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Abstract

A partial-depth, impermeable guidance structure (or guide wall) for downstream fish
passage is typically constructed as a series of panels attached to a floating boom and anchored
across a water body (e.g. river channel, reservoir, or power canal). The downstream terminus of
the wall is generally located nearby to a fish bypass structure. If guidance is successful, the fish
will avoid entrainment in a dangerous intake structure (i.e. turbine intakes) while passing from
the headpond to the tailwater of a hydroelectric facility through a safer passage route (i.e. the
bypass). The goal of this study is to determine the combination of guide wall design parameters
that will most likely increase the chance of surface-oriented fish being successfully guided to the
bypass. To evaluate the flow field immediately upstream of a guide wall, a parameterized
computational fluid dynamics model of an idealized power canal was constructed in © ANSYS
Fluent v 14.5 (ANSYS Inc., 2012). The design parameters investigated were the angle and depth
of the guide wall and the average approach velocity in the power canal. Results call attention to
the importance of the downward to sweeping flow ratio and demonstrate how a change in guide
wall depth and angle can affect this important hydraulic cue to out-migrating fish. The key
findings indicate that a guide wall set at a small angle (15° is the minimum in this study) and
deep enough such that sweeping flow dominant conditions prevail within the expected vertical
distribution of fish approaching the structure will produce hydraulic conditions that are more
likely to result in effective passage.

Keywords: Guide wall, fish passage, downstream, computational fluid dynamics
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1. Introduction

Many fish species have evolved to use different types of environments over their life span
in order to enhance the population’s chance of survival. Each selected environment is well
suited for a particular part of the life cycle for the fish (McDowall, 1997). For instance,
anadromous clupeids (genus Alosa) are born in a fresh water river system where there are fewer
predators, migrate as juveniles to the ocean where there is a more abundant food supply, then
migrate as adults back to the fresh water river to spawn, completing the life cycle (Weiss-Glanz
et al., 1986). In addition, potamodromous fish perform migrations for the purposes of both
feeding and spawning, but only within fresh water river systems. Without the ability to freely
move between and within each aquatic ecosystem, the chance of a fish population’s long-term
survival is greatly diminished (Limburg and Waldman, 2009; McDowall, 1987).

As a result of anthropogenic development on river systems, full and partial barriers to
fish movement commonly exist in watersheds worldwide (Williams et al., 2012). These barriers
typically consist of small to large size dams, culverts, and other structures. Despite substantial
efforts, issues related to passage of fish both up and downstream of dams are not yet fully
resolved (Bunt et al., 2012; Enders et al., 2009). Even if a fishway structure is in place, poor
design, predation, and degraded water quality can lead to fatigue, injury, fatality, or other
hindrances to fish survival.

At a typical hydropower facility there are three primary routes of downstream passage.
The three routes, ordered by typical proportion of average annual river flow, are 1) through the
turbine intakes, 2) over a spillway and 3) through a fish bypass (often constructed as a sluice
gate, weir, or pipe). The downstream bypass is typically constructed in close proximity to the

turbine intakes to reduce the number of fish passing through the turbines. The challenge is to
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either induce behaviorally or actively guide the fish into the bypass rather than the turbine
intakes, which the bulk of the flow in the power canal passes through (typically >90% when
there is no spilling over the dam). Guidance technologies (e.g., louvers, racks, screens, perforate
plates, guide walls) are designed for this purpose.

Like other fish passage devices, guidance technologies rely on the rheotactic response of
fish (among other factors) to improve downstream passage efficiency and reduce migration delay
(Schilt, 2007). Rheotaxis is defined as a fish’s behavioral orientation to the water current
(Montgomery et al., 1997). A fish’s movement with (or against) the water current is referred to
as a negative (or positive) rheotaxis, respectively. In the case of a full-depth guidance structure
(e.g. louvers and angled bar racks), the vertical velocity component upstream of the guidance
structure is ignored and a 2-dimensional velocity vector is often used to inform the design.
These two velocity components are referred to as the sweeping velocity (velocity component
parallel to the guidance structure pointing in the direction of the bypass) and the normal velocity
(velocity component perpendicular to the guidance structure pointing directly at the face of the
structure). A guidance structure installed at 45 degrees or less to the upstream flow field will
result in a sweeping velocity greater than or equal to the normal velocity, thereby reducing the
likelihood of impingement and entrainment. For this reason, guidance technologies are typically
set at an angle of 45 degrees or less to the flow field, thus creating a hydraulic cue designed to
elicit a negative rheotactic response from migrating fish. This cue encourages their movement
downstream towards the bypass.

