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Abstract

Channels with longitudinal beams have been studied for decades in chemical engi-
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neering, environmental and sanitary engineering, aeronautics, astronautics, biology
and geology. In the current study, a combination of physical and numerical Computa-
tional Fluid Dynamics (CFD) modelling was undertaken to test whether an asymmet-

rical channel equipped with a sidewall longitudinal rib could provide flow conditions
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conducive to upstream fish passage. The study focused on small-bodied fish and
juveniles of larger fish, typically less than 100 mm in total length. A detailed hydrody-
namic study was conducted in an asymmetrical rectangular channel equipped with a
sidewall square rib in a culvert barrel channel. Both free-surface velocity and bound-
ary shear stress measurements showed strong secondary currents of Prandtl's second
kind. The channel asymmetry contributed to intense secondary motion, associated
with turbulent dissipation. The channel design provided a small well-defined highly
turbulent low-velocity zone beneath the rib. In the context of hydraulic structure
designs, uttermost care must be considered because of manufacturing, installation
and operational practices. In many instances, alternative engineering designs with
small baffles and asymmetrical appurtenance should be preferred to assist with fish

passage in hydraulic structures.
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1 | INTRODUCTION

The scales of fast-swimming sharks have fine longitudinal ridges,

comparable to grooves and riblets, which reduce the flow resis-

In alluvial channels, long-lasting three-dimensional large-scale turbu-
lent vortices may yield the development of longitudinal troughs and
ridges on the mobile bed with preferential transport of bed particles
along troughs (Nezu & Nakagawa, 1984; Shvidchenko & Pender,
2001). Longitudinal ridges and runnels were also reported in intertidal
zones (Carling, Williams, Croudace, & Amos, 2009). Related observa-
tions include massive scour features, with longitudinal ridges and
grooves, and streamlined bar forms, in debris flows on Planet Mars
(Tanaka, 1999). Small-scale streamwise ribs, also called V-groove rib-
lets, can produce consistent net drag reduction, when the appropriate
groove spacing yields a reduction in viscous drag by displacing longi-
tudinal vortices away from the wetted surface, thus reducing their
intensity (Bushnell & McGinley, 1989; Choi, Moin, & Kim, 1993).

tance of a surface, enabling drag reduction and faster swimming
(Nitschke, 1983). A related application is the flow past seal fur,
achieving drag reductions of up to 12%, due to the streamwise fur
pattern (Itoh et al., 2006).

Recent biological tests suggested that a streamwise rib might
facilitate the upstream passage of small-body-mass fish species
(Watson, Goodrich, Cramp, Gordos, & Franklin, 2018). The longitudi-
nal rib would typically be placed along each river bank, that is, on one
sidewall of the outer cells of multi-cell box culverts; or on both side-
walls of a single-cell box culvert. The purpose of the present hydrody-
namic investigation is to characterise the role of longitudinal rib on
the flow field in a rectangular channel, typical of a standard box cul-

vert barrel, to gain some fundamental understanding of the
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implications in terms of turbulent mixing and to develop a physically
based understanding of the potential impact in terms upstream pas-
sage of small-bodied fish and juveniles of large fish species, although
the impact on fish behaviour and passage was not tested. Engineering

design considerations are later discussed.

2 | MODELLING AND HYDRODYNAMIC
CONDITIONS

2.1 | Physical modelling

New experiments under controlled flow conditions were conducted in
a 15-m long 0.5-m wide horizontal flume at the Advanced Engineering
Building (AEB) Hydraulics Laboratory of the University of Queensland
(Figure 1). In Australia, the large majority of box culverts use pre-cast
concrete boxes with internal widths between 0.5 and 2.5 m. Thus, the
present channel test section had similar dimensions to those of a real
standard box culvert barrel cell beneath a two-lane road, allowing
some quasi 1:1 scale prototype-model testing.

The test section was made of a smooth Polymerizing Vinyl Chlo-
ride (PVC) bed and glass sidewalls. Water was supplied by a constant
head tank into the flume intake, in which the combination of baffles,
vanes and three-dimensional convergent allowed a smooth inflow into
the 15-m long flume, which ended with a free overfall at the
downstream end.

A 12-m long sidewall rib was installed along the right sidewall for
1 m < x < 13 m, with x is the streamwise distance from the upstream
end of the test section (Figure 1a,b). The rib dimensions and position
are shown in Figure 2 and were based upon Watson et al. (2018),
albeit with stringent tolerance in terms of dimensions and installation
(Sanchez, Leng, & Chanson, 2018).

