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ABSTRACT

In recent years, ecologically oriented river engineering practices such as nature-like ﬁshways
have become a common solution to mitigate or compensate for negative environmental
impacts. This study investigated the ﬂow regimes and hydraulics of rock-weir-type nature-like
ﬁshways for different structure geometries (weir conﬁgurations, pool spacing and boulder
diameter) and channel characteristics (bed slope and ﬂow rate). A criterion was proposed to
predict three distinct ﬂow regimes (weir, transitional and streaming) based on quantitative
thresholds associated with three dimensionless parameters for discharge, pool spacing and
pool water depth. For the depth–discharge relationship, a new equation to predict the weir
ﬂow based on water depth, weir length and bed slope of the ﬁshway was introduced. Finally, a
maximum velocity reduction factor as a function of discharge was proposed to predict
maximum weir velocity in rock-weir ﬁshways. These results must be compared with the
swimming ability of the ﬁsh that the ﬁshway is being designed for to assess passability.

1. Introduction
Nature-like ﬁshways (NLFs) are an ecologically
oriented river engineering practice commonly used to
mitigate effects of water resources developments on
ﬁsh passage. NLFs are designed using ecohydraulics,
i.e. considering both ecology and stream hydraulics
(Katopodis 2015). NLFs were ﬁrst introduced in the
late 1970s in Europe and shown to pass a wide variety
of ﬁsh species at low-head dams (DVWK 2002). In
North America, a few NLFs were completed in the late
1980s and early 1990s, and the approach has gradually
gained popularity, particularly in New England, the
Paciﬁc Northwest, Minnesota and parts of Canada
(Kessler 2014). The basic idea is to simulate the ﬂow of
a natural river channel using natural materials (e.g.
tree logs, rocks and boulders, etc.).
The design of an NLF is site-speciﬁc, and classiﬁcations of NLFs are based on the conﬁguration of structures, such as the arrangement of boulders. They
include embedded-boulder constructions (boulders are
set evenly spaced and often clamped to one another in
the base course), ramps with perturbation boulders
(rock-ramp where boulders are placed in staggered
arrays) and pool–weir type (e.g. rock-weir, step–pool
and crossbar block ramp, built in a stair-step conﬁguration to form a series of pools). The rock-ramp ﬁshway consists of a long sloping channel with
interspersed boulders providing resting places for ﬁsh
swimming upstream (Baki et al. 2014, 2015, 2016).
Pool–weir ﬁshways can be constructed using a series of
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weirs and pools in a stepped fashion using natural cobbles or boulders, which allow both jumping and nonjumping ﬁsh species to overcome a series of small
drops, rather than a single large drop (Katopodis and
Williams 2012). Several case studies have been published investigating the passage efﬁciency of pool–weir
structures within natural stream channels (Calles and
Greenberg 2007; Franklin et al. 2012; Weibel and Peter
2013; Cahill et al. 2015) and the results are
encouraging.
Researchers have proposed various conﬁgurations
of pool–weir-type NLF structures depending on project-speciﬁc goals. A large number of studies have been
carried out focusing on natural step–pool channels; a
good summary is presented in Chin and Wohl (2005).
In general, the steps (composed of cobbles and boulders) and pools (small scoured pockets) are in repetitive
sequences of bed forms with a stepped longitudinal
proﬁle. Recently, several laboratory experiments and
ﬁeld studies have been carried out to examine the local
ﬂow patterns associated with rock-weirs (Thomas et al.
2000; Rosgen 2001; DVWK 2002; Haro et al. 2008;
Meneghetti 2009; Wang and Hartlieb 2011; Sindelar
and Smart 2016). In Thomas et al. (2000), a site-speciﬁc design procedure is provided for determining the
sizing and spacing of step–pool structures (rock vortex,
rock-weir in U-shape). DVWK (2002) included a
chapter with useful guidelines for crossbar block ramp,
while Wang and Hartlieb (2011) investigated the ﬂow
ﬁelds of crossbar block ramp through various laboratory and ﬁeld observations. With respect to rock vortex
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structures, Rosgen (2001) suggested conceptual designs
focused on stabilizing bed elevation, reducing bank
shear stress and maintaining sediment transport but
noted that the use of rock vortex weirs is relatively new
and ﬁsh passage effectiveness remains to be studied.
Cox (2005) found that guidelines and literature related
to pool–weirs were scarce and consistently lacked
investigation of hydraulic properties and/or
performance.
In recent years, research in the use of computational
ﬂuid dynamics (CFD) models for assessing ﬂow in ﬁsh
habitat structures and ﬁshways has increased tremendously. Much work has now been done on the CFD
analysis of technical ﬁshways (Khan 2006; Lee et al.
2008; Bombac et al. 2014; Marriner et al. 2014, 2016;
An et al. 2016), nature-like ﬁshways (Oertel and
Schlenkhoff 2012; Baki et al. 2016; Tran et al. 2016)
and habitat structures (Haltigin et al. 2007; Bhuiyan
and Hey 2007; Naghavi et al. 2011). Appropriate and
veriﬁed results of ecohydraulic studies are invaluable
in calibrating CFD models and enhancing biological
ground-truthing for improved ﬁsh passage design
(Katopodis 2015).
The publications to date have typically focused on
the hydraulics associated with a single or limited range
of rock-weir geometries. None of these efforts have
linked the physical/numerical processes associated
with weir performance to variations in structure geometry and channel characteristics. Kupferschmidt and
Zhu (2017) used a physical model to investigate the
ﬂow characteristics of rock-weir ﬁshways. This study
attempts to develop a numerical model matrix, based
on Kupferschmidt and Zhu (2017) for model veriﬁcations, to investigate the physical processes associated
with rock-weirs and how variations in channel characteristics and structure geometry affect the hydraulics
within the structures. The speciﬁc objectives of this
study are to: (1) examine the effects of structure geometries (weir conﬁgurations, pool spacing and boulder
size) and channel characteristics (bed slope and ﬂow
rate) on ﬂow regimes and hydraulics, and (2) develop
general relationships for predictions of depth–
discharge and maximum velocity as a function of
structure geometry. As a companion paper, this work
supports Part II (Baki et al. 2017), which investigated
the effectiveness of the hydraulics in conjunction with
the swimming capabilities of target ﬁsh species to
develop an integrated design procedure for ﬁsh
passage.

