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ABSTRACT

Channels with streamwise ribs have been studied for decades in chemical engineering, environmental and
sanitary engineering, aeronautics, astronautics, biology and geology. Recently a biological study suggested
that lateral longitudinal beam might assist with the upstream passage of small-bodied fish in hydraulic
structures. Herein a detailed hydrodynamic study was conducted in an asymmetrical rectangular channel
equipped with a sidewall square (50mmx50mm) rib in a culvert barrel channel. Both free-surface, velocity and
boundary shear stress measurements showed strong secondary currents of Prandtl's second kind. The
sidewall rib and channel asymmetry contributed to intense secondary motion, associated with turbulent
dissipation. The channel design provided a small well-defined highly-turbulent low-velocity zone (LVZ)
beneath the rib. In the context of hydraulic structure designs, uttermost care must be considered because of
manufacturing, installation and operational issues. In many instances, alternative designs should be preferred
to assist with fish passage in hydraulic structures. Altogether this detailed investigation demonstrated how the
introduction of a seemingly simple streamwise shape, i.e. a sidewall square rib, may induce a major change in
hydrodynamic properties, in comparison to a simple rectangular channel flow.

Keywords: Open channel hydrodynamics, Sidewall longitudinal rib, Secondary flows, Physical modelling,
Sedimentation.

1 INTRODUCTION

While the literature on transverse beams is very extensive in mechanical, aeronautical, chemical, civil and
environmental engineering (Morris 1955, Knight and Macdonald 1979), channels with longitudinal beams have
also been studied for decades and the idea is not novel. Streamwise beams along channel walls have been
successfully tested for the increased heat transfer rate (Naik et al. 1999, Chang et al. 2008) and mass transfer
in chemical engineering (Stamou 2008). A related design was developed for biological filtration (Roo 1965).
Longitudinal beams are used in a number of stages of water treatment plants, e.g. maze flocculator, high-rate
clarification tube settler, sedimentation basin with plate settlers, sludge clarifier (Degremont 1979, Randtke
and Horsley 2012). Similar designs are also used on stormwater treatment systems and combined sewers
(FNDAE 1988). In alluvial channels, long-lasting three-dimensional large-scale turbulent vortices may vyield the
development of longitudinal troughs and ridges on the mobile bed with preferential transport of bed particles
along troughs (Nezu and Nakagawa 1984). Longitudinal ridges and runnels were also reported in intertidal
zones (Carling et al. 2009). Related observations 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 riblets, can produce consistent net drag reduction,
when the appropriate groove spacing yields a reduction in viscous drag by displacing longitudinal vortices
away from the wetted surface, thus reducing their intensity (Bushnell and McGinley 1989). The scales of fast
swimming sharks have fine longitudinal ridges, comparable to longitudinal grooves and riblets, that reduce the
flow resistance of a surface, enabling drag reduction and faster fish 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. The aim of the present hydraulic investigation is to characterise the role of
longitudinal rib on the turbulent flow field in a rectangular channel, corresponding to a standard box culvert
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barrel (Fig. 1), and to gain some fundamental understanding of the implications in terms of upstream fish
passage. Engineering design considerations are then discussed.

Figure 1. Outlet of multicell box culvert along Witton Creek (Indooroopilly QLD, Australia) on 18 March 2019
after a storm. Flow direction from left to right.

2  PHYSICAL FACILITIES AND INSTRUMENTATION
2.1 Experimental facility

The physical investigation was conducted in the Hydraulics Laboratory of the Advanced Engineering
Building at the University of Queensland, in a 15 m long 0.5 m wide (B = 0.50 m) horizontal flume. The bed
and sidewalls of the flume were made of PVC and glass respectively (Fig. 2). Upstream of the flume, the
water was supplied by a 2.0 m long 1.25 m wide intake structure, fed by a constant head tank, and equipped
with baffles, flow straighteners and a three-dimensional convergent leading to the 15 m long flume. The intake
structure design allowed smooth inflow conditions at the flume's upstream end. At the downstream end, the
flume ended with a free overfall.

A 12 m long 50mmx50mm square rib was installed along the right sidewall. The rib was made out of
acrylic sheets cut with an industrial saw, based upon the dimensions of Watson et al. (2018). The square
profile had sharp edges and was installed at Zr = 0.050 m above the bed with an accuracy of £1 mm over its
full length. The longitudinal rib was located between x = 1 m and 13 m, where x is the longitudinal distance
from the inlet of the flume and positive downstream. Photographic information on the experimental facility is
presented in Sanchez et al. (2018), together with further construction details.
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Figure 2. Physical model of box culvert barrel with an asymmetrical rib (50mmx50mm) along the right
sidewall. (a) Looking upstream at the dry channel with the intake structure in the background. (b) Channel
operation for Q = 0.0556 m3/s with an ADV in position, flow direction from right to left. (c) Detail of the roving
Preston tube type C1.6(r) with its measurement tapping below the asymmetrical rib for Q = 0.0556 m?3/s with
the flow direction from left to right.

