescu,
2015). The second region of high t,,,,5/To in Fig. 17b is situated at the back of the mussel, close to y/d=0. This
second region has a direct correspondent in the region of high TKE present at z/h=0.5 in Fig. 7b. Animations
show that the interactions between the two legs of the vortex tubes generate energetic eddies and some of these
eddies are entrained into the region where the flow is oriented toward the back of the shell. This is the main

mechanism for the amplification of T, in this region.
For constant h/d and Uy, the levels of T/T, in the near wake first decrease as VR increases from 0 to 0.13 and

then start increasing with increasing VR. The same is true for the size of the region of high T,,,,s /T, at the back

of the mussel (see simulation results for VR=0, 0.13 and 0.7 in Fig. 17). The effect of increasing Uy for constant
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h/d and Q. is to reduce both T/t and T,,5/Ty (see results for VR=0.13 and VR=0.05 in Fig. 17). The effect of
decreasing h/d for constant VR and Uy is to reduce T/Ty and T,4,,5/To in the near wake and on the sides of the
mussel. The fact that the horseshoe vortices stop oscillating explains why the amplification of t,,, around the

front side of the mussel is negligible in the VR=0.13, h/d=0.25 simulation (Fig. 17b).

6. SCALAR TRANSPORT
Several studies have demonstrated that mussels ingest relatively large amounts of phytoplankton (Haag, 2012).
As a result, mussels play an important role in increasing water clarity. One can think of the uniform incoming
concentration of phytoplankton as being represented by a scalar with zero concentration, and of the plankton-
depleted water entering the channel through the excurrent siphon as being represented by a constant
concentration, Co. Such an ‘inverse concentration’ approach was also used experimentally to investigate nutrient
depletion and distribution of plankton over mussel beds (Monismith et al., 1990; Crimaldi et al., 2007). The
constant concentration scalar corresponds to colored dye introduced inside the excurrent siphons in the
experiments. The distributions of the mean nondimensional concentration, C/Co, and its rms fluctuations, C’/Co,
in the y/d=0 plane are shown in Fig. 18 for representative cases. The jet trajectory aligns fairly rapidly with the
streamwise direction and the scalar diffusion in the vertical direction takes place mostly in between the channel
bed and the top of the mussel. An increase in the excurrent jet discharge, Q., increases the size of the regions of
high C/Cy and C’/Cy. This is the main reason why relatively high scalar concentration fluid penetrates up to the
channel bed in the VR=0.7, h/d=0.5, case. For constant VR and Uy, a decrease in h/d increases the penetration
length of the core of high concentration fluid. A similar effect is observed for the region of high C’ that increases

its length by about 25% as h/d decreases from 0.5 to 0.25.

At a more fundamental level, the excurrent jet dynamics is a complex case of a jet in cross flow. This similarity
was already pointed out by O’Riordan et al. (1993, 1995). However, as opposed to the canonical case of a round
jet introduced in a channel through its bottom surface (Mahesh, 2013), the exit of the jet is situated some distance
above the channel bed and the exposed part of the shell induces the formation of streamwise base vortices
regardless of the presence or absence of active filtering (Fig. 9). Due to the asymmetry of the shell, only one
vortex is observed at larger distances from the shell. Some of the usual coherent structures observed in the
canonical case are absent, or present only in the (VR=0.7) simulation with a large discharge of the excurrent jet.
For example, there is no horseshoe vortex forming on the outer side of the jet as it exits the excurrent siphon
simply because there is no horizontal surface surrounding the siphon. The pair of counterrotating vortices that
is responsible for the kidney-shape of the jet cross section in the canonical case (e.g., see Yuan and Street, 1998;
Muppidi and Mahesh, 2006) is observed only in the VR=0.7 simulation. For the low-velocity-ratio jets (VR<1)
considered here, large-scale hairpin vortices are generally observed at low Reynolds numbers (Acarlar and
Smith, 1987; Sau and Mahesh, 2008). In the case of the excurrent jet, the top side of the vortex tubes shed in