2. Background
In naturally occurring step–pool systems in steep
mountain streams, different ﬂow regimes are observed
based on various mechanisms of energy dissipation.
From the ecohydraulics perspective, Davis and Barmuta (1989) recognized four categories of near-bed

ﬂow regimes in gravel-bed streams: chaotic, wake
interference, isolated roughness and skimming ﬂow.
At natural step crests in step–pool streams, Dust and
Wohl (2012) similarly identiﬁed three ﬂow regimes:
interstitial, weir (nappe) and oscillating. For crossbar
block ramps, Oertel and Schlenkhoff (2012) deﬁned
three ﬂow regimes: basin, waved and channel ﬂows
depending on the submergence ratios. Sindelar and
Smart (2016) also identiﬁed three ﬂow regimes: nappe,
transitional and skimming, for step–pool systems. Similarly, for the pool and weir ﬁshways, Ead et al. (2004)
conﬁrmed three ﬂow regimes: plunging (or weir), transitional and streaming (or skimming).
In the case of the nappe/weir ﬂow regime, ﬂow
alternates between supercritical and subcritical conditions with the critical ﬂow over each step (Chanson
1994; Dust and Wohl 2012). In the skimming/streaming ﬂow regime, jumps and air pockets disappear
above a certain discharge threshold where the water
surface is almost ﬂat (Toombes 2002). In the transition
between weir and streaming ﬂow regimes, a unique
characteristic of oscillating jumps is the presence of
standing waves and oscillating jets of ﬂow that typically
extend relatively long distances downstream of the
jump face (Dust and Wohl 2012). Comiti et al. (2009)
found that the ﬂow transition on step–pools depends
on the slope and ratio of critical depth to step height.
Sindelar and Smart (2016) linked the transition ﬂow
with the averaged Froude number of a step–pool system. For the pool and weir ﬁshways, Ead et al. (2004)
developed a diagram to predict different ﬂow regimes
using two dimensionless variables, Qt ¼ Q=
pﬃﬃﬃ

g S0 BL3=2 and L/d, where Qt is the dimensionless
discharge at the transition from weir to streaming
ﬂow, Q is the ﬂow rate, B is the channel width, L is the
pool spacing, S0 is the channel bed slope, d is the weir
height from the channel bed and g is the gravitational
acceleration. Upstream ﬁsh movements within a ﬁshway are signiﬁcantly affected by the type of ﬂow regime
(Branco et al. 2013a, 2013b), and the ﬂow regime
changes with ﬂow rate.
The ﬂow over rock-weirs is complex as water passes
not only over the top of the weir, but also through gaps
between boulders. DVWK (2002) proposed Poleni’s formula, which is the modiﬁed form of the broad-crested
weir equation, to estimate the ﬂow over the boulder
sills. Holmquist-Johnson (2011) utilized a model to simulate ﬂow over U-weirs using the general form of the
Poleni equation with a slight modiﬁcation that included
a contraction coefﬁcient. The primary design of the
boulder sills and U-weir is based on Poleni’s formula:
2 X pﬃﬃﬃ
Q ¼ ms bs g h3=2 ;
3

(1)

where m is the weir coefﬁcient (function of the geometry,
which varies from 0.6 to 0.8 for round stones), s is the
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coefﬁcient of
Psubmerged discharge (for free overfall, its
value is 1), bs is the sum of wetted weir proﬁle length
along the boulder crest and h is the water depth above
the rock-weir crest.
Holmquist-Johnson (2011) utilized another empirical depth–discharge relationship to predict the
upstream ﬂow depth (hus) for a given U-weir geometry
based on empirical approach and regression analysis:

(4) and found major discrepancies between theoretical
and measured head difference between two pools for
the crossbar block ramp.



 
hn 0:223 La
;
hus ¼ 0:83 Q
Bt
Ls

The numerical model was designed to simulate an
experimental study for the rock-weir ﬁshway, installed
in a rectangular ﬂume of 0.92 m wide, 0.61 m tall and
8.89 m long (for more details, see Kupferschmidt and
Zhu 2017). The numerical model domain of the rockweir ﬁshway was 9 m long with ﬁve pools formed by
six rock-weirs (Figure 1). The rock-weirs were placed
in three different conﬁgurations/layouts (Figure 1): (I)
V-weir facing upstream, (II) V-weir facing downstream and (III) crossbar block ramp.
The different design parameters, such as structure
geometries (pool spacing L, boulder diameter D and
arm angle u) and channel characteristics (bed slope
S0 and ﬂow rate Q), are listed in Table 1. Herein, arm
angle (u) is deﬁned as the plan view angle of the weir
arm departure from the bankline (Figure 1), which
also represents different weir layouts (e.g. u = 90
degrees for layout (III)). Series A simulated alternative
ﬂow conditions under weir layout (I). The simulations
for Series B, C, D and E evaluated variations of other
parameters under weir layout (I) at ﬂow rates from
0.04 to 0.13 m3 s¡1: channel slope was varied under
Series B; pool spacing (L) was varied in series C; arm
angle (u) was varied in Series D, and boulder diameter
was varied in Series E. Series F alternates ﬂow conditions under weir layout (II), and Series G under weir
layout (III). More details on the variations in the above
parameters are presented in Table 1.

(2)

where hn is the normal water depth (ft), Bt is the total
wetted length of the rock-weir crest (effective weir crest
length in ft), La is the angled U-weir arm length (ft)
and Ls is the perpendicular U-weir arm length (ft).
Note that Equation (2) is site-speciﬁc empirical depth–
discharge relationship. Using the laboratory data from
Meneghetti (2009), Thornton et al. (2011) also developed a depth–discharge relationship for U-weirs using
the basic weir equation, which included a coefﬁcient to
reﬂect the geometry of the rock-weir and channel:
 0:708  0:587
pﬃﬃﬃﬃﬃ 3=2
2
D
Bt
Q ¼ Cc Bt 2g h
and Cc ¼ 0:652
;
3
d
B

