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Abstract: The Columbia River Basin faces a threat from the potential invasion of zebra mussels
(Dreissena polymorpha), notorious for their ability to attach to various substrates, including concrete,
which is common in fishway construction. Extensive mussel colonization within fishways may affect
fish passage by altering flow patterns or creating physical barriers, leading to increased travel times,
or potentially preventing passage altogether. Many factors affect mussel habitat suitability including
vectors of dispersal, water parameters, and various hydrodynamic quantities, such as water depth,
velocity, and turbulence. The objective of this study is to assess the potential for zebra mussels to
attach to fishway surfaces and form colonies in the McNary Lock and Dam Oregon-shore fishway
and evaluate the potential impact of this infestation on the fishway’s efficiency. A computational fluid
dynamics (CFD) model of the McNary Oregon-shore fishway was developed using the open-source
code OpenFOAM, with the two-phase solver interFoam. Mesh quality is critical to obtain a reliable
solution, so the numerical mesh was refined near the free surface and all solid surfaces to properly
capture the complex flow patterns and free surface location. The simulation results for the 6-year
average flow rate showed good agreement with the measured water column depth over each weir.
Regions susceptible to mussel infestation were identified, and an analysis was performed to determine
the mussel’s preference to colonize as a function of the depth-averaged velocity, water depth, and
wall shear stress. Habitat suitability criteria were applied to the output of the hydraulic variables from
the CFD solution and provided insight into the potential impact on the fishway efficiency. Details on
the mesh construction, model setup, and numerical results are presented and discussed.

Keywords: fish passage; computational fluid dynamics; flow modeling; hydrodynamics

1. Introduction

Zebra mussels (Dreissena polymorpha) have become a nuisance in North American
waterways impacting structural and ecological systems, and costing hundreds of millions
of dollars in structural and electrical damage due to biofouling [1-4]. Adult Dreissena
possess high fecundity and can attach to submerged concrete substrates using their byssal
threads, forming colonies up to 0.3 m thick. These colonies severely impede waterway flow
and disturb existing hydraulic flow patterns, presenting a unique biological challenge [2-5].
There are concerns that large colonies may even deteriorate concrete substrates due to high
ammonia levels [6]. Many dams have concrete fishways that are potentially susceptible to
invasion but, to our knowledge, the impacts of mussel infestation on fishway operations
have not been studied.

In the Columbia River, fishways are a primary management tool for mitigating hy-
dropower development. Concerns about invasive mussel establishment in fishways arise
from the extensive reliance on these structures. For example, salmonid fish passage may
become delayed or impossible in extreme cases, if a large enough colony were to become
established. The physical removal of colonized mussels would require dewatering and
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could be necessary annually or even more frequently depending on the growth rate, result-
ing in higher costs for the operation and maintenance of fishways [4]. Yearly fish passage
reports from the United States Army Corps of Engineers (USACE) Northwestern Division
report the detection of invasive species at USACE dams on the Columbia River and, as of
2022, no detections of Dreissena have been reported [7]. Although Dreissena have not yet
been identified in the Columbia River Basin, biological models predict that potential zebra
mussel invasion may vary in the mid- to upper Columbia River, with some regions meeting
the criteria for being high risk [8-10]. Therefore, there is growing interest in assessing likely
mussel settling locations if such an invasion was to occur.

Many factors may influence the extent of a potential invasion including vectors of
dispersal, limnology, food availability, existing breeding population, and hydraulics [11]. It
is well understood that the primary vessel for the transportation and settling of Dreissena is
boat activity, posing a potential risk for portions of the lower Columbia River [11,12]. Predic-
tive models have been developed to assess risk based on limnological parameters [2,13,14],
and water parameters on the Columbia River have been noted to be favorable for coloniza-
tion [4,9]. Hydraulics must also be considered due to the complex life history of Dreissena.
Larval Dreissena (i.e., veliger) differ from their adult counterparts in that they are free swim-
ming and thrive in planktonic and benthic regions, and laboratory experiments suggest
that there are strong ties between veliger mortality and strong, turbulent hydrodynamic
forces [3,15]. Some have attempted, through experimentation, to derive a more direct
relationship between larval mortality and the Kolmogorov length scale as a function of the
veliger shell size [16]. Others have studied the effect of various hydrodynamic variables,
such as the velocity, depth, velocity to depth ratio, Froude number (Fr) shear stress, and
Reynolds shear stress (RSS) on the presence of adult Dreissena and found that the most
important factors in determining Dreissena’s colonization were a combination of velocity
and water depth [17].