In the case of a partial-depth guide wall (Fig. 1) that is aimed at guiding surface-oriented
fish, a strong downward vertical velocity component may be present upstream of the wall. The

vertical velocity component may compete with, or even overwhelm, hydraulic cues created by
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the sweeping and normal velocities. Dominant vertical velocities may encourage vertical fish
movement and exacerbate entrainment potential. NextEra Energy Maine Operating Services,
LLC (2010), Kock et al. (2012), and Faber et al. (2011) showed instances where a large
proportion of downstream migrating fish passed below a guide wall, possibly due to a strong
vertical velocity component.

A guide wall is typically constructed of a series of floating partial-depth, impermeable
panels. Depending upon the hydroelectric project configuration, the guide wall is anchored
across a river channel, reservoir, or power canal (Scott, 2012). Scott (2012) explains that the
concept is based on knowledge that: 1) juvenile anadromous fish tend to swim in the top portion
of the water column (Whitney et al., 1997; Buckley and Kynard, 1985; Faber et al., 2011), 2)
some juvenile species have been shown to select a shallow rather than deep passage route when
given the choice (Johnson et al., 1997), and 3) anadromous juveniles tend to migrate downstream
in the river thalweg (Whitney et al., 1997). The concept of a floating guide wall may have
originated after dam operators observed fish accumulating along debris booms, similar to the
booms used for a floating guide wall.

Novel to this study is the examination of the flow field upstream of a guide wall set at a
wide range of depths and angles to flow and subject to a wide range of average approach
velocities, all within an idealized power canal. New metrics, useful in the evaluation of guide
walls, are presented. These metrics aim to explore the range of velocities and the strength of the
downward flow signal a fish may encounter while swimming along a guide wall. The goal is to
determine the combination of design parameters that will most likely increase the chance of
surface-oriented fish being successfully guided to the bypass. This analysis is performed through

sophisticated numerical modeling referred to as computational fluid dynamics (CFD).
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2. Methodology

To evaluate the flow field immediately upstream of a guide wall, we used a
parameterized CFD model of an idealized power canal (© ANSYS Fluent v 14.5 , 2012). Fluent
is a finite-volume code that iteratively solves the conservation of mass and momentum over a set
of discretized control volumes within the model domain until convergence is reached. Section
2.1 describes the model domain (or geometry of the model). Section 2.2 introduces the pertinent
design parameters and details the range and interval over which each is examined. Section 2.3
defines each of the boundary conditions applied to the model. These are the numerical
conditions applied to the perimeter edges and faces of the model domain and must be satisfied
within the solution. Section 2.4 describes the mesh of the CFD model. This pertains to the
methods used to divide (or discretize) the region within the model domain into a large number of
small finite control volumes. Section 2.5 details the solvers (or numerical solution scheme) used
to calculate the model results and the convergence criteria applied to the solvers.

2.1 Model Domain

Fig. 2 displays the plan view of the power canal and a cross sectional view from the
furthest downstream location at the bypass entrance. The section downstream of the guide wall
was not modeled to simplify the analysis. To accurately model head losses that are incurred by
the structure a more complex model than is presented here is required.

For each scenario, the inlet location was fixed and the approach distance ¢ was held
constant at 25 ft. The longitudinal length of the guide wall, L, varies according to the angle of
the guidance structure, . The canal width, W, was 100 ft. and the canal depth, H, was 40 ft.
The width of the bypass was 0.1W or 10 ft. The depth of the bypass opening was 0.25H or 10 ft.

The total flow through the model inlet, Qr, the flow through the bypass outlet, O, and the flow
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through the main power canal outlet, Qc, vary depending upon the average approach velocity, V.
The percent of the total flow through the bypass, p (equal to 100*Qs/Q7), for all model runs was
5%. The size of the bypass opening and the percent of the total flow through the bypass (p) are
within the typical range for surface flow outlets (Johnson and Dauble, 2006) and p is also within
the range of design criteria used by the US Fish and Wildlife Service in the Northeast (Odeh and
Orvis, 1998).
2.2 Model Parameters

The key parameters relevant to this work are the depth of the guide wall, d, the angle of
the guide wall, 6, and the average inlet velocity, V. There are a total of 40 scenarios. Table 1
displays the ranges and intervals each parameter is evaluated on:

Table 1: Model Parameters

Parameter Range [ Interval

Depth of the Guide Wall (d), ft. 10t0 20 | 3.33

Angle of the Guide Wall (0), deg 15 to 45 7.5

Average Inlet Velocity (V), ft/s 2to4 2

The range of d was chosen because it represents a set of typical values found within the
literature. While guide walls have been set deeper than 20 ft., the designs are less common and
are intended for use in deeper canals and forebays. The range of 6 is typical for surface guidance
technologies and all guide walls referred to in the literature are within this range. The range of V
is also typical within a power canal, although 2 ft/s is more common. A value for V of 4 ft/s is
high for a typical power canal.

