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Abstract: Flow structures at a river diversion juncture are complex and have been studied extensively.
Their impact on the juvenile salmon entrainment into the side channel, however, is less investigated,
and based mostly on empiricism. In this study, a Eulerian fish tracking model is developed and
used in conjunction with a 3D flow solver to quantitatively evaluate the implications of complex
flow characteristics at typical junctures on fish entrainment. First, the flow model is validated
with the available experimental data, key flow structures are examined using the results, and their
implications for fish entrainment are discussed. Next, the numerical fish tracking model is used to
show that the cross-sectional fish distribution immediately upstream of a juncture is an important
factor that controls fish entrainment efficiency. Fish entrainment efficiency curves are developed for
different flow diversion ratios and fish distribution patterns and used to shed light on the reasons
behind some field-observed fish entrainment patterns. Further, the model is used to show that the
secondary flow in a river bend may have a significant impact on fish entrainment at flow junctures,
in agreement with field observations. Finally, a submerged vane is demonstrated to be a potential
management option to locally generate secondary flows upstream of a juncture to achieve the desired
fish entrainment property.

Keywords: fish track; fish entrainment; fish passage; juncture flow; CFD

1. Introduction

Flow diversion is encountered frequently in rivers, whether manmade or natural. Man-
made diversion has been applied for several purposes including water supply (irrigation
canals or run-of-the-river intakes) and stream restoration (e.g., side channel construction).
Natural diversion includes river bifurcation which separates river flows into two or more
streams and occurs often in meandering and braided rivers.

Flow at a diversion juncture is complex and has been the subject of extensive stud-
ies [1–4]. The complex juncture flow structures are illustrated in Figure 1, which identifies
multiple flow zones as discussed in [1]: a primary separation zone near the entrance of
the side channel, a stagnation zone at the downstream corner of the junction, a potential
secondary separation zone in the main channel on the opposite side of the juncture, and
a contraction flow zone in the side channel. Further, two secondary circulations (helical
motions) are usually generated due to the intricate interactions among the longitudinal pres-
sure gradient, shear force, and curvature-induced centrifugal force; a clockwise secondary
circulation is formed along the right wall of the side channel, while a counter-clockwise
secondary flow is developed along the left wall of the main channel downstream of the
juncture. The relative strengths of the secondary flows, recirculation zones, and the associ-
ated flow turbulence are dictated by the total flow in the main channel, the percentage of
flows diverted into the side channel, and the juncture geometry (e.g., side channel angle,
cross-section shape, sill elevation, and channel width and depth). The flow structures
may change in time in a natural environment due to the unsteady flow hydrology or
tidal influence.
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structures may change in time in a natural environment due to the unsteady flow hydrol-
ogy or tidal influence. 

 
Figure 1. Schematic illustrating major flow structures at a typical flow juncture according to [1]. 

The complex flow structures at a diversion juncture have led to non-intuitive, yet 
interesting, phenomena of practical importance. One such phenomenon is the bedload 
transport process at the juncture—first reported by Bulle [5]. The so-called Bulle Effect 
refers to the condition where the proportion of incoming bedload that enters the side 
channel is significantly higher than the proportion of incoming flow that is diverted. For 
example, with a 50% water diversion, about 90% of the bedload would enter the side chan-
nel. Since the Bulle study, a large body of literature has been devoted to the sediment 
entrainment study at flow junctures in an attempt to explain the mechanisms behind this 
disproportion. See the recent review by Dutta and Garcia [6] for a thorough discussion. 

Similarly, the juncture flow features are expected to have notable impacts on fish en-
trainment into the side channel. However, few studies have been reported on the subject, 
which motivated the present research. In recent years, fish biologists have become inter-
ested in this subject as a way to influence the entrainment of fish towards pathways of 
higher survival and away from pathways of lower survival. The downstream migration 
of juvenile anadromous salmonid has been a subject of intense interest over the years. 
These fish often travel great distances from spawning habitats in freshwater rivers to the 
ocean, sometimes located hundreds of kilometers away. As juveniles migrate down-
stream, they may encounter different rearing habitats and migration routes. Some of the 
routes are advantageous for fish survival and growth, such as those with productive 
floodplains and side channels [7–9]. Others may lead to increased mortality, such as those 
with agricultural diversions, turbines, industrial cooling systems, or habitats with high 
predator population [10,11]. A good example is the juvenile Chinook salmon migration 
from natural tributaries to the ocean in the Sacramento (San Joaquin River Delta, Califor-
nia) a Delta consisting of a complex network of natural and artificial channels and having 
been highly altered for water conveyance [12]. A migrating juvenile may move along one 
of the four routes through the Delta, and two of them lead to the interior Delta which 
exhibits lowest survival rates [13,14]. This low survival is caused by higher predation rate, 
longer migration time, and existence of the water pumping stations [15]. 

