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ABSTRACT
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While the literature on transverse beams in open channels is broad, there is comparatively less understanding of the hydrodynamics of channels with
streamwise ribs. In the current study, an asymmetrical canal with a sidewall longitudinal beam was studied experimentally to gain some fundamental
understanding of the implications in terms of turbulence and environmental applications. The sidewall beam induced regular losses along the canal,
with a complicated velocity field and secondary currents. The data showed a contrasted longitudinal velocity map, with high and low velocity zones.
The lowest velocities were typically recorded underneath the sidewall beam. Complicated secondary currents of Prandtl’s second kind developed in
the inner and outer corners of the beams, as well as in the square cavity underneath.
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1 Introduction

Although the literature on transverse rib/vane/beam is very
extensive in mechanical, aeronautical, chemical, civil and envi-
ronmental engineering (e.g. Adachi, 1964; Djenidi, Elavarasan,
& Antonia, 1999; Knight & Macdonald, 1979; Morris, 1955),
channels with longitudinal beams have been less studied, albeit
the idea is not novel. Streamwise beams along channel walls
have been successfully tested for the increased heat transfer rate
(Chang, Lin, & Liou, 2008; Naik, Probert, & Bryden, 1999)
and mass transfer in chemical engineering (Stamou, 2008). The
longitudinal ribs increase the wetted perimeter and the surface
contact area with the fluid. 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 flocculators, high-rate clarification tube settlers, sedimen-
tation basins with plate settlers and sludge clarifiers (Degre-
mont, 1979; Randtke & Horsley, 2012). In settling tank and

sediment basin decant systems, longitudinal vanes are designed
to minimize large-scale turbulence and to maximize the set-
tling processes. Similar designs are also used on stormwater
treatment systems and combined sewers (FNDAE, 1988). In
turbulent boundary layers, longitudinal ribs and their configu-
ration have a major impact on secondary flow motion, as well as
tertiary and quaternary flows (Hwang & Lee, 2018). The exis-
tence of large secondary vortical structures is closely linked
to the relative spanwise spacing of the beams (Vanderwel &
Ganapathisubramani, 2015).

The purpose of the present hydrodynamic investigation is to
characterize the role of an asymmetrical streamwise beam on
the flow field in a rectangular channel, like a box culvert barrel.
The aim is to gain some fundamental understanding of the turbu-
lence modifications and implications in terms of environmental
applications, e.g. mass transfer and fish passage. This study is
based upon some detailed physical modelling under controlled
conditions.
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2 Physical facility and experiments

2.1 Dimensional considerations

Considering the simplistic case of a steady turbulent flow in
a rectangular asymmetrical channel with a streamwise beam
sketched in Fig. 1, a dimensional analysis gives a series of
dimensionless relationships between the steady flow field at a
location (X, Y, z) and the inflow conditions, channel characteris-
tics, and fluid and physical properties:
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where d is the flow depth, Vy is the longitudinal velocity com-
ponent, Vv, is the velocity fluctuation, P is the local pressure,
T, 18 the boundary shear stress, d; the critical flow depth, V,
the critical flow velocity, X, y and z are respectively the lon-
gitudinal, transverse and vertical coordinates, B is the channel
width, 6 is the angle between the bed and horizontal, Zg is the
elevation of the rib bottom above the channel bed, hg is the
height of the rib, Ig is the rib breath, rg is the radius of cur-
vature of the rib edges (Fig. 1), d; is the inflow depth, V| and
v| are the inflow velocity and velocity fluctuation respectively,
Dy is the hydraulic diameter, p is the water density, u is the
water dynamic viscosity, o is the surface tension, and g is the
gravity acceleration. Note the introduction of the critical flow
depth and velocity in Eq. (1) as the relevant length and veloc-
ity scales. This approach is common in free-surface flow studies
when a Froude similarity is applied. In the right hand side of
Eq. (1), the 12th, 14th and 15th terms are respectively the inflow
Froude number, the Reynolds number Re and Morton number.
Since most open channel flow studies are undertaken with air
and water in both geometrically-scaled channel and prototype
structure, the Morton number becomes an invariant in Eq. (1).