2.3 Boundary Conditions
Three different types of boundary conditions were used in each of the model scenarios.

The first type of boundary condition was a velocity inlet. The inlet was defined using a velocity

6
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profile characteristic of a fully developed viscous flow with an average inlet velocity, V. The
velocity profile for V = 2 ft/s is shown in Fig. 3. To attain each developed flow profile, a
rectangular channel CFD model was constructed, termed the Inlet Calculation CFD Model
(ICCM). The ICCM used a cross section at the inlet of the Idealized CFD Model and extruded it
long enough such that fully developed flow was achieved. In each ICCM run, the inlet was set to
a uniform velocity equal to V and the outlet was specified as an outflow carrying 100% of the
flow. Identical solvers, described later, were used for both the ICCM runs and the Idealized
CFD Model. The velocity profile at the outlet of the ICCM was used as the velocity profile at
the inlet of the Idealized CFD Model. In addition to the velocity profile, the turbulence intensity
(defined as the root-mean-square of the turbulent velocity fluctuations divided by the mean
velocity) was specified at 5%. © ANSYS Fluent v 14.5 (ANSYS Inc., 2012) recommends the
use of 5% in the event this value is unknown, as it was in this case.

The second type of boundary condition was a pressure outlet. This outlet type is defined
in two locations: 1) directly under the guide wall and 2) through an entrance to a bypass. The
two white areas in the cross-section A-A for Fig. 2 depicts each of the boundary locations. Each
outlet was prescribed a hydrostatic pressure distribution and a target mass flow rate
corresponding to the percentage of flow through the bypass, p. The streamlines were converging
at the pressure outlet specified below the guide wall; because of this a hydrostatic pressure
distribution was not entirely accurate. However, this likely has a minimal impact on the results
as the pressure distribution should only be slightly different from hydrostatic. In a physical test
performed on a lab-scale model guide wall (unpublished data, Mulligan et al., 2015), the

estimated pressure below the wall was essentially hydrostatic.
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The third type of boundary condition was a wall condition with a specified shear and
roughness height value. The water surface was defined as a slip-condition with a specified shear
stress of zero and zero roughness because shear stress at the water-air interface can be considered
negligible. The channel walls and bottom were defined as a no-slip condition, with a defined
roughness height of 1.64 x 102, The face of the guide wall was also defined as a no-slip
condition, but the roughness height is 8.20 x 102. An actual guide wall exterior is often
composed of a rubber or stainless steel.

2.4 Mesh

In all scenarios for both the Idealized CFD Model and the ICCM, the domains were
divided into a number of finite volumes in the form of tetrahedrons. Face and body sizing rules
were applied in different regions of the domain. The smallest cells occur near the boundaries
and guidance structure. The element face sizing on the guidance wall ranged between 0.8 and
1.6 ft. The face sizing on the pressure outlets ranged between 1.0 and 1.6 ft. Inflation layers
were used to accurately model the wall roughness effects on the flow field. The inflations layers
were applied at all boundaries of the model, including the guide wall. The aspect ratio,
orthogonal quality, and skewness were the primary metrics used to evaluate mesh quality.
Number of finite volumes ranged from approximately 350,000 to 512,000.

2.5 Solver and Convergence Criteria

All CFD runs performed in this analysis used the second order upwind method to solve
the conservation of momentum equations for steady-state conditions. The runs were solved
using the SIMPLE scheme (Patankar and Spalding, 1972) as the pressure-velocity coupling
method. The realizable k-€ turbulence closure model with standard wall functions was used to

describe the turbulent kinetic energy and turbulent dissipation rate. Similar to momentum, the
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turbulence model was solved using the second order upwind method. However, in all scenarios
each model was first solved using the first order upwind scheme. The results of the first order
upwind solving scheme were used as the initial solution to the second order upwind solver. This
provided a means to reach convergence quicker. Convergence criteria included the equation
residuals for continuity, x-velocity, y-velocity, z-velocity, turbulent kinetic energy, and turbulent
dissipation rate. Additional monitors included the integral of the velocity magnitude on the
outlet below the guide wall, integral of velocity magnitude on the outlet to the bypass, total
volume integral of the velocity magnitude in all fluid cells, the integral of the skin friction
coefficient on the guidance face, and the total volume integral of turbulent kinetic energy in all
fluid cells. Additional details regarding the conservation of momentum and turbulence solvers
can be found in the © ANSYS Fluent v. 14.5 code documentation manual (ANSYS Inc., 2012).
3. Results

