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Boundary shear stress and flow variability due to its interaction with main flow and secondary currents
were investigated under conditions that extend previous research on trapezoidal channels. Secondary
currents that scale with the flow depth were found over the entire width in all experiments. These
findings contradict the widespread perception that secondary currents die out at a distance of 2.5 times
the flow depth from the bank, a perception which is largely based on experiments with smooth
boundaries. The reported results indicate that a stable pattern of secondary currents over the entire
channel width can only be sustained over a fixed horizontal bed if the bed's roughness is sufficient to
provide the required transverse oscillations in the turbulent shear stresses. Contrary to laboratory flumes,
alluvial river bed always provide sufficient roughness. The required external forcing of this hydrodynamic
instability mechanism is provided by the turbulence-generated near-bank secondary currents. The pattern
of near-bank secondary currents depends on the inclination and the roughness of the bank. In all
configurations, secondary currents result in a reduction of the bed shear stress in the vicinity of the bank
and a heterogeneous bank shear stress that reaches a maximum close to the toe of the bank. Moreover,
these currents cause transverse variability of 10–15% for the streamwise velocities and 0.2u*

2–0.3u*
2 for the

bed shear stress. These variations are insufficient to provide the flow variability required in river
restoration projects, but nevertheless must be accounted for in the design of stable channels.
ert).
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1. Introduction

The boundary shear stress in open-channel flows quantifies the
resistance to the flow, determines the conveyance capacity, and
provokes sediment transport. Hydraulic variability and erosion and
sedimentation variability is often caused by the interaction of the main
flow, the secondary currents, the turbulence characteristics, the
boundary shear stress, the sediment transport and the mobile
boundaries. Accurate predictions of the boundary shear stress and its
variability are thus important for design of stable channels, analysis and
design of river and ecosystem rehabilitation, mitigation of hazards and
prediction of river morphodynamics. Examples of practical relevance
can be found in all regions of theworld: e.g. the Spree river in Berlin, the
Haihe River in Beijing or the Los Angeles River in California.

Van Balen et al. [31,32] investigated the hydrodynamics of open-
channel flowwith horizontal bed topography [31] and with a natural-
like bed topography deformed by the flow [32]. Their basis for analysis
was the comparison of data from experiments, large eddy simulations
(LES) and Reynolds averaged numerical simulations (RANS). In
configurations with horizontal beds, they found that important flow
processes and variables such as near-bank secondary currents,
internal shear layers, turbulent kinetic energy and boundary shear
stresses are conditioned by the structure of the turbulence. These
processes and variables could only be accurately resolved by means of
LES models. However, for configurations with pseudo-natural de-
formed bed topography, there was hardly any difference between LES
and RANS simulations, indicating that the hydrodynamics are largely
conditioned by the bed topography and that turbulence only plays a
minor role. These results are in line with those produced by Zeng et
al.'s [37] numerical study and Blanckaert [3] experimental study, and
suggest that the hydrodynamics in trapezoidal channels are far more
complicated than those in irregular geometries. Trapezoidal channels
are thus an appropriate and very demanding configuration for the
investigation of boundary shear stress and the variability. This
configuration is also very relevant to practice, as trapezoidal channels
are important in river engineering and management. Examples
include the channelization of rivers in urbanized areas and the design
of irrigation channels.
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In engineering practice it is still common to adopt the boundary
shear stress distribution proposed by Chow ([7], Fig. 1) for flow in
straight trapezoidal channelswith uniformboundary roughness. Knight
et al. [15], Knight and Patel [14] andKnight et al. [16,17] investigated the
boundary shear stress in smooth as well as in roughened trapezoidal
channels with banks that have larger roughness values than the bed.
Based on laboratory measurements of the boundary shear stress with a
Prandtl tube they proposed two equations. The first is for the ratio of the
shear force carried by the bed and the banks. The second equation
calculates the mean and maximum shear stresses on the bed and the
banks as a function of channel geometry and the ratio of the bank
roughness to the bed roughness.

Although these researchers recognized the importance of second-
ary currents with respect to the heterogeneity of the boundary shear
stress distribution, they were not able to measure these currents or to
reveal the underlying physical mechanisms. In spite of secondary
currents' low energy content – their maximum velocities are typically
about 2% of the main velocity [23] – they are known to be efficient in
advectingmomentum, and thereby in altering the patterns of velocity,
boundary shear stress, turbulence and sediment transport. They have
a size that typically scales with the flow depth and are commonly
referred to as secondary currents of Prandtl's [26] second kind
because they are induced by turbulence [23].

Awidespread theory of secondary currents in straight open-channel
flows over flat stable beds with uniform roughness is that they are
generated by bank effects and die out at a distance of 2.5 times the flow
depth fromthe bank (e.g. [23,29]). The observation of secondary current
over the entire width in wide and shallow natural rivers
[12,13,23,25,33] is attributed to a positive feedback between flow and
sediment transport, which leads to a non-uniform bed roughness. This
widespread theory is in line with laboratory experiments with
longitudinal roughness strips [19,22,23,28,34,35] that result in second-
ary currents over the entire width in wide channels. Ikeda [11] was the
first to argue that the basic mechanism causing the formation of
secondary currents over the entire width is the interaction between
flow and sediment transport. Ikeda proposed that this interaction leads
to the formation of longitudinal ridges (deposits of sediment in regions
of ascending vertical velocities induced by the secondary currents) and
the stabilization of secondary currents in the central part of the channel.
Colombini [8] added theoretical development to Ikeda's work. This
widespread theory is largely based on laboratory experiments in
smooth air ducts by Nezu et al. [24].