The discharge was recorded with a Venturi meter on the water
delivery line, with an accuracy of less than 2%. Water depths were
measured with rail-mounted pointer gauges within £0.5 mm. Water
velocities were recorded with a combination of three systems: a
Prandtl-Pitot tube, a roving Preston tube (RPT) and an acoustic Doppler
velocimeter (ADV). The Prandtl-Pitot tube was a Dwyer® 166 Series
tube (@ 3.18 mm), with an AMCA/ASHRAE design. The RPT was a Type
C1.6(r) (Macintosh & Isaacs, 1992), especially used to measure the veloc-
ity beneath the square rib (Figure 1c). With the Prandtl-Pitot tube, the
percentage of error was expected to be less than 2% on the time-
averaged velocity measurement. The accuracy of the RPT was basically
similar. The ADV was a Nortek™ Vectrino+ with a three-dimensional
side-looking head. The ADV signals were post-processed by removing
erroneous data with an average correlation of less than 60% and an aver-
age Signal to Noise Ratio (SNR) less than 5 dB, as well as by “despiking”
using a phase-space thresholding technique (Goring & Nikora, 2002).
Note that the ADV signal was adversely affected by the proximity of
solid boundaries, especially the corners and edges of the longitudinal rib
(Figure 1d). Although the accuracy of the ADV was supposedly 1% of
the velocity range, that is, 0.01 m/s herein, great care should be applied

to the interpretation of these data (Sanchez et al., 2018).

2.2 | Numerical CFD modelling

Numerical CFD modelling was performed using ANSYS™ Fluent version
18.0. The numerical CFD model was constructed following closely the
experimental configuration, using a 12-m long 0.5-m wide numerical
domain with caved-in wall element along the right sidewall resembling
the longitudinal rib (Figure 3). The corner of the numerical rib was square
and sharp as shown in Figure 3 (right), based upon the physical model.
The upstream boundary was configured as two velocity inlets, being air
and water, respectively, separated by a free-surface elevation at
z = 0.165 m, according to the experimental measurements at the
upstream end of the test section. The inflow velocity of air was zero,
whereas for water Vi, = 0.674 m. The downstream boundary was config-
ured as a pressure outlet with a prescribed free-surface elevation at
z = 0.135 m according to experimental observations near the down-
stream end. The total height of the numerical domain was 0.5 m. The rest
of the boundaries, including top, sidewalls and sides of the rib, applied
wall boundary conditions with a consistent roughness height comparable
to smooth PVC channel (ks ~ 0). The numerical model aimed to simulate
the flow condition tested by the experimental model: Q = 0.0556 m®/s.

Even with such a large streamwise element intruding the flow, the
flow remained a gradually varied steady nontransient flow due to the
uniformity of the beam's shape extending throughout the test section.
Strong side-current and streamline distortion were expected near the
edge of the rib; however, minimum separation was anticipated, except
maybe near the sharp corners of the rib, which was not the focus of
this study. Hence, a Reynolds-averaged Navier-Stokes (RANS) simula-
tion was selected for modelling turbulence in the numerical model
(Pope, 2000; Rodi, Constantinescu, & Stoesser, 2013). Two RANS
models were tested, which were a standard k-€ model and a Reynolds
stress model (RSM). The latter is considered more powerful in resolving
complicated flow field, including anisotropic turbulence, streamline
curvature, swirl, rotation and rapid changes in strain rate, hence more
suitable for the purpose of current study (Pope, 2000, Rodi et al., 2013).
A two-phase volume of fluid method was used for both turbulence
models to resolve the air-water interface. A segregated pressure-
velocity coupling was used (SIMPLE). The momentum spatial dis-
cretisation was solved by a second-order upwind scheme and the time
discretisation was solved using a first-order implicit scheme.

For both k — ¢ and RSM, a structured hexagon mesh was employed.
Example of cross-sectional mesh configuration is shown in Figure 4. Mini-
mum edge sizing was applied for the water phase being the focus of this
study, with Aynin and Az, = 0.0025 m. In the air phase, a gradually varied
rectangular mesh was used, with Ayin and Az, = 0.0025 m. The longitu-
dinal mesh was mostly uniformly partitioned with Ax = 0.6 m. Overall the
mesh grid consisted of 119,922 nodes and 107,505 elements. A refined
mesh was tested further using RSM only to examine the sensitivity of the
method to mesh grid density. A cross-section of the refined mesh is shown
in Figure 4b, with Ay, = 0.001, Az, = 0.001 and Ax = 0.6 m. The total
mesh grid density was 375,717 nodes and 342,550 elements.

