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a  b  s  t  r  a  c  t

This paper  presents  an  overall  assessment  of the  hydraulics  of  a vertical  slot  fishway,  the  Vianney-
Legendre  vertical  slot  fishway  on  the  Richelieu  River in  Quebec,  Canada,  which  has  been  shown  to  be
successful  for  passing  a variety  of  fish  species,  including  lake  sturgeon.  The  fishway  has  a number  of
features  that  combine  for a unique  design.  This  includes  two  turning  pools,  shorter  and  narrower  than
recommended  regular  pools,  and  a  low  overall  gradient.  Detailed  field  measurements  of  the  water  levels
and velocity  patterns  were  obtained  and  a computational  fluid  dynamics  modeling  study  was conducted.
The  model  study  evaluates  the  performance  of  various  regular  pool  geometries  based  on fishway  hydro-
dynamics.  Low  overall  fishway  gradient  was  shown  to  result  in a fishway  hydraulically  suitable  to  fish
passage,  overcoming  non-optimal  pool  dimensions.  The  relationship  between  discharge  and  correspond-
ing  average  water  depth  in  the  pools,  under  both  uniform  and  non-uniform  flow  conditions,  using  the
ertical slot fishway
ater level

discharge  coefficient  enabled  us  to simulate  the  distribution  of  water  levels  in  a vertical  slot  fishway.  Two
distinct flow  patterns  were observed  in a regular  pool  depending  on  the shape  ratios  between  the  pool’s
length  and  width.  This  study  also  assessed  the  spatial  variation  of  velocity  magnitude  in  the  vertical  plane
to reveal  regions  of  upwelling,  downwelling,  and  the  formation  of  eddies  and  dead  flow  zones  that  have
potential  importance  for fish  migration.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Fishways are built all over the world to restore connectiv-
ty where rivers have been disconnected by hydraulic barriers of
atural or man-made origin such as hydro-electricity producing

acilities, flood control structures, and natural water falls (Clay,
961). A fishway’s primary function is to provide passage over
ydraulic barriers to fish swimming upstream. A number of fish-
ay designs are commonly used across the globe and are placed
nder two broad categories: engineered structures, and nature-like
shways. Engineered structures are built with “hard” construction

aterials (e.g., steel, reinforced concrete) and include the pool and
eir, Denil, and vertical slot designs. Nature-like fishways are con-

tructed using natural, or so-called “soft” materials (e.g., boulders,

∗ Corresponding author.
E-mail addresses: david.zhu@ualberta.ca (D.Z. Zhu),

atopodisEcohydraulics@live.ca (C. Katopodis).

ttp://dx.doi.org/10.1016/j.ecoleng.2016.01.032
925-8574/© 2016 Elsevier B.V. All rights reserved.
gravel, and logs) and are designed to mimic  the hydraulic, bed,
and bank conditions of a natural stream (Baki et al., 2014a, 2014b;
Katopodis et al., 2001).

The vertical slot fishway, hereinafter referred to as VSF, is an
engineered structure. Variations of this design are commonly used
around the world. For example, Canada has 37 documented VSFs,
making it the second most common design in the country (Hatry
et al., 2013). They are made up of one or more sloping linear rectan-
gular channels separated into pools, commonly known as regular
pools, via transverse baffle walls. The baffle wall openings are the
full height of the water column allowing flow to travel downstream
from pool to pool (Rajaratnam et al., 1992b). VSFs are suitable
for use in a large range of hydraulic and biologic environments
and have several advantages over other designs (Katopodis and
Williams, 2012). They are often the design of choice where a rela-

tively large fishway is required. The baffle wall opening enables fish
to ascend the fishway at their preferred swimming depth, accom-
modating species that cannot or will not jump to pass between
pools. This is advantageous over ‘overflow’ designs (e.g., pool and

dx.doi.org/10.1016/j.ecoleng.2016.01.032
http://www.sciencedirect.com/science/journal/09258574
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eir) which require fish to jump out of the water to ascend pools
Warren and Beckman, 1993). Each regular pool in a VSF has an area
f low velocity for fish to rest during upstream passage (Rajaratnam
t al., 1992b). Another important feature of the VSF is that it
perates through a range of upstream and downstream river level
onditions. This makes them suitable to sites where fish passage is
eeded at different times of the year to accommodate the migra-
ions and movements of a community of fish species, as well as to

itigate the effects of varying water levels from year to year.
As the use of fishways changes from passing a target species to

ncompassing passage for whole fish communities, interest in fish-
ay designs that are able to pass multiple species has increased

Thiem et al., 2013). Thiem et al. (2013) documented the suc-
essful upstream passage of 18 species of fish, and Desrochers
2009) indicated that annually over 35 species pass the Vianney-
egendre fishway, hereinafter called the “site fishway”, and the
ocus of this study. Members of the salmon (Salmonidae), sturgeon
Acipenseridae), perch (Percidae), sucker (Catostomidae), sunfish
Centrarchidae) and catfish (Ictaluridae) families, among others, all
assed through the site fishway, demonstrating its ability to serve

 diversity of fish. Included in this list of species are copper red-
orse Moxostoma hubbsi and lake sturgeon Acipenser fulvescens.
he Committee on the Status of Endangered Wildlife in Canada
COSEWIC) listed copper redhorse as ‘endangered’. Copper red-
orse are endemic to Quebec and are known to live in just three
iver systems. COSEWIC has categorized lake sturgeon popula-
ions throughout Canada as ‘threatened’, ‘endangered’ or of ‘special
oncern’ (COSEWIC (1) and (2), 2012). The site fishway is one of
ew worldwide to have documentation of successful passage of a
pecies of sturgeon (Thiem et al., 2011).

There have been a number of experimental and numerical stud-
es (e.g., Rajaratnam et al., 1992b; Wu et al., 1999; Liu et al., 2006;
ea et al., 2007; Wang et al., 2010; Puertas et al., 2012; Bombac et al.,
014; Perez et al., 2014) addressing the flow characteristics in sev-
ral designs of VSFs. They have focused on water surface profiles,
epth-discharge relationships, velocities, turbulent kinetic energy,
nd energy dissipation rates within regular pools. There are few
ocumented field studies providing general observations, and field
easured data are limited. Accordingly, a need existed to study

he entire fishway (considering regular and turning pools) to gain
n understanding of its overall hydraulics as a system and to com-
lete this study in a field setting. As a result this study focused on
he overall hydraulics and design of the site fishway which was
elected for case study because it is known to pass a diversity of
pecies and has unique design features.