The theory is contradicted, however, by recent laboratory experi-
ments in configurations with immobile uniformly rough bed and
smooth banks by Rodrígues and Gárcia [27] and Albayrak [1]. These
experiments show the existence of secondary currents over the entire
width of the channel. For the case of their relatively narrow channels
with width-to-depth ratios of 6.3 and 8.5, Rodrígues and Gárcia [27]
speculate that the difference between the bed and the bank roughness
strengthens the corner surface vortex, which may compensate for the
expected decay of the secondary currents with distance from the
bank. However, it is questionable whether this mechanism could
explain the secondary currents present over the entire width of the
Fig. 1. Boundary shear stress distribution in smooth trapezoidal open-channels
according to Chow [7]. Notations of the present paper have been adopted. Es represents
the energy gradient.
channel in Albayrak's [1] experiments with width-to-depth ratios of
12.3, 15 and 20. These observations of flows with rough beds and
smooth banks suggest a strengthening of the secondary currents with
increasing bed roughness, in line with previous experimental [29] and
numerical work [20].

It has long been recognized that the roughness of the boundary,
the difference in roughness between the bed and the banks, and the
inclination of the banks have an important influence on the patterns
of secondary currents and the boundary shear stress distribution. But
the extent of such influences has only been partially addressed.
Tominaga et al. [29] investigated the effects of: (i) the width-to-depth
ratio (2bB/Hb8) in smooth and uniformly roughened rectangular
channels; (ii) the width-to-depth ratio (2bB/Hb8) in smooth
trapezoidal channels for bank inclinations of 32°, 44° and 60°; (iii)
thewidth-to-depth ratio (B/H=4, 8) and differences between the bed
and the bank roughness in rectangular channels with roughness on
the entire perimeter, only on the bed and only on the bank,
respectively. Their experiments showed that the width-to-depth
ratio, the bank inclination and the roughness distribution have a
notable effect on the strength and pattern of the secondary currents
and on the shear stress distribution.

This paper reports and analyzes experiments in straight open-
channel flows that complement previous experimental research by
broadening the investigated range of shallowness (width-to-depth
ratio), bank inclination and roughness of the bed and the banks, as
well as combinations of these three parameters (Tables 1 and 2).
Especially important for engineering practice are configurations that
broaden towards shallower cross-sections and that have banks that
are smoother (representing concrete banks) or rougher (represent-
ing riprap bank protection) than the bed. Moreover this paper
complements previous experimental research by investigating with
unprecedented detail the patterns of turbulent stresses and turbu-
lent kinetic energy as well as their relation to the patterns of
secondary currents. An additional objective of this paper is to provide
detailed experimental data under various hydraulic and geometric
conditions. This data is provided with the hope that it will lead to
progress in the understanding and modeling of the interactions
between main flow, secondary currents, turbulence characteristics
and boundary shear stress.

Section 2 presents the experimental set-up. Section 3 focuses on
the influence of shallowness on patterns of flow and bed shear stress,
touching especially on the question of whether secondary currents
can exist over the entire width of shallow channels with immobile
uniformly rough bed. This section also investigates the linkages
between these turbulence-induced secondary currents and several
turbulence characteristics. Section 4 analyzes the influence of bank
inclination and bank roughness on the patterns of secondary currents,
velocity distributions and bed and bank shear stress. Section 5
discusses the new insights provided by the experimental observa-
tions. This section focuses on the mechanisms generating secondary
currents, as well as on the interaction between the secondary currents
in the central part of the cross-section and those near the banks.
Additionally, it evaluates the empirical boundary shear stress
estimations of Chow [7] and Knight et al. [16,17].

2. Experimental set-up

Laboratory experiments were carried out in a 1.3 m wide
laboratory flume with a 9 m long straight reach (Fig. 2). Detailed
information on the hydraulic and geometric conditions is given in
Tables 1 and 2. All experiments were carried out under similar
hydraulic conditions with an overall velocity of U=Q/
(BH)∼0.4 ms−1; Q is the flow discharge, H is the flow depth and
B is the average of the width at the bed and at the water surface.
Experiments on the influence of the flow shallowness were carried
out with flow depths of 0.11 m, 0.16 m and 0.21 m, whereas



Table 1
Comparison between previous and current experiments in rectangular open-channels with rough bed and smooth banks. B is the average of the width at the water surface and the
bed, H is the flow depth, U=Q/(BH) is the overall-averaged velocity, Es is the energy slope, Re=UH/ν is the Reynolds number, Fr=U/(gH)1/2 is the Froude number, dbed is the mean
diameter of the bed material, and Re*=u*d/ν is the Reynolds particle number based on the shear velocity u*=(gRhEs)1/2 and the hydraulic radius Rh.

References B
[m]

B/H
[–]

U
[ms−1]

Es
[10−4]

Re=UH/ν
[103]

Fr=U/(gH)1/2

[–]
dbed
[mm]

dbed/H
[–]

Re*=u*d/ν
[–]

Tominaga et al. [29]
Exp. R22 0.40 4.0 0.35 10.6 35 0.35 12 0.12 317
Exp. R21 0.40 8.0 0.35 34.1 18 0.51 12 0.24 439

Nezu et al. [25]
Biwako Soui River 17.50 8.0 0.36 NA 800 0.08 NA NA NA

Rodrígues and Gárcia [27]
Exp. FB2 0.91 6.3 0.72 25 82 0.60 10 0.07 530
Exp. FB1 0.91 8.5 0.48 25 44 0.45 10 0.09 470

Albayrak [1]
Exp. S3 2.40 12.3 0.15 0.5 30 0.11 15 0.077 146
Exp. S1 2.40 12.3 0.39 4.2 77 0.29 15 0.077 425
Exp. S2 2.40 12.3 0.55 9.1 107 0.40 15 0.077 627
Exp. S4 2.40 15.0 0.43 6.6 69 0.34 15 0.094 483
Exp. S5 2.40 15.0 0.50 7.5 80 0.40 15 0.094 513
Exp. S6 2.40 20.0 0.36 6.0 44 0.33 15 0.125 398