(3)
where D is the median weir boulder diameter and Cc is
the contraction coefﬁcient for the length of weir crest
proﬁle.
Similar to the depth–discharge relationship, every
ﬁshway design has to meet maximal ﬂow velocity
requirements, since the maximum velocity (Umax, maximum of velocity magnitude U) across the weir must
be less than the burst swimming speed of the target
ﬁsh species for upstream ﬁsh migration (Clay 1995). In
general, when designing for ﬁsh passage, the ﬁrst priority is to reduce the maximum velocity to decrease turbulence both within the jet and potential resting areas
(Wang et al. 2010). The maximum velocity appearing
near the rock-weir is governed by the head difference
between pools:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(4)
Umax ¼ 2gDh < Ucrit ;
where Dh is the difference in water level between two
pools (mid-point at each pool) and Ucrit is the critical
swimming speed, which is an estimate of the maximum speed that ﬁsh can sustain indeﬁnitely (Brett
1964). For the technical-type vertical slot ﬁshways,
Rajaratnam et al. (1988), Wu et al. (1999), Liu et al.
(2006) and Marriner et al. (2014, 2016) previously
used Equation (4) with some discrepancies between
observation and prediction. For the NLFs, DVWK
(2002) and Oertel and Schlenkhoff (2012) used Equation (4) to predict maximum velocity without any veriﬁcation. Wang and Hartlieb (2011) veriﬁed Equation

3. Numerical modelling approach
3.1. Model domain and design parameters

3.2. Governing equations
The commercial software ANSYS-CFX (2015) was
selected to model the ﬂow ﬁeld through the rock-weir
ﬁshway. This software uses the ﬁnite-volume-based
CFD method with an unstructured tetrahedral grid
to solve the three-dimensional Reynolds-averaged
Navier–Stokes equations. More details on these fundamental equations (continuity and momentum) can be
found in CFX (2009). The k  e turbulence model was
selected here as turbulent stress closure schemes for
the governing equations.
ANSYS-CFX uses a multiphasic code, with air and
water representing the two phases of ﬂuid, to model
the “free surface”. The free surface between air and
water was modelled using the volume of ﬂuid (VOF)
method introduced by Hirt and Nichols (1981). More
details on the implementation of the VOF can be
found in CFX (2009).
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Figure 1. Rock-weir layouts for CFD model domain: layout I (V-weir facing upstream), II (V-weir facing downstream), and III (crossbar block ramp).

3.3. Boundary conditions and mesh
In three-dimensional simulations, boundary conditions were applied to all sides or faces of the domain.
At the upstream boundary of the domain, two separate
inlets were speciﬁed for air and water phases. For the
water phase, a constant mass ﬂow was speciﬁed. For
the air phase, atmospheric pressure was applied. To
specify the volume fraction in the VOF technique, the
initial inlet water level was deﬁned by giving a water
depth equal to the water depth measured in the physical model. The initial water velocity at the inlet was
calculated from the mass ﬂow rate and the initial water
depth. The turbulence intensity of the ﬂuid ﬂow at the
upstream boundary was speciﬁed as medium (5%).
A no-slip condition (indicating water ﬂow is zero at
the boundaries) was applied to the two sidewalls, channel ﬂoor and all rock-weir submerged surfaces. For the
channel ﬂoor, a roughness height of 0.8 mm, equivalent to the Manning’s roughness coefﬁcient for smooth
steel bottom, was used as a calibration parameter. The
top surface air was speciﬁed as an open boundary. At
the outlet of the domain, a fully developed open channel ﬂow condition was assumed and the initial water
level was prescribed to be the same as that measured in
the physical model. The outlet pressure was assumed
to be hydrostatic for the water phase and zero for the
air phase.
For any initial water level, it was assumed that the
steady water level in the computational domain should
be produced as time progresses. Moreover, the sensitivity of the initial water level at the inlet or outlet was
tested by Baki et al. (2016) for the simulated water level

and it was graphically identical. Therefore, the same
water level at the inlet and outlet, as in the experiment,
was used as the initial boundary conditions for other
simulations. A residual of 0.0001 was set as the target
for model convergence. The model was found to converge to steady state in less than 1000 iterations.
A mesh independence study was conducted and the
selected mesh sizes were found to be suitable with negligible differences. Moreover, the study tested that the
ﬂow was fully developed turbulent ﬂow (Tominaga
et al. 1989) and no sensitivity was observed from the
boundaries.
3.4. Model performance testing
Several sets of experimental observations (Kupferschmidt and Zhu 2017) for water depth and velocity were
used to test model performance. Agreement between
observations and simulations was quantiﬁed using
goodness-of-ﬁt measures (root mean square error
(RMSE) and coefﬁcient of determination (R2)). The
detailed plots of these comparisons between the
observed and simulated water depth and velocity are
available in the Supplementary Section (Online).
The observed and simulated water surface proﬁles
for eight sets of simulations along the centreline of the
channel are shown in Figure S1 (in the Online Supplementary Section) to see if the model can reproduce the
observed water depths for different weir conﬁgurations
and ﬂows. There were four simulations for A series
(A1 (Q = 0.03 m3 s¡1), A4 (Q = 0.06 m3 s¡1), A8
(Q = 0.12 m3 s¡1) and A9 (Q = 0.15 m3 s¡1)) and
four simulations for F series (F1 (Q = 0.03 m3 s¡1), F4
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Table 1. Parameter details for all simulations.
Simulation
A1a
A2
A3
A4b
A5
A6
A7
A8b
A9a
B1
B2
B3
B4
B5

Downloaded by [University of Alberta] at 10:20 14 September 2017

C1
C2
C3
C4
C5
D1
D2
E1
E2
E3

Varying
parameter
Flow

Slope

Pool spacing

Flow (m3 s¡1)
0.03
0.04
0.05
0.06
0.075
0.085
0.1
0.12
0.15
0.04–0.13c

0.04–0.13c

Slope (%)
3

Boulder
diameter (cm)
14

Weir
height (cm)

0.04–0.13c

1.5
4
5.5
7
10

14

3

14

12.5

3

8
11
20

6.5
9.5
18.5

0.03
0.04
0.05
0.06
0.075
0.085
0.1
0.12
0.15

3

14

0.03
0.04
0.06
0.08
0.09
0.115
0.13

4

0.04–0.13c

F1a
F2
F3
F4b
F5
F6
F7
F8b
F9a

Flow

G1
G2
G3
G4
G5
G6
G7

Flow

70

12.5

14

Weir
layoutse

I

1.1B

3

Diameter

ud (degrees)
70

12.5

12.5

V-shape angle

Pool
spacing, L
1.1B

I

0.5B
1.5B
2B
2.5B
3B
1.5B

1.1B

70
I

60
45

I

70

I

110

II

90

III

1.1B

12.5

14

1.1B
12.5

a

Model performance tested for the observed water depth.
Model performance tested for both observed velocity and water depth.
c
Flow rates varied from 0.04 to 0.13 m3 s¡1 (0.04, 0.06, 0.09, and 0.13 m3 s¡1).
d
Arm angle (u), plan view angle of departure from bankline.
e
Weir layouts (I) (V-weir facing upstream), (II) (V-weir facing downstream), and (III) (crossbar block ramp).
b