To compare the 40 scenarios, several metrics were formulated based on each scenario’s
velocity output. Section 3.1 examines trends found in the water velocity throughout each
scenario and shows in depth results for a single scenario. Section 3.2 introduces a new metric
referred to as the Maximum to Mean Velocity Ratio (MMR), considered a possible indicator of
fatigue and/or entrainment. Section 3.3 presents the Downward to Sweeping Velocity Ratio
(DSR), considered a possible indicator of guidance. Lastly, Section 3.4 introduces the Upper
Guidance Zone Depth (d*(*)), a metric based off of a threshold DSR value, #*.
3.1 Velocity Magnitude, Components, and Distribution

Fig. 4 displays the velocity magnitude and components (x-y-z) on three vertical planes in
the y-z axis for the scenario where d = 10 ft, § = 30°, and V = 2 ft/s. The three planes are at x =

0.25L, 0.5L, and 0.75L, where x was equal to 0 at the model inlet (the upstream boundary
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condition). The model boundaries are shown in a sketched image around the contour plots. This
figure shows several important points, all of which apply to each of the 40 total scenarios. First,
the maximum velocity magnitude occurs immediately below the guide wall, while directly
beside the guide wall the water velocity magnitudes tend to be less than the average inlet
velocity, V. This drop in velocity correlates to an increase in the turbulence in the same region
beside the guide wall. Second, the velocity component in the y-direction was shown to be
negative in the upper portion of the water column and positive below the guide wall. This was
expected as the guide wall was designed to create a strong sweeping velocity along the
structure’s face toward the bypass. Third, the minimum velocity in the z-direction (a negative
value) occurs directly at the bottom of the guide wall. Fourth, the guide wall created a high
velocity gradient along the z-axis at the face of the wall. Lastly, the velocity distribution beside
and below the guide wall was very similar at each of the locations.

3.2 Maximum to Mean Velocity Ratio (MMR)

The MMR was calculated as the ratio of the maximum velocity magnitude on a specified
plane to the average inlet velocity magnitude (V). The specified plane was on the y-z axis at the
longitudinal midpoint of the guide wall (where x = 0.5L) and extends from the water surface to
the bottom of the guide wall. A value of the maximum velocity magnitude was determined for
each of the 40 scenarios based on the CFD output and then divided by the average inlet velocity
magnitude for the scenario. Fig. 5 shows the results in a contour plot for both V=2 ft/s and V =
4 ft/s for all 40 scenarios.

Interestingly, the average approach velocity had minimal impact on the MMR. The
values under all configurations range from 1.14 to 1.62, with the lowest for a guide wall design

of d =10 ft and & = 15° and the greatest for a design where d = 20 ft and 6 = 45°. Also, recalling
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from Fig. 4, the maximum velocity magnitude occurs at the very bottom of the guide wall near
the face of the wall. This was consistent throughout all 40 scenarios.
3.3 Downward to Sweeping Velocity Ratio (DSR)

A problematic feature of some guide walls tested to date was that they can create a strong
downward flow component which can likely lead to a reduction in guidance efficiency. To
evaluate this in the scenarios we tested, we formulated a metric that represented the Downward
to Sweeping Velocity Ratio (DSR), or the ratio of the velocity in the z-direction to the magnitude
of the x and y velocity components. To do this we assumed (based in part on the rheotactic
behavior of fish) that the larger the absolute value of the DSR, the more likely a fish will be to
volitionally follow the downward current or be entrained below the guide wall. The DSR at each

cell of the model was calculated using the following formula:

1/
Z (1)
/V,§+Vy2

Where V; is the velocity in the z-direction, V is the velocity in the x-direction, and Vy is

DSR =

the velocity in the y-direction. The sweeping velocity (denominator of the DSR) at an elevation
above the bottom of the guide wall was always in the direction of the bypass whereas the vertical
velocity (numerator of the DSR) was always negative. Fig. 6 displays a DSR contour plot on a
vertical plane in the y-z axis at the longitudinal midpoint of the guide wall (x = 0.5L) for the
scenario of d = 10 ft, § = 30°, and V = 2 ft/s. A negative value indicates a downward flow, away
from the water surface.