The site fishway has shorter and narrower regular pools lengths
nd widths as compared to the recommended dimensions of
ajaratnam et al. (1992b). It is formed of three straight segments
f regular pools connected via two turning pools, which produces

 compact and efficient design with the fish entrance located close
o the hydraulic barrier. The overall slope of the fishway is also very

ild in comparison to design limits for vertical slot fishways (Bell,
973; Larinier et al., 1999; Marriner et al., 2014; Rajaratnam et al.,
992b).

The goal of this study was to understand the hydraulics of the
ite fishway. Here we used water level, velocity, and flow measure-
ents taken in the field to understand the site fishway’s flow type,

llowing the water surface profile to be predicted. The flow charac-
eristics in both regular and turning pools were investigated in the
eld. Vertical velocity profiles were measured in the field provid-

ng an understanding of velocities through the height of the water
olumn. A detailed account of the study site and fishway were com-

leted, and an overall assessment of the site fishway’s hydraulics
as generated. Moreover, a computational fluid dynamics (CFD)
odel study was used to examine the flow hydrodynamics to eval-

ate the performance of various regular pool geometries. Here, five
ineering 90 (2016) 190–202 191

regular pool geometric scenarios were modeled to assess the effect
of changing length and/or width on the pool’s hydrodynamics. The
first scenario used the site fishway’s dimensions and had the small-
est lengths and widths. In the remaining four scenarios length and
width were increased incrementally until the accepted dimensions
recommended for design were reached in the fifth scenario.

It is expected that this study along with a concurrent hydraulics
study evaluating the characteristics of turning pools will be used
with field-based biological studies of fish passage and behavior at
the site fishway to provide engineers and biologists with tools to
evaluate the site fishway’s performance in terms of hydraulics and
fish passage (Marriner et al., 2014; Thiem et al., 2011; Thiem et al.,
2013).

2. Field study and numerical modeling

The Richelieu River flows north from its headwaters of Lake
Champlain, situated along the state borders of New York and Ver-
mont in USA, to Sorel-Tracey in southwestern Quebec, Canada. The
site fishway is on the Richelieu River 18 km upstream of the con-
fluence with the St. Lawrence River and is situated just outside of
Saint-Ours, Quebec. The fishway is on the west bank of the river
adjacent to the 180 m wide and 3.4 m high Saint Ours Dam. For
the period of 1938–2012 the Richelieu River’s average maximum
daily, average minimum daily, and mean discharges were approxi-
mately 800 m3/s, 175 m3/s and 360 m3/s, respectively (Wateroffice
Canada, 2015).

Built in 2001–2002, the site fishway is a vertical slot design con-
structed of reinforced concrete, with steel baffle walls. The site
fishway (Fig. 1) has 18 pools in total; 12 regular pools, 2 turning
pools, entrance and exit pools, and 2 pools immediately down-
stream of the entrance pool with slot openings in their centre. Three
segments of linearly regular pools are connected via 180◦ turning
pools (pools 8 and 13) at the segment ends.

Upstream river water enters the fishway through the entrance
pool, flows through pools 1–7, turns 180◦ in pool 8, flows through
pools 9–12, turns 180◦ in pool 13, flows through pools 14–16 and
then enters the river downstream of the dam through the exit pool.
The fishway has a linear length of 48.5 m and width of 9.60 m. Reg-
ular pools (i.e., pools 3, 4, 5, 6, 7, 9, 10, 11, 12, 14, 15, 16) are 3.50 m
long, l, and 3.00 m wide, b, see Fig. 2a. Turning pools (i.e., pools 8
and 13) are 6.30 m wide, bt. The back wall is semi-circular with a
radius, R, of 3.15 m.  Pool 13 has a maximum length, lt, of 3.50 m
from centre wall to back wall, see Fig. 2b, while pool 8 is shorter
with lt = 3.35 m.

The fishway floor elevations at the upstream entrance and
downstream exit are 4.85 and 2.30 meters above sea level (m.a.s.l.),
respectively, resulting in a 2.55 m elevation change. Table 1 sum-
marizes the pool floor elevations. Regular pools floors are sloping;
each pool has a 0.075 m elevation drop between the upstream and
downstream ends. In addition, Pools 3–16 have a 0.075 m eleva-
tion change between pools across the slot area. The sum of these
elevation changes produces a 3.95% slope for pools 3–16.

The upstream entrance pool has a 0.85 m wide gate. Pool 1 has
1.00 m and 1.20 m wide slots in the center of its upstream and
downstream baffle walls, respectively. Slots from the downstream
end in pool 2 through to the downstream end in pool 16 shared
a common design. The slot width, b0, is 0.609 m, the long baffle is
2.12 m long, attached to its end is a 1.0 m × 0.5 m guide extending
upstream. The short baffle is 0.46 m long. The slot opening is at a 57◦

angle to the longitudinal flow direction. The downstream exit pool

has a 3.50 m wide gate. The length and width to slot width ratios
in the site fishway’s regular pools are l = 5.75b0 and b = 4.9b0. These
are less than l = 10b0 and b = 8b0, established across North Amer-
ica and Europe as the recommended design dimensions for regular
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Fig. 1. The Vianney-Legendre vertical slot fishway (a) fishway and the adjacent west b

Table 1
Vianney-Legendre vertical slot fishway pool floor elevations, as measured in metres
above sea level (m.a.s.l.).

Pool floor elevation

Pool no. Upstream end
(m.a.s.l.)

Downstream end
(m.a.s.l.)

Entrance 4.85 –
1  4.85 4.795
2  4.70 4.625
3  4.55 4.475
4  4.40 4.325
5  4.25 4.175
6  4.10 4.025
7  3.95 3.875
8  3.80 3.725
9  3.65 3.575
10 3.5 3.425
11  3.35 3.275
12  3.20 3.125
13  3.05 2.975
14  2.90 2.825
15  2.75 2.675
16  2.60 2.525
Exit 2.45 2.30
ank of the river with a downstream (north) orientation, (b) plan view diagram.

pools (Clay, 1961; Bell, 1973; Larinier et al., 1999; Rajaratnam et al.,
1992b). Generally, it is accepted that the length and width of pools
can vary from 7 to 12 and from 5 to 9 times the slot width, respec-
tively (Wang et al., 2010).