Although patterns of habitat use have been relatively well studied [16], entrainment 
characteristics into alternative routes are less studied and our current understanding is 
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The complex flow structures at a diversion juncture have led to non-intuitive, yet
interesting, phenomena of practical importance. One such phenomenon is the bedload
transport process at the juncture—first reported by Bulle [5]. The so-called Bulle Effect
refers to the condition where the proportion of incoming bedload that enters the side
channel is significantly higher than the proportion of incoming flow that is diverted. For
example, with a 50% water diversion, about 90% of the bedload would enter the side
channel. Since the Bulle study, a large body of literature has been devoted to the sediment
entrainment study at flow junctures in an attempt to explain the mechanisms behind this
disproportion. See the recent review by Dutta and Garcia [6] for a thorough discussion.

Similarly, the juncture flow features are expected to have notable impacts on fish
entrainment into the side channel. However, few studies have been reported on the
subject, which motivated the present research. In recent years, fish biologists have become
interested in this subject as a way to influence the entrainment of fish towards pathways of
higher survival and away from pathways of lower survival. The downstream migration
of juvenile anadromous salmonid has been a subject of intense interest over the years.
These fish often travel great distances from spawning habitats in freshwater rivers to the
ocean, sometimes located hundreds of kilometers away. As juveniles migrate downstream,
they may encounter different rearing habitats and migration routes. Some of the routes
are advantageous for fish survival and growth, such as those with productive floodplains
and side channels [7–9]. Others may lead to increased mortality, such as those with
agricultural diversions, turbines, industrial cooling systems, or habitats with high predator
population [10,11]. A good example is the juvenile Chinook salmon migration from natural
tributaries to the ocean in the Sacramento (San Joaquin River Delta, California) a Delta
consisting of a complex network of natural and artificial channels and having been highly
altered for water conveyance [12]. A migrating juvenile may move along one of the four
routes through the Delta, and two of them lead to the interior Delta which exhibits lowest
survival rates [13,14]. This low survival is caused by higher predation rate, longer migration
time, and existence of the water pumping stations [15].

Although patterns of habitat use have been relatively well studied [16], entrainment
characteristics into alternative routes are less studied and our current understanding is lim-
ited [17,18]. Even more difficult is to estimate or predict the proportion of a fish population
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that is entrained into an alternative route at a river diversion juncture and under a given
management strategy [17,18]. Yet, there is an increasing interest in better understanding
the factors controlling the migration route selection at key flow junctures so that manage-
ment strategies may be developed and adopted to improve juvenile survival, which will
contribute to recovering imperiled salmon populations reliant on migrating through the
Delta. For example, a recent project at the Fremont Weir section of the Sacramento River
has focused on the relocation and improvement of the approaching channel and notch
structure in an attempt to increase the entrainment of the juvenile salmon into the Yolo
Bypass where juveniles are expected to have a higher survival rate [19].

In the present study, a numerical modeling tool is developed to estimate the fish
entrainment rate at a flow diversion juncture and shed light on the entrainment characteris-
tics. The method builds on the hypothesis that local flow hydrodynamics is a dominant
factor affecting fish entrainment, among other variables. In the following discussion, fish
attraction refers to a junction where fish entrainment into the side channel is encouraged,
while fish rejection refers to the situation where entrainment is undesired.

The use of numerical models for fish passage study is an emerging field. Early work
was mostly on juvenile salmonid migration through hydropower dams. Such studies were
reported, e.g., by [20–22]. These studies have achieved some success and demonstrated
the benefits and effectiveness of adopting the numerical modeling approach. The success
at reservoirs, however, has not been transferable to the downstream migrating fish en-
trainment at river junctures or upstream migrating fish passage. A primary issue is the
lack of understanding of fish responses to local flow features in the riverine environment.
Recent studies have, therefore, focused on increasing our understanding of fish behaviors
in response to local flow hydrodynamics and other environment parameters. Relevant
studies include McNamara et al. [23], Goodwin et al. [24], Dabiri [25], Oteiza et al. [26],
Bever and MacWilliams [27], Ramon et al. [28], Goodwin et al. [29], among others.