Present paper
Exp. F21_90_00 1.30 6.2 0.38 4.1 80 0.27 2 0.010 51
Exp. F16_90_00 1.30 8.1 0.43 6.2 69 0.34 2 0.013 56
Exp. F11_90_00 1.30 11.9 0.40 6.8 44 0.39 2 0.018 50
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experiments on the influence of the bank inclination and
roughness were carried out with a flow depth of 0.16 m. For all
configurations, the right bank (at the left in the figures) was
smooth and vertical in order to maximize the shallowness. This
design enabled investigation of the hypothesis that secondary
currents die out at a distance of 2.5 times the flow depth from the
banks (see the B/H values in Tables 1 and 2). The flat bed,
composed of quasi-uniform sand grains with a diameter of
d=2 mm, was immobilized by means of paint. The experiments
are labeled according to their major parameters. The experiment
F11_45_30, for example was performed over a flat (F) bed with a
flow depth of 0.11 m, an inclination of the left bank of 45° and an
equivalent sand roughness of the left bank of 30 mm.

Measurements of the bed and the water surface topography were
made by moving a set of 8 echosounders mounted on a carriage along
theflume (cf. Fig. 2) on a grid of 0.1 mby 0.1 m. The uncertainty in these
measurements was estimated to be less than 1 mm. The discharge was
measured with an uncertainty of less than 5% with an electromagnetic
Table 2
Comparison between previous and current experiments on the influence of the bank inclinat
material. The other variables are defined in the caption of Table 1.

References B
[m]

B/H
[–]

U
[ms−1]

Es
[10−4]

Re=UH/ν
[103]

Tominaga et al. [29]
Rectangular channel

Exp. S1 0.40 8.0 0.40 9.4 20
Exp. R11 0.32 7.9 0.37 52.2 15
Exp. R21 0.40 8.0 0.35 34.1 18
Exp. R31 0.32 7.9 0.33 12.5 13

Tominaga et al. [29]
Trapezoidal channel

Exp. T11 0.27 8.5 0.32 NA 10
Exp. T01 0.24 7.6 0.35 13.8 11
Exp. T03 0.29 3.3 0.37 5.9 34
Exp. T22 0.22 5.4 0.37 NA 15
Exp. T23 0.28 3.7 0.33 5.9 23

Present paper
Exp. F16_90_00 1.30 8.1 0.43 6.2 69
Exp. F16_45_00 1.22 7.6 0.43 6.2 69
Exp. F16_45_02 1.22 7.6 0.43 6.7 69
Exp. F11_45_30 1.22 7.6 0.44 8.7 70
Exp. F16_30_00 1.16 7.1 0.43 5.5 69
Exp. F16_30_02 1.16 7.1 0.43 5.9 69
Exp. F11_30_30 1.16 7.1 0.43 7.6 69
flowmeter installed on the supply pipe.Non-intrusivemeasurements of
at least 36 vertical profiles were carried out in the cross-section at 6.5 m
from the flume's entrance with an Acoustic Doppler Velocity Profiler
(ADVP, cf. Fig. 2), which simultaneously measures profiles of the three
velocity components. The working principle of the ADVP has been
reported by Lemmin and Rolland [18], Hurther and Lemmin [10],
Blanckaert and Graf [5] and Blanckaert and Lemmin [6]. The (s,n,z)
reference system is defined in Fig. 2.Measurementswere carriedout at a
frequency of 31.25 Hzduring 180 s,which guarantees reliable estimates
of the mean velocities and the Reynolds stresses. The profiling capacity
of the ADVP allows measurements with a high spatial resolution (cf.
Fig. 2) that enables accurately resolving the patterns of the weak
secondary currents. Blanckaert [3] reports detailed information on the
adopted ADVP configurations and the data treatment procedures and
estimates the uncertainty in the streamwise velocity component vs at
4%, in the cross-stream velocities (vn,vz) at 10%, in the turbulent shear
stresses v′sv′n and v′sv′z at 15%, in the turbulent kinetic energy tke at 20%
and in the streamfunction ψ of the secondary currents at 20%. For
ion Θbank and the bank roughness, parameterized by themean diameter dbank of the bank

Fr=U/(gH)1/2

[–]
dbank
[mm]

dbed
[mm]

dbed/H
[–]

Re*=u*d/ν
[–]

Θbank

[°]

0.57 NA NA NA b5 90
0.59 12 12 0.30 485 90
0.51 NA 12 0.24 439 90
0.52 12 NA NA b5 90

0.58 NA NA NA b5 60
0.64 NA NA NA b5 44
0.40 NA NA NA b5 44
0.59 NA NA NA b5 32
0.40 NA NA NA b5 32

0.34 NA 2 0.013 56 90
0.34 NA 2 0.013 56 45
0.34 2 2 0.013 58 45
0.35 30 2 0.013 66 45
0.34 NA 2 0.013 52 30
0.34 2 2 0.013 54 30
0.34 30 2 0.013 61 30

http://doi:10.1029/2009WR008303


Fig. 2. Upstream looking view of the 1.3 m wide and 9 m long laboratory flume. The instrument carriage in the measured cross-section is equipped with 8 echosounders. The insert
shows the ADVP transducers. The scheme defines the references axis, the measuring grid and the adopted ADVP configurations.
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variables characterized by small values (such as vn, vz, ψ, v′sv′n), these
relative errors are definedwith respect to the averagemagnitude of the
variable in the flow domain. The streamfunction ψ is computed as [2]:

ψ n; zð Þ = ∫
z

zbed

vndz: ð1Þ

This scalar variable parameterizes and visualizes well the patterns of
secondary currents. The bank shear stress is estimated by fitting a
logarithmic profile to the measured velocities in the lowest part of a
profile perpendicular to the bank, similar to Tominaga et al. [29] and
Nezu and Nakagawa [23]. This procedure is further discussed in
Duarte [9], who estimates the uncertainty in this procedure at 20%.
The bed shear stress can be obtainedwith a lower uncertainty of about
10% from the depth-averaged velocity Us as:

τbed = ρCf ;bedU
2
s : ð2Þ

The bed roughness is constant in the investigated experiments with
fixed horizontal bed, and thus it can reliably be assumed that the
Chézy friction coefficient Cf,bed is approximately constant. The

image of Fig.�2
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dimensionless Chézy coefficient for the sand bed, Cf,bed=0.0053,
differs from the dimensionless Chézy coefficient for the entire cross-
section, Cf=gRhEs/U2 (Rh is the hydraulic radius and Es is the energy
slope, cf. Tables 1 and 2). As a result, the normalized bed shear stress is
obtained as:

τbed
τo

=
Cf ;bed

Cf

 !
U2
s

U2 ð3Þ

τ0=ρgRhEs is the cross-sectional averaged boundary shear stress.

3. Influence of shallowness on patterns of flow and bed shear
stress

As mentioned before, laboratory experiments with smooth
boundaries led to the widespread perception that secondary currents
are generated at the banks and die out at a distance larger than 2.5H
from the bank. This perception is contradicted by the existence of
secondary currents over the entire width in laboratory experiments
by Tominaga et al. [29], Rodrígues and Gárcia [27] and Albayrak [1]
and in an irrigation channel by Nezu et al. [25]. The existence of these
currents over the entire width has been attributed to the bed
roughness. Our F11_90_00, F16_90_00 and F21_90_00 experiments
complement and develop this previous research (cf. Table 1). They are
characterized by a relatively small roughness (Re*=u*d/v≈50, which
corresponds to the upper end of the transition region between
smooth and rough turbulent boundary layer flow) and therefore fall
between smooth boundary conditions (Re*b5) and the notably
rougher conditions investigated by Tominaga et al. [29], Rodrígues
and Gárcia [27] and Albayrak [1]. Moreover, the investigated width-
to-depth ratios are similar to that of the irrigation channel
investigated by Nezu et al. [25], and fall between the narrow
configurations investigated by Tominaga et al. [29] and Rodrígues
and Gárcia [27] and the relatively shallow cross-sections investigated
by Albayrak [1].

The secondary currents are weak, with maximum cross-stream
velocities of about 2% of the main velocity, (vn,vz)max/U=0.02 (Figs. 3,
4 and 5), which makes their definition and quantification difficult. A
clear definition of the patterns of secondary currents is obtained only
by simultaneously visualizing the patterns of the secondary currents
illustrated by the streamfunction ψ, the cross-stream velocity
components (vn,vz), the streamwise velocity vs and the corresponding
bed shear stress τbed=Cf,bedUs

2 (cf. Eq. (2)), the turbulent kinetic
energy tke, and the turbulent shear stresses v′sv′n and v′sv′z . Fig. 3
illustrates the patterns of these variables for the shallowest
F11_90_00 experiment, whereas Figs. 4 and 5 illustrate the patterns
of the major variables in the F16_90_00 and F21_90_00 experiments.
Figs. 3(a), 4(a) and 5(a) schematically show the patterns of the
secondary currents inferred from the patterns of these hydrodynamic
variables. The indicated rotational sense of the secondary currents
corresponds to the sign of the streamfunction ψ (Figs. 3(b), 4(b) and 5
(b)), as well as the measured patterns of transverse and vertical
velocities (Figs. 3(c, d), 4(c) and 5(c)). In all three experiments,
secondary currents exist over the entire width of the cross-section.
They are scaled with the flow depth, resulting in 6, 8 and 12
circulation cells in the F21_90_00, F16_90_00 and F11_90_00
experiments, respectively. The secondary currents seem to weaken
slightly with distance from the bank.

The patterns of all hydrodynamic variables are in total synchro-
nicity with those of the secondary currents, indicating that advective
momentum transport by the secondary currents determines the
hydrodynamics. Zones of upflow/downflow coincide with zones of
lower/higher streamwise velocity and corresponding boundary shear
stress. The observed strength of the secondary currents and the
magnitude of the transverse oscillations of 10%–15% in the stream-
wise velocity (Figs. 3(e), 4(d) and 5(d)) and of 0.2u*2–0.3u*2 in the bed
shear stress (Figs. 3(f), 4(e) and (f)) are consistent with experimental
results reported by Tominaga et al. [29], Nezu and Nakagawa [23],
Rodrígues and Gárcia [27] and Albayrak [1] in laboratory flumes, and
Nezu et al. [25] in the Biwako Sosui irrigation channel.