Considering the flow in an asymmetrical rectangular chan-
nel (Fig. 1), the above analysis shows a large number of
relevant parameters. Any true similarity would require iden-
tical dimensionless variables, including Froude, Reynolds and
Morton numbers, in both laboratory and at full-scale. This is
physically impossible in view of the large number of indepen-
dent parameters in Eq. (1) (right hand side). In the present study,
the physical modelling was based upon a Froude similarity and
the laboratory experiments were conducted in a relatively large-
size facility operating at relatively large Reynolds numbers:
0.6 x 10° < Rs < 2.5 x 10°.
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Figure 1 Definition sketch of flow regimes in an asymmetrical rect-
angular channel with a streamwise beam — looking downstream for the
present configuration

2.2 Experimental facility and instrumentation

The experiments were conducted in a 15m long and 0.5m
wide (B = 0.50 m) tilting flume. The bed and sidewalls of the
flume were made of PVC and glass respectively. The bed of
the channel was horizontal, i.e. S, = sind = 0 for all exper-
iments, thus simplifying Eq. (1). Upstream of the flume, the
water was supplied by a 2m long 1.25 m wide intake structure,
fed by a constant head tank, and equipped with baffles, flow
straighteners leading to a three-dimensional convergent, ensur-
ing smooth inflow conditions at the flume’s upstream end. At
the downstream end, the flume ended with a free overfall.

A 12m long square rib (hg = Iz = 0.050 m) was installed
along the right sidewall (Fig. 1). The square profile had sharp
edges: rg &~ 0 (Sanchez, Leng, & Chanson, 2018). The rib was
made of smooth acrylic and it was installed at Zg = 0.050 m
above the bed, based upon Watson, Goodrich, Cramp, Gordos,
and Franklin (2018), 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.

The water discharge was measured using a Venturi meter
installed in the supply line, designed based upon British Stan-
dard (1943). The percentage error of the flow rate was estimated
to be less than 2%. A rail-mounted pointer gauge was used
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to measure the free surface elevation with an accuracy of
+0.5mm. Three velocimeter systems were used. A Prandtl—
Pitot tube was used to measure the velocity and pressure in
the water flow. The Pitot tube was a Dwyer® 166 Series
Prandtl-Pitot tube with a @3.18 mm tube made of corrosion
resistant stainless steel, a hemispherical total pressure tapping
(@ = 1.19 mm) at the tip and four equally spaced static pres-
sure tappings (J = 0.51 mm) located 25.4 mm behind the tip.
Further velocity measurements were performed with a roving
Preston tube (RPT) type C1.6(r) (Macintosh, 1990). The RPT
comprised two stainless steel pressure tubes: a dynamic pres-
sure tube (1.62 mm OD) with 20 mm upstream projection; and
a wake pressure tube (1.62mm OD) directed normal to the
boundary surface with a 1 mm clearance. Both the Prandtl—
Pitot tube and RPT were connected to 30° inclined manometers,
with the manometer tubes opened to the atmosphere. Addi-
tional velocity measurements were performed with an acoustic
Doppler velocimeter (ADV) Nortek™ Vectrino+ equipped
with a three-dimensional side-looking head. The data were col-
lected by setting a sampling rate of 200 Hz for 180s at each
point. The velocity range was + 1 ms™!, the transmit length was
0.3 mm and the control volume was 1 mm. The ADV signal data
were post-processed using the software WinADV. Erroneous
data with an average correlation of less than 60% and an average
SNR less than 5 dB were removed. In addition, the signal was
“despiked” using a phase-space thresholding technique (Chan-
son, Trevethan, & Aoki, 2008; Goring & Nikora, 2002; Wabhl,
2003). The percentage of good ADV samples was larger than
45% for all data, ensuring a minimum of 16,200 good samples at
each sampling point. The vertical translation of the velocimeter
was controlled by a fine adjustment travelling mechanism con-
nected to a digital scale unit. The error on the vertical position of
the probes was Az < =+ 0.025 mm. The accuracy on the longi-
tudinal position was estimated as AX < =+ 2mm. The accuracy
on the transverse position of the probes was about + 1 mm. The
experiments were documented with a dSLR camera Pentax ™
K-3 and a digital camera Casio™ Exilim EX-10.