Studies for fish entrainment at river junctures have mostly been performed in the
field through tracking. The measured data are often used to develop empirical relations
that correlate fish entrainment to flow variables, e.g., the flow diversion ratio [13,14,30–32].
There is a lack of numerical modeling studies to my knowledge. A recent study was
conducted by Ramon et al. [28] who applied a numerical model at the Georgiana Slough
juncture of the Sacramento River. The study examined the impact of fish distribution and
bend-generated secondary flows on fish entrainment using a passively driven particle
model. The present study builds on the Ramon study, but differs in several aspects:
(1) the flow model is based on the three-dimensional (3D) Reynolds-Averaged Navier-
Stokes (RANS) solver without the hydrostatic assumption (Ramon study adopted the
hydrostatic-assumption flow model); (2) the effect of non-uniform fish distribution on fish
entrainment is investigated explicitly, focusing on both vertical and lateral fish distributions,
and compared with the measured data; and (3) secondary flows that are generated by both
bend and submerged vane and their fish attraction effects are explored. Hance et al. [33]
recently proposed a conceptual model for predicting fish entrainment using the concepts of
streakline, entrainment zone and fish distribution. Our study follows a similar concept,
but the streakline and entrainment zone are predicted by the 3D RANS model, not the
field-measured data.

2. Material and Methods
2.1. Fluid FLow Numerical Method

This study adopts a similar approach to Ramon et al. [28] in that the flow field is
obtained from a numerical model while fish tracking is based on the passive-particle
assumption. The 3D flow model adopted, however, is a more accurate, non-hydrostatic,
RANS-based solver. Specifically, the 3D RANS model of Lai [34] is adopted, which was
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improved significantly by Lai et al. [35] for flows with complex geometry. The RANS
equations may be expressed in tensor form for incompressible flows as:

∂Uj

∂xj
= 0 (1)

∂Ui
∂t

+
∂
(
UjUi

)
∂xj

=
∂

∂xj

(
υ

∂Ui
∂xj

+ τij

)
− ∂P

ρ∂xi
+ gi (2)

In the above, t is time; xj is j-th Cartesian coordinate; Uj is mean velocity component
along coordinate xj; τij = −uiuj is turbulence stress (uj is j-th turbulent fluctuating velocity
component); P is mean pressure; ρ is water density; υ is water kinematic viscosity; and
gi is i-th component of the acceleration due to gravity. Repeated subscript (e.g., j) means
summation over the three Cartesian coordinates.

The turbulent stress τij is related to the mean velocity strain rate using the Boussinesq
approximation [36] as:

τij = υt

(
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∂xj

+
∂Uj

∂xi

)
− 2

3
kδij (3)

where υt is the turbulence eddy viscosity computed from a turbulence model and δij is the
Kronecker delta (the unit tensor). In this study, the two-equation k-ε model of Launder and
Spalding [37] is adopted. That is, the eddy viscosity is computed by:

υt = Cµ
k2

ε
(4)

and the turbulence kinetic energy (k) and the turbulence dissipation rate (ε) are governed by:
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In the above, G = τij
∂Ui
∂xj

is the production rate of the turbulence kinetic energy. The
standard turbulence model constants take the following values: Cµ = 0.09,Cε1 = 1.44,
Cε2 = 1.92, σk = 1.0, σε = 1.3.

Numerical solution of the above governing equations is not trivial and has been subject
to many years of research and development. Key features of the adopted methods include:
(1) finite-volume discretization; (2) unstructured polyhedron mesh with cell-centered and
co-located mesh arrangement; (3) pressure as the primitive variable; (4) implicit time
marching scheme; and (5) pressure-correction method for the continuity equation. Refer
to [34,35] for more information.

2.2. Fish Tracking Method

Several fish track models are available, from the simple passive particle such as [28] to
complex perception-and-response models such as [22,24,38]. In this study, a new Eulerian
passive-scalar model is developed. The Eulerian model is simple to operate, accurate in so-
lutions, and sufficient for addressing the fish entrainment questions of interest in this study.
The proposed Eulerian model uses a continuous function in space and time—the fish distri-
bution function (FDF)—to represent the number of fish per unit water volume. FDF may be
interpreted as the probability of a fish found at a spatial point in the stream. The Eulerian
method is equivalent to the Lagrangian passive-particle model of Ramon et al. [28].
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The Eulerian equation governing the FDF may be written as:

∂Fd
∂t

+
∂
(
UjFd

)
∂xj

= 0 (7)

where Fd is the fish distribution function (number of fish per unit volume). The equation
reflects the fact that FDF is advected by the flowing water. The dispersion/diffusion term
may be added to include the fish drift behaviors but is not done in the present study as
there is no known theoretical basis for it. Source terms may also be included to incorporate
fish responses to observed fish behaviors, e.g., the tendency of fish to stay away from high
shear stress areas (e.g., banks). These are not explored in this study. The numerical solution
of Equation (7) follows the same approach as the RANS equation solver of [34]. Given an
initial fish distribution at an upstream location, the unsteady transport of Fd through the
stream may be numerically simulated, providing information on how fish may be entrained
into the side channel of a river juncture.