the SSL are quickly stretched such that these tubes resemble large hairpin structures in the near wake (Fig. 3b).
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In the present simulations, the jet cross section is close to circular, or slightly ellipsoidal, once its trajectory
becomes close to parallel to the bed (e.g., see x/d=1 plane in Fig. 19). This is the case even for the VR=0.7
simulation where weak counter-rotating tip vortices are present close to the excurrent siphon (x/d<0.8) and the
line defined by their axes is strongly tilted with respect to the horizontal (see x/d=0.55 plane in Fig. 9¢). Though
the axes of the base vortices are not always close to the jet centerline, they influence the streamwise evolution
of the jet. This is especially the case for the high VR and high h/d cases where only one base vortex is observed
at larger distances from the shell (e.g., for x/d>0.8). In the low VR cases (e.g., Fig. 19¢ for VR=0.05, h/d=0.5),
the jet cross section remains close to circular until the end of the computational domain. The same is true for
the VR=0.13, h/d=0.25 case (Fig. 19d). By contrast, in the VR=0.7, h/d=0.5 case (Fig. 19b), the jet cross section
is more ellipsoidal and its major axis is tilted with respect to the vertical, consistent with the direction of rotation
of the main base vortex. A weaker tilting is also observed in the VR=0.13, h/d=0.5 case near the end of the

computational domain (see x/d=5 plane in Fig. 19a).

The axis of the jet is defined as the location of the maximum mean concentration, Cpmay, in the cross section and
is used to describe the jet trajectory in the mean flow. The streamwise variation of the vertical position of the
jet centerline and of its maximum nondimensional concentration, Cmax/Co, are shown in Figs. 20a and 20b,
respectively. Qualitatively, the jet trajectories are similar in all cases. Due to its initial vertical momentum as it
exits the siphon, the jet moves initially upwards. As the jet changes direction, its centerline reaches a maximum
height and then it starts approaching the channel bed. For all cases, the jet trajectory reaches a regime where its
centerline approaches the bed at a close to constant angle. This regime starts around x/d;=10, where d is the jet

diameter as it exits the excurrent siphon.

The maximum vertical penetration of the jet away from the channel bottom is an important variable because of
the water quality implications in terms of nutrient transport and water clarity. With respect to the position of the
excurrent siphon (z/dj=0 in Fig. 20a), the vertical penetration distance increases monotonically with increasing
VR (e.g., from about 0.7d; for VR=0.05 to 1.7d; for VR=0.7) and is fairly insensitive to h/d even though a small
increase with decreasing h/d is observed in the VR=0.13 simulations. For constant h/d, the close to constant
angle at which the jet centerline approaches the channel bed for x/dj>10 decreases with increasing VR. For
constant VR, the angle decreases monotonically with decreasing h/d, as the jet evolution is stronger affected by
the channel bed for low h/d. Over the same x/dj>10 region, the peak concentration in the cross section,
Cmax(x/d;)/Co, decreases faster with increasing VR for constant h/d (Fig. 20b). For constant VR, the decay of
Cmax/Co with x/d; is qualitatively similar in the simulations performed with different values of h/d. Still, at a
given streamwise location, Cnax increases with decreasing h/d. This is because a jet that penetrates over a longer
streamwise distance before interacting with the channel bed mixes more rapidly with the surrounding faster-