As computational resources become more advanced and efficient, two-phase compu-
tational fluid dynamics (CFD) modelling has become less expensive and more prevalent.
OpenFOAM is an open-source CFD software package known for its efficiency and versatil-
ity, especially in modelling two-phase flows on complex geometries, and has even been
found to rival the accuracy of commercial software packages in fishway analyses [18-21]. In
this study, OpenFOAM'’s built-in two-phase flow solver interFoam is utilized. A thorough
summary of interFoam’s numerical methods and capabilities can be found in [22].

The purpose of the following analysis is to quantify the risk of invasive mussel
colonization in the McNary Lock and Dam Oregon-shore fishway and to identify mussel
settling locations. Numerical simulation conditions were conducted for a typical pool and
tailwater elevation with a fixed flow rate, and gravity-fed diffusers provided additional
attraction flow near the downstream end of the ladder. The model was validated using
measured water depth over each weir in the fishway. This analysis seeks to provide a
validated computational methodology to aid in understanding invasive species and their
impact on fish passage through a fishway.

2. Study Area

The McNary Lock and Dam is a USACE hydroelectric facility that sits at river mile 292
on the Columbia River near Umatilla, Oregon, and is vital for the passage of lamprey and
several species of salmon, including chinook, steelhead, sockeye, and coho [23]. McNary
fish bypass systems consist of two adult fishways on the Washington (north) and Oregon
(south) sides of the river, respectively. The Oregon shore fishway is 9.15 m wide, over
600 m long, and contains a regulating weir, seven tilting weirs, and eighty-five Ice Harbor-
type weirs that are equally spaced at 6.1 m apart and span nearly the entire length of the
fishway. The regulating and tilting weir positions are controlled via a computer program
and are responsible for maintaining set discharge targets within the fishway. Flow enters
the fishway from the forebay and travels approximately 80 m through the flat upper-most
section of the fishway, before sloping downward (1:20 slope) for approximately 100 m. The
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fishway then turns at 90° from the flow direction and slopes downward for the following
40 m. Finally, the fishway turns 15° from the flow direction and slopes downward for the
remaining 400 m, where the flow exits into the tailrace. A detailed model of the Oregon-
shore fishway geometry was provided by USACE Walla Walla District, which was prepared
for the numerical model by simplifying the fishway channel. Figure 1 shows the location
of the Oregon-shore fishway model relative to the McNary spillway, forebay, and tailrace,
with the vertical datum referenced to the mean sea level (MSL) in meters and contains
detailed schematics of the fishway channel regarding its profile.

Forebay

Tailrace

Flow Direction
1:20 Sloped Fishway"Seetiens, 1

Water surface

Flat Fishway Sections

N |
Orifices 1:20 slope = 4 \

Perspective Side Top - g:(*l‘lll 75 80 85 90 95 100

“Flow Dir.

Figure 1. A three-dimensional schematic shows the flat and sloped sections of the Oregon-shore
fishway relative to the forebay and tailrace [24]. The zoomed-in section shows a perspective, side,
and top view of the sloped sections of the fishway channel. The fishway weirs and bed are colored by
the elevation in meters.

3. McNary Fishway Model

Five simulations were performed in the following analysis. Sim1 considers the en-
tire Oregon-shore fishway, whereas Sim2-5im5 are reduced sections of the fishway. The
sectional models allow much finer control of the quality of the numerical mesh and faster
convergence of the solution. The purpose of Sim1 was to determine the hydrodynamic flow
patterns of the fishway to perform habitat suitability analysis based on water depth and
depth-averaged velocity and to provide the boundary conditions for the sectional models.
The purpose of Sim2-5im5 was to perform an additional habitat suitability analysis, based
on shear stress, which was not possible with the whole fishway due to limitations in gener-
ating a suitable boundary layer. Table 1 and Figure 2 describe the extent of the simulation,
mesh size, total cell count, and average y+ value, if applicable.

Table 1. Simulation summary and mesh details for Sim1-Sim5.