Field measurements were gathered from July 18–29, 2011 and
from June 4–8, 2012. The Schlumberger Water Services Mini-Diver
pressure and temperature dataloggers were used to record contin-
uous water levels in the fishway pools. The manufacturer stated
an accuracy of ±0.005 m H2O, with a resolution of 0.002 m H2O
(Schlumberger Water Services, 2011). In 2011 dataloggers were
deployed from July 18–29 in pools 5, 8, 11, 13, and 15, at a mea-
surement frequency of 1 min. In 2012 dataloggers were deployed
from June 5–July 30 in pools 1, 6, 7, 8, 9, 12, 13, 14 and 15; at a mea-
surement frequency of 4 min. Parks Canada (2010) provided water
levels immediately upstream and downstream of the St. Ours Dam.
Water depths in Pools 3–16 were measured using a staff gauge on
July 22, 2011 from 5 to 5:30 pm EST.

Instantaneous point velocity measurements were recorded with
a Nortek Vectrino Acoustic Doppler Velocimeter (ADV) (Nortek

AS, 2011). Measurements were taken in pools 5, 8, 13 and 15. A
grid spacing of 0.50 m × 0.50 m was used for measurements, with
increased point densities in the slot and jet flow areas. All points
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Table 2
Summary of the regular pool geometry scenarios simulated using computational
fluid dynamics modeling.

Scenario Length,
l (m)

Width,
b (m)

Slot width,
b0 (m)

l:b0 b:b0 Slope (%)

1 3.5 3 0.609 5.75 4.9 3.95
2  4.87 3 0.609 8 4.9 3.95
3  6.09 3 0.609 10 4.9 3.95

the depth, h, of water in each pool is approximately the same; or
ig. 2. Plan view schematic diagrams of (a) a regular pool and (b) turning Pool 13
n  the Vianney-Legendre fishway.

ere recorded at a fixed elevation 0.50 m below the water sur-
ace. Attempts were made to also record points 1.50 m below the
ater surface; however, the ADV produced low quality data due to

arge vibrations in the setup. The manufacturer specified velocity
ata collected with the ADV to be accurate to ±0.5% of the mea-
ured value, with a maximum accuracy of ±0.001 m/s  (Nortek AS,
011). This study’s maximum recorded velocity was  1.40 m/s, theo-
etically accurate to ±0.01 m/s. Prior to data collection preliminary
esting was done to determine the required ADV sampling period
or accurate time-averaged velocity measurements. Sample test
eriods of 30–120 s were taken, and velocity became nearly con-
tant after 45 s. All point measurements were recorded for 180 s
t a sampling frequency of 25 Hz. Measurements were taken in the
, y, z coordinate system, which correspond to u, v, and w veloci-
ies averaged over the sampling period to produce time averaged
elocities. The data correlation ranged between 42.5% and 94.5% in
he time-averaged velocity measurements. All points had a corre-
ation value above 40% which is the minimum accepted correlation
or time-average velocity and therefore were deemed accurate.

Vertical velocity profiles within the fishway were measured
sing a Sontek 3.0 MHz  acoustic Doppler profiler (ADP). Profiles
ere recorded 0.61 m downstream of, and perpendicular to, the

lot as flow entered pools 4, 5, 8, 13, 14, 15 and 16, where bin
ize = 0.15 m and blanking distance = 0.2 m.  The ADP measures the

elocity profile over the full height of the water column. Simul-
aneous to recording velocities, the ADP recorded water depth in
ools 3–16.
4  4.87 4.87 0.609 8 8 3.95
5  6.09 4.87 0.609 10 8 3.95

A commercial CFD solver (ANSYS CFX) was  used to create
a numerical model simulating regular pools 3–7. The model
uses the finite volume method to solve the three-dimensional
Navier–Stokes equation using the standard k − ε turbulence model.
The model was  previously validated in a study focusing on the
hydraulics in the site fishway’s turning pool 13. A complete outline
of the model, model development, and corresponding boundary
conditions used is provided in Marriner et al. (2014).

As the site fishway’s regular pool dimensions are shorter and
narrower than recommended, this CFD model study was  under-
taken to assess how the smaller pool dimensions affected the
fishway hydrodynamics and jet velocity decay in comparison with
longer and wider dimensions. Five geometric scenarios were com-
pared; their dimensions are summarized in Table 2. Two widths
b = 4.9b0, 8b0 and three lengths l = 5.75b0, 8b0, 10b0 were tested.
Scenario 1 represented the site fishway l = 5.75b0, b = 4.9b0. Scenar-
ios 2, 3, and 4 were incrementally wider and/or longer than Scenario
1; and Scenario 5 had the recommended design dimensions l = 10b0,
b = 8b0. By increasing l and b dimensions independently from the
site fishway’s dimensions (Scenario 1) to the recommended dimen-
sions (Scenario 5), each variable’s effect on flow structure and jet
velocity decay were shown. This is important to designers because
it allows them to understand the significance of dimensions and
can help them to make more informed decisions when assessing
existing or constructing new fishways.

3. Results and discussion

3.1. Water surface profiles

Water levels in the Richelieu River typically peak in late April to
early May  during spring freshet. Upstream of the dam water lev-
els fluctuate naturally until they drop to 6.85 m.a.s.l. This typically
occurs in June or July, after which water levels are maintained at
6.85 m.a.s.l. ± 0.1 m during the summer months to support recre-
ational boater traffic. Downstream of the dam water levels decrease
naturally until September when they reach their annual minimum.
During the spring and summer of 2011 abnormally high water lev-
els were present throughout the Richelieu River system. Water
levels in 2012 were less extreme and closer to historical averages
(MDDEP (1) and (2), 2013).

In the spring during freshet high water levels can flood the entire
site fishway. In less severe cases a portion of the downstream end
of the fishway may  be submerged. Under high water levels, the
site fishway is typically submerged such that when the dam gates
are opened there is a negligible difference in water levels between
the upstream and downstream sides. Under these conditions the
fishway is non-operational; fish can simply swim past the lowered
dam barriers and continue on upstream unimpeded.