The Prandtl-Pitot tube and RPT were used to determine the
local boundary shear stress, i.e. the skin friction, in a turbu-
lent channel flow, when the tube is in contact with the wall
(Macintosh, 1990; Patel, 1965; Preston, 1954). Their respective
calibration showed a monotonic relationship between measured
velocity and boundary shear stress (Sanchez et al., 2018).

3 Basic flow patterns

3.1 Presentation

Flow patterns were observed for unit discharges ranging from
0.016m?s~! to 0.20m?s~!. For all flow rates, the water depth
was larger than the critical flow depth (Appendix 1). The free-
surface profile corresponded to a H2 backwater profile for
all flow conditions and flow regimes. The visual observations
showed four main flow patterns, sketched in Fig. 1.
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Regime [ was simply a gradually-varied flow in a rectangular
symmetrical channel. The longitudinal rib had no effect on the
flow and this was observed for q < 0.024 m?s~'. Regime Il was
recorded for 0.024 m?s™! < g < 0.070 m? s~!. The sidewall rib
interacted with the upper flow region and the free-surface width
was narrower: b = B — Iz (Fig. 1). Visual observations and
dye injection showed that the rib presence shifted the high-
velocity flow region towards the smooth vertical left sidewall.
Beneath the rib, i.e. y < Ig and z < Zg, the fluid motion in the
square cavity tended to be dominated by a secondary motion
with an elongated longitudinal large-scale eddy. Dye injection
indicated limited mixing between the cavity flow and main
flow.

For @ > 0.070m?s~! and d > (Zg + hr) (Regime Illa), the
free-surface interacted with the upper face of the rib next to
the right sidewall. The fluid flow above the rib, i.e. y < Ig
and z > Zg + hg, was affected by boundary friction and cor-
ner flows, forming an upper low velocity region. Overall, the
rib tended to shift the main flow, in particular the high-velocity
zones, towards the left sidewall. At larger discharges, i.e.d > >
(Zr + hr) (Regime IIIb), the main flow was less affected by
the sidewall rib. The fluid flow in the square cavity beneath the
right sidewall rib was however slower than the main flow. Dye
injection observations showed little mixing between the main
flow and the cavity region, with relatively long-lasting turbulent
eddies in the square cavity below the beam.

Free surface measurements were conducted to document the
total flow resistance of the channel in presence of the stream-
wise beam (Section 3.2). Free surface measurements were fur-
ther conducted in a 12m long 0.5m wide smooth horizontal
channel (without rib). The comparative data showed a simi-
lar free-surface pattern between both configurations, albeit with
an increase of around 10% in water depth in presence of the
sidewall beam for an identical water discharge.

3.2 Flow resistance

The flow resistance of the streamwise beam channel was derived
from the measured free-surface profile and slope of the total
head line. The latter was related to the Darcy—Weisbach fric-
tion factor f, which is a dimensionless expression of the average
boundary shear stress in the channel (Liggett, 1994; Montes,
1998). The data are reported in Table 1 and Fig. 2. For practi-
cal reasons, the Chézy coefficient Ccne,y and Gauckler—-Manning
coefficient ngy are also reported in Table 1, based upon flow
properties recorded at X = 8 m.