Transient simulation was performed for all numerical models. Con-
vergence was achieved by reducing residuals of all parameters to 1072

or less. The physical time of each model was 120 s to ensure the flow
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FIGURE 1 Photographs of the physical
facility with 50 mm? x 50 mm? longitudinal
rib along a right sidewall. (a) Looking
upstream at the downstream end of the
hollow rib (white arrow) with a pointer
gauge on the dry channel bed. (b) Looking
downstream at the dry flume with the
longitudinal rib along the right sidewall.

(c) Roving Preston tube (RPT) Type C1.6

(r) underneath the longitudinal rib (red
arrow). (d) Acoustic Doppler velocimeter
(ADV) with the head facing the right
sidewall, beneath the longitudinal rib. Flow
direction from left to right—Q = 0.0556 m®/
s [Colour figure can be viewed at
wileyonlinelibrary.com]

became steady. The computation time for each model was 24-48 hr on
an eight-processor High Performance Computer (HPC) workstation.

2.3 | Hydrodynamic flow conditions

Physical experiments were performed in the horizontal channel,

equipped with a sidewall longitudinal square rib for a range of

discharges. Visual observations and free-surface measurements

were conducted every meter along the longitudinal length of
the flume. Detailed velocity measurements were undertaken for
one flow rate: Q = 0.0556 m®/s at three longitudinal locations
(x = 1.9, 8 and 11.9 m), as well as several transversal locations
y, where y is the transversal distance from the right sidewall,
positive towards the left sidewall. Each vertical velocity profile

consisted of a minimum of 25 points, with typically over
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Secondary flow

Free-surface

FIGURE 2 Undistorted sketch of
streamflow, recirculation cavity and
secondary flows in an asymmetrical
box culvert barrel with sidewall
longitudinal rib with sharp-edged
corners [Colour figure can be viewed
at wileyonlinelibrary.com]

Stable cavity
flow region

Sharp-edged corners

Low positive velocity zone (LPVZ)

FIGURE 3 Distorted sketch of the numerical domain (left) with a
zoom on the rib section (right)

350 velocity sampling points per cross-section. Further velocity
measurements were also conducted for Q = 0.026 and
0.100m3/s at x = 8 m to characterise the low-velocity
zones (LVZs).

3 | FLOW PATTERNS AND VELOCITY
FIELD
3.1 | Basic flow regimes
Basic experiments were conducted for a range of flow rates
0.008 m®/s < Q < 0.100 m®/s. Such flows corresponded to a subcriti-
cal flow motion, typical of less-than-design discharges in a box culvert.
For all discharges, the flow was quasi-uniform at the beginning of the
channel. The effect of boundary friction developed with increasing
longitudinal distance. Detailed velocity measurements, performed at
three different longitudinal locations, demonstrated that the velocity
field became fully developed between 2 m < x < 8 m. Photographic
observations, including dye injection experiments, showed limited
mixing between the main flow and the cavity region underneath the
longitudinal rib. The cavity flow was further the locus of long-lasting
helicoidal vortices with longitudinal axis, as sketched in Figure 2.
Ignoring the trivial case when the water surface did not touch the
rib (Q < 0.012 m%/s), three flow situations were observed. For
0.050 m < d < 0.100 m, with d the water depth, the sidewall longitudi-
nal rib interacted with the free surface, which was then narrower.
Flow visualisations by dye injection showed that the rib pushed the
high-velocity flow region towards the smooth (left) sidewall. For
0.100 m < d < 0.150 m, the water level above the upper face of the
rib was shallow, and the flow there was decelerated as a combination
of boundary friction and corner flows. The high-velocity region

tended to be closer to the left wall. At large discharges, that is,
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FIGURE 4 An example of meshing on
the cross-section of numerical model

(k — £ and RSM); a refined mesh is shown
on the right-hand side (RSM only).