Due to the great influence of tailwater river levels, the water
surface profiles in a vertical slot fishway can be uniform, where
non-uniform, with a backwater profile (M1  curve) or a drawdown
profile (M2  curve) (Chow, 1959; Rajaratnam et al., 1986). Fishways
are designed to run at uniform flow condition as this will require
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Fig. 3. Water surface elevations for Pools 3–16 of the Vianney-Legendre 

he minimum fishway length by having an equal water level drop
n each pool. When the tailwater level rises above the uniform
ondition, the water level drop between pools, �h, close to the
ownstream end of the fishway decreases. The backwater condi-
ion may  diminish fish attraction to the fishway entrance due to
ower flow velocities from decreased �h  values. On the other hand,

hen the tailwater level drops below the uniform flow level (draw-
own profile or M2  curve), �h  increases towards the downstream
nd of the fishway. The drawdown condition is not desired given
he potential of excessive flow velocity created by a larger �h.
With an M1  curve, the slope of the water surface profile inside
he fishway is less than the fishway pool floor slope, whereas it
s greater with an M2  curve. Under uniform flow conditions the
alues of h and �h  are constant through all pools, and the water
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surface and pool floor slopes are equal. The water surface profiles
of M1  type backwater curves, uniform flow conditions, M2  type
drawdown curves, and measured water surface profiles on July 22,
2011 and June 6, 2012 plotted against the site fishway’s pool floor
elevations are shown in Fig. 3.

In both data sets (July 22, 2011 and June 6, 2012) flow was found
to be non-uniform with an M1  type backwater curve, as shown
in Fig. 4. The water surface profile approached uniform flow con-
ditions at the upstream end of the fishway, from the entrance to
pool 8. Here the flow was less affected by the high tailwater lev-

els in the river downstream of the fishway, resulting in a slower
rate of increase to h in this section. After the transition in pool 8
the water surface profile was more strongly affected by tailwater
levels and h increased more rapidly. The M1 backwater curve in
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oth data sets showed the effect the river’s tailwater levels had on
he site fishway’s water surface profile. The flow into the upstream
ntrance was constant with the upstream water levels maintained
t 6.85 ± 0.1 m.a.s.l., therefore the natural fluctuation of the tail-
ater levels was the controlling factor of the water surface profile

hrough the site fishway. In the spring and early summer, when
ailwater levels are high, there will be an M1  backwater curve. It
s noted that the fishway behaves as a mild sloping channel. The
igh rate of energy dissipation in the pools enables the fishway to
ehave as a mild sloping channel even though it has a steep slope.

A fishway design needs to take into consideration the water
urface profile because it will vary throughout the year depend-
ng on river discharge. Traditionally, fishways were designed to
ass salmon whose upstream migrations are concentrated over
horter periods of time each year. Now as fishway design evolves
o encompass fish communities, there are more variables to be
ccounted for in the design of a fishway. For example, having a
niform water surface profile may  be targeted in the middle of the
nnual period of use, to allow for passage to occur for as long as
ossible on either side of the middle of the desired passage period.

n this way a fishway can accommodate a wide range in natural
ariables into its operation. These natural variables include: fluc-
uating river conditions from year to year, whether the river is a
ontrolled or uncontrolled system, variability in migration times
ithin a species, duration of species migrations, various migration
eriods of design target species, and desired annual duration of
shway operation. Each fishway will have its own unique set of
atural variables. Further study is required to assess the site fish-
ay’s annual operational duration and associated patterns of fish
assage over this period of time.

.2. Water depth and discharge relationship

For the site fishway, the relationship between the discharge
nd corresponding average pool water depth was investigated. This
elationship is essential when dimensioning a VSF. The flow rate,
, through a vertical slot can be predicted following the equation
roposed by Clay (1961):

 = Cd

√
2g�h  ∗ (b0h) (1)

here Cd is a discharge coefficient, b0 is the slot width, h is the
ow depth at the upstream side of the slot, and �h  is the change

n water level across the slot. In Eq. (1) Cd

√
2g�h  and b0h repre-

ent the flow velocity and flow area components, respectively, of Q.
ajaratnam et al. (1992a) in their laboratory experiments predicted
alues of Cd = 0.3–1.3 for a variety of vertical slot designs tested.
hey measured Cd = 0.6–0.8 for a Design 1 type regular pool; the
affle geometry in Design 1 closely resembles the design of the site
shway’s baffles.

Eq. (1) was used to determine Cd for the site fishway. Using a
nown Q = 1.63 m3/s from measurements taken in July 2011, and a
nown h measured in slot 3, an iterative solver was used to calculate

 in slots 3–16, where the slot number represents the pool the flow
s entering. Predicted h values were then compared to h values mea-
ured in the field on July 7, 2011 and June 6, 2012. The solver was
epeated increasing or decreasing Cd until there was strong agree-
ent between the predicted and measured data sets. On July 7,

011 h values were recorded at the centre of the downstream long
affle wall in the pool upstream of the slot, and h measurements
n June 6, 2012 were recorded 0.61 m downstream of the slot cen-
er. In both cases h measured was assumed to be approximately

qual to h in the slot and therefore acceptable for comparison to h
redicted in Eq. (1).

The comparison of h predicted against h measured on July 7,
011 and June 6, 2012, respectively, is shown in Fig. 4. Here the
ineering 90 (2016) 190–202 195

two different flow sections are shown. From the entrance of the
fishway downstream to pool 8 Cd = 0.86, and from pool 8 to pool 16
Cd = 0.95. In pool 8, which is the upstream turning pool, a transition
in the flow occurs. There was  strong agreement between predicted
and measured h values, with the mean absolute error (MAE) equal
to 0.01 m on July 7, 2011 and 0.04 m on June 6, 2012.

The discharge coefficient (Cd) is a function of various parame-
ters including: pool geometry, flow depth, flow rate, and velocity.
At the site fishway Cd was  greater than the 0.6–0.8 calculated by
Rajaratnam et al. (1986) in a Design 1 regular pool. This was because
less jet velocity decay occurred through the shorter and narrower
regular pools in the site fishway (discussed later). Less decay led
to larger residual velocities traveling through the pool, resulting in
greater jet velocities and a correspondingly larger Cd (in compari-
son to a Design 1 regular pool). Also, Cd values at the site fishway
were significantly greater than 0.65–0.75, generally adopted when
designing vertical slot fishways in France (Wang et al., 2010).

3.3. Flow patterns and velocity

The velocity field diagrams in the x, y-plane at 0.5 m below the
water surface for pools 5 and 15, are shown in Fig. 5. It is important
to note that due to field constraints, point velocities were measured
following a coarse grid and measurements were not taken close to
the pool walls. Jet flow entered the pool through the upstream slot,
traveling downstream in the direction of the opposite corner (at the
intersection of the downstream long baffle and longitudinal walls).
As the jet flow approached the pool’s center it turned, curving in
the direction of the slot, and flowed downstream out of the pool
through the slot. The jet energy was dissipated as the jet flowed
through the pool. Two  resting areas were generated in the pool,
one on either side of the jet flow. They are characterized by low
velocities and flow recirculation, provide resting spaces for fishes
ascending the ladder (Wang et al., 2010).