Case Name Extent Mesh Sizing (m) Cell Count Average Y+
Block 1 1.25 x 1.21 x 0.625
- Block 2 1.3% x 1.21* x 0.625
E Block3  Full fishway 2.0% x 1.17* x 0.625 354 M n/a
& Block 4 1.25 x 1.17 x 0.625
Block 5 1.25 x 1.17 x 0.625
Sim2 Section 1 0.621 x 0.586 x 0.625 3.03M 223.0
Sim3 Section 2 0.625 x 0.632 x 0.625 2.07M 282.4
Sim4 Section 3 0.625 x 0.631 x 0.625 351 M 275.4
Simb Section 4 0.625 x 0.631 x 0.625 298 M 98.7

Note: * Averaged quantity varies due to blockMesh merging.
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Figure 2. Full fishway model, which corresponds with Sim1, and sectional model boundaries, which

correspond with Sim2-Sim5.

3.1. Numerical Model

The model in the present study utilizes OpenFOAM version 8. The solver, interFoam,
solves the discrete Reynolds-Averaged Navier—Stokes (RANS) equations for two incom-
pressible, isothermal immiscible fluids using a volume-of-fluid (VOF) phase fraction-based
interface capturing method. The governing equations using index notation and the Einstein
summation convention are specified below, and additional information on its implementa-
tion may be found in [25]. The continuity equation is defined as:

-1 =0 (1)

and the momentum equation is defined as:

d(pu;) 0 ap 0
5+ ox; (pujuj) = Tox T aij(fij + i) + 08i + foi ()

where u is the velocity, g; is the gravitational acceleration, p is the pressure, 7; and T;
are the viscose and turbulent stresses, f,; is the surface tension, and p is the density. For
two-phase flows, the density is determined by:

p=uap1+(1—a)p2 3)

where « is equal to 1 inside the water volume with density p; and 0 inside the air volume
with density p,. At the interface between the two fluids, the value of « varies between 0
and 1. In addition to the continuity and momentum equations, an additional equation is
solved for the interface between the two fluids:

ou  d(au;)
= =0 4
ot T oy @

The two equation realizable k-¢ model is used for turbulence closure, which offers a
more accurate calculation of turbulent viscosity on complex structures than the standard k-¢
model. Detailed descriptions of the following equations are found in [26,27]. The transport
equation for turbulent kinetic energy, k, is expressed as:

B vk 0 (o
ot ax; N dx;

Dkeffax) +20,5% —¢ )
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and the transport equation for dissipation rate, ¢, is expressed as:
de  Odeu; 0 e €2
= = — | Deprr=— 2C;Sjie — Cp——Frr=
P ox; axi< Seffaxl-) V20, BT 2T e (6)
where constant C; is determined by:
C, = max(”,o.43) @)
5+7
and 7, the mean strain, is:
k ZSijSij
p= ®)

The remaining constants are determined to be C; = 1.9 and ¢, = 1.2, as prescribed
in [26]. The effective diffusivity for k and ¢, are:

Dkypr =v+ vt ©)
v
De,sr = v+ ;i (10)
and the rate of strain tensor is defined as:
ou;  u;
S.. — 05 —L + 271 11
Y 05<axi+an> ( )
The turbulent viscosity is calculated using:
k2
v = CH? (12)

While the standard k-¢ model assumes a constant for Cy, the realizable k-¢ model
considers an experimentally derived formulation. A more detailed view of the formulation
of C;, can be found in [26,28]. In the present study, the density of water, p1, was assumed
to be 1000 kg/ m?3, with a kinematic viscosity, v, of 1 x 10~ m2/s. The density of air was
assumed to be 1.2 kg/m3, with a kinematic viscosity of 1.48 x 10> m?/s. Simulations were
run on the Department of Defense (DoD) high-performance computing (HPC) system, JIM.
Table 2 shows the discretization schemes and computational resources used to perform
the simulations, which were run until a steady flow rate convergence was achieved in
the outlet.