2.3. Discussion of Passive Fish Assumption

A key assumption of the present study is that FDF is passively transported by the
flowing water, i.e., fish are treated as passive, responding primarily to flow velocity. This
assumption is deemed valid only if the stream velocity is above the fish swim capacity
or the cruising speed, as discussed by Blake and Horn [39] and Perry et al. [13], and has
been adopted by previous studies (e.g., [28]). In general, there are several fish speeds that
may be used to describe the fish swim behaviors such as the sustained speed (about one
body length of the fish), the prolonged speed (3.5–5.5 body lengths), and the burst speed
(8 to 10 body length) (see [40] who discussed mostly for upstream migration fish). For
the downstream migrating juvenile Chinook salmon, the fish cruising speed (or capacity)
has been widely used, which is about two body lengths per second [41]. For an average
juvenile salmonid length of 100 mm [16], the fish cruising speed is about 0.2 m/s. Many
fish entrainment studies were reported on the Sacramento River, whose average velocity
was found to be mostly higher than this threshold and was used to justify the passive
assumption by, e.g., Ramon et al. [28].

In general, fish respond to multiple hydrodynamic stimuli, in addition to the velocity,
such as strain rate, turbulence, acceleration, and pressure [21,24]. In a recent study by
Gross et al. [38], the behavioral stochastic fish-tracking model was developed to simulate
fish migration paths at the juncture of the San Joaquin River and Old River, California. Both
hydrodynamic stimuli and fish swimming behaviors were taken into account. The fish
swimming speed was computed directly from the acoustic telemetry data and used by the
model. Four fish behavior-response modes were incorporated and named passive, surface
orientation, rheotaxis, and correlated random walk. Up to eight swimming scenarios were
simulated using the above four modes and their combinations. It was found that the route
selection of a specific fish was impacted by the active fish swim behavior mode adopted.
The predicted fish entrainment rate into the side channel (the Old River for the example
study), however, was similar among the passive and active swimming behaviors. The
study showed that the passive assumption would be valid at the San Joaquin, Old River
juncture if the cumulative variable—such as the percentage of fish entrainment—was the
primary interest.

The limitation of the passive assumption should also be emphasized. For streams
slower than the swim capacity or when fish perception-and-response is strong, the absolute
entrainment rate computed by the model may not be accurate. An example of the increased
importance of the fish perception-and-response is when the flow field is subject to much
increased flow changes induced by the insertion of an instream structure. Even under such
circumstances, the relative comparative results may still be useful [28]. The passive-particle
track model may be taken as a first-order representation of the juvenile salmonid movement
and used as a quick tool to evaluate the entrainment efficiency at river junctures.
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3. Result-Discussion
3.1. Flow Simulation and Model Validation

Flow dynamics at junctures have been studied extensively. Early studies were pri-
marily of an experimental and analytical nature. For example, Taylor [42] conducted a
detailed experiment of juncture flows in rectangular open channels; the experimental data
were used to obtain an empirical (or graphical) solution. Grace and Priest [43] reported
experimental results of diversion flows with several channel width ratios and side channel
angles. Two flow regimes were identified dependent on the flow Froude number: with
and without the standing waves near the side channel entrance. Analytical methods with
simplifying assumptions were also developed by, e.g., [44–46].

More extensive laboratory investigations have been carried out since. For example,
Neary and Odgaard [1] focused on the 3D flow structures at a juncture and obtained
detailed velocity vectors and particle-trace plots in the separation zone. Barkdoll et al. [2]
reported an experimental study of a juncture flow, with the open-channel data compared
to a pressurized T-junction duct flow. It was found the velocity differences were significant,
pointing to the uniqueness of the open channel juncture. They attributed the differences
to the secondary flows generated in the open-channel flow that was not present in the
pressurized duct flow. Ramamurthy et al. [3] reported an experimental study focusing
on the measurement of detailed 3D mean velocity components and water surface profiles
in a 90◦, sharp-edged, rectangular open-channel juncture. The detailed data were used
for a numerical model validation study. Gohari [47] reported an experimental study to
examine the flow separation line at the side channel entrance, and the flow results were
related to the sediment movement. In particular, the effect of spur dike structures and
vanes was examined for their alteration of the flow separation line which impacted the
sediment entrainment into the side channel. The study demonstrated that vanes could alter
the local flow structures due to the creation of the counter-balancing secondary flow.