Fig. 6 shows a typical distribution of the DSR taken at a plane at any x-location along the
guide wall. There was a distinct DSR gradient that occurs along the face of the guide wall in the
z-direction where the values range from approximately O at the water surface to -0.825 at the

bottom of the guide wall. This gradient exists for each scenario, consisting of a DSR of
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approximately O at the water surface and a minimum value, DSRmin, occurring along the very
bottom of the guide wall, although the minimum value changes depending upon the depth and
angle of the structure. The location of DSRuin is the same location where the velocity magnitude
reached its maximum value. Thus under this condition, a fish swimming along the bottom of the
guide wall might be more likely to be entrained beneath it rather than safely guided to the
bypass.

By finding DSRwmin for each scenario, we were able to state if the worst-case conditions
along the guide wall are sweeping dominant (DSRmin > -1.0) or downward dominant (DSRmin < -
1.0). Therefore, in the case that DSRmin was greater than -1.0, it was known that conditions from
the water surface elevation (WSE) to the bottom of the guide wall were sweeping dominant.
However, if DSRmin indicated that a specific scenario was downward dominant, then it was
known that there was a transition point somewhere between the WSE and the bottom of the
guide wall where the flow field shifts from sweeping dominant to downward dominant. This
“transition depth” (later referred to as d*(¢* = -1)) was investigated in the following sub-section
(3.4).

Fig. 7 displays two contour plots (for V =2 ft/s and V = 4 ft/s) which illustrate how
DSRmin changes depending upon the depth and angle of the structure. The values range from
approximately -0.4 (d = 10 ft, 0 = 15°) to -2.3 (d = 20 ft, 0 = 45°).

3.4 Upper Guidance Zone Depth (d*)

Given a DSR threshold value (#*), the guide wall can be split from the water surface
elevation (WSE = H = 40 ft) to the guide wall depth, d, into two separate zones. For a given t*,
the minimum depth (equivalent to the maximum elevation) at which the DSR was equal to or less

than ¢* is the Upper Guidance Zone Depth (d*(¢*)). For example, referring back to Fig. 6 and
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given a t* = -0.4, d*(t* = -0.4) = 7.5 ft. The volume above the elevation at depth d*(#*)
possessed a DSR greater than ¢* and the volume below possessed a DSR less than or equal to #*.
The metric was based on the hypothesis that, due to a guide walls tendency to create strong
downward flows along its face, the guide wall can be split into an “Upper Guidance Zone” and a
“Lower Guidance Zone”. The Upper Guidance Zone was considered to be more likely to
effectively guide fish because of its reduced absolute value of the DSR. The Lower Guidance
Zone was considered to be less likely to effectively guide fish because of its greater absolute
value of the DSR. Fig. 8 shows for V=2 ft/s and V = 4 ft/s how the dependent variable d*(¢*)
changes with the independent variable ¢*. The minimum d*(¢¥) is zero and the maximum is the
depth of the guide wall, d.

The impact of changing the guide wall depth and angle on d*(¢*) is evident in Fig. 8. For
instance, the value of t* where d*(#*) equals guide wall depth, d, changes dramatically from -
0.8145 for a guide wall design of & = 15° and d = 20 ft. to -2.2715 for a guide wall design of 8 =
45° and d = 20 ft. This is also evident when changing the guide wall depth as d*(t¥) first equals
d ranging from -1.4965 to -2.2715 for guide wall designs where 6 = 45°. Note that when d =
d*(t*) there was a DSR greater than ¢* along the full depth of the guide wall.

Also of note was that d*(t*) was nearly identical for each average inlet velocity. This
implies that when calculating the DSR a change in velocity within the power canal was much less
important than the design parameters of the guide wall. However, the actual z-component of the
velocity changes in response to the prescribed average inlet velocity, V.

Fig. 9 better illustrates the difference between d*(¢#*) and d for all combinations of guide

wall depths and angles with V equal to 2 ft/s and t* equal to -1 (left), -0.67 (middle), and -0.33
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312 (right). The transition depth alluded to in the previous sub-section (3.4) is represented in the left
313 contour plot.