Previously, different studies (e.g., Wu et al., 1999; Liu et al., 2006;
Wang et al., 2010) have concluded that there are two typical flow
patterns in a regular pool depending on the pool’s slope and width,
referred to as FP1 and FP2. In FP1, the principal flow leaving the
slot enters the pools as a curved jet which disperses into the pool
center before converging again towards the next slot, and in FP2,
the jet has a curved form and hits the opposite side wall. The flow
pattern in pools 5 and 15 was similar to flow pattern FP1, where a
jet from the slot that traversed the pool with decreasing velocity
and two  recirculation zones were generated, one on either side of
the jet (although the large recirculation zone was  not very clear-cut
due to lack of detailed measurement points, as mentioned above).
Wang et al. (2010) also found the flow pattern to be similar to FP1
for b/b0 < 7 and at a low slope (5%).

In contrast with regular pools, flow patterns in the turning pools
saw jet streamlines flowing around a large circular concentric recir-
culation area in the pool center. Due to the asymmetric geometry
the jet did not enter through the pool’s center and there were
flow recirculation eddies sitting on either side of the jet (Marriner
et al., 2014). A detailed analysis of the site fishway’s turning pool
hydraulics can be seen in Marriner et al. (2014).

A detailed study of hydrodynamics in regular pools was com-
pleted using a numerical model. The numerical study examined
the flow patterns of five different geometric ratios for l/b0 vary-
ing from 5.75 to 10 and b/b0 varying from 4.9 to 8 at a 3.95% slope.
Wang et al. (2010) observed the flow patterns for length l = 10b0 and
widths ranging from b = 5.7b0 to 9.0b0. Earlier studies focused on
length and width ratios of l = 10b0 and b = 8b0, respectively. Study-

ing a range of lengths and widths enabled us to identify the changes
in flow patterns due to varying both pool length and width.

The velocity distributions in the horizontal plane parallel to the
floor at depth of z = 0.5 h for the five scenarios simulated using
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Fig. 5. Time-averaged velocity field in the x–y plane 0.50 m below the

FD modeling are shown in Fig. 6. The results confirmed that the
ow pattern in Scenarios 1 and 4 was similar to flow pattern FP1,
hereas in Scenarios 2, 3, and 5 it was similar to pattern FP2. At a

lope of 5%, Wang et al. (2010) found the transition between FP1
nd FP2 takes place when b/b0 was very close to 7.0. Therefore, fol-
owing this observation by Wang et al. (2010), the flow patterns
n Scenarios 2–3 and Scenario 4 are in disagreement with these
esults. Depending on the regular pool length and width ratio (l/b),
he present results demonstrated two distinct flow patterns (FP1
nd FP2), occurred for l/b < 1.1 and l/b > 1.3, respectively, and an
pparent transition between FP1 and FP2 takes place for a l/b ratio
f about 1.2. Therefore, it is concluded that the flow in a regular pool
s influenced by the length to width ratio (l/b). It is recommended
hat future physical and numerical model studies are undertaken
o investigate different shape ratios, l/b, to confirm the transition
etween FP1 and FP2.

To understand the behavior of the jet flow formed at the slot,
umerical results were used following the jet trajectory. Fig. 7
hows the transverse distributions of the mean jet velocity, Uj, in
he xj direction for Scenario 1, where Uj is the time-averaged longi-
udinal jet velocity and xj is the distance along the curved jet center
ine from the entrance slot. The flow was similar to the Gaussian
istribution of a plane turbulent jet (Rajaratnam, 1976). However,
he structure was not symmetric about the xj axis because the jet
oes not enter through the pool’s center and there were flow recir-
ulation regions on either side of the jet. The velocity Uj is made
imensionless by dividing it by Usm, where Usm is the maximum
ime-averaged slot velocity in the xj direction.

The dissipation of jet velocity was evaluated for Scenarios
–5 and is shown in Fig. 8. The normalized maximum jet veloc-

ty Ujm/Usm is plotted against xj/0.5b0, where Ujm represents the
aximum jet velocity at a distance xj from the entrance slot. Cor-

esponding curves are plotted for a plane turbulent jet and the

ean curve from a previous study of a Design 18 (Liu et al., 2006;

ajaratnam et al., 1992b) regular pool. Measurements are taken
tarting at xj/0.5b0 = 0.7. Scenarios 1 and 5 had the shortest and
ongest length of jet (xj/0.5b0 = 8.7 and 18.1) and the corresponding
r surface in the Vianney-Legendre fishway (a) Pool 5, and (b) Pool 15.

value of normalized jet velocity (Ujm/Usm) was about 0.7 and 0.3,
respectively. The length of jet was 0.48 times shorter and the cor-
responding normalized jet velocity was about 2.1 times larger in
Scenario 1 as compared to Scenario 5. The jet velocity decay in all
scenarios was similar to that found by Liu et al. (2006):

Ujm

Usm
= 1 − 0.035

xj

0.5b0
r2 = 0.77 (2)

At a distance of xj/0.5b0 = 12, the ratio Ujm/Usm for the jet travel-
ling in the pool was  around 0.4–0.6 in all scenarios. These values lie
between the values found by Wu  et al. (1999), Wang et al. (2010),
and Liu et al. (2006), respectively 0.4, 0.4–0.5, and 0.5–0.6. It can be
concluded that less jet velocity dissipation occurred in the shorter
regular pool design used in the site fishway (Scenario 1) than the
longer recommended design geometry (Scenario 5), which resulted
in larger jet velocities through the pool. The jet velocity decay in
all five scenarios was  more rapid than in a plane turbulent jet. The
rapid velocity decay is attributed to the flow entrainment and recir-
culation zones surrounding the jet flow caused by the longitudinal
pool walls. Subsequently, the velocity decays faster in the turning
pool as compared to a regular pool (Marriner et al., 2014). The more
rapid decay in a turning pool is thought to be caused by the 180◦

turn required in the pool.
The field results show that Usm in the core of the jet was very

close to Utheor =
√

2g�h. Wang et al. (2010) found that the maxi-
mum value of the velocity is reached in the jet at a distance from
the slot slightly higher than the width of the slot. Using Utheor =√

2g�h  as a method of predicting maximum velocity in a vertical
slot fishway has been previously used by Rajaratnam et al. (1986),
Wu et al. (1999), and Liu et al. (2006) with good accuracy. Pools 5,
8, 13 and 15 had maximum measured velocity magnitude, Usm, of
1.36 m/s, 1.40 m/s, 1.15 m/s  and 1.00 m/s, respectively, see Table 3.