Numerical models have also been developed or applied to study the flow charac-
teristics at river junctures. Early numerical modeling was limited to two-dimensional
(e.g., [48–50], or laminar flows (e.g., [51]). 3D turbulent flow simulations have been car-
ried out since. Early numerical studies include [3,52–54], among many others. Recently,
Babagoli Sefidkoohi et al. [4] reported detailed numerical modeling results at a 90-degree
juncture using the commercial CFD model FLOW-3D. Flow patterns, in particular the
separation zones, at the juncture were examined by varying the flow depth, flow diversion
ratio, and turbulence model.

In this study, the 90-degree juncture of Ramamurthy et al. [3] is simulated to validate
the adopted 3D RANS model, before proceeding to investigate fish entrainment at the
juncture. The juncture domain is sketched in Figure 2a. The main and side channels
have the same rectangular cross-section with the width (W) of 0.61 m and height (H) of
0.305 m. The upstream section of the main channel has a length of 6.1 m (10 W), and the
downstream section of the main channel and the side channel have a length of 2.44 m (4 W)
each. The baseline flow model has a final 3D mesh consisting of 576,000 cells (30 cells in
the vertical direction), and is shown in Figure 2b. The adopted mesh resolution is similar
to, but finer than, that adopted by Ramamurthy et al. [3]. To ensure the results are mesh
convergent, another model run is carried out with a refined mesh having 1,728,000 cells.
Comparison shows that the difference of the predicted velocity between the two meshes
are less than one two percentages. A second sensitivity run was performed to investigate
the influence of the model domain size on the results by extending the horizontal model
domain from (10 W, 4 W, 4 W) to (15 W, 8 W, 8 W) in terms of the length of the upstream
main channel, downstream main channel, and side channel. Again, it was found that the
predicted velocity is insensitive to the domain size.
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Figure 2. Model domain and dimensions of the juncture (a) and the mesh of the baseline model (b).

The flow conditions follow an experimental run of Ramamurthy et al. [3] in which the
total discharge in the main channel is 0.046 m3/s and the side channel flow is 0.038 m3/s,
leading to 83.8% the flow diversion rate. The two flow discharges are imposed as the
inlet and outlet boundary conditions. At the outlet of the main channel, the measured
water elevation is specified. Since the mass conservation is satisfied by the model, the
computed flow rate at the main channel outlet is verified to be 0.008 m3/s. The free surface
is determined from the depth-averaged mass and momentum equations. It is found that
the use of a flat free surface produces very similar solutions, so the use of free surface
algorithm is not important.

The simulated results are compared with the laboratory data of Ramamurthy et al. [3]
for model validation. The water surface elevation is compared in Figure 3 along three
y-lines in the side channel (the water elevation changes the most in the side channel). A
detailed comparison of the velocity profiles is shown in Figures 4 and 5. Figure 4 compares
the vertical distributions of the v-velocity component at a number of horizontal (xy) points
in the side channel, while Figure 5 compares the vertical distributions of u-velocity in
the main channel at measured horizontal points. Overall, comparisons of both the free
surface elevation and velocity components at the juncture are satisfactory, although some
discrepancy is noticeable at a few locations. These results are very similar to those achieved
with other CFD models (e.g., [3]).
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3.2. Discussion of the Flow Characteristics

Flow characteristics at the juncture are examined next. Figures 6 and 7 show the veloc-
ity features on two horizontal planes: one near the bed (z/W = 0.04) and the other near the
free surface (z/W = 0.27). Most flow structures discussed in the Introduction are predicted.
The dividing stream-surface in the main channel—or the streakline separating the main-
channel cross-section into the attraction (entrainment) and rejection (non-entrainment)
zones—is seen to vary over the water depth. The line moves toward the non-entrainment
bank of the main channel with increasing depth. This is consistent with the finding of [1]
and suggests that more particles would be entrained into the side channel if they are located
close to the bed (the Bulle Effect). Two separation zones are predicted: a strong one in the
side channel and a weaker one in the main channel downstream of the juncture. In the
side channel, the recirculation zone is larger near the free surface than that near the bed. It
is also noted that the streamlines near the bed in the stagnation zone emanate into both
side and main channels. This points to the existence of a strong downward fluid flow in
the stagnation zone, from free surface towards the bed, which is the outcome of the two
counter-rotating secondary flows discussed previously.