moving flow.
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To characterize entrainment into the jet, Fig. 20c compares the streamline variations of the nondimensional
volume flux of the jet, Q;(x/dj)/Qjo, where Qjois the scalar flux as the jet leaves the excurrent siphon. To estimate
Qj in a given cross section, one needs to distinguish between jet fluid and cross flow fluid. This is done using
the procedure proposed by Yuan and Street (1998) who calculated a threshold value for the scalar concentration,
Chuin. Jet fluid corresponds to fluid with C>Cpin. The value of Cuin is determined as that for which the relative
difference between the scalar flux generated by the jet estimated using a threshold value Cuin and using no
threshold value is less than 1%. For the computational domain used, this procedure yielded a threshold value
Cmin=0.0001C,. At a given streamwise location, Q;/Qjo increases monotonically with increasing VR for constant
h/d. This is rather expected, as an increase of VR means that the mean shear between the jet region and the
surrounding flow is also larger. This enhances the production of turbulence by mean shear and also mixing.
Over the regime where the jet axis slowly approaches the bed at a close to constant angle (x/d;>10), the
entrainment rate (e.g., the rate of increase of Qj/Qjo) increases with increasing VR. If VR and Uy are kept
constant, then Qj/Qjo increases monotonically with increasing h/d at a given streamwise location. This is because
a jet exiting at a higher elevation with respect to the channel bed is in contact with higher-velocity fluid. Which
increases mixing and entrainment. For constant VR and Uy, the rate of increase of Qj/Qjo for x/d;>10 increases
with increasing h/d. The main reason is that the core of the jet interacts less with the bottom boundary layer for
higher values of h/d. It is also worth mentioning that plotting Q;/Qjo vs x/d; in linear-log scale for x/d;>10 results
in a close to linear relationship between these two variables for all cases. The slope of the best fit increases with

h/d for constant VR and decreases with VR for constant h/d.

7. FINAL DISCUSSION AND CONCLUSIONS
Compared to flow past surface-mounted obstacles, the flow past partially-burrowed, freshwater musels is
characterized by local mass exchange between the mussel and the overflow through the incurrent and excurrent
siphons. The passive contribution due to the exposed part of the mussel’s shell is qualitatively similar to flow
past submerged obstacles of regular shape (e.g., hemispheres, semi-ellipsoids, pyramids, cones). Given that the
flow disturbance around the incurrent siphon is fairly reduced, the active contribution on the near-bed flow is
mainly due to the flow disturbance associated with the excurrent siphon jet. This is a complex case of a low
velocity ratio (VR<1) jet in cross flow, where the jet exit is situated above the channel bed and the jet develops
into the wake of the emerged part of the mussel. The paper discusses the critical role played by large-scale
turbulence generated around the mussel and, in particular, the dynamics of the streamwise-oriented base vortices
and of the vortex tubes that are forming in the separated shear layer (SSL). Due to the shape of the emerged part

of the mussel’s shell, the vortex tubes have an U-shape that follows the separation line on the shell.

One of the main findings of the present study is that the counter-rotating base vortices play a major role in the
wake dynamics. As opposed to symmetrical obstacles of regular shape, where the coherence of the two vortices
is comparable, the slight assymetry of the two valves forming the shell results in one of these vortices loosing

its coherence at about 1b from the back of the mussel, where b is the maximum width of the emerged part of the
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shell. The other vortex maintains its coherence for much longer streamwise distances. Due to the base vortices,
strong downwelling is observed in two regions behind the shell. On the side of the more coherent base vortex,
the flow downwelling region is much larger. For the largest value of VR, this region extends for about 3b from
the back of the shell. The base vortices also induce strong flow upwelling in between the horizontal SSLs. The
end result is that higher streamwise velocity fluid is advected near the bed inside the regions of flow
downwelling. This induces a substantial increase of the mean bed shear stress compared to the value in the
surrounding undisturbed flow. So, a large part of the near-wake region, rather then being a region of lower bed
shear stress, is a region where sediment erosion and entrainment of particulates and matter from the substrate
are enhanced. Another interesting finding is that the total streamwise drag force acting on the shell increases
with increasing VR and filtering discharge. This means that for isolated mussels filtering cannnot be used as a
way to increase mussel stability. However, this finding does not automatically apply for mussel beds where

wake-to-mussel interactions are controlling the flow over the substrate.