Table 2. Discretization schemes and computational resources utilized for running the OpenFOAM

simulations.
Scheme or Model
Turbulence model: Realizable k-¢ model
Gradient: Second order linear
Divergence: Second order van Leer
Time: First order implicit
Turbulent kinetic energy: Second order upwind
Pressure—velocity coupling: PIMPLE
Resources
Simulation time: 1250 s—2500 s
Computing resources: 288 processors

Computation time: 24h
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3.2. Numerical Mesh and Boundary Conditions

The numerical mesh was built using OpenFOAM'’s built-in meshing utility, snappy-
HexMesh, which generates 3D meshes from hexahedral and split-hexahedral elements
automatically from stereolithography (STL) files [29]. The mesh conforms to a surface by
iteratively refining an initial background mesh and morphing the resulting split-hex mesh
to the surface.

The background mesh is constructed by an additional built-in utility, blockMesh,
which defines the size and orientation of the cells with eight arbitrarily placed vertices to
form a hexahedron, referred to as a block [30]. Each block has a unique local coordinate
system, allowing portions of the mesh to align with sloped or curved geometry. Multiple
blocks with cells of varying curvatures and directions can then be merged to form a
single continuous block assuming identical nodes and nodal spacing between blocks.
Simpler domains often do not require this step, however, the size and complexity of the
fishway necessitates a more complex construction of the blockMesh. Figure 3 contains the
boundaries of the five blocks that were merged to construct Sim1. The target mesh spacing
is .25 m x 1.25m X 0.625 m, but the prescription of the spacing is limited by the curvature
of the structure. For example, to merge block 3 with the surrounding blocks, the number of
nodes in streamwise and spanwise directions must be identical and, therefore, the desired
uniform cell spacing cannot be explicitly prescribed as cells near the smaller arc of the
curve contain much more densely packed cells, as seen in Figure 3. Another limitation is
seen in block 2, where a perfect hexahedron is not possible due to the fishway angle at 15°.
As a result, the cell spacing within this block and subsequent blocks varies slightly from
the target, since mesh spacing must be consistent throughout. The meshes in Sim2-Sim5
are constructed with a single block, however, the block boundaries from the full fishway
model are reused and the cell spacing has been updated for a target mesh spacing of
0.625 m x 0.625 m x 0.625 m. Additional refinement for all the models was added near
the bed, walls, weirs, and free surface. The meshes in Sim2-5im5 contain four prismatic
layers of cells near the bed, wall, and weir surfaces to improve the near-wall boundary
layer resolution, and a detailed view of the mesh for Sim2 is shown in Figure 4. Numerical
meshes for the remaining simulations are similarly constructed. A summary of the mesh
information can also be found in Table 1.

Block: 12345

Figure 3. Block boundaries defined in the blockMesh dictionary, which determine the cell sizing of
the final mesh. Sections of the final merged block are shown and enlarged to show details of the cell
direction and spacing.

Boundary locations and diffusers for Sim1 are labelled in Figure 5. Each simulation
contains inlet and outlet boundaries for the air and water phases, and the depth at each
location is fixed to represent a fixed elevation of the pool and tailwater. The air boundaries
(the top boundary and those above the water inlet and outlet) are considered inlet-outlet
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boundary conditions to allow free air flow. For Sim1, there are seven additional inlet
boundaries, which represent the gravity-fed diffuser grates near the downstream end of the

fishway. The flow rates to these boundaries are set using estimates based on the Bernoulli
equation for gravity supply.

Bed refinement

Weir refinement

Free surface refinement

Wall refinement

Sim2 / Section 1

Figure 4. Vertical slices through the computational volume show the mesh detail of Sim2. Sim1-5im5

contain bed, wall, weir, and free surface refinement, and Sim2-Sim5 contain additional prismatic cell
layers near the bed, weir, and wall surfaces.

\(f‘;'_; Inlet
Diffuser No: \\\ \\
\
\\ \
BB 14 -
\
\> \
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\—\
\ \
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\\ \\
Diffusers \\ -\
_Outlet T
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Figure 5. Inlet, outlet, and diffuser boundary locations within Sim1. Diffusers are numbered in
ascending order from downstream to upstream and are considered additional inlet boundaries.