(a) Cross-sectional meshing for k — & and
RSM. (b) Refined mesh for RSM. RSM,
Reynolds stress model

d < 0.150 m, the bulk of the flow was little affected by the longitudi-
nal rib, while the fluid flow in the square cavity beneath the right side-
wall rib was always slower than the main flow.

3.2 | Velocity measurements

Detailed velocity measurements were conducted in the sidewall
ribbed channel section, using a combination of velocimeters. The lon-
gitudinal velocity V, results are presented in this section. Typical
results are shown in Figure 5.

The longitudinal rib impacted onto the velocity field. For large dis-
charges and z > 0.1 m, large velocities were observed about the cen-
treline of the flume as illustrated in Figure 5, with z the vertical
distance from the bed of the flume. For z < 0.1 m, the high-velocity
region was shifted towards the left smooth wall, as a result of the
spanwise asymmetry. Low-velocity regions were observed in the cav-
ity beneath the rib. Overall, some complex velocity pattern was
observed near the edges of the rib, evidences of strong secondary
currents. For Q = 0.0556 m®/s, measurements at three longitudinal
locations showed a quasi-uniform velocity field at the upstream end
of the flume, that is, at 0.9 m from the start of the rib, where the
boundary layer regions were not fully developed (Figure 5a). At the
downstream end of the ribbed channel (x = 11.9 m), the velocity distri-
butions were fully developed, with a shape similar to that observed at
x = 8 m (Figure 5c). The longitudinal velocities in the cavity beneath
the rib increased by about 20-25% from the upstream end to the
downstream end of the rib, in line with the increase in cross-sectional
averaged velocity Vimean from x = 1.9-11.9 m.

The LVZ underneath the sidewall rib was well-defined albeit
small. For Q = 0.0556 m®/s, the longitudinal velocities in the cavity
beneath the rib were about 0.5-0.7 m/s, or 0.75 X Vinean, With Vinean
is the average cross-sectional velocity. Longitudinal velocities below
0.75 X Viean covered around 18% of the cross-sectional area of the
flume. Data from experiments conducted under similar flow rates by
Cabonce, Fernando, Wang, and Chanson (2017, 2019) and Wang,
Uys, and Chanson (2018) showed longitudinal velocities below

0.75 X Vnean covering areas between 21% and 32%. Compared to

these configurations, the sidewall rib geometry appeared to produce
lesser LVZ areas.

Velocity fluctuations, recorded using an ADV showed large mean-
ingless longitudinal and vertical velocity fluctuation outputs,
suggesting possible errors. Errors might have been caused by a combi-
nation of insufficient seeding of the water reticulation system, and
the proximity of solid boundaries, especially the inner and outer cor-
ners of the rib. The transverse velocity fluctuations appeared to be
less affected. Very large transverse velocity fluctuations were
observed near the edges of the rib. Large turbulence levels were also
seen in the low-velocity cavity region beneath the longitudinal rib. At
low flow rates, the velocity fluctuations next to the rib edges were rel-
atively small, but increased substantially with increasing flow rates.
Overall the findings were consistent with strong secondary currents
about the same locations (Figure 2).

3.3 | Numerical CFD modelling and validation
Numerical modelling was conducted following the experimental flow
condition of the intermediate discharge (Q = 0.0556 m®/s) using two
RANS-based turbulence models—a standard k — ¢ model and a RSM.
Despite the intrinsic limitations of the standard k —e mode
(Pope, 2000; Rodi, 1995), a direct comparison between k — ¢ and
RSM with detailed experimental validation may provide valuable
insights to the specific limits of both turbulence models. Cross-
sectional views of the longitudinal velocity contours taken at x = 8 m
simulated by both models are shown in Figure 6a,b.

The CFD models showed a velocity range from O to 1 m/s, com-
parable to experimental results (Figure 5b). However, the area where
V, < 0.9 m/s was systematically underestimated by both CFD models
at x = 8 m, compared to experimental data. Previous numerical studies
of culvert flows simulated using RANS models in Fluent showed simi-
lar overestimations (Leng & Chanson, 2018, 2020; Zhang &
Chanson, 2018b) in velocity increase outside of the boundary layer
regions, sometimes up to 10% larger than the experimental reference.
The CFD models also showed some large velocity dip near the free

surface. A velocity dip is the decrease in longitudinal velocity near the
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FIGURE 5 Contour plots for longitudinal velocity V, (m/s) in the sidewall ribbed channel at x = 1.9 m (a), x =8 m (b) and x = 11.9 m (c) for