(Q = 0.06 m3 s¡1), F8 (Q = 0.12 m3 s¡1) and F9 (Q =
0.15 m3 s¡1)). Close agreement between the observations and simulations (R2 = 0.97 for A series and R2 =
0.98 for F series simulations) indicates that the model
reproduces the experimental water surface patterns
along the channel centreline. The RMSE in water surface proﬁles varied between 0.33 and 1.12 cm for A
series and between 0.31 and 1.24 cm for F series simulations. For Series F9, there was a poor agreement
between observations and simulations due to the transition between weir ﬂow and streaming ﬂow regimes;
however, in general, the model simulations accurately
reproduced the water surface proﬁle for the different
weir conﬁgurations and ﬂows.
The model performance in reproducing the threedimensional ﬂow ﬁelds (velocity in streamwise, transverse and vertical directions) in a ﬁshway was tested in
Figures S2 and S3 (in the Online Supplementary Section) on horizontal plane and vertical plane,

respectively. Figure S2 (in the Online Supplementary
Section) compares the observed and simulated velocity
vectors through pool#3 to #4 for Series A (A4 and A8)
and F (F4 and F8) to see if the model can reproduce
water velocities (streamwise and transverse velocity
components) on the horizontal plane for the different
weir conﬁgurations and ﬂows. The vectors shown are
for a horizontal plane at z = 8 cm above the channel
bed for Series A4, A8 and F4 and z = 13 cm for Series
F8, where z is the vertical distance from the channel
bed. The coefﬁcient of determination between the
observed and simulated velocity magnitude varied
between R2 = 0.92 (A4) and 0.90 (A8) for Series A, and
between R2 = 0.89 (F4) and 0.84 (F8) for Series F. The
RMSE for the velocity magnitude varied between
0.06 m s¡1 (A4) and 0.09 m s¡1 (A8) for Series A, and
between 0.06 m s¡1 (F4) and 0.11 m s¡1 (F8) for Series
F. These comparisons demonstrate good agreement
between the observed and simulated streamwise

Downloaded by [University of Alberta] at 10:20 14 September 2017

6

A. B. M. BAKI ET AL.

velocity and less agreement for transverse velocity
components on the horizontal plane.
To check the model’s performance in reproducing
the velocity (streamwise and vertical velocity components) on the vertical plane along the centreline of
the channel, the comparison between the observed
and simulated velocity in Series A4 (only available
observed data) is shown in Figure S3 (in the Online
Supplementary Section). For the centre vertical plane,
there is a good general agreement between observed
and simulated velocity components in the streamwise
and vertical directions for Series A4. However, in
both vertical and horizontal planes, there is poor
agreement just upstream (deceleration zones) and
downstream (wake zones) of the rock-weir. In particular, the transverse velocity component on the horizontal plane was not reproduced accurately, which
results in the velocity vectors having different directions in the simulations and observations (Figure S2
in the Online Supplementary Section). Similarly, the
vertical velocity component on the vertical plane was
not reproduced accurately downstream of the rockweir (Figure S3b in the Online Supplementary Section). A number of factors might contribute to this
discrepancy: natural boulders with non-uniform sizes
and shapes used in the experiments, measurement
uncertainties in the wake region due to intensive turbulence, as well as the modelling errors. We believe
the natural boulders with varying shapes in the
experiments likely are the largest cause of this discrepancy, whereas spheres of a uniform size were
used in the model geometry. Other studies (Lane
et al. 1999; Haltigin et al. 2007; Baki et al. 2016; Tran
et al. 2016) have also shown that the transverse and
vertical velocity components typically have lower precision than the streamwise component.
A growing body of work suggests that ﬁsh habitat
use and passage are heavily dependent on velocity proﬁles (e.g. Silva et al. 2011; Wilkes et al. 2017), and they
are no longer considered simply a function of mean
velocity in the streamwise direction (Lacey et al. 2012;
Wilkes et al. 2013). A recent accumulation of evidence
has also conﬁrmed strong and complex relationships
between 3D turbulent ﬂow and ﬁsh swimming energetics (Tritico and Cotel 2010; Lacey et al. 2012; Enders
and Boisclair 2016). We acknowledge that there are
some discrepancies in the accuracy with which the current model reproduces the transverse and vertical
velocity components, and that this may have biological
implications given the importance of velocity proﬁles.
Nevertheless, because our main interest in this study is
on ﬂow regimes, depth–discharge relationships and
maximum velocities, which are typically the parameters used in determining the suitability of ﬁshway
design, we believe that inaccuracy in the transverse
and vertical velocity components is not expected to signiﬁcantly affect the key ﬁndings of this study. Further

studies are recommended to evaluate if the discrepancy
between the model and the measurements is caused by
the irregularity of the natural rocks used in the experiments, and how important is the transverse and vertical velocity components on ﬁsh habitat use and
passage related to the weir structures.

