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ABSTRACT
The dependence of curvature-induced secondary flow on the curvature ratio H/R and the Froude number Fr was
systematically investigated in a series of 18 experiments in a sharply-curved laboratory flume. The investigated flow
depths were 0.9 m, 0.13 m, 0.19 m and 0.26 m, resulting in H/R values of 0.053, 0.077, 0.112 and 0.153, and the Froude
numbers were 0.1, 0.2, 0.3, 0.4 and 0.5. The normalized magnitude of the secondary flow did not increase with H/R, as
predicted by commonly used parameterizations for secondary flow, but remained quasi-constant. This confirms
observations by Blanckaert (2009), who called this phenomenon the saturation of the secondary flow. The experiments did
not reveal any dependence of the secondary flow on Fr. Predictions of the magnitude of the secondary flow with the
nonlinear model of Blanckaert and de Vriend ((2003, 2010) agreed very well with the experimental data.
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1.

INTRODUCTION

Flow in curved open-channel reaches follows a helicoidal path. Secondary flow is defined as the flow component
perpendicular to the channel axis in the present paper. Secondary flow induced by the streamline curvature is known to
redistribute mass, momentum, boundary shear stress, and sediment transport, and thereby plays an important role with
respect to the water quality, velocity distribution, and river morphology. Since the first investigations of Fargue (1868) and
Thomson (1876), curvature-induced secondary flow has been abundantly investigated by means of field measurements,
laboratory measurements, analytical modeling and numerical modeling. We refer to Blanckaert & de Vriend (2004) for a
literature review. Nevertheless, there are still open questions with respect to the physics and the numerical modeling of
secondary flow, especially in sharply curved channel reaches.
In mildly and moderately curved channel reaches, the curvature-induced secondary flow is known to scale with the ratio of
flow depth to centerline radius of curvature, H/R, i.e. the magnitude of the secondary flow increases linearly with curvature
ratio H/R. Therefore, the transverse component of the secondary flow is often represented as:
vn  vn U n  U

H
f
R n

(1)

where vn is the transverse component of the velocity vector, Un the depth-averaged transverse velocity, , and fn a function
that represents the normalized vertical profile of v  . The magnitude of the secondary flow can be quantified by:
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is the depth-averaging operator. In sharply curved reaches, however, the secondary flow seems to reach a

maximum value that is independent of H/R, i.e. a further increase in H/R does not lead to an increase in secondary flow
magnitude. Blanckaert (2009) has termed this phenomenon the saturation of the secondary flow. Understanding of
secondary flow in sharply curved reaches is still hampered by the paucity of experimental data.
Three-dimensional numerical models directly resolve the curvature-induced secondary flow. But the application range of
these models is still limited to problems on a relatively small spatial and short temporal scale. Large-scale and long-term
problems are commonly investigated with depth-averaged or cross-sectional-averaged numerical models, which are
inherently unable to resolve secondary flow. An adequate parameterization of the secondary flow does allow, however,
accounting for the effects of secondary flow on the flow field in these reduced-order models. Previously proposed
parameterizations were all limited to mild and moderately curved reaches (van Bendegom 1947, Rozovskii 1957,
Engelund 1974, de Vriend 1977, Johannesson & Parker 1989, etc). These parameterizations describe the transverse
component of the curvature-induced secondary flow v  as:
n
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where the function fn,0 uniquely depend on the dimensionless Chézy friction coefficient Cf. Because v  increases linearly
n,0
with H/R, these parameterizations are called linear models, and indicated with the index 0. Blanckaert & de Vriend (2003,
2010) have proposed a parameterization for the secondary flow that is valid over the entire curvature range. According to
their parameterization, the magnitude of the secondary flow is obtained by adding a correction factor to linear model
prediction:
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The correction factor is represented by the term between square brackets. It depends uniquely on the so-called bend
parameter B, which is defined as:



B  C 0.275
H R
f

  1
0.5

0.25

s

(5)

where Us is the depth-averaged streamwise velocity, and s represents the normalized transverse gradient of Us:
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Because the magnitude of the secondary flow does not increase linearly with H/R, this parameterization is called a
nonlinear model. Blanckaert & de Vriend (2003, 2010) have developed a cross-sectional-averaged model that determines
the distribution of the depth-averaged velocity Us, as parameterized by means of s, and the magnitude of the secondary
flow expressed according to equation (3). Their model is computationally hardly more expensive than the commonly used
linear models, but it is no longer restricted to mild and moderate curvatures. This model is able to resolve the
aforementioned process of saturation of the secondary flow in sharply-curved open-channel reaches (Blanckaert 2009,
Ottevanger 2012). Although the nonlinear model has been validated by Blanckaert & de Vriend (2003, 2010) and
Ottevanger et al. (2013), further validation over an extended parameter space would enhance confidence in the model.
The first objective of the present paper is to contribute to the body of experimental data on the secondary flow in sharply
curved open-channel reaches. The second objective is to investigate systematically the dependence of the secondary flow
on two parameters: the curvature ratio H/R and the Froude number Fr. The third objective is to use the experimental data
for assessment of the predictive capabilities of Blanckaert & de Vriend’s (2003, 2010) nonlinear model.
2.