The field ADV was used to measure Usm in each of the 4 pools. Values
of Usm in pools 5 and 8 were greater than in pools 13 and 15 because
�h was  higher in the upstream portion of the fishway than the
downstream. In pools 5, 13, and 15 Usm was compared to Utheor using
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h  recorded at the time of Usm measurement. Utheor was 28% greater

han Usm in pool 5, 16% greater in pool 13, and Utheor is equal to Usm in
ool 15, see Table 3. These results are consistent with other studies
one on vertical slot fishways without turning pools which found
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ig. 7. Normalized distribution of longitudinal mean velocity in Scenario 1 jet flow.
 b = 3.0 m;  (b) Scenario 2, l = 4.87 m × b = 3.0 m;  (c) Scenario 3, l = 6.09 m × b = 3.0 m;
d line is the fish passage path at depths of 0.5 h along which fish passage energetics

Usm and Utheor to be nearly equal (Liu et al., 2006; Wu et al., 1999).

As well, the measured maximum velocity (Usm) in the turning pool
13 was 1.15 m/s  and calculated Utheor is 1.33 m/s, where Utheor is
16% greater than Usm (Marriner et al., 2014). Therefore, these data

Fig. 8. Variation of normalized maximum velocity Ujm/Usm with xj/0.5b0 for Scenar-
ios  1–5.
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Table 3
Velocity and flow rate field results recorded at the Vianney-Legendre fishway in July
2011.

Parameter Pool 5 Pool 8 Pool 13 Pool 15

Usm (m/s) 1.36 1.40 1.15 1.00
Utheor (m/s) 1.74 N/A 1.33 0.99
Q  (m3/s) 1.54 1.79 1.62 1.57
h  (m)* 1.89 2.09 2.34 2.58
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b0 (m)  0.609 0.609 0.609 0.609

ote: * h is presented at the time Usm was recorded.

uggests Utheor can be used in vertical slot fishways with turning
ools to estimate Usm in both regular as well as turning pools.

Previously it was shown that high vertical velocity components
re likely to influence the behavior of fish, particularly if veloci-
ies exceed the burst swimming capacity of fish (e.g., Peake et al.,
997). The maximum vertical velocity magnitude measured in field,
m, was 0.29 m/s  (Wm = 0.23Usm) and 0.26 m/s  (Wm = 0.26Usm) in

ools 5 and 15, respectively. In FP 2, Liu et al. (2006) found that
he maximum vertical velocity can reach 20% of Usm. The corre-
ponding values in the turning pools 8 and 13 were 0.15 m/s  and
.14 m/s, respectively, less than 10% of Usm in both pools (Marriner
t al., 2014). The maximum upward positive velocities were down-
tream of the slot, after the jet entered the pool, and in the low
elocity area adjacent to the longitudinal wall between the two
hort baffles. Maximum downward negative velocity was located
pstream of the slot entrance. The mean vertical velocity, W,  was
.12 m/s  and 0.091 m/s  in pools 5 and 15, respectively. The time
veraged vertical velocity, w̄,  was less than 0.1Usm in most areas of
he pool; this allows fish to choose any preferred swimming depth
Liu et al., 2006), as long as velocities are sufficient to motivate
pstream movements for the species and sizes migrating.

The detailed flow hydraulics or flow patterns in the horizontal
lane parallel to the floor had previously been identified by differ-
nt authors (Wu et al., 1999; Larinier et al., 1999; Liu et al., 2006;
ang et al., 2010). However, limited study examining flow pattern

etails in the vertical plane exists. The site fishway’s velocity pro-
les and flow patterns in the vertical plane were investigated using
eld and numerical results.
The velocity profiles in regular pools 4, 5, 14, 15, and 16
easured using the ADP are shown in Fig. 9. Velocity is plotted

gainst normalized flow depth, z/h, where z is the depth of flow
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ig. 9. Velocity profile 0.61 m downstream of the slot in Pools 4, 5, 14, 15 and 16
easured on June 6, 2012.
Fig. 10. The four longitudinal (A, B, C, and D) and two transverse (E and F) vertical
cross sections are considered to examined the details flow patterns in Scenario 1.

beneath the water surface. Focusing on pools 5 and 15, velocity
was fairly constant from the water surface to halfway down the
water column (z/h = 0.5). Then at the approximate depth of z/h = 0.5
velocities began to decrease with increasing depth towards the
pool floor. This decay in velocities towards the pool floor indicates
that fish swimming close to the pool floor are exposed to slow
velocities than fish higher up in the water column.

To assess the spatial variations of velocity magnitude in the
vertical plane, six vertical cross sections were taken from the Sce-
nario 1 numerical modeling results of pool 5 to show regions of
upwelling and downwelling, as well as the formation of eddies and
dead flow zones that have potential importance for fish migration.
The location of the four longitudinal and two transverse vertical
cross sections are shown in Fig. 10. Longitudinal cross sections (A,
B, C, and D) show the two dimensional velocity in the x–z plane and
the transverse cross sections (E, and F) show the two dimensional
velocity in the y–z plane, see Fig. 11.

Longitudinal cross-section A is adjacent to the side wall between
the two short baffle walls. In the upstream half of the pool, the
velocities were relatively low (0.30 m/s) in the upstream direc-
tion. In the downstream half of the pool, flow changed direction,
increasing with downstream pool distance, as it accelerated into the
slot. In the center to downstream end of A, upwelling occurs, with
water being supplied from the interior of the pool and downwelling
occurs in the area adjacent to the upstream short baffle. B runs from
the center of the upstream slot to the center of the downstream slot.
At the upstream and downstream ends of this cross section are the
entrance and exit slots, and the velocity magnitude was a maxi-
mum at these two locations. Away from the two  slots, velocities
decayed away from the upstream slot entrance, and then increased
towards the downstream slot exit. Jet flow dominated and was in
the downstream direction through the length of this section. Ver-
tical velocity was minimal in this section. In C, velocity reached
a maximum of 0.90 m/s  in the center of the pool and decreased
away from the center in the upstream and downstream directions,
with a minimum magnitude of 0.30 m/s. Upwelling occurred adja-

cent to the upstream long baffle wall in the downstream direction
and there was  downwelling in the downstream direction between
the tip of the slot baffle and the downstream long baffle wall. D
had the lowest velocity magnitude (≤ 0.3 m/s),  and the flow was in
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ig. 11. Spatial variations of velocity magnitude and streamlines along four longit
ool  5 of Scenario 1.

he upstream direction over the section’s full length. Downwelling
ccurs adjacent to the upstream and downstream ends.