4. Results and discussion
4.1. Flow regimes
The hydraulics of pool–weir ﬁshways are characterized
by the ﬂow regimes over the weirs, which depend on
ﬁshway discharge, slope and relative weir height (Katopodis 2015). The simulated ﬂow ﬁelds, especially the
water surface proﬁles and hydraulic jump, for each
series of simulations (A–G) along the channel centre
plane conﬁrmed three ﬂow regimes: (1) weir, (2) transitional and (3) streaming. In the case of the weir ﬂow
regime (Figure 2(a)), a high-velocity zone appears
immediately downstream of the weir crest (X/L =
0.05), with a short hydraulic jump, which dissipates to
a horizontal water surface and uniform distribution of
velocity over the entire ﬂow depth (X/L = 0.35) (Chanson 1994; Dust and Wohl 2012). In the transitional
ﬂow regime (Figure 5(b)), the high-velocity zone persists into a long transitional jet (X/L = 0.20) (Dust and
Wohl 2012) and an oscillating water surface which dissipates as the next weir is approached. In the streaming
ﬂow regime (Figure 2(c)), the high-velocity zone forms
a single high-velocity core and the water surface is
near-planar. Flow immediately downstream of the
weir has two distinct zones. The velocity is maximal in
the jet and negative velocity exists in the recirculation
zone underlying the jet.
To distinguish the three different ﬂow regimes, two
pﬃﬃﬃ
dimensionless parameters, Qt ¼ Q=ð g S0 BL3=2 Þ and
L/d, were calculated using the simulated hydraulics following Ead et al. (2004). Figure 3(a) is a plot of Qt versus the dimensionless pool spacing L/d for the
simulated results, highlighting distinct domains for
each ﬂow regime. First, the observed hydraulics from
each simulation conﬁrmed that weir ﬂows can occur
for values of L/d > 4.5, if Qt is 1.2. The majority of
simulations in this study were identiﬁed as weir ﬂow
(Figure 3). Second, streaming ﬂows can occur for values of L/d <7.0, if Qt  3.4. Only three simulations for
the smaller slopes (S0 = 1.5%) and shorter pool spacing
(L = 0.5B), Series B1 (Q = 0.13 m3 s¡1) and C1 (Q =
0.09 and 0.13 m3 s¡1), were identiﬁed as streaming
ﬂow. One possible reason for this is that ﬂow resistance
in this regime is independent of discharge and is dominated by form losses and cavity recirculation (Chanson
and Toombes 2002). For the pool–weir ﬁshway, Ead
et al. (2004) also observed the streaming ﬂow regime at
smaller slopes and shorter pool spacing. Third, the
transition from weir to streaming ﬂow occurred for
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Figure 2. Simulated velocity ﬁelds for the ﬂow regimes of (a) weir ﬂow for Series A4 (Q = 0.06 m3 s¡1), (b) transitional ﬂow for
Series A8 (Q = 0.12 m3 s¡1), and (c) streaming ﬂow for Series B1 (Q = 0.13 m3 s¡1). Note that “Arrow3D” symbol was used to represent the velocity vectors at each vertical point, which made shading at the end of each proﬁle.

values of L/d  3.0–14.0 and Qt  1.0–3.3. Ead et al.
(2004) observed ﬂow in the plunging (weir) ﬂow
regime for Qt values between 0.24 and 2.03, and in the
transitional ﬂow regime for Qt values between 1.63
and 2.77. The probable reason for these differences in
Qt between this study and Ead et al. (2004) is the
geometry of the ﬁshway.
For a speciﬁc channel slope and pool spacing, Rajaratnam et al. (1988) observed that the transition from
plunging to streaming ﬂow occurred when the ﬂow
rate exceeded a certain value. An additional

dimensionless parameter, relative submergence (H/d),
was identiﬁed to distinguish the transition between
weir and transitional ﬂow regimes (Figure 3(b)), where
H is the pool-averaged water depth. Weir ﬂow is present for H/d less than 1.6 and transition ﬂow begins
around H/d = 1.6. Following these thresholds, transitional ﬂow regimes were identiﬁed at higher ﬂow rates
for the simulations of Series A and F (Q = 0.085–0.15
m3 s¡1) and B2–B5, C2, D1–D2, E1–E3 (0.13 m3 s¡1),
and G (Q = 0.115–0.15 m3 s¡1). The water surface proﬁles for Series C1 (0.04 and 0.06 m3 s¡1) did not follow

A. B. M. BAKI ET AL.

Downloaded by [University of Alberta] at 10:20 14 September 2017

8

Figure 3. (a) Consolidated plot of the three different ﬂow regimes based on Qt and L/d for all simulations in rock-weir NLFs and
(b) weir and transitional ﬂow regimes based on Qt and H/d.

the criteria H/d > 1.6 under the transitional ﬂow
regime (Figure 3(b)), with shorter pool spacing (L/B <
1) under a lower ﬂow rate being the probable reason.
The simulated water surface proﬁles for B4 (S0 = 7%)
and B5 (S0 = 10%) at the higher ﬂow rate (0.13 m3 s¡1)
did not follow any classiﬁcation (Figure 3(b)) and their
ﬂow regime is unknown. The simulated water surface
proﬁles conﬁrmed that the supercritical jet downstream of the weir took a longer distance to impinge
on the bed and form a jump than in the other
simulations.

The ﬂow regimes that were identiﬁed in this study
are based on quantitative thresholds (Figure 3) associated
with
three
dimensionless
parameters:
pﬃﬃﬃ
Qt ¼ Q=ð g S0 BL3=2 Þ, L/d and H/d. The weir, transitional and streaming ﬂow regimes in this study correlate well on a one-to-one basis with ﬂow regimes
previously deﬁned by Ead et al. (2004). From Sindelar
and Smart (2016), ﬁve sets of experimental data for
different ﬂow regimes (two for weir ﬂow, two for
transitional ﬂow and one for streaming ﬂow) were also
plotted in Figure 3(a) and all data points fall in transi-
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Figure 4. Velocity magnitude and vectors on the horizontal plane at z = 0.5H for different ﬂow rates in Series A: (a) 0.03 m3 s¡1,
(b) 0.06 m3 s¡1, (c) 0.10 m3 s¡1, and (d) 0.15 m3 s¡1 under 3% slope.

tional ﬂow regime based on current thresholds, where
Qt = 0.99–2.24 and H/d = 1.63–1.9. A partial disagreement is because of a steep slope (S0 = 6.5%) and shorter
pool spacing (L/B < 1), which are very sensitive to ﬂow
regimes (as discussed above).
4.2. Flow ﬁelds
The local ﬂow ﬁelds are important in the design of
rock-weirs because they can affect ﬁsh passage, scour
development and overall structure performance. This
study investigated the local ﬂow patterns in a pool on
the horizontal plane parallel with the bed at z = 0.5H
for each channel and structure conﬁguration, assuming
that the target ﬁsh species likely swim in this plane.
For layout (I), immediately downstream of the weir
crest, ﬂow is directed towards the centre of the downstream pool (Figure 4), which is similar to that
observed in step–pool structures (Thomas et al. 2000).
As ﬂow approaches the next weir, the upstream-facing
“V” conﬁguration of the weir directs ﬂow toward the
channel banks, distributing ﬂow across the weir. These
differences in ﬂow alignment in a pool (towards centre
line versus side line) generate ﬂow re-circulation zones