It is apparent that the near-bed flow moves predominantly into the side channel,
implying that the majority of the bedload sediment, if not all, would move into the side
channel. This is consistent with the experimental observation of Bulle [5] who observed
that about 90% of the bedload moved into the side channel, although only 50% of the flow
was diverted. Similar effects are implied for the juvenile fish.

3.3. Fish Entrainment Result at the Juncture of the Straight Main Channel

An important research question is how the complex flow structures at river junctures
may impact fish entrainment. In the following, the 3D flow model and the Eulerian fish
tracking are used to shed light on fish entrainment characteristics at river junctures. It will
be shown that, (1) fish distribution upstream of the juncture has a significant impact on the
fish entrainment rate, and (2) presence of a secondary flow upstream of the junction may
alter the fish entrainment.
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Fish entrainment is first examined at the 90-degree diversion juncture of
Ramamurthy et al. [3], which has a straight main channel. In addition to the baseline
with 83.8% water diversion rate, two other rates are simulated: 50% and 20%. These three
rates are used to shed light on the fish entrainment characteristics. In particular, the impact
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of upstream fish distribution is examined and discussed. Note that all flow inputs are kept
the same, barring the diversion rate.

Four upstream fish distributions are explicitly simulated for each diversion rate using
the Eulerian fish tracking model; they were named top, bottom, entrainment side, and
non-entrainment side, respectively. Each occupies only half of the channel cross-section
upstream of the juncture and represent the school of fish released. They are designed
to explore the effect of vertical distribution (surface- versus bottom-oriented) and lateral
distribution (entrainment versus non-entrainment side). The twelve model run labels
and the corresponding fish entrainment results are tabulated in Table 1 and plotted in
Figure 8. The fish entrainment efficiency is defined as the ratio of the percentage of fish
entrained to the percentage of flow diverted. The entrainment efficiency of 1.0 means that
the fish entrainment rate is equal to the diverted flow rate. A value above 1.0 indicates fish
attraction, while a below −1.0 value indicates fish rejection (or barrier).

Table 1. Fish entrainment efficiency for the case of Ramamurthy et al. [3].

Scenario
Label

% of Flow
Diverted

Fish
Distribution

% of Fish
Entrained

Fish
Entrainment
Efficiency

84T 83.8 Top Half 79.4 0.95
84B 83.8 Bottom Half 90.3 1.08
84L 83.8 Entrainment Side Half 100.0 1.20
84R 83.8 Non-Entrainment Half 68.3 0.81
50T 50.0 Top Half 44.4 0.89
50B 50.0 Bottom Half 57.1 1.14
50L 50.0 Entrainment Side Half 92.0 1.82
50R 50.0 Non-Entrainment Half 9.9 0.20
20T 20.0 Top Half 17.9 0.90
20B 20.0 Bottom Half 23.0 1.15
20L 20.0 Entrainment Side Half 40.0 2.0
20R 20.0 Non-Entrainment Half 0.006 0.0
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and the linear regression developed by [31] based on the fish telemetry data at seven flow junctions
of the Sacramento River are also plotted.

The results demonstrate that the upstream fish distribution has a profound impact
on the fish entrainment efficiency. Fish near the bottom have a higher probability to be
entrained into the side channel than the surface-oriented fish. For example, at 20% flow



Fluids 2022, 7, 98 12 of 19

diversion, the fish entrainment efficiency differs by 25% between the top and bottom
distributions, with the difference decreasing with increasing flow diversion rate. Most
important, it is found that the difference in fish entrainment efficiency is the largest for
different lateral distributions of fish (across the channel width). Almost all fish enter the
side channel if fish are distributed over the entrainment half of the main channel cross-
section. When fish are on the non-entrainment half, fish entrainment is possible only if the
flow diversion is high (e.g., more than 30–40%).

Figure 8 also includes the linear regression line based on the fish telemetry data mea-
sured at seven flow junctions on the Sacramento River (developed by [31]). Additionally,
the fish tracking data measured by Romine et al. [32] at the Sutter and Steamboat junctures
of the Sacramento River are also plotted. Discussion regarding this is offered later.

3.4. Secondary Flow Effect on the Fish Entrainment

The above results suggest that a strategy to attract or reject fish entrainment at a
juncture is to redistribute fish towards desirable areas. At present, our knowledge of fish
vertical distribution is limited, as most available data are 2D-based (or horizontal); in the
future, 3D-based telemetry is recommended such as the use of tri-axial accelerometers.
Lateral fish distribution has been measured using the fish telemetry/tag technology. For
example, fish telemetry tracking was conducted by Steele et al. [19] along the Fremont Weir
section of the Sacramento River; they showed that fish were distributed towards the outer
bank of a river bend, due to the secondary flow generated. Therefore, the present numerical
model is used next to explore the effect of a secondary flow on fish entrainment.