2.2 Instrumentation

The water discharge was measured using a Venturi meter installed in the water supply line and designed
according to British standards. The percentage of error of the flow rate was estimated to be less than 2%. A
rail-mounted pointer gauge was used to measure the free surface elevation with an accuracy of +0.5 mm.
Three velocimeter systems were used: a Prandtl-Pitot tube, a roving Preston tube (RPT) and an acoustic
Doppler velocimeter (ADV). A Dwyer® 166 Series Prandtl-Pitot tube with a 3.18 mm outside diameter (OD)
tube was used to measure the velocity and pressure in the water flow. Further velocity measurements were
performed with a roving Preston tube (RPT) type C1.6(r) (Fig. 2c). The RPT comprised two stainless steel
pressure tubes: a dynamic pressure tube (1.62 mm OD) with 20 mm upstream projection; and a wake
pressure tube (1.62 mm OD) directed normal to the boundary surface with a 1 mm clearance (Macintosh
1990) (Fig. 3). The RPT was especially used to measure the velocity field beneath the rib. The  Prandtl-Pitot
tube and RPT provided two readings: the dynamic pressure in the form of the total head H® and the
piezometric head H® (Fig. 3). The local time-averaged longitudinal velocity component Vx was estimated as:

©2019, IAHR. Used with permission / ISSN 2521-7119 (Print) - ISSN 2521-716X (Online) - ISSN 2521-7127 (USB) 6162



E-proceedings of the 38" IAHR World Congress
September 1-6, 2019, Panama City, Panama

1
szix\/ngx(H(l)—H(Z)) [1]

where g = 9.794 m/s? in Brisbane and A = 1.0 and 1.2 for the Prandtl-Pitot tube and RPT respectively, based
upon a detailed calibration undertaken on the channel centreline by comparing systematically the vertical
distribution of longitudinal velocity (Sanchez et al. 2018).

Additional velocity measurements were performed with an ADV Nortek™ Vectrino+ equipped with a three-
dimensional side-looking head. The ADV data were collected, setting a sampling rate of 200 Hz for 180 s at
each point. The velocity range was £1 m/s, the transmit length was 0.3 mm and the control volume was 1 mm.
The ADV signal data were post-processed by removing and replacing erroneous data with an average
correlation of less than 60% and an average SNR less than 5dB were removed. In addition, the signal was
"despiked" using a phase-space thresholding technique (Goring and Nikora 2002, Chanson et al. 2008).
During the processing of the data, a rotation angle around the z-axis was applied such that Vy = 0 m/s at the
centreline of the channel. For a symmetrical channel, basic considerations shows that the time-averaged
transverse velocity component Vy must be zero at all elevations on the centreline of the channel. Although this
condition was not strictly correct in the asymmetrical rectangular channel, it enabled a finer adjustment than
any other form of manual or mechanical correction of the ADV orientation.

The Prandtl-Pitot tube and RPT may be used to determine the shear stress at a boundary, i.e. the skin
friction, in a turbulent channel flow, when the tube is in contact with the wall (Patel 1965, Macintosh 1990,
Chanson 2000). Based upon dimensional and theoretical considerations, the boundary shear stress data
followed closely an analytical solution of the Prandt mixing length theory for turbulent boundary layer
(Cabonce et al. 2017, 2019):

, V.2 [2]
(To)skin =NXPpXK XW
where Vy is the velocity measured by the Prandtl-Pitot or RPT tube lying on the boundary, k is the von
Karman constant: ¥ = 0.4, N = 7 for a smooth turbulent boundary layer, n = 1 for the Prandtl-Pitot tube and n =
1 to 1.3 for the RPT depending upon the flow conditions and the wake motion behind the dynamic pressure
tube (Sanchez et al. 2018).

The vertical translation of the velocity probes was controlled by a fine adjustment travelling mechanism
connected to a digital scale unit. The error on the vertical position of the probes was Az < +0.025 mm. The
accuracy on the longitudinal position was estimated as Ax < 2 mm. The accuracy on the transverse position
of the probe was +1 mm.
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Figure 3. Definition sketches of Prandtl-Pitot tube, roving Preston tube (Type C1.6(c)) and double L-shaped
tube system.