314 Most noticeable from Fig. 9 is that the difference between the guide wall depth, d, and
315  the Upper Guidance Zone Depth, d*, increases as * was reduced. This was expected as the

316  threshold becomes more restrictive. This also shows the advantages of a lesser angle,

317  particularly for the #* values closer to zero. For example, the difference in d*(¢*=-.33) for the
318  scenario of & =15° and d = 20 ft. and the scenario of § = 45° and d = 20 ft. was approximately 10
319  ft. This difference was half of the guide wall depth for those scenarios. For these same two

320  scenarios the difference in d*(t*=-1) was approximately 6 ft.

321 4. Discussion & Conclusion

322 Considering the information gleaned from this study, a relatively small angle (the

323  minimum was 15°) appears more likely to produce conditions favorable to efficient guidance.
324  Both the metric related to the maximum velocity (MMR) and the downward to sweeping velocity
325 ratio (DSR) show that as the angle was increased 1) smaller juvenile fish should be more likely to
326  be entrained below the guide wall and 2) larger adult fish should be more likely to volitionally
327  pass below the guide wall. Interestingly, lab-scale physical modeling performed by the

328  California Department of Water Resources (CA DWR) found that guide wall panels oriented at
329 22 degrees to the flow and set at a depth of 5 feet resulted in neutrally buoyant beads guiding
330 along and not passing under the guide wall (personal communication, Shane Scott, 3/14/14).

331  Although this exact scenario was not tested in this analysis, it also shows the benefit of guide
332 walls set at an angle near 15°.

333 However, such a small angle may not always be required. In general, the authors

334  recommend that the guide wall be set at an angle and depth such that d*(¢* > -1) is greater than
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the maximum depth of the expected vertical distribution of all the target fish species at the site.
The assumption of #* > -1 was applied to ensure sweeping-dominant conditions and was
designed to both take advantage of the negative rheotactic fish response and to guide any
passively drifting juvenile fish. DSR threshold values closer to zero are likely to be more
effective at reducing the number of fish that pass below the guide wall, although will require a
longer (smaller angle) and/or deeper wall to achieve.

Without testing fish movement and behavior in response to guide walls in real-world
applications, it is difficult to predict how a fish will respond to the flow conditions. Although
generalized metrics partially based on the behavior known as rheotaxis were formulated, the
results can in no way estimate actual fish behavior. Each of the metrics developed were based
entirely on the velocity output data from the CFD analysis. Fish behavior was also impacted by
hydraulic conditions such as acceleration and turbulence (Larinier, 1998), but fish also possess
complex and unpredictable behaviors in response to environmental conditions both inclusive and
exclusive of hydraulics. Therefore, the authors recognize that the inclusion of some of these
variables in the evaluation of each scenario could make for a more sound approach to
understanding how fish will behave near the guide wall.

Field studies of guide wall installations that include detailed telemetry analysis are
uncommon. One such study (referenced in the Introduction Section) was performed at the
Cowlitz Falls Dam in 2011 (Kock et al., 2012) using radiotelemetry to track juvenile salmonids.
The guide wall was constructed of steel panels attached to a floating boom set at 10 ft. deep and
approximately 45° to the approach flow. The study found that 40 to 63% of the fish by species
arrived at the fish collection discovery area (defined as the region around the downstream

terminus of the guide wall). However, the movement patterns also showed that the fish had a
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strong tendency to sound under the wall and on to the turbine intakes where 33 to 52% of the fish
by species passed downstream (the largest percentage of all the passage routes). Based on the
CFD analysis in this manuscript, the DSRmin for a guide wall at this depth and angle is
approximately -1.6 (see Fig. 7) and the transition depth, d*(#*=-1.0), is between 8 and 9 ft (see
Fig. 9). It’s likely that the guidance efficiency would have increased by either installing a deeper
guide wall or lowering the angle.

CFD is based in physical laws and is capable of producing accurate and reliable results.
Several other studies have been performed using CFD as a means to better understand how a
guide wall will impact the flow field in a forebay (Rakowski et al., 2006; Rakowski et al., 2010;
Lundstrom et al., 2010). Lundstrom et al. (2010) examined ten guide wall configurations
(different lengths, curvatures, and depths) upstream of a spillway and turbine intakes at a
hydroelectric facility. An important metric used in this analysis was the acceleration along the
guide wall and the acceleration downward upstream of the guide wall. The authors argued that a
high acceleration downward immediately upstream of the guide wall would improve guidance
efficiencies juvenile fish tend to avoid regions of high acceleration (Haro et al.,1998; Kemp et
al., 2005; Johnson et al., 2000; Taft, 2000). The authors were satisfied with the performance of
the guide wall because the acceleration along the device was much smaller than that going
downward, meaning the fish would choose the route along the device. While this may be true in
certain cases, we argue caution because a downward acceleration that is too high may entrain the
weak swimming juvenile fish and force them under the wall towards the turbines.