Our measurements with unprecedented spatial resolution allowed
investigation of the linkage between the turbulence-induced second-
ary currents and some turbulence characteristics. As expected,
advective transport of tke causes an increase/decrease of tke in
zones of upflow/downflow (Fig. 3(g)). The difference in magnitude
between zones of upflow and downflow is about 0.4u*2. More
surprisingly, the pattern of secondary currents appears most clearly
in the streamwise-transverse turbulent shear stress v′sv′n (Figs. 3(h), 4
(f) and 5(f)). Clockwise/counterclockwise rotating secondary currents
correspond to negative/positive zones of v′sv′n that are quasi-
homogeneous over the flow depth. When modeled by means of an
eddy viscosity, this turbulent shear stress relates to transverse
gradients in the streamwise velocity, ∂vs/∂n. The secondary currents
also considerably influence the vertical profiles of the streamwise-
vertical shear stress v′sv′z (Fig. 3(i)). In the absence of secondary
currents, this shear stress would linearly evolve from 0 at the water
surface to a maximum magnitude of −τbed/ρ (ρ is the density of the
water) at the bed. The vertical profiles in zones of upflow are concave
and reach a maximum value at about z=0.3H. Conversely, in zones of
downflow these profiles are convex and increase more-than-linearly
from the water surface to the bed. These observations are in
agreement with Albayrak's [1] results. The difference in magnitude
between zones of upflow and downflow is about 0.2u*2. These
transverse oscillations of the turbulence characteristics affect both
bed-load and suspended-matter transport.

Open-channel configurations are characterized by a “surface
vortex” located above a counter-rotating “bottom vortex” in the
corner formed by a vertical bank and a horizontal bed. This vortex
system reveals the presence of velocities moving away from the bank
at the water surface and the bed, and towards the bank at the junction
of both vortices. Bank and bed roughness affect the relative strength of
both vortices. Based on experiments in relatively narrow channels,
Rodrígues and Gárcia [27] suggest that the bottom vortex dominates
in configurations with uniform boundary roughness, whereas the
surface vortex dominates in configurations with beds rougher than
the bank. The dominant vortex drives the adjacent secondary current
cell, which rotates in the opposite direction. The reported F11_90_00,
F16_90_00 and F21_90_00 experiments confirm Rodrígues and
Gárcia's [27] hypothesis (Figs. 3, 4 and 5). The surface vortex is the
widest and strongest secondary current cell in the cross-section. Its
width is slightly larger than the flow depth, and it clearly dominates
the bottom vortex, as indicated by the rotational sense of the adjacent
vortex.
4. Influence of bank inclination and bank roughness on patterns
of flow and boundary shear stress

Tominaga et al. [29] investigated the effect of differentiated bank
and bed roughness in channels with rectangular cross-section. They
investigated homogeneous smooth and rough boundaries (their
experiments S1 and R11, respectively, see Table 2), a rough bed
combined with smooth banks (their experiment R21) and a smooth
bed combinedwith rough banks (their experiment R31). Additionally,
Tominaga et al. [29] investigated the effect of the inclination of the
bank Θbank in smooth trapezoidal channels (their experiments T11,
T01, T22, T3 and T23). Our experiments complement and extend this
previous research, as summarized in Table 2. The shallowness is
similar to that of Tominaga et al.'s [29] shallowest experiments.
However, our investigation of the influence of the roughness of the
bank and/or the bed is extended to trapezoidal channels, and our



Fig. 3. Patterns of some hydrodynamic variables in the F11_90_00 experiment: (a) schematic pattern of the secondary currents; (b) normalized streamfunction 1000ψ/(UH); (c)
normalized transverse velocity 100vn/U; (d) normalized vertical velocity 100vz/U; (e) normalized streamwise velocity 100vz/U; (f) normalized bed shear stress τbed/τ0;
(g) normalized turbulent kinetic energy tke/u*2; (h) normalized turbulent shear stress v′sv′n = u

2
*; and (i) normalized turbulent shear stress v′sv′z = u

2
*. The shaded area near the water

surface has been bridged by means of extrapolation from the measured values. Undistorted figure.
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investigation of the influence of the bank inclination is extended to
configurations with differentiated bed and bank roughness.

Figs. 6 and 7 show the patterns of the normalized streamfunction
1000ψ/(UH) in the experiments with 45° and 30°-inclined banks,
respectively, for the three investigated roughness conditions of the
bank. For comparison, they also include the experimental results of
Tominaga et al. [29] in narrower smooth channels with bank
inclinations of 44° and 32° respectively. The patterns of the seconday
currents have been inferred from the simultaneous observations of
the patterns of the major hydrodynamic variables, similar to Fig. 3. In
all six investigated cases the secondary currents occur over the entire
width of the cross-section and they do not weaken considerably with
distance from the bank. Moreover they scale with the flow depth. The
influence of the inclination and roughness of the left bank (at the right
in the figures) is largely limited to the half-width of the cross-section,
whereas flow patterns in the right half (at the left in the figures) of the
cross-section adjacent to the smooth vertical bank are similar in all
experiments. This observation suggests that the influence of bank
configuration on the flow characteristics decreases with distance from
that bank. In the experiments with 45°-inclined banks, the patterns of
the secondary current cells in the central region of the cross-section
ressemble the pattern found in the F16_90_00 experiment with
vertical bank (cf. Fig. 4(a) and (b)). Six secondary current cells occur
in the central region with horizontal bed and two cells occur in the
region of the inclined bank. The experiments with a 30°-inclined bank
also show two cells in the inclined bank region, but only four cells
occur in the central region with horizontal bed. This may be
attributable to the reducedwidth of the central region with horizontal
bed. The strength of the secondary currents in the central part of the
cross-section does not seem to depend considerably on the bank
inclination. However, the experimental data suggests a slight
strengthening with increasing roughness of the bank.
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Fig. 4. Patterns of some hydrodynamic variables in the F16_90_00 experiment: (a) schematic pattern of the secondary currents; (b) normalized streamfunction 1000ψ/(UH); (c)
normalized vertical velocity 100vz/U; (d) normalized streamwise velocity 100vz/U; (e) normalized bed shear stress τbed/τ0; and (f) normalized turbulent shear stress v′sv′n = u