2.3 Experimental flow conditions

The experiments were performed for flow conditions corresponding to less-than-design flow conditions in
a 1:1 box culvert barrel cell beneath a two-lane road embankment, or a 1:2 scale model of a single cell for the
medium-size culvert structure seen in Figure 1. Visual observations and free-surface measurements were
conducted for a range of flow rates 0.008 m®s < Q < 0.100 m?%s. Detailed velocity measurements were
undertaken for Q = 0.0261 m®s, 0.0556 m%s and 0.100 m®s. Measurements were repeated at different
longitudinal locations (x = 1.9 m, 8 m and 11.9 m) and several transversal locations y, where y is the
transversal distance from the right sidewall, positive towards the left sidewall. Each vertical velocity profile
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consisted of a minimum of 25 points. In addition, boundary shear stress measurements were conducted at
each longitudinal location along the entire wetted perimeter, using the Prandtl-Pitot tube and RPT lying onto
the bed and walls of the channel, including the rib boundaries.

3 BASIC FLOW PATTERNS

Flow visualisations were conducted for a range of flow rates 0.008 m3/s < Q < 0.100 m?/s, corresponding
to a subcritical flow motion, with decreasing water levels with increasing longitudinal coordinate (H2 backwater
profile) (Fig. 4). The water depth was larger than the critical flow depth at all locations along the ribbed
channel. Since the channel was asymmetrical, the critical depth must be derived from the minimisation of the
specific energy for Q%(gxA%/b) = 1 where Q is the discharge, A is the cross-sectional area, and b is the free-
surface width (Henderson 1966, Chanson 2004). The full derivation is presented in Sanchez et al. (2018). The
flow patterns observations suggested four flow regimes: (a) Regime | for d < Zg, (b) Regime Il for Zr < d <
(Zr+hr), (c) Regime Il for d >= (Zr+hr); and (d) Regime 1V for d >> (Zr+hr), with d the water depth, Zr the rib
bottom elevation above the channel bed, and hr the rib height.

Flow regime | was simply a gradually-varied flow (GVF) in a rectangular symmetrical channel and the
longitudinal rib had no effect on the flow, observed for Q < 0.012 m?s. Flow regime Il was recorded for 0.012
m?/s < Q < 0.035 m?s. The sidewall rib interacted with the upper flow region and the free-surface width was
narrower: b = B - Ir. For Q > 0.035 m%/s (Regime Ill), the free-surface interacted with the upper face of the rib
next to the right sidewall. The fluid flow above the rib was affected by some boundary friction and corner flows,
forming a low velocity region. Overall the rib tended to shift the main flow, including high-velocity zones,
towards the left sidewall. At larger discharges, i.e. Q >> 0.035 m?%s (Regime 1V), the main flow was little
affected by the sidewall rib, although the fluid flow in the square cavity beneath the right sidewall rib was
slower than the main flow.

In Regimes I, lll and IV, visual observations and dye injection suggested that the fluid motion in the
square cavity beneath the rib tended to be dominated by a secondary motion with an elongated longitudinal
large-scale eddy. Dye injection hinted limited mixing between the cavity flow and main flow (Fig. 5).

Figure 4. Free-surface flow looking upstream for Q = 0.0.0556 m3's. Note the roving Preston tube (RPT)
measurements beneath the sidewall rib (also Fig. 2¢) and the intake structure in the background. Flow
direction from background to foreground.
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Figure 5. Experiments of dye injection beneath the longitudinal rib for Q = 0.100 m3s at x = 8 m. Sideview
through the right sidewall, with the flow direction from left to right and the dye injection location beneath the
rib.

The flow resistance of the ribbed channel was deduced from free-surface profile measurements and the
slope of the total head line. The results are presented in terms of the Darcy-Weisbach friction factor (Table 1).
Basically the flow resistance in the ribbed channel was greater than that in a smooth rectangular channel for
the same flow conditions. For example, the friction factor of the ribbed channel was nearly twice that for a
smooth turbulent flow with a Reynolds number of 50,000. The increased flow resistance was likely caused by
strong secondary current motion and intense turbulence induced by the rib presence. The associated
turbulent dissipation contributed to both total head losses and flow resistance.