along both channel banks (Figure 4). The extent of the
high-velocity zone and re-circulation zone in the pool
increased with increasing ﬂow rate. Figures 5 and 6
demonstrate that increasing the bed slope (1.5%–10%)
and pool spacing (0.5B–3B) increases the size of the
mid-channel high-velocity zones; this increase is due
to decreased water depth with increasing slope
and pool spacing. For the steeper bed slope (S0  5.5%)
and larger pool spacing (L  3B), the post-structure
maximum velocity converged to nearly pre-structure
velocity referred to the normal depth. Increasing
weir height from d = 0.065 to 0.185 m decreased the
size of the mid-channel high-velocity zones because
increases in water depth due to backwatering allowed
larger ﬂow re-circulation zones to form along the banks
(Figure 7).
In contrast to layout (I), the ﬂow directions immediately downstream of a V-weir in layout (II) directed
ﬂow toward the channel sides, allowing higher velocities towards the channel banks (Figure 8). This ﬂow
alignment will result in ﬂow recirculation in the centre of the pool instead of along the channel banks.
The arm angle (u) strongly inﬂuences the velocity
ﬁelds in the pool (Figure 8). The extent of the high-
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Figure 5. Velocity magnitude and vectors on the horizontal plane at z = 0.5H for different slopes in Series B: (a) 1.5%, (b) 5.5%,
(c) 7%, and (d) 10% at ﬂow rate of 0.06 m3 s¡1.

velocity zone and size of the re-circulation zone in the
pool increases with decreasing u from 70 degrees to
45 degrees. In the crossbar block ramp (layout (III)),
the ﬂow directions are perpendicular with the channel
cross sections, with some minor convergences and
divergences occurring immediately upstream and
downstream of the weir, respectively (Figure 8). This
results in less ﬂow recirculation zones along the
banks.
Based on velocity ﬁelds on the horizontal plane, layout (I) is effective in directing ﬂow recirculation
towards the banks instead of the pool’s centre when
compared with layouts (II) and (III). The ﬂow recirculation on the horizontal plane governs the eddy size,
and eddy affects the ﬁsh swimming capabilities
(Marriner et al. 2016). Therefore, from a ﬁsh migration
perspective, layout (I) is well suited for ﬁsh swimming
along the channel centre; layouts (II) and (III) should
only be considered for locations where ﬁsh prefer to
swim along the channel banks. Layout (I) did have
some ﬂow concentrations near the channel banks on
the downstream side of the rock-weir; however, this
would cause less of an issue in a non-rectangular
channel.

4.3. Depth–discharge relationship
The analysis and results in the Online Supplementary
Section demonstrate that the existing depth–discharge
equations (discussed in Section 2), based on a broadcrested weir equation or an empirical approach, do not
accurately predict the calculated ﬂow and water depth
over the weir for the range of structure parameters
examined in the current study. The large error can be
partially explained by the fact that these equations
were developed from laboratory data for a limited
range of structural geometry and channel characteristics. Therefore, no standard distinctive guideline is
available regarding how to model ﬂow over rock-weirs
considering the range in channel characteristics and
structural geometry possible in ﬁshway designs.
A dimensional analysis, in a manner similar to the
rectangular weir and integrating the bed slope (as one
of the key features in ﬁshway design), was conducted
to generalize the depth–discharge relationship for ﬂow
over a rock-weir, expressed as a function of the
upstream head as follows:
j

Q ¼ Cd hi Bt ðgS0 Þr ;

(5)
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Figure 6. Velocity magnitude and vectors on the horizontal plane at z = 0.5H for different pool spacing in Series C: (a) L = 0.5W,
(b) L = 1W, (c) L = 1.5W, (d) L = 2W, and (e) L = 3W at 0.06 m3 s¡1 and 3% slope.
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Figure 7. Velocity magnitude and vectors on the horizontal plane at z = 0.5H for different boulder diameters in Series A–E:
(a) D = 0.08 m, (b) D = 0.11 m, (c) D = 0.14 m and (d) D = 0.20 m at 0.06 m3 s¡1 and 3% slope.

where i, j and r are the exponents of the dimensional
analysis. Applying the Buckingham p theorem and the
regression analysis (considering a least sum of the
square of residuals for all simulated ﬂow regimes) in
Equation (5), the values of i, j and r exponents produced the new depth–discharge equation for rock-weir
NLFs:
Q ¼ Cd h1:15 B1:35
t

pﬃﬃﬃﬃﬃﬃﬃ
gS0 :

(6)

In Equation (6), the only unknown Cd is assumed as
a function of dimensionless weir crest length ðS0 Bt =LÞ
to integrate the structure geometries (Bt and L) and
channel characteristics (S0). For each series of simulations, a unique value of Cd was obtained by using the
pﬃﬃﬃﬃﬃﬃﬃ
least-squares method (i.e. Q versus h1:15 B1:35
gS0 ).
t
Figure 9(a,b) shows the polynomial relationship
between Cd and ðS0 Bt =LÞ for the weir ﬂow and transitional/streaming ﬂow regimes. The separation of weir
and transitional ﬂow regimes is consistent with Dust
and Wohl (2012), who observed different relationships
between ﬂow regimes at natural step crests in step–

pool streams. In Figure 9(a,b), the polynomial lines
represent the following regression equations that can
be used to predict Cd for weir and transitional/streaming ﬂow regimes, respectively, excluding Series D2:
Cd ¼ 84:22ðS0 Bt =LÞ2  20:55ðS0 Bt =LÞ


þ 2:91 R2 ¼ 0:98; n ¼ 57; p ¼ 0:97 ; (7)
Cd ¼ 24:02ðS0 Bt =LÞ2  16:03ðS0 Bt =LÞ
 2

þ 2:98
R ¼ 0:84; n ¼ 24; p ¼ 0:84 : (8)
Using the simulated results, the appropriate discharge coefﬁcient (Cd) was computed with either
Equation (7) or Equation (8), and then inserted into
Equation (6) to yield the predicted discharge. The predicted versus simulated discharges for the weir ﬂow
and transitional/stream ﬂow regimes are plotted in
Figure S4(a,b) in the Online Supplementary Section.
For the weir ﬂow regime, Equation (7) was used to predict Cd for all series of simulations (except D2). The
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Figure 8. Velocity magnitude and vectors on the horizontal plane at z = 0.5H for different weir geometries: (a) weir layout (II),
(b) layout (I) and u = 70 , (c) layout (I) and u = 60 , (d) layout (I) and u = 45 , and (e) layout (III) at 0.06 m3 s¡1 and 3% slope.