Furthermore, the authors acknowledge several limitations to this study. First, the selected
model domain of a rectangular power canal was not truly representative of a real hydropower

project, which likely has much more complex hydraulics. When possible in practice, the authors
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recommend applying the derived metrics to a site-specific CFD model in order to determine
proper depths and angle. Second, the use of a single phase model results in a loss of model
resolution near the water surface boundary layer, although this is not expected to make a
substantial difference in the results and is a common simplification when wave action is not
integral in the analysis. Third, physical aspects of the structure have been ignored. The forces
applied to a guide wall may create a vertical tilt such that the guidance wall is not perpendicular
to the water surface and/or a curvature may develop when looking from plan view. Ideally,
strengthening of the structure and anchoring it to the bottom could minimize the deflection.
More research is needed to investigate the hydraulics of tilted/deflected guide walls.

In conclusion, guide walls have been utilized to improve downstream passage survival
for anadromous fishes including salmonids and alosines for more than 20 years. Less frequently
implemented than other surface guidance technologies (e.g. louvers, bar racks, screens, among
others), they are gaining popularity, particularly in the northwestern United States. This body of
research focuses on the basic design parameters and begins to answer the question of which
configuration might enhance fish guidance. A CFD approach was used to answer this
fundamental question. The key findings indicated that a guide wall set at a small angle and deep
enough such that sweeping-dominant conditions (or d*(¢* > -1)) covers the expected vertical
distribution of the approaching fish was more likely to produce hydraulics favorable for efficient
guidance. Future work is necessary, particularly to investigate other guide walls configurations
and perform more rigorous full-scale, field tests with the various fish species of interest.

5. Acknowledgments
The information, data, or work presented herein was funded in part by the Office of Energy

Efficiency and Renewable Energy (EERE), U.S. Department of Energy, under Award Number

17



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

DE-EE0002668 and the Hydro Research Foundation. In addition, this work was partly funded
by the Perrell family who generously offered support in the first author’s final semester at the
University of Massachusetts.

6. Disclaimer

The information, data or work presented herein was funded in part by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes and warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United

States Government or any agency thereof.

18



419
420

421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

441

7. Notation
The following symbols are used in this paper:

d = Guide wall depth (ft.)

d*(t*) = Upper Guidance Zone depth (ft.)

DSR = Downward to sweeping velocity ratio (-)

DSRmin = Minimum downward to sweeping velocity ratio at each cross-section (-)

H = Water depth (ft.)

¢ = Approach distance (ft.)

L = Distance along the x-axis from the upstream to downstream ends of the guide wall (ft.)
MMR = Maximum to mean velocity ratio (-)

p = Percent of the flow through the bypass relative to the flow through the model inlet (%)
Qs = Total flow rate into bypass (ft*/s)

Qc = Total flow rate under guide wall (ft*/s)

Or = Total flow rate through model inlet (ft*/s)

t* = Downward to sweeping velocity ratio threshold (-)

V = Average approach velocity (ft/s)

Vi = Mean velocity in the x-direction (ft/s)

Vy = Mean velocity in the y-direction (ft/s)

V. = Mean velocity in the z-direction (ft/s)

W = Channel width (ft.)