The flow resistance in the ribbed channel was greater than
that in a smooth rectangular channel for the same flow con-
ditions (Fig. 2). For example, with a Reynolds number of
50,000, the friction factor of the ribbed channel was nearly twice
the friction factor for a smooth turbulent flow. The increased
flow resistance was likely caused by strong secondary cur-
rent motion, local discontinuity and intense turbulence induced
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Table 1 Flow resistance coefficients for the asymmetrical sidewall beam channel

Q Regime  d(') Du(hH Re f Cchezy nGm
(m*s™!) (m) (m) 257 (sm7'B)
0.008 I 0.0495 0.165 49 x 10 0.0405 44.0 0.0134
0.015 11 0.069 0.170 8.6 x 10*  0.0318 49.7 0.0119
0.0261 I 0.0925 0.211 1.4 x 10*  0.0248 56.3 0.0109
0.035 111 0.1115 0.244 1.7 x 10*  0.0230 58.4 0.0107
0.0556 I 0.1475 0.302 2.5 x 10 0.0205 61.8 0.0105
0.100 I 0.2075 0.380 3.9 x 10*  0.0148 72.9 0.0093
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Note: (') measurements at X = 8m.
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Figure 2 Darcy-Weisbach friction factor f for the streamwise rib
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by the rib presence. The associated turbulent dissipation con-
tributed to both total head losses and flow resistance. With
the streamwise beam, the channel flow resistance was best
correlated by:

Re
f = fn +0.02775 exp | — ———°— 2
kv ex"( 8.09 x 106) @

where Re is the Reynolds defined in terms of the hydraulic
diameter (Eq. 1) and fky is the smooth turbulent flow fric-
tion factor predicted based upon the Karman—Nikuradse formula
(Rouse 1938; Schlichting, 1979). The present data, as well as
Eq. (2), implied a trend for which the presence of the side-
wall beam would tend to have a lesser effect on the flow
resistance at large discharges and large Reynolds numbers.
Indeed, in Regime IIIb, the relative impact of the beam on the
cross-sectional shape and wetted perimeter becomes increas-
ingly smaller and smaller with increasing flow rates. Figure 2
includes also a comparison in terms of flow resistance between

the asymmetrical ribbed channel and a channel with asymmetri-
cal boundary roughness. The friction factor for the longitudinal
rib channel was lower than that in the asymmetrical rough
surface configurations (Fig. 2).

Overall, the asymmetrical beam channel configuration
seemed to moderately affect the flow resistance, when com-
pared to other methods (e.g. asymmetrical roughening) used
to create low-velocity zones, for example to facilitate biofilm
development and enhance contaminant dilution.

4 Turbulent velocity results

4.1 Presentation

The Prandtl-Pitot tube data provided vertical distributions of
pressures. At all measurement locations, the results showed that
the pressure was hydrostatic everywhere. The time-averaged
velocity data are presented in this section.

In the presence of the sidewall beam, the longitudinal veloc-
ity data showed a consistent pattern. For z > Zg + hg, large
velocities were observed about the centreline of the flume as
illustrated in Figs 3 and 4. At lower vertical elevations, the
maximum longitudinal velocities tended to shift away from the
ribbed sidewall, towards 0.4 < y/B < 0.7 (Figs 4 and 5). For
example, about 0.2m < y < 0.35m in Fig. 4a and b. A similar
pattern was reported in open channel flows with asymmetrical
roughness (Cabonce, Fernando, Wang, & Chanson, 2019; Tom-
inaga & Nezu, 1991; Wang, Uys, & Chanson, 2018). All these
experiments were performed in flumes of comparable length
and width (Table 2). Typical vertical distributions and contour
plots of longitudinal velocity are presented in Figs 3 and 4. In
Fig. 3, the blue line represents the water surface. The veloc-
ity distributions showed a three-dimensional, asymmetrical and
fully-developed flow, owing to the longitudinal rib presence. A
typical centreline velocity profile is plotted in Fig. 3b, in which
the data are compared with the theoretical log-wake law velocity
distribution (Chanson, 2014; Schlichting, 1979). Overall, there
was a close agreement between the physical data and theory
on the channel centreline. The velocity data followed the no-
slip boundary condition at the solid boundaries. All the data
showed a low velocity region located underneath the sidewall
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(a) Ve(ms™)
2 11 g07 503
0.175