2
*. The

shaded area near the water surface has been bridged by means of extrapolation from the measured values. Undistorted figure.
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Tominaga et al.'s [29] experiments in smooth trapezoidal channels
revealed that inclining the bank generated an additional vortex
(vortex B in Fig. 6(d)) in the corner formed by the water surface and
the bank. The surface-corner vortex C and the bottom-corner vortex A
(cf. Fig. 6(d)) weakened and strengthened, respectively, with
decreasing bank angle Θbank. For bank angles less than 45°, the
corner-bottom vortex C was dominant and extended over the entire
flow depth. Tominaga et al.'s [29] experiments on the influence of the
roughness in rectangular channels revealed that the surface-corner
vortex (vortex C in Fig. 6(d)) was always the dominant near-bank
vortex in open-channel flows. In channels with uniformly rough
boundaries the near-bank vortices, especially the corner-bottom
vortex (vortex A in Fig. 6(d)), were weaker than in channels with
uniformly smooth boundaries. Banks smoother than the bed weak-
ened and reduced the bottom-corner vortex, whereas banks rougher
than the bed strengthened and widened the near-bank vortices. Our
experiments revealed that the patterns of the near-bank secondary
currents were extremely sensitive to the inclination and roughness of
the bank. However, our results generally comply with and confirm the
tendencies indicated by Tominaga et al. [29]. The patterns of
secondary currents in the trapezoidal channels with uniformly
rough boundaries (Figs. 6(b) and 7(b)) ressembled those in channels
with uniformly smooth boundaries (Figs. 6(d) and 7(d)). The near-
bank vortices were weakened, however, and vortex B was no longer
discernable. The weakening of the near-bank vortices was more
pronounced in the experiments with 30°-inclined bank than in those
with the 45°-inclined bank. A bank that is smoother than the bed
(Figs. 6(a) and 7(a)) was found to strengthen the surface-corner
vortex C, which became the dominant vortex. A bank that is rougher
than the bed (Figs. 6(c) and 7(c)) strengthened the near-bank
vortices, especially vortex B.

Figs. 8 and 9 show the patterns of the normalized streamwise
velocity vs/U and the normalized boundary shear stress τ/τ0 in,
respectively, the experiments with 45°-inclined and 30°-inclined
banks for the three investigated roughness conditions of the bank.
Aslo in the configurations with inclined banks, the patterns of the
streamwise velocity and the boundary shear stress are in total
synchronicity with those of the secondary currents. These inclined
bank configurations have transverse variations in the streamwise
velocity and the bed shear stress (Figs. 8 and 9) that are slightly
larger than those found in configurations with vertical bank
(Figs. 3, 4 and 5). Results for 30° and 45°-inclined banks are
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Fig. 5. Patterns of some hydrodynamic variables in the F21_90_00 experiment: (a) schematic pattern of the secondary currents; (b) normalized streamfunction 1000ψ/(UH); (c)
normalized vertical velocity 100vz/U; (d) normalized streamwise velocity 100vz/U; (e) normalized bed shear stress τbed/τ0; and (f) normalized turbulent shear stress v′sv′n = u

2
*. The

shaded area near the water surface has been bridged by means of extrapolation from the measured values. Undistorted figure.
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similar. The near-bank secondary currents advect momentum
away from the bank and cause a region of reduced bed shear
stress in the vicinity of the bank. This region widens considerably
when the roughness of the bank is increased, which is mainly due
to the bottom-corner vortex A. The near-bank secondary currents
advect momentum towards the lower part of the bank, which may
endanger its stability. Increased roughness of the bank amplifies
this effect; unlike smooth banks, for which the bank shear stress is
approximately homogeneous, (Figs. 8a and 9a), rough banks
exhibit a marked heterogeneity of stress with a pronounced
maximum value near the toe of the bank (Figs. 8c and 9c).
Roughening the bank causes a reduction in streamwise velocities
in the vicinity of the bank, which results in a reduction of the bed
shear stress. However, bank shear stress, on the contrary, increases
considerably with increasing bank roughness due to the increase
in the bank's friction coefficient (cf. Eq. (2)).
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Fig. 6. Patterns of the normalized streamfunction 1000ψ/(UH) in the experiments: (a) F11_45_00; the schematic pattern of secondary current cells has been inferred from a
simultaneous analysis of the principal hydrodynamic variables (cf. Fig. 3), (b) F11_45_02; (c) F11_45_30; and (d) in Tominaga et al.'s [29] T03 experiment (reproduced from
Tominaga et al.'s Fig. 3). The shaded area near the water surface has been bridged by means of extrapolation from the measured values. Undistorted figures.

Fig. 7. Patterns of the normalized streamfunction 1000ψ/(UH) in the experiments: (a) F11_30_00, (b) F11_30_02; (c) F11_30_30; and (d) in (Tominaga et al. [29]) T23 experiment
(reproduced from Tominaga et al.'s Fig. 3). The shaded area near the water surface has been bridged by means of extrapolation from the measured values. Undistorted figures.
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Fig. 8. Patterns of the normalized streamwise velocity vs/U and the normalized boundary shear stress τ/τ0 in the experiments (represented as deviation from 1): (a) F11_45_00, (b)
F11_45_02; and (c) F11_45_30. The shaded area near the water surface has been bridged by means of extrapolation from the measured values. Undistorted figures.
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5. Discussion

The experimental data permits analysis of the conditions of
occurrence of the secondary currents in the central part of shallow
channels with fixed horizontal bed, as well as their generating
mechanism. Moreover, these experiments provide hard data for
analysis of the hypotheses of Rodrígues and Gárcia (2008, see
Section 1). This data suggests that the generation of the secondary
current cells in the central part of the cross-section is due to
hydrodynamic instability related to the bed roughness. When
secondary current cells exist, their characteristics seem to be largely
independent of the bed roughness: they scale with the flow depth,
reach maximum cross-stream velocities of less than 5% of the main
velocity, and cause transverse oscillations in the streamwise velocity
of about ΔUs/U=10–15%. These transverse velocity oscillations cause
transverse oscillations in the bed shear stress of about Δτbed/ρ=0.2–
0.3u*2 and in the streamwise-transverse shear stress of about
Δv′sv′n = 0:4u2