3.3. Simulation Conditions

All the simulations consider the pool elevation as 103.3 m and the tailwater elevation
as 81.1 m. For Sim1, the inlet discharge from the forebay is 5.56 m3 /s, which is the 6-year
average from 2012-2019, and the gravity-fed diffusers add an additional 19.88 m3/s near
the downstream end of the fishway. Estimates for the individual diffuser flow rates can be
found in Table 3, and Figure 5 shows the locations of the diffusers in the domain relative
to the inlet and outlet. A flow rate of zero indicates that the diffuser is considered closed
for this set of conditions and is not providing any additional flow. Boundaries that meet
this condition are considered wall boundaries and a no-slip boundary condition is applied.
The water depth in the tailrace is maintained by applying a fixed hydrostatic boundary
condition at the outlet. For Sim2-5im5, since the inlet boundary is located within an
arbitrary section of the full fishway, the inlet conditions are set by extracting the nodal
values at the same location within Sim1 and applying them directly to the inlet boundaries
of Sim2-5im5. The simulations were run until flow rate convergence was achieved at the
model outlet. The boundary conditions for each variable are outlined in Table 4.
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Table 3. Gravity-fed diffuser flow rate estimates for additional diffuser inlet boundaries.

Diffuser Number

Flow Rate (m3/s)

14
13
12
11
10
9

8

0
1.5
0
5.58
5.52
3.65
3.62

Table 4. OpenFOAM boundary conditions for interFoam solver. Abbreviations: calc: calculated,

eWF: epsilon wall function, ffP: fixed flux pressure, fRIV: flow rate inlet velocity, fV: fixed value, iO:

inlet outlet, kKRWEF: kqR wall function, nkWF: nutk wall function, nS: no slip, tVMFV: time varying

mapped fixed value, tP: total pressure, zG: zero gradient.

Variables
Boundaries X
alpha.water p_rgh k nut epsilon U
Bed zG fFP kRWF nkWF eWF nS
Walls z2G fFP kRWEF nkWF eWF nS
Weirs zG fFP kRWE nkWF eWF nS
Diffusers v fFP v calc v fRIV
. v/ fFP/ fv/ calc/ fv/ fRIV/
Water inlet tVMFV * tVMFV * tVMFV * tVMFV * tVMFV * tVMFV *
Air inlet iO tP iO calc iO pIOvV
Water outlet iO tP io calc iO plOV
Air outlet iO tP io calc io plOV
Top io tP io calc io plOV

Note: * Sim2-Sim5 only.

4. Simulation Results
4.1. Model Validation

Siml1 is used as the validation model. The symbols in Figure 6 show the computed
water column depth above each weir in the fishway. The measured water column depth
for each weir is reported to be 0.3 m and is represented by the dashed line. An iso-surface
for a phase-volume fraction equal to 0.5 is used to represent the free surface. The depth
was determined by subtracting the elevation of the free surface from the elevation of each
weir near its crest. The first 17 weirs near the outlet sit in a region known as the backwater,
where the water surface elevation is no longer changing due to the influence of the tailwater
depth. Excluding these weirs, the predicted average water column depth is 0.3 m.

5,
T <
L o
4 o
g1 %
£°1T %
& T °
A2 %
I <o
41 <o
1 + o
T o
:E“-“‘-“‘-“ommcm DOOOSO= = = =
0 M+ R A A
0 10 20 30 40 50 60 70 80 90
Weir Number

Figure 6. Water column depth above each weir near the crest. Weirs are numbered in ascending order

from downstream to upstream. Reported water column depth is represented by the dotted line.
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4.2. Fishway Hydrodynamics

Highly complex hydrodynamic flow patterns are observed in the fishway. Near the
inlet, the flow is regulated by the position of the regulating and tilting weirs, delaying large
volumes of water from immediately entering the fishway and controlling the depth. In
this area and approximately 80 m downstream, the fishway bed is flat, and flow through
the tilting weirs is generally slow. As the fishway slopes downward, velocities begin to
increase. Figure 7 shows the water surface and vertical slices through the water volume,
colored by the velocity magnitude with vectors to indicate the direction of the flow. Vectors
were interpolated in a coarse uniform grid for better visualization. Flow is fastest through
the weir orifices, reaching up to 2.5 m/s in some regions, and the water depth over each
weir provides brief jets of water on the free surface that reach up to 2 m/s, as seen by the
iso-surface in Figure 7a. In the pool regions, as seen in the middle vertical slice in Figure 7b,
the flow is characterized by recirculations and a flow less than 0.5 m/s, which provides
relief to fish as they navigate through the fishway. Near the downstream end, diffusers
add additional flow, but do not provide any significant change in the hydrodynamic flow
patterns, as shown in Figure 8. This is likely because four of the seven diffusers sit in the
backwater, and of the three that are not in the backwater, only one is currently operational.