Another important finding is that despite the fact that wake vortex shedding is mainly associated with
interactions between the two legs of the same vortex tube, the antisymmetric mode dominates and its strength
increases with increasing VR. For same flow conditions, the direction of the incoming flow (upstream oriented
siphons vs. downstream oriented siphons) can greatly change the value of the dominant wake shedding
frequency. This means that quantitative information obtained from studies conducted with surface-mounted
obstacles of regular, symmetrical shape is of limited use for describing flow past partially burrowed freshwater

mussels even under non-filtering conditions.

Given the fact that the excurrent siphon transports plankton-depleted water, mussel filtering modifies the vertical
profile of the phytoplankton concentration in the channel. Understanding mixing between the jet and the
surrounding near-bed flow is also important to quantify nutrient availability and dispersal. Present simulations
showed that the vertical overshot of the jet over the excurrent siphon level and the volume flux of the jet increase
with increasing height of the emerged part of the mussel, h. For sufficiently high h and high VR, the main base
vortex has a noticeable influence on the downstream development of the excurrent siphon jet; its cross section

becomes noncircular and its major axis tilts with respect to the vertical.

The present study showed that the near-bed flow structure around an isolated freshwater mussel is significantly
affected by relatively subtle changes in the main flow and geometrical parameters. Future research will include
studying the effect of the angle of attack. During floods, the mean flow direction can change rapidly before
mussels can reorient themselves parallel to the flow. The capacity of the flow to displace the mussels increases
rapidly with the angle of attack. The present work considered only the simplest case of a constant filtering
discharge. Availability of more detailed information on the temporal variability of the filtering discharge from
live mussel studies can be used to perform simulations with more realistic siphonal flows. Finally, mussels are

often present in gravel beds where the near-bed turbulence levels in the incoming flow are much larger. The
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effects of large-scale bed roughness on the near-wake flow structure and drag forces acting on the mussel are

largely unknown.
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Fig. 1 Sketch of a partially burrowed mussel and general set-up of the numerical simulations. a) sketch showing
the mussel’s shell with the emerged and burrowed parts and the two siphons; b) computational domain; ¢)
surface mesh on the shell of a partially burrowed mussel (emerged height h=d/2) and on the channel bed. The
incoming flow velocity in the channel is Uy, the mussel height is d and the mean velocities and discharges of
the flow in the excurrent and incurrent siphons are U, Q. and U, Q;, respectively (Qi=Q.).
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Fig. 2 Comparison between simulation results and experimental measurements (Sansom, 2019) for the
nondimensional mean streamwise velocity, U/Uo, and the turbulent kinetic energy, TKE/UZ, in the wake of an
isolated mussel (6=0°, VR=0.0, h/d=0.5, b/d=0.65,Uy=0.3 m/s). Simulation results are reported for a coarser
mesh containing about 1.5 million cells and a finer mesh containing about 4 million cells. Spanwise profiles are
shown at: a) x/b=1.28 (x=0.05 m), z/h=0.5 (z=0.015 m); b) x/b=2.56 (x=0.1 m), z/h=0.5 (z=0.015 m). The sketch
in ¢) shows the positions of the two profiles relative to the mussel.
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941
942  Fig. 3 Visualization of the coherent structures in an instantaneous flow field using the Q criterion (0=0° cases).
943  a) VR=0, h/d=0.5; b) VR=0.7, h/d=0.5; ¢) VR=0.13, h/d=0.25 The color contours show the vertical distance
944  from the bed, z/d. The black arrows point toward vortex tubes whose tops (heads) are tilted downstream. The
945  green arrows point toward jet shear-layer vortices resembling hairpins. The blue arrow in c) points toward a
946  large-scale hairpin vortex in the near wake whose legs are parallel to the bed.