Table 1. Darcy-Weisbach friction factor f of rectangular channel with sidewall square rib (Present study)

Q Flow d Re f
Regime |atx=8m | atx=8m

(m%s) (m)

0.008 I 0.0495 4.89x104 0.0405
0.015 I 0.069 8.64x10* 0.0318
0.0261 I 0.0925 1.41x10° 0.0248
0.035 M 0.1115 1.69x10° 0.0230
0.0556 n-1v 0.1475 2.46x10° 0.0205
0.100 1Y 0.2075 3.94x10° 0.0148

4  VELOCITY AND BOUNDARY SHEAR STRESS MEASUREMENTS

Detailed velocity measurements were conducted in the ribbed channel section, using a combination of
velocimeters. In the presence of the sidewall rib, all the longitudinal velocity data showed a consistent pattern.
For z > 0.1 m, large velocities were observed about the centreline of the flume. At lower vertical elevations,
the maximum longitudinal velocities tended to shift away from the ribbed sidewall towards 0.5 < y/B < 0.7,
where B is the internal channel width (B = 0.5 m). A similar pattern was reported by Cabonce et al.
(2017,2019) for small triangular baffles installed in the left corner and by Wang et al. (2018) in an
asymmetrical roughened flume. Vertical distributions and contour plots of longitudinal velocity are presented in
Figures 6 and 7. In Figure 6, the blue line represents the water surface. Figure 7 presents velocity data for Q =
0.0556 m3/s at x = 1.9 m towards the upstream end of the sidewall rib.

For one discharge (Q = 0.0556 m?s), longitudinal velocity measurements at three longitudinal locations
showed a quasi-uniform flow field at the upstream end of the flume, i.e. at 0.9 m from the start of the rib,
where the boundary layer regions were not fully developed (Fig. 7). Further downstream in the ribbed channel,
the velocity distributions were fully-developed. The maximum velocities were closer to the smooth left sidewall
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and low velocity regions were observed in the cavity beneath the rib. The longitudinal velocities in the cavity
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 Vmean from x = 1.9 m to 11.9 m. Some complex velocity pattern was
observed near the edges of the rib, evidences of strong secondary currents.
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Figure 6. Vertical profiles of longitudinal velocity component Vx (m/s) in the sidewall ribbed channel at for Q =
0.0261 m3/s at x = 8 m. Right: profiles beneath the square rib (0 <y < 0.05 m); Left: other profiles (0.05 m <y
<0.5m).
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Figure 7. Contour plots for longitudinal velocity Vx (m/s) in the ribbed channel for Q = 0.0556 m?%s at x = 1.9
m, looking upstream. Note the square rib on the left of the graph.

Boundary shear stress measurements were performed along the wetted perimeter in the ribbed channel.
Figure 8 presents typical transverse distributions of dimensionless (skin friction) boundary shear stress along
the wetted perimeter at three longitudinal locations, where fsin is dimensionless skin friction shear stress and f
is the dimensionless total boundary shear stress (Table 1). Figure 8a shows the definition of the wetted
perimeter coordinate y", with the origin being the bottom right corner of the flume. In Figure 8b, the vertical
black lines represent physical corners, internal or external. The experimental data showed the non-uniform
distribution of boundary shear stress along the wetted perimeter. The skin friction boundary shear stress was
not symmetrically distributed about the channel centreline. Large boundary shear stresses were recorded
along the faces of the sidewall rib, with maximum shear stresses typically observed on the vertical side of the
rib and external corners which might be related to local fluid acceleration and streamwise vorticity. Such large
skin friction shear stresses might suggest a region of strong interactions between the main flow, secondary
currents and cavity recirculation, in a manner similar to observations on heterogeneous transverse roughness
(Tominaga and Nezu 1991). Along the channel bottom, the skin friction data presented a transverse shape
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with two dips, observed about y/B = 0.4 and 0.85. The bottom profile hinted the existence of two large
longitudinal vortical structures in the main flow region, plus one longitudinal structure in the cavity beneath the
rib.

In the ribbed channel, the skin friction boundary shear stress was less than the total boundary shear
stress: i.e., fsin/f < 1 (Fig. 8b). The finding implies that the total flow resistance of sidewall ribbed channel was
a combination of skin friction and form drag induced by secondary motion and turbulent dissipation around the
rib.
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Figure 8. Transverse distributions of dimensionless boundary shear stress along the wetted perimeter of the
sidewall ribbed channel. (a) Definition of wetted perimeter coordinate y" along the ribbed channel section,

looking upstream, with the units in metres. (b) Dimensionless boundary shear stress fsin/f for Q = 0.0556 m3/s
x=1.9m, 8 m and 11.9 m, with the vertical lines indicating inner and outer corners.