1.05 1 0.65 §0.25
0.15
1 06 Ro2

0.125

- 095 1055 §0.15

E o1

" 09 05 fo.l
0.075

0.85 045 §0.05
0.05
08 04 %0
0.025
0.75 § 0.35
0
05 045 04 035 03 025 02 015 01 005 0 07 F03
¥ (m) ;

(b) Vi(ms™)
02 1.1 407 g03
0.175

1.05 | 0.65 f§0.25
0.15

1 06 Ro2
0.125

- 095 [ 055 Bo.is

E o1

n 09 [os foi
0.075

085 | 045 §0.05
0.05
08 404 Hp
0.025
0.75 § 0.35
0
05 045 04 035 03 025 02 015 01 005 0 07 703
y(m)

Figure 4 Contour plots of longitudinal velocity component Vy (m/s) in the streamwise ribbed channel looking downstream (streamwise beam on
the right of the graphs). (a) Q = 0.0261m>s~!, x = 8m; (b) Q = 0.100m>s~ !, x = 8m

rib, i.e. forz < Zg andy < Ig. This region was well-defined for
all flow conditions, although its surface area was comparatively
small.

The vertical profiles of longitudinal velocity showed a phe-
nomenon known as “velocity dip” (Fig. 3). The maximum
velocity Vi at each transverse location was located below
the free surface, and linked to some secondary motion and
transverse momentum exchange (Apelt & Xie, 2011). Figure 5
summarizes the experimental observations in the current study.

Maximum velocities were observed to be functions of the trans-
verse location. The largest velocities were about the channel
centreline and decreased closer to the sidewalls. The decrease
in Viax/Vinean Was more significant with decreasing transverse
distance, i.e. towards the ribbed sidewall, highlighting some
flow asymmetry. On average, the dimensionless cross-sectional
maximum velocity was (Vimax)M/Viean = 1.14 observed at about
Zymax/d =~ 0.66 and Yym./B ~ 0.67. The relative vertical and
transversal distance to the maximum velocity was close to
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carlier results in asymmetrical rectangular channels (Table 2).
The relative height was also similar to observations in smooth
channels: Zyp./d &~ 0.66 (Xie, 1998).

The transverse velocities were about zero near the centre-
line of the flume. Relatively large transverse velocities, up
to 0.03ms~! in magnitude, were observed in the square cav-
ity beneath the rib, as well as next to the rib edges (data
not shown). The transverse velocities on the upper external
corner of the rib increased with increasing flow rate, and
weaker secondary currents were observed beneath the rib at

the largest discharge. The vertical velocity component data
presented patterns similar to the transverse velocity data. The
findings indicated the presence of strong secondary currents
around the rib, extending up to 0.15m away from the right-
hand sidewall. The sharp-edged external and internal corners of
the beam played a key role in the development of secondary
motion because a transverse flow was directed towards the cor-
ner as a direct result of turbulent shear stress gradients normal
to the edge bisector (Chanson, 2019; Gessner, 1973; Prandtl,
1952).

Table 2 Experimental flow conditions for velocity measurements in asymmetrical and smooth flumes

Boundary
Reference Q B X d Vinean conditions Instrumentation
ms) @  m  (m  (ms))
Xie (1998) 0.015 0.40 8 0.128 0.2930 Uniform rectangular Laser Doppler velocimetry
channel (LDV), RPT
Cabonce et al. (2019) 0.0261 0.50 8.15 0.096 0.544 Uniform rectangular Prandtl—Pitot tube
channel
0.0556 0.162 0.686
Tominaga and Nezu (1991) 0.003 0.4 7.5 0.0392  0.192 0.2m long 0.005m Laser Doppler velocimetry
0.0413  0.191 high cross-beams (LDV)
0.006 0.0603  0.249
0.0603  0.249
0.008 0.0795  0.255
0.0808  0.248
Wang et al. (2018) 0.0261 0.4785 8 0.129 0.423 Rough bed & rough Prandtl-Pitot tube, ADV
0.0556 0.1743  0.638 left wall
Cabonce et al. (2019) 0.0261 0.50 8 0.121 0.431 Triangular baffles (left Prandtl-Pitot tube
0.1035  0.504 corner)
0.0556 0.50 0.1625  0.684
0.173 0.643
Present study 0.0261 0.50 8 0.093 0.589 Streamwise beam Prandtl—Pitot tube, RPT,
0.0556 0.147  0.783 (right wall) ADV
0.100 0.206 0.995
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Figure 6 Distributions of dimensionless boundary shear stress fs/f along the wetted perimeter of the sidewall ribbed channel — vertical black
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4.2 Boundary shear stress distributions