results showed very good agreement (R2 = 0.99, n = 57,
p = 0.94) between simulated and predicted discharges;
the MAPE was about 3.2%. For the transitional/stream
ﬂow regimes (Figure S4(b) in the Online Supplementary
Section), the accuracy of prediction of Equation (6) is
not as good as the weir ﬂow regime (R2 = 0.85, n = 24,
p = 0.74) due to poorer performance of Equation (8):
MAPE was about 7.1%. Dust and Wohl (2012) also
suggested that the weir-ﬂow equation expressed as a
function of upstream gauge head is not suitable
for evaluating discharges in transitional ﬂow regimes.
Equations (6)–(8) were developed using the output
from the numerical model, and testing the applicability
of these equations with measured ﬁeld data is essential.
4.4. Maximum velocity prediction
This study compared the simulated weir maximum
velocity with the corresponding theoretical maximum

velocity (Figure S5 in the Online Supplementary
Section) to examine the applicability of existing
Equation (4) for rock-weir NLFs. The results demonstrated that application of Equation (4) consistently
under-predicted the maximum velocity for all series of
simulations (R2 = 0.27, n = 85, p < 0.0001), with a
large MAPE of 22%.
To accurately predict maximum velocity in a rockweir NLF and to increase the range of applicability,
this study proposes a modiﬁed version of Equation (4)
by introducing two reduction factors (k1 and k2) as recommended by Wang and Hartlieb (2011) as follows:
Umax ¼ k1

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2gðk2 DhÞ;

(9)

maximum
where k1 is the ratio of numericalp
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ velocity to
theoretical maximum velocity ( 2gðDhÞt ), and k2 is
the ratio of numerical water level difference (Dh) to
designed water level difference (ðDhÞt ¼ S0 L). The
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Figure 9. Weir discharge coefﬁcient (Cd) shown as function of dimensionless weir crest length (S0Bt/L) in rock-weir NLFs for (a) weir
and (b) transitional/streaming ﬂow regimes.

numerical versus predicted maximum velocity using
Equation (9) for all series of simulations is shown in
Figure S6 in the Online Supplementary Section.
Equation (9) provides a better ﬁt (R2 = 0.82, n = 85,
p = 0.002) compared to Equation (4). For streaming
ﬂow regimes, the results conﬁrmed a large error
(MAPE = 53%) and distinct separation in the prediction of maximum velocity, where the error in the prediction increased with increasing discharge. This was
likely due to the different mechanisms of energy dissipation within the weir/transitional and streaming ﬂow
regimes; this is supported by Comiti et al. (2009) who
also proposed two distinct velocity–discharge relationships for the nappe (weir) and skimming (streaming)
ﬂow regimes in step–pool channels. Excluding the simulated results for streaming ﬂow regimes, i.e. considering only the weir and transitional ﬂow regimes, the
results of Equation (9) conﬁrmed excellent ﬁt (R2 =
0.98, n = 82, p = 0.010) compared to Equation (4).
Equation (9) shows an increase in the ability to estimate the maximum velocity for the rock-weir NLFs
with a small MAPE of 2.6%.
In Equation (9), to estimate two reduction factors,
k1 and k2, a new relationship is examined between
reduction factors and normalized discharge
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(Q ¼ Q= gS0 LB2 Dh). Figure 10(a) shows the relationship between k2 and normalized discharge (Q ) for

the simulations of weir and transitional ﬂow regimes.
The calculated values of k2 are approximately constant
at 1.0, which indicates that the numerical water
level difference (Dh) is similar to theoretical values
ðDhÞt . Considering k2 = 1.0, the results of Equation (9)
showed better performance (R2 = 0.99, n = 82, p =
0.11) in estimating the maximum velocity for the weir
and transitional ﬂow regimes (Figure S7 in the Online
Supplementary Section) with MAPE of 1.3%. Assuming k2 = 1.0, Figure 10(b) shows k1 varies linearly with

Q . To predict k1 for the weir and transitional ﬂow
regimes as a function of normalized discharge (Q ), a
linear correlation is proposed as follows:
k1 ¼ 0:617Q þ 0:475

 2

R ¼ 0:93; n ¼ 82; p ¼ 0:98 :

(10)
Applying k1 from Equation (10) and letting k2 = 1.0,
Equation (9) gives reasonably good predictions of the
maximum velocity (R2 = 0.93, n = 82, p = 0.05) with a
MAPE of 4.6% (Figure S8 in the Online Supplementary
Section). It is noted that testing the applicability of
Equation (9) using Equation (10) with in situ measured
data is essential.
The locations of the maximum velocity on the vertical plane also have potential importance for ﬁsh migration, similar to that on the horizontal plane parallel to
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Figure 10. Velocity reduction factors: (a) k2 and (b) k1 as a function of dimensionless discharge Q for weir and transitional ﬂow
regimes.

the bed. Normalized velocity (U/Umax) proﬁles at the
pool centre points were calculated for each channel
and structure conﬁguration at 0.06 m3 s¡1 (Figure 11).
As bed slope increased from 1.5% to 10%, the vertical
location of the maximum velocity gradually shifted
from z = 1.2d to 0.2d (Figure 11(a)) as the transitional
ﬂow regime changed to the weir ﬂow regime. Similarly,
for the pool spacing, L = 2.0B–3.0B, the maximum
velocity occurred at about z = 0.7d and then shifted to
z = 1.0d above the weir crest level for the decreased
spacing of L = 0.5B–1.5B (Figure 11(b)). For the variations of both bed slope and pool spacing, the magnitude of velocity U varied from 0.5Umax to 0.8Umax. The
vertical location of maximum velocity in a pool
decreased from z = 1.4d to 1.1d as weir height
decreased from 0.185 to 0.065 m and U varied from
0.64Umax to 0.55Umax (Figure 11(c)).
The weir layouts had the least effect on the locations
of the maximum velocity (Figure 11(d)). For all layouts, the maximum velocity occurred approximately at
the level of the weir crest. However, the weir layouts

did affect the magnitude of velocity due to different
ﬂow alignments into the pool (discussed above). The
magnitude of velocity U increased from 0.3Umax to
0.6Umax between layout (I) and (II). In the case of layout (I), U increased from 0.5Umax to 0.7Umax with
decreasing arm angle u from 70 degrees to 45 degrees.
U for layout (III) (0.5Umax) is smaller than that of the
layout (I). In summary, bed slope, pool spacing and
weir height affect the pool vertical velocity proﬁles,
and the proﬁles are less sensitive to weir layouts. A
study by Fritz and Hager (1998) similarly showed that
the velocity proﬁles downstream of rectangular weirs
are relatively less sensitive to crest length, submergence
ratio and weir height.
4.5. Velocity proﬁles
There have been limited investigations of the pool
velocity proﬁles for weir-type NLFs. For technical-type
pool–weir ﬁshways, Ead et al. (2004) proposed a
cosine-type equation for the velocity proﬁles in
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Figure 11. The dimensionless velocity magnitude (U/Umax) at the centre point of pool #3 under alternative (a) bed slope in layout
(I), (b) pool spacing in layout (I), (c) boulder diameter in layout (I), and (d) weir layouts at ﬂow rate 0.06 m3 s¡1.