6 = Angle of the guide wall relative to the side wall of the power canal (degrees)
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Figure 1: Partial-depth, floating, guide wall. The photo on the left (provided by Shane
Scott) shows the panels with the floating boom. The photo on the right (taken from Google
Earth) shows an installed guidance device at the Bonneville Dam.
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Plan View Section A-A
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Figure 2: The schematic on the left shows the plan view of the idealized power canal. The
hatched area (upstream of the guide wall and bypass entrance) is the modeled region. The
schematic on the right shows the cross-sectional view from A-A, the furthest downstream
location as seen on the plan view. The grey area is the guide wall. The black area is the
wall directly below the bypass entrance. Note the x-y-z axis, the intersection of the x and y
axis always occurs at the most upstream section of the guide wall, as shown above. On the
x-axis, the bypass outlet is located at x = L. and the model inlet is located at x = -l
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Figure 3: The contour plot on the inlet of the CFD model geometry represents the velocity specified as
a boundary condition in the case of V = 2 ft/s. Note the fully developed flow profile. Flow is in the
positive x-direction. The model domain is indicated by the black outline in this 3-D view.
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Scenario: d =10 ft, 6 = 30°, V=2 ft/s
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Figure 4: Contour plots of the velocity magnitude (far left), velocity in the x-direction (mid-left), velocity in the y-direction (mid-right),
and velocity in the z-direction (far right) for the scenario of d = 10 ft, @ = 30°, and V = 2 ft/s. The top row plots are for a plane located
at x =.75L. The middle row plots are for a plane located at x = .5L. The bottom row plots are for a plane located at x = .25L.
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Figure 5: Contour plots of the Maximum to Mean Velocity Ratio (MMR) for V = 2 ft/s (left)
and V = 4 ft/s (right). The guide wall depth, d, is on the x-axis and the guide wall angle, 0, is
on the y-axis. The black circles indicate the data point locations corresponding to each
combination of depth and angle run in the CFD analysis. The contour lines are the result of
a linear interpolation between data points.
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Scenario: d=10 ft.,, 6= 30°, V=2 ft/s
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Figure 6: A contour plot of the DSR for the scenario of d = 10 ft, @ = 30°, and V = 2 ft/s taken at the
longitudinal midpoint of the guide wall (x = .5L) on a vertical plane in the y-z axis. The black
rectangle in the top right indicates the location of the guide wall. Recall the WSE = 40 ft.
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Figure 7: Contour plots of DSR,,i, for V = 2 ft/s (left) and V = 4 ft/s (right). The guide wall
depth, d, is on the x-axis and the guide wall angle, 0, is on the y-axis. The black circles
indicate the data point locations, corresponding to each combination of depth and angle run
in the CFD analysis. The black solid line is the contour where DSR,;, = -1.0. Scenarios
above the line possess a sweeping dominant flow field along the entire depth of the guide
wall whereas scenarios below the line possess a lower section of the guide wall where a
downward dominant flow field exists. The contour lines are the result of a linear
interpolation between data points.

546
547

30



<
n
N
e
»

V=4ftls

= o
— d=10ft,0=15° & | s d =16.67 ft, 6 = 30°
——— d=1333ft,6=15° M | e d=20ft 6=30°
—— d=1667f,6=15° gyl | === d=10ft, 6 =37.5°
— d=20ft,06=15° x| | -ememe- d=13.33ft, 6 =37.5°
------ d=10ft, 6 =225° s =e-==- d=16.67 ft, 0 = 37.5°
| ------ d=13.331ft, 6 =225° F 727 | N [P d=20ft, 6 =37.5°
0 ------ d=16.67 ft, 0 = 22.5° . M ———— d=101t 6 =45°
S e d=201t 6=225° em | === d=13.33 ft, 6 = 45°
S| e d=10ft,06=30° /S 50%a | 00| -————- d=16.67 ft, 6 = 45°
o R d=1333f,06=30° -/ 4 aridly |00 | ————- d =20 ft, 6 = 45° _
) ,/ f
o P = ,.f’.' 4
Q 7 ,_z‘l - -
N « / — f) ]
O} ¥ F sy
- - .’._,, l-’-l," | 73
g —,J__,I ], { y FI,__, o ;,_. ,l_f
= | L < - ! ) ,}{‘
(2 ,___nf ;[_-j 2 JJ I'Jr"‘ ’,'
T} b ¥ 0 J 2 3
8.‘_ ] PO _,/'/_ L | F.//-’/ B
=) Al . s
4 P _'f -
I ot 7 o
s § —d ,
B i 2l o P =5 =7
L 4 A ol T
AN I I T N T T T
-2.5 2.0 -1.5 -1.0 -2.5 20 -1.5 -1.0
DSR Threshold, t* DSR Threshold, t*
548
Figure 8: Plots of d*(¢*) versus the DSR Threshold, t*, for V = 2 ft/s (left) and V = 4 ft/s (right).
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Figure 9: Contour plots of the Upper Guidance Zone Depth, d*(¢*) for ¢* = -1.0 (left), #* = -0.67
(middle), and #* = -0.33 (right). The guide wall depth, d, is on the x-axis and the guide wall angle,
0, is on the y-axis. The average inlet velocity, V, is equal to 2 ft/s. The black circles indicate the
data point locations, corresponding to each combination of depth and angle run in the CFD
analysis. The contour lines are the result of a linear interpolation between data points.

32