Q =0.0556 m*/s, looking upstream [Colour figure can be viewed at wileyonlinelibrary.com]

free surface due to presence of side currents. Herein, some degree of layers, both numerical models showed very good agreement with

velocity dipping was observed in the experimental data (Figure 5), but experimental observations for the left wall boundary and near-bed

not to the same extent as seen in Figure 6. In terms of wall boundary region. In the vicinity of the rib, RSM seemed to give better simulation
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k — & and (b) Reynolds stress model for Q = 0.0556 m®/s, looking upstream; black line indicating free-surface location [Colour figure can be
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near the lower edge, lower corners of the rib and the region in-
between the rib, right side wall and channel bed (Figure 6b). However,
the k — e model showed better approximation of the flow field near
the upper edge, especially at the tip of the upper rib corner
(Figure 6a), where the RSM data showed some marked rounding of
the streamline at the tip of the corner that were not seen in the exper-
imental data. Both models highlighted the asymmetrical nature of the
flow field under the effect of the rib and a marked LVZ underneath
the rib.

Further CFD modelling using a RSM on a refined mesh
(Figure 4b) was performed to examine the effect of mesh on the
numerical results. Detailed validation against experimental data at var-
ious longitudinal locations are presented in Figure 7. Overall, at the
same longitudinal location (x = 8 m), the results showed little sensitiv-

ity to the mesh refinement, though more details were simulated near

the wall boundaries. The problem with the RSM data near the upper
rib edge was not solved by mesh refining. Experimental data at a
higher flow rate Q = 0.1 m®/s showed a similar flow feature near the
upper edge, namely, a large streamline curvature around the tip of the
upper edge, though not as rounded in shape as in the numerical data
(Sanchez et al., 2018). The reason for this difference could be the dif-
ferent “sharpness” of the edge and corner of the rib. In the experi-
ments, the rib corner was not a sharp object whereas for numerical
model, the complete right-angled corner may be treated as a sharp
edge, resulting in some degree of flow separation at the sharp front.
Near the upstream end of the culvert barrel channel (x = 2 m), the
numerical results showed close quantitative agreement with experi-
mental data. Towards the downstream end (x = 11 m), the comparison
between numerical results to experiments was less satisfactory, possi-

bly because of experimental issues (Figure 5c). Altogether, the flow
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[Colour figure can be viewed at wileyonlinelibrary.com]

fields showed comparable velocity range, a well-marked LVZ under-
neath the rib, and an asymmetrical shape for both numerical and

experimental results.

4 | BOUNDARY SHEAR STRESS

Boundary shear stress measurements were performed along the wet-
ted perimeter in the ribbed channel using Preston tubes (Sanchez
et al., 2018). Figure 8 presents dimensionless distributions of surface
friction boundary shear stress along the wetted perimeter at three
longitudinal locations, where fq, is dimensionless skin friction shear
stress and f is the dimensionless total boundary shear stress. The rela-

tionship between skin boundary shear stress and friction factor is

fskin

(%o)skin = g Xrx V2 (1)

mean’

with Vihean the bulk velocity. In Figure 8, Y”is the wetted perime-
ter coordinate, with Y’ = 0 at the bottom right corner of the
flume (Figure 2), while the vertical lines represent the physical
corners.

The data indicated a non-uniform distribution of surface shear
stress (Figure 8). The boundary shear stress was asymmetrically dis-
tributed across the channel, with large shear stresses along the side-
wall longitudinal rib. Such large shear stresses implied strong
interactions between the main flow, secondary currents and cavity
recirculation, as sketched in Figure 2. Figure 8 shows that the
boundary shear stress distribution was more uniform at the
upstream end of the ribbed channel (x = 1.9 m), where the boundary
layer was partially developed. The boundary shear stress became
less uniform as the flow developed.

Figure 9 shows the boundary shear data simulated by RSM on a
refined mesh. Overall, the CFD data showed larger skin shear com-

pared to the experimental data, except around the cavity underneath
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FIGURE 8 Distributions of dimensionless boundary shear stress fq../f along the wetted perimeter of the ribbed channel—flow conditions:
Q=0.0556 m®/s,x=1.9 m, 8 m, 11.9 m [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Distributions of dimensionless boundary shear stress fg;./f along the wetted perimeter of the ribbed channel simulated using
Reynolds stress model on a refined mesh—Flow conditions: Q = 0.0556 m®/s, x = 8.2 m [Colour figure can be viewed at wileyonlinelibrary.com]

the rib. Qualitatively, the CFD results also highlighted higher shear

along the vertical edge of the rib.