Boundary shear stress measurements were performed along
the wetted perimeter, using the Prandtl-Pitot tube and rov-
ing Preston tube (RPT). Figure 6 presents typical distributions
of dimensionless skin friction boundary shear stress along
the wetted perimeter, where f; is dimensionless skin fric-
tion shear stress, f is the dimensionless total boundary shear
stress (Section 3.2), and y” is the wetted perimeter coordinate
(Fig. 6a).

The physical data showed a non-uniform distribution of
boundary shear stress along the wetted perimeter (Fig. 6). The
skin friction boundary shear stress was not symmetrically dis-
tributed 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

Table 3 Transverse-averaged skin friction boundary shear stress in
the sidewall ribbed channel

Q Regime X d Vinean fs fs/f  Regime
(m3s7h (m) (m) (ms7h)

0.0261 11 8 0.093 0.5885 0.0145 0.59 II
0.0556 Ila 8 0.147 0.7831 0.0098 0.48 Ila
0.100 IIb 8 0.206 0.9950 0.0098 0.67 IIIb

Note: Regime: flow regime as defined in Fig. 1.

fluid acceleration and streamwise vorticity. (Note that shear
stress measurements could not be conducted along the lower
surface of the rib.) 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
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to observations on heterogeneous transverse roughness (Tom-
inaga & Nezu, 1991). Minimum shear stresses were typically
observed on the bottom inner corners of the flume, as pre-
dicted theoretically (Liggett, Chiu, & Miao, 1965). The large
perimetric gradients dt,/dy/ in boundary shear stress were
clear evidence of large secondary flow cells in the canal with
streamwise beam (Macintosh, 1990; Shiono & Knight, 1991).

Along the flume bottom, the boundary shear stress data
presented a transverse shape with two dips, observed about
y/B ~ 0.4 and 0.85. The bottom profile implied the existence
of two large longitudinal vortical structures in the main flow
region, plus one longitudinal structure in the cavity beneath the
rib. Minimum shear stresses were typically observed on the bot-
tom corners of the flume. The present data showed that the local
skin friction boundary shear stress was consistently less than
the total boundary shear stress, i.e. fs/f < 1 (Fig. 6). The aver-
age dimensionless boundary shear stress appeared to be little
affected by the Reynolds number, but the transverse distribution
shape changed in response to different rib submergence ratio and
flow regime.

The boundary shear stress data were integrated along the wet-
ted perimeter, yielding the cross-sectional averaged skin friction
boundary shear stress:

1

— d "
IDw PWTO y

T

3)

where Py, is the wetted perimeter. The data are summarized in
Table 3 in dimensionless form. Depending upon the flow con-
ditions, the ratio of mean skin friction resistance to total flow
resistance fs/f ranged from 0.48 to 0.67. The lowest ratio was
observed in Regime III, when a strong secondary motion was
observed below, above and beside the sidewall rib.

5 Discussion

In a smooth rectangular channel, secondary flows originate
at the channel boundaries and streamwise corners because of

turbulence anisotropy. They are referred to as secondary cur-
rents of Prandtl’s second kind (Prandtl, 1952). Secondary flows
are directed at a right angle to the main stream direction and
redistribute momentum across the channel (Naot & Rodi, 1982;
Perkins, 1970). In a streamwise corner, the interactions between
the transverse shear gradient along the corner bisector and lon-
gitudinal flow motion induce energy losses, which must be
compensated by some transverse flow, bringing a net influx of
energy in control volumes along the corner bisector (Gessner,
1973) (Fig. 7a).