Transverse cross sections E and F had similar spatial velocity
ariations. Both had a prominent jet region over the water column’s
ull height, with lower velocity recirculation zones surrounding the
et region. In E the jet’s core was highly concentrated after entering
he pool through the upstream slot and velocity magnitudes decay
apidly away from the concentrated core. E had a maximum veloc-
ty of 1.4 m/s  in the jet core. In F the jet has grown laterally and its’

aximum velocity had decayed in comparison with E. Here, the
aximum velocity was 1.10 m/s.

.4. Kinetic energy and dissipated power

The mean flow kinetic energy per unit mass, K, is described as;

 = 1
2

(U2 + V2 + W2) (3)

here, V is the time-averaged velocity in the transverse direction.
s shown in Fig. 12, the non-dimensional kinetic energy, K0.5/Usm,

n pools 5 and 15 was maximum downstream of the slot entrance.
inetic energy then dissipated rapidly as jet velocity decays as it

ravelled through the pool. The rapid decay was caused by entrain-
ent of recirculating flow on either side of the jet. Away from the
et area, K1/2 was typically less than 35% of Usm in the rest of the pool.
he pools at the site fishway had less kinetic energy dissipation as
ompared to results found by Liu et al. (2006) in a laboratory study
f regular pools. This is because the regular pools at the site fishway
l vertical sections (A, B, C, and D) and two transverse vertical sections (E and F) in

were shorter and narrower than pools following the recommended
design dimensions. In the shorter and narrower pools less energy
decay occurs which produced higher kinetic energy than in pools
of recommended design.

Average volumetric energy dissipation rate (ε̄) in the pool is cal-
culated using ε̄  = �gQ�h/(blh), where � is the water density, and
Q was calculated as Usmb0h. An average Q equal to 1.63 m3/s was
calculated across the pools measured, see Table 3. The estimated
ε̄ in pools 5, 13 and 15 was  about 130, 60 and 30 W/m3, respec-
tively. According to Marriner et al. (2014), the estimated ε̄ was
29 W/m3 in the turning pool. Volumetric energy dissipation is gen-
erally considered acceptable if ε̄ < 200 W/m3 for salmonids, and
if ε̄ < 150 W/m3 for cyprinids (Larinier, 2002). For American/Allis
shad and weaker riverine species, Larinier (2002) suggested ε̄
should be less than 150 W/m3.

4. Fishway design evaluation

Fishway hydrodynamics were investigated for Scenarios 1–5
using CFD modelling to identify the effective regular pool dimen-
sions. In general, when designing for fish passage the first priority
is to reduce the maximum velocity such that it is less than the
burst speed of ascending fish. Reducing the maximum velocity

(maximum head difference between pools) that will in turn result
in lower values of turbulence both within the jet and potential
resting areas. This reduction also results in lower values in the
volumetric dissipated power (Wang et al., 2010). Moreover, having
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Fig. 12. K0.5/Usm in (a) Pool 5 and (b)

 low-velocity zone (resting zone) in each pool is a key element
or fish migration. In a pool, velocity must be kept under 0.30 m/s
n 30% to 50% of the pool’s volume (Bell, 1986). Wang et al. (2010)
oncluded that the recommended design (l = 10b0 and b = 8b0) met
his criterion for a slope of 5% (36–64% of the volume where veloc-
ty < 0.30 m/s). Therefore, designs simulated were evaluated based
n slot maximum velocity (Usm) and average volumetric energy
issipation (ε̄). In addition, turbulence parameters (i.e., the maxi-
um  turbulent kinetic energy (TKEm), average energy expenditure

er unit distance (E), and maximum momentum of the eddy (˘m)
n fishway pools are important to migrating fish and therefore also
mportant to evaluate (Khan, 2006; Tritico, 2009; Silva et al., 2011).

TKEm = 1
2 (u′2

rms + v′2
rms + w′2

rms), where u′, v′, w′ are the longitu-
inal, transverse, and vertical fluctuating velocities, respectively.

 is estimated from E =
∫ S

0
FdS, where F = 0.5CD�As(Uw − Uf )2 is

he drag force acting on a fish body, CD is the drag coefficient, As

s the wetted surface area of fish, Uw is velocity of flow, and Uf is
wimming velocity of fish. Finally the effect of an eddy, impinging
n a fish associated with a change in momentum that may  cause
ranslational/rotational displacement of the fish, was  analyzed to
valuate the pool designs. The maximum momentum of the eddy
˘m) in the horizontal plane is estimated by ˘m = 0.25�AωzLwD,
here A is the integrated area of the eddy, ωz is the vorticity in hor-

zontal plane, Lw is the fish body width (assuming Lw = 15 cm for the
ake sturgeon), and D is the eddy diameter equivalent to A (Tritico,
009).

The predicted fishway hydrodynamics for five different scenar-

os are summarized in Table 4. Simulated Usm was 1.4, 1.3, 1.2, 1.3,
nd 1.1 m/s  for the Scenarios 1 through 5, respectively. Therefore,
sm was lower than the critical velocity of 2 m/s  and the burst swim-
ing speed of 2.52 m/s  measured for the white sturgeon (Webber

able 4
ummary of fishway hydrodynamics using CFD simulation for Scenarios 1–5.

Scenarios Am (m2) Usm (m/s) TKEm (m2/s2)

1 4.81 1.4 0.15 

2  7.92 1.3 0.11 

3  12.22 1.2 0.08 

4  11.01 1.3 0.14 

5  19.25 1.1 0.12 
(b)

5 of the Vianney-Legendre fishway.

et al., 2007). At z = 0.5 h, TKEm in the pool was about 0.15, 0.11, 0.08,
0.14, and 0.12 m2/s2 for the Scenarios 1 through 5, respectively.