A new simulation is carried out in which a secondary flow is created by attaching a 180-
deg bend to the upstream of the juncture of the baseline case studied above (see Figure 9a).
All flow conditions remain the same as the baseline with the straight main channel. The
numerical model has a mesh of 562,800 cells. The incoming flow undergoes a 180-deg
bend before reaching the juncture, and the fish distribution simulated corresponds to the
top-half scenario. Three runs are carried out corresponding to three flow rates: 20%, 50%,
and 83.8% flow diversion rates. To gain an understanding of the flow field, the predicted
velocity on the free surface and the secondary flow and FDF on the cross-section upstream
of the juncture are plotted in Figure 9b. The results show that a two-cell secondary flow is
developed after waters exit the bend. The average secondary flow velocity is about 12% of
the streamwise velocity. The FDF results indicate that 82% of the top-half of the passive fish
are moving towards the outer bend (the entrainment side), so an increased fish entrainment
is expected. This is confirmed by quantitatively comparing the fish entrainment rate
with the results from the straight channel, shown in Figure 10. It is seen that the fish
entrainment rate of the bend case with the top-half fish distribution is close to the result of
the straight channel, entrainment-side fish distribution. The result clearly demonstrates
that the secondary flow may alter the fish entrainment at a juncture significantly.

3.5. Discussion of the Fish Entrainment Results

The numerical model results of the present study may be used to interpret the field
data. In the process, the model results are also partially supported by the measured fish
entrainment data. For example, the computed relation of the fish entrainment rate versus
flow diversion rate has been shown in Figure 8 for the straight channel juncture. In the
figure, also plotted are the field data at the Sutter and Steamboat junctures of the Sacramento
River by Romine et al. [32] and the linear regression curve developed by Cavallo et al. [31]
based on the fish telemetry data at seven junctures of the Sacramento River. The dataset
of [31] showed that fish entrainment rate varied between 10% and 40%, while the flow
diversion rate was between 18% and 60%. These measured fish entrainment data points
fall mostly within the region bounded by the top-half and non-entrainment-half curves
of the numerical model. These field entrainment data may now be explained based on
the present results. It has been reported that at the Georgiana Slough (GS) juncture of
the Sacramento River [14], for example, migrating juveniles stayed mostly near the top
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4 m of the water depth and fish were distributed towards the non-entrainment side. Both
measured features would cause the fish entrainment efficiency to be less than 1.0, as shown
in Figure 8. At the Sutter juncture, the measured fish entrainment rate was shown to be
closer to the non-entrainment-side curve of the numerical model (see Figure 8). This may
imply that the fish upstream of the juncture at the site were mostly distributed on the
non-entrainment side. This is most likely due to the bend flow upstream of the juncture, as
the results in the Section 3.4 demonstrate.
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Another feature is that both the computed and the field data entrainment curves dis-
played two distinctive slopes when the entrainment rate increases (see the non-entrainment-
side scenario curve). This suggests that the fish entrainment rate would be accelerated
once the flow diversion rate is above a threshold (about 50%). It is noticed that the slope
of the measured data was less than the numerical model once the flow diversion rate
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was above 50%, which may be explained as follows: The Sacramento River experiences
daily reversed flows (i.e., the period during which the mean flow is from downstream to
upstream) during the flood period under the influence of the tide [28]. Flow entrainment
above 50% occurs primarily during the reverse period at the site. Significant flow eddies
are present when flow reverses and the average flow velocity is smaller than that at the
normal flow [28]. Both may cause fish to respond to local flow velocity gradient in addition
to the flow velocity, which may have led to the decreased fish entrainment at the juncture.
The passive assumption may not be valid under the reversed flow condition.

The finding that the upstream fish distribution has a profound impact on the fish
entrainment efficiency is not new and has been discussed by other researchers. For example,
Perry et al. [14] commented that both flow diversion rate and fish spatial distribution would
influence the probability of fish entering a side channel. Using the fish tracking data at
the GS juncture, they showed that the probability of fish entrainment into GS was much
higher for fish positioned on the entrainment side than those on the opposite side. They
concluded that “fish location in the cross-section was the most important determinant of an
individual’s probability of entrainment into Georgiana Slough.” The previous studies of the
issue, however, were mostly qualitative; this study provides a mechanistic and quantitative
way to evaluate the effect of the fish distribution on entrainment.