plunging ﬂow upstream and downstream of the
impingement line as follows:
 0
u
y
;
(11)
¼ cos
um
l
where u is the velocity along the streamwise direction,
um is the maximum value of u at any section, y 0 is the
perpendicular distance measured from the location of
the maximum velocity, and l is the vertical distance
between the points of maximum velocity and zero velocity at any point. The simulated velocity proﬁles for
Series A at the mid-point of the pool centre and side

lines were compared with the cosine Equation (11) in
Figure 12(a,b), respectively. The velocity proﬁles deviate
signiﬁcantly from Equation (11) in both the pool’s
side line (n = 30, p < 0.0001) and the pool’s centre line
(n = 30, p = 0.0001).
For the simulated data sets for Series A, using the
least square method, the normalized proﬁles at the midpoint of the pool centre and side lines can be best ﬁtted
by introducing a new coefﬁcient m in Equation (11) as
follows:


U
y0
;
(12)
¼ cos m
Um
l
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Figure 12. The dimensionless velocity magnitude (U/Um) at the mid-point of a pool (a) along the centre line and (b) side centre line
at different ﬂow rates for Series A.

where Um is the maximum value of U at any section, and
m = 1.35 and 1.53 for the pool’s centre and side lines,
respectively. Equation (12) provides a good ﬁt at both
locations from the bottom to the level where maximum
ﬂow velocity occurs (p = 0.17 for centre line and p =
0.34 for side line). The proﬁles deviate from
Equation (12) from the location of the maximum velocity to the water surface. This deviation increased with
increasing ﬂow rates at weir ﬂow regimes for ﬂow up to
0.06 m3 s¡1 and decreased with the ﬂow at transitional
ﬂow regimes for ﬂow up to 0.10 m3 s¡1 (though the
error was high at 0.12 and 0.15 m3 s¡1). At transitional
ﬂow regimes, the enhancement of kinetic energy near
the wavy water surface reduced the difference between
U and Um resulting in a reasonable ﬁt under
Equation (12), except for the two highest ﬂow rates as
noted above.

5. Conclusions
This study investigated numerically the physical processes associated with rock-weir ﬁshways, speciﬁcally,
how variations in channel characteristics and structure
geometries affect the hydraulics within the structures.
The simulated water surface proﬁles conﬁrmed
three distinct ﬂow regimes: weir ﬂow, transitional ﬂow
and streaming ﬂow. A diagram has been developed to
predict three different ﬂow regimes in rock-weir ﬁshways based on quantitative thresholds associated with
three dimensionless parameters for discharge (Qt ),
pool spacing (L/d) and pool water depth (H/d). The
different channel and structure conﬁgurations resulted
in diverse three-dimensional ﬂow structures. The layout (I), V-weir facing upstream, was well suited for ﬁsh
swimming along the channel centre when compared

with the layout (II), V-weir facing downstream, and
layout (III), crossbar block ramp.
A depth–discharge relationship was developed for
predicting rock-weir ﬂow for the three different ﬂow
regimes associated with rock-weir NLFs. In this relationship, a discharge coefﬁcient (Cd) is introduced as a
function of dimensionless weir crest length ðS0 Bt =LÞ for
both weir and transitional/streaming ﬂow regimes. A
modiﬁed solution for calculating weir maximum velocity
for weir/transitional ﬂow regimes was proposed.
The pool velocity proﬁles were found to be similar. The
predicted proﬁles at the mid-point of the pool centre
and side-centre lines ﬁt well from the channel bottom to
the level where the maximum ﬂow velocity was present,
but deviated from this equation close to the water
surface.
The proposed relationships will be useful in the
design of rock-weir NLFs in consideration of ﬂow
availability and the swimming capabilities of target ﬁsh
species. In the companion paper Part II, Baki et al.
(2017) developed a design procedure for designing
rock-weir ﬁshways.

Notation
The following symbols are used in this paper:
B channel width
B
P t total wetted length of rock-weir crest
bs sum of wetted weir proﬁle length along boulder
crest
Cc weir contraction coefﬁcient
Cd coefﬁcient of rock-weir discharge
D average boulder diameter
d rock-weir height above channel bed
g gravitational acceleration
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H

pool-averaged water depth along the centre
line of the channel
h water depth above the rock-weir crest
hL head loss between two pools
hn normal water depth
hus upstream weir water depth
Dh difference in water level between two pools
k turbulent kinetic energy
L pool spacing
l vertical distance between the points of maximum velocity and zero velocity
La angled weir arm length
Ls weir arm length
n number of data points
Q ﬂow rate
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

Q dimensionless discharge (Q ¼ Q=ð gS0 LB2 Dh)
discharge at transition ðQt ¼ Q=
Qt dimensionless
pﬃﬃﬃﬃﬃﬃ
ð ðgÞS0 BL3=2 Þ
S0 channel bed slope
u time-averaged velocity along a streamwise
direction
um maximum of u at any section
U magnitude of ﬂow
velocity considering
three
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
directions (U ¼ u2 þ v2 þ w2 )
Um maximum value of U at any section
Umax maximum value of U over weir
Ucrit critical velocity in relation to ﬁsh swimming
X longitudinal streamwise distance
0
perpendicular distance measured from the
y
location of the maximum velocity
z vertical distance from the channel bed
u weir arm angle (plan view angle of departure
from bankline)
r the density of water
m weir ﬂow coefﬁcient
s coefﬁcient of submerged weir discharge
y kinematic viscosity of water
e turbulent kinetic energy dissipation rate
k, k1, k2, and m multiplying factors
i, j, and r
exponents in dimensional analysis
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