* (Figs. 3 to 5). Scaling with the overall mean velocity
yields Δτbed/ρ=0.2–0.3Cf,bedU2 and Δv′sv′n =0.4 Cf,bedU

2 and indicates
that the absolute values of the oscillations increase with the bed
roughness. Nezu and Nakagawa's ([23], their Fig. 5.3) schematic
representation of the hydrodynamic interactions that generate
secondary currents clearly shows the importance of transverse
oscillations in bed shear stress. According to Yang [36], the transverse
oscillations in v′sv′n play a key role in the generation of secondary
currents. He estimates the secondary current velocities as being
proportional to:

vn
U

∼− v′sv
′
n

U2 ≈νt
∂vs = ∂n

U2 ≈ κ
6
u*H

� �ΔUs =H
U2 ≈ κ

6
C1 = 2

f

ΔUs

U
: ð4Þ

Colombini [8] has shown analytically that transverse oscillations in
the bed shear stress and turbulent shear stresses can sustain a stable
pattern of secondary currents over the entire width of the river. In his
analysis, however, sufficiently large transverse oscillations were only
obtained by including the interaction between the flow and the
sediment transport. Colombini [8] accounted for the effect of
advective momentum transport by the secondary currents on the
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Fig. 9. Patterns of the normalized streamwise velocity vs/U and the normalized boundary shear stress τb/τ0 in the experiments (represented as deviation from 1): (a) F11_30_00, (b)
F11_30_02; and (c) F11_30_30. The shaded area near the water surface has been bridged by means of extrapolation from the measured values. Undistorted figures.
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distribution of the bed shear stress. But he did not account for the
modified vertical profiles of the velocity, which may cause transverse
variations in the friction factor. In fact, for the same depth-averaged
velocity, the near-bed velocity gradient is increased/decreased in
zones of downflow/upflow [1], leading by definition to an increase/
decrease in the dimensionless Chézy friction coefficient as compared
to purely 2D flow in the absence of secondary currents. Consideration
of this phenomenon leads to the hypothesis that a stable pattern of
secondary currents over the entire width can be sustained over a fixed
horizontal bed. However, this stable pattern can only exist if the bed is
rough enough to sufficiently deform the vertical velocity profiles. Such
deformation provides the required transverse oscillations in the
friction coefficient, bed shear stress and turbulent shear stresses. This
purely hydrodynamic instability mechanism does not require any
amplification (for example by imposed roughness variations or
sediment transport) but does requires an external forcing to initiate
the secondary currents. This external forcing is provided by the near-
bank secondary currents. This hypothesis in line with Rodrígues and
Gárcia's [27] assumption that the amplification of the surface-corner
vortex due to the difference in roughness between the bank and the
bed is at the origin of the pattern of secondary currents over the entire
width. Although the bed in our reported experiments was not fully
rough (Re*=u*d/v≈50, which corresponds to the upper end of the
transition region between smooth and rough turbulent boundary
layer flow), the roughness was sufficient to generate a stable pattern
of secondary currents over the entire width. Since the fully rough
regime is encountered in most cases at field conditions in natural
channels, they provide the required conditions for the generation of a
stable pattern of secondary currents over the entire width, as well as
the associated hydraulic, erosion and sedimentation variability.

As mentioned in the Introduction, the hydrodynamics of trape-
zoidal channels are farmore complicated than those found in irregular
geometries, such as the conditions encountered in natural or restored
rivers. In such natural/restored conditions, the flow field is largely
conditioned by the bathymetry and the planimetry [3,31,32,37].
Investigation of the flow variability due to the interaction between the
main flow, the secondary currents and the turbulence characteristics
in trapezoidal channels is relevant to various practical applications,
several of which are discussed in the Introduction.

The generation of the near-bank secondary currents in open-
channel flows has been attributed to the influence of the
boundaries on turbulence characteristics [4,23,26,29,38] and
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successfully simulated for cases with vertical banks by Naot and Rodi
[21] and Naot [20]. The authors have not yet succeeded in resolving
accurately the pattern of secondary currents in trapezoidal cross-
sections occuring over the entire width by means of the three-
dimensional large eddy simulation code reported by van Balen et al.
[30], and have no knowledge of any other successful simulation. The
reported experiments can constitute benchmark test cases that allow
the improvement and validation of numerical models.

Although near-bank secondary currents are strongly influenced by
the roughness and the inclination of the bank, the patterns in all
experiments show some common features. Near-bank secondary
currents reduce the bed shear stress in the vicinity of the bank, but
increase it at a distance of about 2H from the bank. They cause a
heterogeneous distribution of the bank shear stress, with a maximum
value close to the toe of the bank. The stable design of channels
requires knowledge of the maximum bed and bank shear stresses.
Table 3 compares the measured maximum bed and bank shear
stresses found in the trapezoidal cross-section experiments with
predictions based on commonly used empirical methods. Chow's ([7],
Fig. 1) boundary shear stress distribution is based on experiments in
smooth trapezoidal laboratory flumes (see Fig. 1). Knight et al. [16,17]
developed empirical estimators based on a series of laboratory
experiments in trapezoidal channels with homogeneous boundary
roughness as well as roughened banks. These estimators are given by:

τbed
τ0

� �
max

= 1� 0:01SFbankð Þ 0:8 +
Pbed
Pbank

� �−0:35� �
ð5Þ

τbank
τ0

� �
max

= 0:01SFbank 2:37 +
Pbed
Pbank

� �0:85� �
ð6Þ

SFbank = eα ð7Þ

α = −3:23 log
Pbed

PbankC2
+ 1

� �
+ 4:6052 ð8Þ

C2 = 1:5
ks;bank
ks;bed

 !0:2115

: ð9Þ

As expected, Chow's [7] boundary shear stress distribution predicts
well the behavior of configurations with homogeneous boundary
roughness. For cases with heterogeneous boundary roughness, the
method satisfactorily predicts the maximum bed shear stress, but
fails to predict the maximum bank shear stress. Knight et al.'s
[16,17] method provides valuable engineering estimates for all
configurations, although the maximum bed shear stresses are
somewhat underestimated. Knight et al.'s technique is especially
Table 3
Comparison of measured maximum normalized bank and bed shear stresses in the
experiments with trapezoidal cross-section to predictions according to themethods of Chow
[7]andKnightetal. [17], indicatedbyvaluesbetweensquareandroundbrackets, respectively.

Maximum normalized bank
shear stress, (τbank/τ0)max

Maximum normalized bed
shear stress, (τbed/τ0)max

30° 45° 30° 45°

Smooth bank 0.5 [1.0] (0.5) 0.5 [1.0] (0.5) 1.4 [1.3] (1.3) 1.3 [1.3] (1.3)
F16_30_00
F16_45_00

Homogeneous
boundary
roughness

0.9 [1.0] (1.1) 0.9 [1.0] (1.1) 1.3 [1.3] (1.2) 1.3 [1.3] (1.2)

F16_30_02
F16_45_02

Roughened bank 1.8 [1.0] (1.8) 1.8 [1.0] (1.7) 1.2 [1.3] (0.9) 1.2 [1.3] (1.0)
F16_30_30
F16_45_30
accurate in predicting the maximum bank shear stresses, even for
cases with smooth banks. It should be noted, however, that Knight's
method has no general validity and can only reliably be applied
within the parameter range adopted for its derivation, with the
most important ranges being those of the aspect ratio B/H and the
boundary roughness.

6. Conclusions

Secondary currents and the flow variability that they induce were
measured in straight laboratory flumes with fixed boundaries by
means of an Acoustic Doppler Velocity Profiler that measured the
three-dimensional velocity vector with high spatial and temporal
resolution. Through investigation of shallowness, roughness char-
acteristics of the bed and the bank and the inclination of the bank,
these experiments broaden and complete the parameter space
covered in previous investigations.

Secondary currents occured over the entire width in all experi-
ments. They scale with the flow depth and show velocities of about 2%
of the streamwise velocity. These findings are consistent with the
experimental findings of Tominaga et al. [29], Nezu et al. [25],
Albayrak [1] and Rodrígues and Gárcia [27]. However, these findings
contradict the widespread perception that secondary currents die out
at a distance of 2.5 times the flow depth from the bank, a perception
largely based on laboratory experiments in smooth air ducts by Nezu
et al. [24]. Our reported results indicate that hydrodynamic instability
is at the basis of these different patterns: a stable pattern of secondary
currents over the entire width can only be sustained over a fixed
horizontal bed if the roughness is sufficient to provide the required
transverse oscillations in the bed shear stress and the turbulent shear
stresses. The hydrodynamic instability is driven by the near-bank
secondary currents, which are known to be turbulence-induced. The
conditions prevailing in natural rivers do provide the required
roughness for the generation of the secondary currents over the
entire river's width.

The pattern of near-bank secondary currents depends on the
inclination and the roughness of the bank. In all configurations,
however, they result in a reduction of the bed shear stress in the
vicinity of the bank and a heterogeneous bank shear stress that reaches
a maximum close to the toe of the bank. Advective momentum
transport by the secondary currents causes transverse variability of the
flow consistentwith previous results: about 10–15% in the streamwise
velocities and 0.2u*2–0.3u*2 in the bed shear stress. These variations are
insufficient to provide the flow variability required in river restoration
projects, but have to be accounted for in the design of stable channels.
Because numerical models are not yet able to successfully simulate the
pattern of secondary currents and the induced flow variability,
engineering applications must rely on empirical methods. The
commonly applied boundary shear stress distribution of Chow [7]
satisfactorily estimates the bed shear stress but fails to estimate the
bank shear stress. Knight et al.'s [16,17] method provides satisfactory
estimates for the bank and bed shear stresses within the range of
experimental conditions adopted for its derivation.

The interaction between the main flow, secondary currents and
turbulence characteristics is known to be far more subtle and
complicated in trapezoidal channels than in irregular geometries
such as those encountered in natural or restored rivers. The reported
experiments can constitute benchmark testcases that allow the
improvement and validation of numerical models.

Notations
B Average of the width at the bed and at the water

surface

Cf=gRhEs/U2 Dimensionless Chézy friction coefficient
Es Energy slope
Fr=U/(gH)1/2 Froude number
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g Gravity
H Flow depth
ks Nikuradse equivalent sand roughness
P Wetted perimeter
Q Discharge
Re=UH/ν Reynolds number
Rh Hydraulics radius
s,n,z Reference system
U=Q/(BH) Overall-averaged velocity
Us, Un Depth-averaged streamwise and transverse

velocities
u
*
=Cf

1/2U Shear velocity
vs,vn,vz Streamwise, transverse and vertical velocity

components

Greek symbols
Θbank Inclination of the bank with respect to a horizontal

bed
κ Von Kármán's constant
νt Eddy viscosity
ρ Water density
τ Boundary shear stress
τ0=ρgRhEs Averaged shear stress in the cross-section
ψ Streamfunction
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