The production of turbulence-induced secondary currents in
a prismatic open channel flow may be explained by the longitu-
dinal vorticity equation (Tominaga, Nezu, Ezaki, & Nakagawa,
1989). The longitudinal vorticity equation in fully-developed
turbulent flow is given as (Gerard, 1978):

dwy dwy 92 ) 5 92 92
V, — = (V2 —V — — — |WvV
‘9z Yoy azay( e W) ay2 92 )V
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T ( 0z " oy @

where wy is the vorticity component in the X-direction:

vy AV,
Wy = — — —

az oy ®)

In Eq. (4), the first term on the right-hand side is the vor-
ticity production terms, and the last term is a viscous term,
often neglected except very close to the wall. After rearrange-
ment, one found that the structure of the secondary current is
determined by the distribution of (v;,2 — Vf) (Gerard, 1978; Tom-
inaga et al., 1989). The transverse distribution of the difference
of normal stresses (V§Z — V;Z) plays an essential role (Perkins,
1970). When the convection and diffusion terms are small com-
pared to the production term, Eq. (4) may reduce to (Gerard,
1978):
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Secondary currents develop spontaneously in turbulent flows,
particularly when the term (v/y2 — v/;) has values different from
zero. In an open channel, unstable and instantaneous sec-
ondary currents are present in the form of longitudinal vortices
(Jackson, 1976; Nezu, 2005). More stable secondary motion
may be generated in cavity flow, as sketched in Fig. 7b. In
turn, a prediction of secondary motion in a sidewall beam
canal may be derived based upon basic turbulence theoret-
ical considerations (Gessner, 1973; Montes, 1998; Naot &
Rodi, 1982). When a lateral variation of near-wall veloc-
ity/boundary shear stress exists, secondary flows are induced
and non-uniform distribution of boundary shear stress may be
observed.

The development of secondary flows and their scale essen-
tially depends upon the corner configuration geometry, while
the direction of the secondary motion remains predominantly
in the transverse plane. With a sidewall streamwise beam, the
geometry adds two inner and two outer corners to the channel
cross-section. Secondary circulation of Prandtl’s second kind
may be found in the flow cross-section linked to the abrupt
spatial variations in boundary conditions, i.e. sharp corners
between bed and sidewall, along the sidewall rib, and between
sidewall and free-surface. One sees that the ribbed configura-
tion may be conducive to the development of strong secondary
currents, sketched in Fig. 7b, associated with high-turbulence
low-velocity regions beneath and above the sidewall rib. An
obvious effect of the secondary motion is that it greatly alters the
main velocity field, while promoting the transverse convection
of streamwise momentum.

6 Conclusion

The turbulent losses in a sidewall longitudinal beam canal were
essentially regular losses, albeit with a complicated turbulent
flow field and intense secondary currents. The flow pattern
resulted in regions of contrasted longitudinal velocities, i.e. high
and low velocity regions, with the lowest velocities typically
recorded underneath the sidewall beam. The sidewall rib, its
streamwise corners and the channel asymmetry contributed to
some strong secondary motion, associated with turbulent dis-
sipation. Complicated secondary currents of Prandtl’s second
kind developed, in particular in the square cavity, linked to
low-velocity and high-turbulence. A key feature of the chan-
nel design was the provision of a well-marked high-turbulence
low velocity region beneath the sidewall rib, for all tested flow
conditions.

Altogether this detailed investigation demonstrated how the
introduction of a relatively simple streamwise shape (i.e. square
rib) may yield a major change in hydrodynamic properties, in
comparison to a smooth symmetrical rectangular channel flow.
The current hydrodynamic study showed unequivocally that the
flow in an asymmetrical ribbed channel is extremely compli-
cated, while the design presents a number of manufacturing,
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installation and operational issues, including very high risks
of blockage by sediments and debris, that must be taken into
account before the final design selection. Such practical con-
siderations have direct implications in the suitability of such
designs in sanitary engineering, water treatment and biological
applications (e.g. fish passage).
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Notation

A = channel cross-section area (m?)