5 DISCUSSION

Both flow visualisations and flow resistance data showed three-dimensional flow patterns and energy
dissipation associated with the rib presence. In average, the flow resistance was larger than basic skin friction,
implying a 30% reduction in the channel discharge capacity for a given afflux, consistent with previous studies
(Kennedy and Fulton 1965). Complicated secondary currents of Prandtl's second kind developed, in particular
next to the square rib, linked to low-velocity and high-turbulence, contributing to strong turbulent dissipation. A
feature was the provision of a small well-marked highly-turbulence low-velocity zone (LVZ) beneath the
sidewall rib, for all tested flow conditions. The detailed velocity data were used to quantify the relative size of
low velocity zones, associated with each flow rate. Figure 9 presents the results, as the fraction of wetted
cross-sectional area where the ratio of longitudinal velocity to mean velocity was: V¥/Vmean < 0.3, 0.5, 0.75
and 1. Overall, the percentage of flow area where V«/Vmean Was less than 0.3 was less than 3%. The relative
flow area where Vi/Vmean < 0.75 ranged from 16% to 25%. The results suggested drastic changes in low
velocity zone (LVZ) sizes depending upon the definition of LVZ and the velocity target. The present data were
compared to earlier studies in similar-size rectangular channel (Wang et al. 2018, Cabonce et al. 2019) (Fig.
9). The ribbed channel configuration provided substantially smaller low velocity zones, for the same flow rates,
than the asymetrical roughened channel configuration (Fig. 9. black symbols). Further comparison with
smooth flume data showed comparable LVZ sizes in smooth rectangular flume and ribbed channel.
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Figure 9. Fractions of low velocity regions where Vx/Vmean is less than a set value, for different discharges in
the sidewall ribbed channel at x = 8 m. Comparison with the asymmetrical roughened channel data of Wang
et al. (2018) (black symbols) and smooth channel data (Cabonce et al. 2019).

The longitudinal sidewall rib configuration may be applied to hydraulic structure designs, e.g. for the
growth of biofilms, enhancement of contaminant mixing in streams, or the upstream passage of fish in culverts
and fish passes. Practically, a number of technical challenges are directly linked to the design, manufacturing
and installation of the rib, as well its operation. The preferred manufacturing of a ribbed channel would be in
factory, to ensure that the rib position and alignment are within specifications. 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 to a substantially different flow field, with adverse impact
on the channel operation and function. The current study was conducted with a sharp-edge rib, because sharp
edges and corners constitute well-known hydrodynamic discontinuity, conducive of strong secondary current.
Any rounding of the corner edges or corner would modify significantly the whole turbulent flow field. During
operation, the 0.05x0.05 m? square flow cavity beneath the rib would only be suitable to small-body fish,
shorter than 0.05 m, and there are high risks of blockage by sediments and debris. The accumulation of solid
particles beneath the rib could lead to a partial or complete blockage of the low velocity region, because the
cavity flow is slow and below current guidelines for self-cleaning (QUDM 2013). Larger debris, including rocks,
branches, trees, could also become jammed beneath the rib, obstructing the square cavity and reducing
further the channel discharge capacity.

Simply, the application of sidewall rib to hydraulic structures must be considered with uttermost care. A
number of practical considerations showed major technical issues during design, manufacturing, installation
and operation. In many instances, alternative designs should be preferred and implemented, especially at
hydraulic structures to assist fish passage, e.g. asymmetrically roughened culvert barrel and barrel equipped
with small closely-spaced triangular corner baffles, although the optimum type of boundary treatment might be
closely linked to the targeted fish species.

6 CONCLUSIONS

Channels with streamwise ribs have been studied for decades in chemical engineering, environmental
and sanitary engineering, aeronautics, astronautics, biology and geology. A detailed physical 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. A feature of the channel design was the provision of a small highly-turbulent
low-velocity zone beneath the sidewall rib, for all tested flow conditions. Free-surface, velocity and boundary
shear stress measurements showed intense secondary currents of Prandtl's second kind, induced by the
presence of the inner and outer corners of the rib.

Recently a group of biologists (Watson et al. 2018) claimed "novel remediation strategies to improve fish
passage through culverts" in the form of "novel beam designs". It is demonstrated that the longitudinal beam
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design is not new, having been used in sanitary engineering, water treatment and heat-and-mass transfer
applications for more than a century, including in biology. The results of the current hydrodynamic study
showed un-equivocally that the flow in an asymmetrical ribbed channel is extremely complicated, and that the
design presents a number of manufacturing, installation and operational flaws, including very-high risks of
blockage by sediments and debris. In many instances, alternative designs should be preferred to assist fish
passage at hydraulic structures, including culverts and fishways.
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