For the turning pool in this fishway, Marriner et al. (2014)
categorized the TKEm levels as high (TKEm > 0.05 m2/s2) in the ver-
tical slots, and low (TKEm < 0.05 m2/s2) throughout the remainder
of the pool. Comparatively, TKEm values have been measured at
0.113 m2/s2 in a regular pool (Liu et al., 2006), 0.0676 m2/s2 in a
pool-type fishway with offset (i.e., alternating) orifices (Silva et al.,
2011), 0.4–1.2 m2/s2 in a pool type fishway with either a slot or
an orifice (Guiny et al., 2005), and 0.6 m2/s2 in a culvert retrofitted
with baffles for fish passage (Morrison et al., 2008). The average
volumetric energy dissipation rate (ε̄) through Scenarios 1–5, was
149, 93, 74, 59, and 44 W/m3, respectively (Table 4).

The variations in average energy expenditure per unit distance
(Ē) for the sturgeon at different scenarios were investigated in this
study. Assuming a fish passage path at depths of 0.5 h for scenarios
1 through 5 (Fig. 6a). The fork length of the sturgeon 1.213 m (Thiem
et al., 2011), and its constant burst swimming speed Uf = 2.52 m/s
(Webber et al., 2007) were used. Khan (2006) used a similar compu-
tational procedure for determining energy expenditures by salmon
for a vertical slot fishway. E for Scenarios 1 through 5 was 10.2, 7.3,
6.9, 7.4, and 6.6 J/m, respectively (Table 4). Comparatively, Ē has
been estimated from 5.4 to 7.6 J/m for the salmon Oncorhynchus
spp. in a vertical slot fishway by Khan (2006).

In this study, A and ωz were estimated from the simulated results
to estimate the maximum momentum of the eddy (˘m). The esti-
mated ˘m was 6786, 5975, 10,118, 10,795, and 13,124 kg.m/s for

scenarios 1 through 5, respectively (Table 4). Note that there is a
correlation between eddy size and fish body length, in terms of how
the eddy will affect the swimming capabilities of fish (Tritico and
Cotel, 2010; Webb and Cotel, 2010; Silva et al., 2012).

ε̄ (W/m3) Ē (J/m) ωz (s−1) ˘m (kg m/s)

149 10.2 5.1 6786
93 7.3 5.3 5975
74 6.9 5.0 10118
59 7.4 5.0 10795
44 6.6 4.9 13124
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Therefore, based on lowest values of maximum slot velocity,
aximum turbulent kinetic energy, average volumetric energy

issipation rate, and average energy expenditure per unit distance,
cenario 5 (l = 10b0 and b = 8b0) was the optimal alternative in
omparison to Scenarios 1, 2, and 4. Scenario 5 was also the recom-
ended design by Bell (1973), Larinier et al. (1999), and Rajaratnam

t al. (1992a,b), based on overall hydraulic performance and sim-
licity in construction. It is noted that the longer pool length in
cenario 5 caused the maximum momentum of the eddy to be
igh. Scenario 3 was the 2nd choice because it had the 2nd lowest
alues of the above parameters. Scenarios 3 and 5 demonstrate that
onger pool lengths provide better overall hydrodynamics for fish
assage in comparison to the shorter length or greater pool width.

. Conclusions

This paper presented the results of a field and numerical study
nvestigating the overall hydraulics of the Vianney-Legendre ver-
ical slot fishway on the Richelieu River in Quebec, Canada. The
ianney-Legendre fishway has a number of unique engineer-

ng design elements (i.e.: turning pools, low overall slope, and
on-optimal regular pool dimensions) and annually passes approx-

mately 35 species. Moreover, it is one of a very few fishways world-
ide to have demonstrated passage of sturgeon (Thiem et al., 2011).

The fishway was found to have non-uniform flow with an M1
ype backwater curve, which is characterized by increasing water
evels towards the downstream end of the fishway. At the site,
he flow rate and water surface profile were predicted using Q =
d

√
2g�h  ∗ (b0h) under different tailwater levels. Herein, Cd = 0.86

or the pools 1–7 under near uniform flow condition was very close
o the lower bound of recommended Cd values (0.87–0.90). Flow
onditions were non-uniform from pools 8 to 16, where Cd = 0.95
as slightly higher than the upper bound of recommended values.

d at the site fishway was greater than the 0.6–0.8 calculated by
ajaratnam et al. (1986) in a Design 1 regular pool.

The flow pattern in regular pools 5 and 15 was similar to the
rincipal flow pattern. The flow patterns in turning pools were
ighlighted by a large recirculation area, where the jet did not enter
hrough the pool’s centre due to the asymmetric geometry and
here were two flow recirculation eddies sitting on either side of the
et. The field results showed that the measured maximum velocity
Usm) in the core of the jet in both regular and turning pools was
ery close to Utheor =

√
2g�h. Velocity was fairly uniform in the top

.0 m of the pool, below which velocity decays with depth towards
he pool floor. The maximum vertical velocity was  about 23% and
6% of Usm in pools 5 and 15, respectively. The corresponding values

n the turning pools 8 and 13 were about 10% of Usm.
A computational fluid dynamics (CFD) model study was  used

o examine the detailed flow field in the regular pool. The sim-
lated results demonstrated two distinct flow patterns occurred
or l/b < 1.1 and l/b > 1.3, respectively, and an apparent transition
etween two  patterns took place for a l/b ratio of approximately
.2. The jet velocity decay in all five scenarios was  more rapid than

n a plane turbulent jet. Subsequently, the velocity decayed faster
n the turning pool as compared to a regular pool.

The numerical model study evaluated the performance of vari-
us regular pool geometries. Based on lowest values of maximum
lot velocity, maximum turbulent kinetic energy, average volumet-
ic energy dissipation rate, and average energy expenditure per unit
istance, Scenario 5 (l = 10b0 and b = 8b0) was the optimal design
lternative to Scenarios 1–4. Scenario 5 was also recommended in

revious studies.

It is important to note that the regular pool dimensions at the
ite fishway were not hydraulically optimal. Yet, in spite of this the
ite fishway was successful in terms of fish passage, demonstrating
ineering 90 (2016) 190–202 201

some design flexibility. The overall low slope overcame the non-
optimal regular pool design dimensions and produced a fishway
with hydraulics suitable to fish passage, as evidenced by the pas-
sage success rates and number of species that pass annually. The
site fishway was more compact in design, more economical to
build, and has been proven to successfully pass multiple species
of fish. Further study is needed to optimize the trade-off between
economics and hydraulics in this and other vertical slot designs.
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