Velocity Magnitude: 0 04081216 2

Figure 7. The hydrodynamic field of a sloping section of the fishway with (a) an iso-surface of the
phase-volume fraction to represent the water surface and (b) vertical slices through the water volume
with uniform velocity vectors to show the complexity and direction of flow.
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Diffusers -:l:-]]

Velocity Magnitude: 0 0.40.81.21.6 2

Figure 8. A vertical slice through the fishway downstream end near the diffuser inlet boundaries
contoured by the velocity magnitude with velocity vectors. Vertical scale is enlarged 2.5% for detail.

4.3. Mussel Risk Assessment

The risk assessment conducted in this study applies preference index curves (often
referred to as habitat suitability curves) for the water depth, depth-averaged velocity,
and wall shear stress outputs from the computational solutions. Continuous piecewise
functions (found in [17]) were applied during post-processing to determine an index value
(Idx) associated with each variable. The index ranges from 0 to 1, with 0 indicating no
habitat suitability and 1 indicating the maximum habitat suitability. Depths between 1.5 m
and 3.2 m, velocities between 0.19 m/s and 0.5 m/s, and wall shear stresses between 32.2 Pa
and 74.7 Pa, are considered the highest risk and correspond to an index of 1.0.

This analysis is performed in two steps. Firstly, the solution from Sim1 is used to
compute the preference index for the depth and depth-averaged velocity, since these
variables do not require a high near-wall boundary layer resolution. These variables are not
part of the standard output in interFoam, so MATLAB scripts were developed to parse each
nodal value in the mesh and compute the water depth and averaged velocity quantities.
Water depth is calculated using the elevation of the free surface (using a phase fraction
of 0.5) and subtracting the elevation of the closest fishway bottom surfaces. Velocity is
averaged over the water column depth. Secondly, the solutions from Sim2-Sim5 are used
to compute the preference index for the wall shear stress, since this quantity extensively
relies on a suitable boundary layer resolution. Shear stress is a standard output variable
within interFoam, so no additional post-processing is required.

Figure 9 shows the preference index contours for the depth and velocity. For depth,
which considers the weirs, walls, and diffuser boundaries, the preference index is between
0.825 and 0.85 in the area immediately near the inlet and increases to 1.0 for the entire
fishway until the backwater region, where the water becomes deeper and ultimately reduces
to 0 in the deepest region near the outlet (Figure 9a). There is an additional reduction in
risk along the upper portions of the walls and weirs near the free surface. On average,
the depth of the fishway bed is 2.21 m, with an average preference index of 0.83. As a
2D depth-averaged quantity, the preference index for velocity only considers non-vertical
surfaces (i.e., the fishway bed and diffuser boundaries), and the preference index is 1.0 for
the majority of the fishway, with some small reductions (though still reaching moderate
risk) in the pool regions (Figure 9b). The average preference index is 0.93, and there is no
reduction in the backwater region, such as in the solution for the depth index. Overall,
when applied to depth and velocity, the preference index identifies significant risk in the
majority of the ladder (see Figure 10).
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Figure 9. Contours of the preference index functions applied to the nodal values for (a) water column
depth and (b) depth-averaged velocity variables for Sim1. Velocity contours exclude vertical surfaces.

Figure 11 shows the preference index contours for the wall shear stress for Sim2-Simb5,
and Figure 12 shows a histogram of the preference index. In contrast with the index
values for depth and velocity, very few regions face a significant threat due to shear stress.
Section 1 contains one region of concern near the orifice openings of the flow regulating
the weir, but the extent is limited to a small region downstream of the orifices (Figure 11a).
Sections 2 and 3 contain no preference index higher than 0.7, with the highest occurring
in the vicinity of the orifices (Figure 11b,c). Section 4 contains no regions of concern, with
a maximum preference index no higher than 0.01 (Figure 11d). Still, the results indicate
that downward sloping sections of the fishway are at moderate risk of mussel infestation,

especially downstream of the orifices.
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Figure 10. Preference index histogram for nodal values of water column depth and depth-averaged

velocity for Sim1. Cell count for velocity excludes vertical surfaces.
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Figure 11. Contours of the preference index functions applied to the nodal values for wall shear
stress for: (a) Sim2, (b) Sim3, (c) Sim4, and (d) Simb5.
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Figure 12. Preference index histogram for nodal values of wall shear stress for the sectional models
(Sim2-Sim4).