5 | DISCUSSION

51 | Low-velocity zones

The detailed velocity data were used to quantify the relative size of
LVZs, associated with each flow rate. Figure 10 presents the results.
Tabular data are reported in Table 1. Figure 10 shows the fraction of
wetted cross-sectional area where the ratio of longitudinal velocity to
mean velocity was V,/Vnean < 0.3, 0.5, 0.75 and 1. Overall, the per-
centage of flow area where V,/V,hean Was less than 0.3 was less than

3%. The relative flow area where V,/Vnean < 0.75 ranged from 16 to

25%. The results suggested drastic changes in LVZ sizes depending
upon the definition of LVZ and the velocity target. The results were
overall little affected by the discharge, within the experimental condi-
tions. The numerical results showed gross underestimation for V,/
Vinean < 0.5 and V,/Vinean < 1, but overestimated the results for V,/
Vinean < 0.75, compared to experimental data.

The present data are compared to earlier studies in similar-size
rectangular channel in Figure 10. The asymmetrical ribbed channel
configuration provided substantially smaller LVZs, for the same
flow rates, than the rough channel configuration (Figure 10, black
symbols). Further comparison with smooth flume data showed
comparable LVZ sizes in smooth rectangular flume and ribbed
channel. A key difference, however, was the well-marked highly
turbulent LVZ beneath the sidewall rib, for all flow conditions,

sketched in Figure 2.
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FIGURE 10 Fractions of low velocity regions where V,/Vmean is
less than a set value, for different discharges and longitudinal
locations—comparison with smooth channel data (Cabonce

et al., 2019) (black hollow symbols), asymmetrical rough channel data
(Wang et al., 2018) (black symbols) and present CFD using a Reynolds
stress model on a refined mesh [Colour figure can be viewed at
wileyonlinelibrary.com]

5.2 | Application to upstream fish passage in
hydraulic structures

The longitudinal sidewall rib configuration provided a fascinating tur-
bulent flow field, with well-defined LVZs. Such a configuration might
be applied to hydraulic structure designs, for example, for the growth
of biofilms, enhancement of contaminant mixing in streams or the
upstream passage of small-bodied fish in culverts and fish passes.

Practically, a number of technical challenges could be linked to the
design, manufacturing and installation of the rib, while others would
be related to operational considerations.

The secondary motion in the ribbed channel led to a complicated
fluid dynamics. The strongest secondary currents were generated in
the corner regions, that is, external and internal corners associated
with the regions of sharpest curvature, while their effects were seen
in most parts of the channel. The secondary currents of Prandtl's sec-
ond kind have a marked impact on the flow resistance of the channel,
as previously reported (Kennedy & Fulton, 1961). Herein, the second-
ary flow turbulent dissipation induced a 30% reduction in discharge
capacity for a given afflux, in average for the experimental flow
conditions.

The preferred manufacturing of a ribbed channel would be in fac-
tory to ensure that the rib position and alignment are within specifica-
tions. In the present study, the rib was installed with an error on the
longitudinal rib height less than 1 mm over the entire 12 m. In situ
installation of the rib would not meet the same standards, leading pos-
sibly to a substantially different hydrodynamic flow field, with adverse
impact on the channel operation and function. More, any in situ instal-
lation, for example, for retrofitting, would only be feasible in relatively
wide channels: B > 1.5 m with internal height greater than 1.5 m.

The current study was conducted with a sharp-edge rib, because
sharp edges and corners constitute well-known hydrodynamic discon-
tinuity, conducive of strong secondary currents (Chanson, 2014;
Gessner, 1973; Vallentine, 1969). Any rounding of the edges or corner
would modify significantly the secondary current motion, impacting
the whole turbulent flow field, with adverse impact on the LVZ size
and efficiency.