THE EXPERIMENTS

A series of 18 experiments was performed in a 1.3 m wide open-channel laboratory flume, including a bend with an arc
length of 193° and a constant radius of curvature of 1.7 m on the centreline. The bend was preceded by a 9 m long
straight inflow reach, and followed by a 5 m long straight outflow reach. The bed consisted of quasi-uniform sand with a
diameter of 0.002 m. the bed was transversally flat, but had a longitudinal slope of 0.003. Flow depth was controlled with
an adjustable weir at the downstream end of the flume. Because the longitudinal water surface slope is not equal to the
longitudinal bed slope in all experiments, flow depth slightly and gradually varied along the flume, resulting in quasiuniform flow conditions.
Experiments were performed at flow depths of H = 0.09 m, 0.13 m, 0,19 m, and 0.26 m, corresponding to curvature ratios
of H/R = 0.053, 0.077, 0.112 and 0.153, which range from moderately curved to very strongly curved flows. These flow
depths were measured at the centreline in the cross-section at 75° in the bend. For each of these flow depths,
experiments were performed at Fr = 0.1, 0.2, 0.3, 0.4, and 0.5. Because of limited pump capacity, experiments at Fr = 0.4
and 0.5 were not possible for the highest flow depth.
Non-intrusive velocity measurements were performed with an Acoustic Doppler Velocity Profiler (ADVP) on the centerline
at 30°, 60°, 90°, 120°, 150° and 180° in the bend. The ADVP measures vertical profiles of the three-velocity components
with high temporal and spatial resolution. Its working principle has been reported by Lemmin & Rolland (1997), Hurther &
Lemmin (1998), and Blanckaert & Lemmin (2006). Measurements were made with a sampling frequency of 31.25 Hz and
a sampling period of 60 s.
Water surface elevation measurements were performed with manual point gauges all around the flume, with a streamwise
spacing of 1 m in the straight reaches and 15° in the curved reaches. The dimensionless Chézy friction coefficient was
determined by fitting one-dimensional backwater curve computations to the measured water surface elevation.
3.

RESULTS, DISCUSSION AND CONCLUSIONS

Figure 1(a) shows the pattern of the normalized transverse component of the secondary flow fn (equation 1) measured in
the streamwise-vertical plane along the centreline of the bend. The secondary flow comes into existence at the bend entry,
grows in the first half of the bend and reaches a maximum magnitude near the cross-section at 90°, and subsequently
decays towards the bend exit. Blanckaert (2009) has explained how the nonlinear interaction between the streamwise and
secondary flow is at the origin of this evolution of the secondary flow around the bend. Figure (1b) shows the evolution of
the normalized magnitude of the secondary flow (equation 2) around the bend. The experimental evolution is compared to
2
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predictions by the linear model of de Vriend (1977) and the nonlinear model of Blanckaert & de Vriend (2003, 2010). The
linear model predicts a constant value around the bend, which is uniquely determined by Cf. The non-linear model closely
agrees with the measured evolution around the bend. The bend-averaged values of the experimental data and the
nonlinear model are quasi-identical, whereas the linear model considerably overpredicts the magnitude of the secondary
flow. Figure (1c) compares the linear model prediction of fn to the measured profiles. The measured profile is only close to
the linear model prediction in the middle of the bend, where the secondary flow reaches its maximum magnitude.
Elsewhere, the linear model considerably overpredicts the secondary flow.

Figure 1. Results for the experiment with flow depth 0.13 m and Fr = 0.2. (a) Pattern of the measured normalized transverse component
of the secondary flow fn in the streamwise-vertical plane through the centreline. (b) Evolution of the magnitude of the secondary flow
through the bend: experimental data, linear and nonlinear model predictions. (c) Normalized vertical profile fn: maximum and average
values in bend and linear model prediction.

Figure 2. Bend averaged values of the normalized magnitude of the secondary flow in all 18 experiments: experimental data, linear and
nonlinear model predictions.
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Figure 2 summarizes the results for all 18 experiments. It compares the bend-averaged values of the normalized
magnitude of the secondary flow computed from the experimental data to predictions by the linear and non-linear models.
These results lead to the following observations and conclusions:
1) The linear model predicts a magnitude of the secondary flow that grows linearly with H/R. Slight deviations from the
linear growth are due to slight variations in the dimensionless Chézy friction coefficient.
2) All experiments confirm that the secondary flow saturates in sharply curved open-channel flow. The normalized
magnitude of the secondary flow remains about constant in all experiments.
3) The results do not show any dependence of the secondary flow on the Froude number. Differences between
experiments with the same flow depth but different Fr are within the experimental uncertainty. The ADVP
measurements were not successful for the experiments with flow depth of 0.09 m for Fr = 0.1 and 0.2, and flow depth
of 0.13 m and Fr = 0.1. These failures can be attributed to the low velocities and associated low acoustic scattering
levels.
4) The nonlinear model predictions agree very well with the experimental data in all experiments.
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