947
VR=0, h/d=0.5 VR=0.13, hd=0.5 VR=0.7, 1/d=0.5
HE TS 4
948

949  Fig. 4 Instantaneous flow spanwise vorticity, w,(d/Uy) in the vertical y/d=0 plane (0=0° cases). In the VR>0
950 cases, the y/d=0 plane cuts through the vertical pipe used to advect excurrent-siphon fluid.
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Fig. 5 Mean flow, 2-D streamline patterns behind the mussel and pressure rms fluctuations, p,./pUZ, in the

vertical y/d=0 plane (0=0° cases).
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Fig. 6 Length of the main region containing recirculation bubbles and upstream moving fluid at the back of
the mussel (0=0° cases). a) x,/h vs. VR for h/d=0.5; b) x,/h vs. h/d for VR=0.13.
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Fig. 7 Turbulent kinetic energy, TKE/UZ (0=0° cases). a) vertical y/d=0 plane; b) horizontal z/h=0.5 plane.
Also shown in b) are the 2-D mean streamline patterns. Values of the TKE/UZ<0.025 were blanked.
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Fig. 8 Coherent structures in the mean flow visualized using the Q criterion (0=0° cases). The black arrows
point toward the streamwise-oriented base vortices. Also shown are the horseshoe vortices. The color contours
show the vertical distance from the bed, z/d.
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Fig. 9 Mean flow streamwise vorticity, axd/Up, in x/d=constant planes (0=0° cases). a) VR=0, h/d=0.5; b)
VR=0.13, h/d=0.5; ¢) VR=0.7, h/d=0.5; d) VR=0.13, h/d=0.25. The dotted line shows the projection of the
mussel’s shell. The arrows point toward the base vortices. In frame c, the x/d=0.55 section also contains two
arrows pointing toward the counter-rotating tip vortices.
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Fig. 10 Total circulation magnitude of the streamwise-oriented, base vortices (0=0° cases). a) I't vs. VR for
h/d=0.5; b) I't vs. h/d for VR=0.13.
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Fig. 11 Mean vertical velocity, w/Uj, in a horizontal plane (z/h=0.5) cutting halfway between the bed and the
top of the mussel (6=0° cases).
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Fig. 12 Instantaneous-flow vertical vorticity, @.(d/Uj), distribution in the z/h=0.5 plane for the 6=0°, VR=0,
h/d=0.5 case illustrating symmetrical (a-b) and anti-symmetrical (c-d) wake shedding.
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Fig. 13 Power spectrum of streamwise velocity in the near wake region (x/d=2.0; y/d=0.0; z/h=0.25). a) 6=0°,
VR=0, h/d=0.5; b) 6=0°, VR=0.7, h/d=0.5.
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Fig. 14 Instantaneous-flow vertical vorticity, w.(d/Uy), distribution in the z/h=0.5 plane for the 6=0°, VR=0.7,

h/d=0.5 case illustrating symmetrical (a) and anti-symmetrical (b-c) wake shedding.
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Fig. 15 Mean pressure on the mussel’s shell and the channel bed, p/pUZ (6=0° cases).
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Fig. 16 Mean streamwise drag coefficient, CJ*°“". a) CJ***" vs. VR= U./U, for h/d=0.5; b) CJ***"vs. h/d for
VR=0.13.
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Fig. 17 Bed shear stress (0=0° cases). a) mean bed shear stress magnitude, T/T,; b) rms of the bed shear stress
fluctuations, Ty,s/To-
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Fig. 18 Transport of passive scalar introduced in the excurrent siphon (0=0° cases). a) Mean concentration,
C/Co; b) rms of the concentration fluctuations, C’/Co. The distributions are shown in the y/d=0 plane.
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Fig. 19 Mean concentration of the passive scalar introduced in the excurrent siphon, C/Cy, in several

x/d=constant planes (0=0° cases). a) VR=0.13, h/d=0.5; b) VR=0.7, h/d=0.5; ¢) VR=0.05, h/d=0.5; d)

VR=0.13, h/d=0.25. The dotted line shows the projection of the mussel’s shell. Also shown are the mean flow,

2-D streamline patterns.
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1027  Fig. 20 Characterization of the excurent siphon jet (0=0° cases). a) Centerline trajectory in the y/d=0 plane; b)
1028  Nondimensional peak scalar concentration, Cmax/Co; ¢) Nondimensional volume flux, Qi/Qjo.
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