5. Discussion

According to the simulation results, there is a significant and consistent risk when
considering both the depth and depth-averaged velocity in the fishway (see Figure 9).
One potential issue with this approach is that in some regions of the fishway, particularly
near the orifices, the velocity varies significantly in the water column, indicating that depth-
averaging may not be an accurate representation of a three-dimensional hydrodynamic
flow field. A more reasonable approach would be to determine the infestation preference
for local velocity quantities, but no such analysis was found in the literature. On the other
hand, when considering the risk due to shear stress, the majority of the fishway can be
considered low risk, especially in the backwater region (see Figure 11). Some regions,
particularly those within and just downstream of each orifice reach moderate risk, but these
regions are limited in size.

When considering the totality of all the results, there are conflicting results depending
on the variable in question and, thus, it is difficult to prescribe a risk level that encompasses
the influence of all the variables. A better approach would be to make more general
assessments of the expected risk in portions of the fishway. The backwater region poses the
lowest risk overall, and the inlet section and all fishway walls and weirs, especially near
the free surface, are at moderate risk. The remainder of the fishway poses a significant risk,
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with regions within and just downstream of the orifices having the highest risk overall due
to the unique combination of depth, velocity, and shear stress.

If one or both fishways at McNary are fully colonized, extensive negative impacts on
fish passage are expected. This is due, in part, to potential damage to the concrete structures
if left untreated, but also due to the effects on fish interaction with Ice Harbor-type fishways.
Fish either pass through the submerged weir orifices, or, if size and swimming ability
permits, over the weir through the overtopping flow [23]. Once a fish passes through a
stretch of the fishway, they utilize the slower regions of flow in the pool region to rest.
Eventually, fish will either traverse the full length of the ladder and exit into the forebay
or will return to the tailrace in the event of a failed attempt. Mussel colonization in the
vicinity of weir orifices would be detrimental, affecting the overall efficiency of the fishway.
While some studies have suggested that partial blockages of submerged orifices may lead
to a minor improvement in fishway efficiency for shad and lamprey [31], efficiency for
larger-bodied salmonids, which are the primary fish species passing through McNary, are
likely to suffer due to their reliance on the submerged orifices. At maximum size, a colony
might have the capacity to completely block the flow through the submerged orifices,
significantly restricting fish passage.

It is important to remember, however, that the criteria for mussel colonization potential
in [17] were determined for a specific habitat, which may not be entirely transferrable to the
set of flow conditions in the present study. Very limited data is available on characterizing
the relationship between colonization potential and hydraulic variables, and there is much
room for improvement. Still, the preceding analysis provides a useful data-informed
computational model, which is a first step in assessing mussel infestation potential and can
be improved once sufficient habitat data becomes available.

6. Conclusions

In the present study, a computational model has been developed to investigate the
impact of a potential Dreissena polymorpha infestation within the McNary Lock and Dam
Oregon-shore fishway. A series of simulations were performed using the OpenFOAM
solver interFoam to predict the flow pattern through the fishway at one pool and tailwater
elevation. The model was validated using the measured water column depth over each
weir. A two-phase flow model was critical in determining the location of the free surface,
which allowed the accurate measurement of the water column depth over each weir as
necessary for the validation. After validation, simulations were performed to determine
the risk of Dreissena colonization based on the water depth, depth-averaged velocity, and
wall shear stress, as prescribed in the literature for lotic systems. The results indicate
that regions of the fishway in the backwater region are at the lowest risk of infestation,
while regions between and just downstream of the weir orifices are at the highest risk. If a
colony were to become established in these areas of concern, especially at the maximum
potential colony size, fish passage may become delayed or impossible, in the most extreme
case, due to the impact of orifice blockages on hydrodynamic flow patterns. While the
analysis presented in this paper provides an initial estimate of the impact of Dreissena on the
fishway, there are clear limitations due to data scarcity to correlate hydraulic variables with
mussel colonization. To develop a more robust predictive tool, future work should focus
on additional hydraulic data collection within the fishway, and data-driven relationships
between Dreissena presence and key hydrodynamic variables.
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