B = channel width (m): B = 0.5m in the present
study

b = free-surface width (m)

Cehezy = Chézy coefficient (m'/? s71)

Dy = hydraulic diameter (m): Dy = 4 A/Py,

d = water depth (m)

dc = critical flow depth (m)

d = inflow depth (m)

f = Darcy—Weisbach friction factor (—)

fs = skin friction factor measured with a Prandtl—
Pitot/RPT tube lying on the bed (—)

fs = cross-section-averaged skin friction factor (—)
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fkn = friction factor for smooth turbulent flows
(Karman—Nikuradse formula) (—)

g = gravity acceleration (m s72): g = 9.794ms2
in Brisbane, Australia

hr = height of longitudinal rib (m)

Ks = equivalent sand roughness height (m)

Ir = breadth of longitudinal rib (m)

NGMm = Gauckler—Manning coefficient for flow resis-

tance in open channel (s m~!/3)
P = pressure (Pa)

Puw = wetted perimeter (m)

Q = water discharge (m? s7!)

q = unit discharge (m? s~!)

Re = Reynolds number defined in terms of the
hydraulic diameter (—)

IR = radius of curvature of longitudinal rib edges (m)

So = bed slope: Sy = sinf (-)

v = velocity (ms™')

Ve = critical flow velocity (m s~)

Vinax = maximum velocity (m s~')

Vinean = cross-sectional mean velocity (m s7!):
Vinean = Q/ A

Vi = inflow velocity (m s™!)

v/ = velocity fluctuation (m s~)

X = longitudinal distance (positive downstream)
(m)

YV max = transverse distance where Vy = (Viax)m (M)

y = transverse distance measured from the right
sidewall positive towards the left sidewall (m)

y” = transverse coordinate following the wetted
perimeter, with y/7 = 0 at the bottom right cor-
ner (m)

Zr = vertical elevation of longitudinal rib bottom
above the channel bed (m)

Z\/max = vertical elevation where Vyx = Vax (M)

z = vertical distance positive upwards with z = 0 at
the invert (m)

" = dynamic viscosity of water (Pa s)

a) = vorticity (s7!)

0 = angle between bed slope and horizontal (°)

o = water density (kg m~>)

o = surface tension between air and water (N m~!)

T = Reynolds shear stress (Pa)

To = boundary shear stress (Pa)

T = cross-sectional averaged boundary shear stress
(Pa)

] = diameter (m)

Subscript

c = critical flow conditions

M = cross-sectional maximum value

R = rib characteristics

X = longitudinal component
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<
|

= transverse component
z = vertical component
= upstream flow conditions
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Appendix 1

First developed by Jean-Baptiste Bélanger, the notion of crit-
ical flow conditions was associated to the minimum in spe-
cific energy by Boris A. Bakhmeteff. For an irregular channel,
the flow conditions at minimum specific energy equation, i.e.
critical flow conditions, satisfy:

QZ

[ — Al
g(A%/b) &D

Table Al
streamwise beam (Fig. 1)
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with Q the discharge, g the gravity acceleration, A the flow
cross-section area and b the free-surface width (Fig. 1).

For a steady turbulent flow in the asymmetrical rectangular
channel sketched in Fig. 1, the free-surface width, flow cross-
section area, hydraulic diameter and critical depth are functions
of the flow regimes sketched in Fig. 1. The analytical solutions
are presented in Table A1l.

Free-surface width, cross-section area, wetted perimeter and critical depth in an asymmetrical rectangular channel with

Regime I Regime 11 Regime IIT
Free-surface width b B B-Ig B
Cross-section area A B xd Bd—(d—-2Zr)Ir Bd — hrlg

B+2xd

VQ?/gB?

Wetted perimeter Pyy
Critical depth d¢

B+d+Zr + Ir + (d—2ZR)

m(

VU= TR/BIQP/9B — Zr1r/B)

B+d+Zr +2 x g +hgr + (d—(Zr + hRr))

hrIr/B +v/Q?/g B2
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