The present tests were undertaken with a 0.05 x 0.05 m? square
rib, positioned immediately above a 0.05-m high cavity. During

Experimental measurements of proportion of low-velocity zones in smooth (symmetrical) and asymmetrical rectangular channels

% Flow area with V, <

TABLE 1
Ref. Se B(m) Q(m%/s) x(m) d(m)
Present study 0 050 0.0261 8.0 0.0925
Streamwise rib along 0.0556 1.9 0.166
right sidewall
8.0 0.147
11.9 0.128
0.100 8.0 0.205
Present CFD study 0 05 0.0556 8 0.145
Refined Reynolds
stress model
Wang et al. (2018) 0 04785 0.0261 8.0 0.129
Rough invert and rough 0.0556 8.0 0.1743
left sidewall
Cabonce et al. (2017,2019) O 0.50 0.0261 8.0 0.096
Smooth channel 0.0556 8.0 0.162

0.75 x 0.5 x 0.3 x

Vinean (M/S)  (VinaxIm (M/S)  Vinean (%) Vinean (%) Vinean (%) Vinean (%)
0.592 0.777 62.8 16.1 4.8 21
0.691 0.77 69.9 15.5 4.8 21
0.783 0.903 71.7 18.5 6.1 2.7
0.904 1.045 83.7 257 7.2 3.0
1.000 1.113 83.4 18.2 4.4 1.9
0.767 0.908 47.5 344 1.2 0.0
0.423 0.755 45 30 17 8.5
0.667 0.957

0.544 0.544 70.8 364 5.3 4.6
0.686 0.686 727 25.9 10.4 7.2

Abbreviations: B, internal channel width; d, water depth; Q, water discharge; S,, bed slope; Vimean, Cross-sectional averaged velocity; (Vinax)m, cross-sectional
maximum velocity; V,, longitudinal velocity; x, longitudinal location.
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operation, such a cavity would only be suitable to small-bodied fish,
less than 0.05 m high. A practical consideration is the risk of siltation
and sedimentation. The accumulation of solid particles beneath the rib
could lead to a partial or complete blockage of the low velocity
regions, because the cavity flow is slow and below current guidelines
for self-cleaning (QUDM, 2013). Large debris, including rocks, bra-
nches, trees, could also become jammed beneath the rib, obstructing
the square cavity and reducing further the channel discharge capacity.

Finally, large boundary shear stresses were observed on the side
of the rib, as well as large velocity fluctuations near the edges of the
rib. During operation, the rib corners might be subjected to abrasion,
leading to some rounding over time. The effects of abrasion, that is,
the resulting corner rounding, would change the concentration of
shear stresses and velocity fluctuations around the sidewall rib, and in
turn the flow field in the cavity beneath the rib.

In summary, the application of sidewall rib to hydraulic structures
must be considered with uttermost care. A number of practical engi-
neering considerations showed major technical challenges and issues
during design, manufacturing, installation and operation. In many
instances, alternative designs should be preferred and implemented,
especially at hydraulic structures. For upstream passage of small-
bodied fish, these could include asymmetrically roughened culvert
barrel (Wang et al., 2018; Wang, Chanson, Kern, & Franklin, 2016;
Zhang & Chanson, 2018a) and barrel equipped with small closely spa-
ced triangular corner baffles (Cabonce et al., 2019; Cabonce, Wang, &
Chanson, 2018), although the optimum type of boundary treatment
might be closely linked to the targeted fish species.

6 | CONCLUSIONS

A detailed hydrodynamic study was conducted in an asymmetrical
rectangular channel equipped with a sidewall streamwise rib. Both
flow visualisations and flow resistance data showed three-dimensional
flow patterns and energy dissipation associated with the rib presence.
Strong secondary circulation was observed in the “open” cavity
beneath the rib, sketched in Figure 2. The flow resistance was larger
than basic skin friction, suggesting in average a 30% reduction in the
channel discharge capacity for a given afflux. Numerical CFD model-
ling showed satisfactory capacity in simulating flows around a longitu-
dinal rib, using a standard k — & or RSM, with the latter being more
accurate in simulating the hydrodynamics underneath the rib. All CFD
models tended to overestimate the flow velocity in the middle of the
channel and were overall associated with smaller LVZs as a result.

The results of the current hydrodynamic study suggest that the
flow in an asymmetrical channel with a longitudinal rib is complex and
delivers relatively small LVZs. The design presents a number of
manufacturing, installation and operational issues, including very-high
risks of sedimentation and blockage by debris. In many engineering
projects, alternative designs should be preferred to assist fish passage
at hydraulic structures, including culverts and fish passes, for example,
asymmetrically roughened channel and channel equipped with small

triangular corner baffles.
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