In lieu of the finding of the importance of the secondary flow on fish entrainment, it is
expected that the local bathymetric features may be manipulated to increase or decrease
fish entrainment. Desirable secondary flows may be achieved by, for instance, installing
instream structures such as the submerged vanes, floating curtains or large wood struc-
tures [56]. In the study of Daniels and Rhoads [57], for example, the effect of submerged
large woody structures on the secondary circulation in curved streams was demonstrated.
Both the location of the maximum velocity and strength of the secondary flow were altered.
Perry et al. [14] suggested that simple guiding structures, such as a floating boom, could be
effective in shifting the cross-stream fish distribution. For example, a floating log boom was
successfully used to guide migrating juvenile salmon toward a surface passage structure at
the Lower Granite Dam on the Snake River [58].

To test this, a simple straight plate vane is placed in the main channel upstream of the
juncture of the baseline case model; the case is simulated to demonstrate that secondary
flows may be generated by such a submerged vane and fish entrainment may be altered
at the juncture. The layout of the vane case is shown in Figure 11a. The plate vane has a
length 0.5 W, thickness 0.01 W, and submergence 50%. The vane center is 1.612 W upstream
of the juncture, and the vane is oriented 40◦ from the flow direction based on the study
of [56] that the 40◦ angle is optimum.

The simulation is carried out corresponding to the 20 T, 50 T and 84 T scenarios of
the baseline case—i.e., the flow diversion rate is 20%, 50% and 83.8%, respectively. Fish
is distributed with the top-half scenario at the channel inlet. The simulated flow velocity
and FDF with the 50% diversion rate are plotted in Figure 11b, the predicted secondary
flow created by the vane is shown in Figure 12, and the simulated fish entrainment rate is
compared in Figure 13.

As expected, a secondary flow was developed by the submerged vane, and the fish
entrainment rate was increased significantly. The rate curve moved up between the top-half
and entrainment-half curves of the no-vane baseline cases. Increased fish entrainment was
a direct result of the secondary flow induced by the submerged vane.
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4. Conclusions

Fish entrainment at a river juncture has been studied over the years. However, our
understanding is still limited due to the complex nature of flow characteristics at such
junctures. Past studies focused primarily on field measurements (both flow field and fish
movement tracking) and development of empirical relations. More recently, research has
moved towards a science-based approach which is predictive for future conditions and
defensible for evaluation of project alternative and adaptive management. This study
represents such an effort. Specifically, I propose that a numerical model approach has
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potential to be implemented to examine alternative effectiveness for fish entrainment and
to adapt the design to improve these.

In this study, it is demonstrated that complex juncture flow features may be predicted
well by the current 3D RANS-based models, and the passive-particle based Eulerian fish
track model may yield insights into the fish entrainment characteristics at river junctures.
For example, the numerical model results show that the cross-sectional fish distribution
upstream of a juncture has a large impact on fish entrainment, with fish distribution
towards the entrainment side promoting the most significant fish attraction, consistent
with previous findings from field data. The numerical approach is not limited to existing
condition scenarios and has the benefit of predicting the entrainment efficiency directly,
for absolute or relative comparisons. The model results may be used to explain observed
fish entrainment data and may also be used to evaluate management strategies to achieve
fish attraction or rejection. For example, the present model is used to show that the
secondary flow created in a river bend may have a great impact on fish entrainment at
flow junctures, in agreement with the field observations. Using the model, it is also shown
that a submerged vane may be used as a potential management option for increased fish
attraction or rejection, as a properly placed submerged vane generates secondary flows
upstream of a juncture.

It is acknowledged that the present model has a limitation that the passive-particle
approach is used for fish tracking; such a model may be useful primarily at junctures of
large rivers with water velocities in the main and side channels in excess of the fish swim
capability. In addition to flow current, it is known that fish may also respond to other
flow variables (e.g., acceleration, turbulence, and vorticity) and environmental parameters
(e.g., temperature, turbidity, and light). Future research should focus on improving the
passive-particle assumption so that the numerical fish will also respond to other variables;
this means suitable fish perception-and-response rules need to be derived using field
observation and data. It is planned that the Eulerian-Lagrangian Agent-based Model
(ELAM) of Goodwin et al. [21] and Smith et al. [22] will be adopted in the future. ELAM is
a fish perception-and-response model that has been successfully used for a fish attraction
study at hydropower dams [22,24]. For improved success and reliability of the numerical
fish model, more field studies are needed, focusing specifically on developing the fish
perception-and-response rules relevant to river junctures.
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