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Abstract: The mean flow characteristics in a curved channel are really different from those in a straight channel. The
main cause is the existence of secondary flow within the flow in the curved channel. This paper will discuss the
differences in mean flow characteristics due to changes in the bed topography in the curved channel. Acoustic Doppler
Velocimetry (ADV) measurements have helped to analyse characteristics of the mean flow on flat and eroded beds in
a 180° curved channel. Sand (mean diameter dso = 0.001 m and specific gravity Gs = 2.65) was selected as the bed
material. The condition of flow in the approach section was steady and uniform with 0.159 m depth. One of the mean
flow characteristics in the curved channel is the free surface superelevation due to the presence of centrifugal force. The
second is the circular motion toward the inner-bank region at the lower layer and toward the upper layer outer-bank
region. The cause of the circulation is the difference in centrifugal forces between the two layers. The magnitude of
velocity near the bed surface is more significant than the flow near the water surface. This causes erosion in the outer
bank region and deposition in the inner bank region. In general, tangential velocity vy in flat bed is greater than its
tangential velocity in eroded bed. The maximum velocity path in a flat and eroded bed of the curved channel resembles

a sinusoidal curve, where the minimum value is located at 90° and 120° of the curve.
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INTRODUCTION

Characteristics of the flow in a curved channel are quite different
from those in a straight channel. Centrifugal force produces
a number of effects, such as superelevation of the water surface
and helicoidal flow, which in turn lead to a redistribution of
velocity and shear stress. These flow characteristics have a pro-
nounced effect on erosion, deposition, and sediment transport in
a natural channel. ODGAARG [1984] research into an alluvial
curved channel show that the layer topography develops and
decays at much shorter distances than the velocity profile.

The classic research of the flow in a curved channel was
preceded by Rozovsku [1957]. Further, he studied a variety of
bend angles, aspect ratio, and used research instruments and
variables to obtain more valid measurement results. In the last ten
years, BLANCKAERT [2003] conducted research by reviewing
components of tangential, radial, and vertical velocities on the
cross 60° from the inlet. PaTrA [2004] stated that the flow and
velocity distributions in meandering compound channels are

strongly governed by interaction between flow in the main
channel and that in the floodplain.

Research on flow characteristics in the curved channel was
originally done by Rozovsku [1957]. In addition to finding the
role of the secondary flow caused by a centrifugal force, Rozovskii
also developed the equation of radial velocity distribution. The
radial velocity causes the upper side flows moving to the outer
bank instead of the lower side flow to the inner bank. Kikkawa
[1973] states that the logarithmic velocity distribution equation
does not apply to the longitudinal main flow direction or
tangential velocity, vy in a curved channel flow. The Boussinesq’s
parabolic velocity distribution of quadratic equation gives good
results, as:

w_rl-K@-3*

U= R (1)

_K
-5

where: K; = parameter calculated by the equation: K; = 3(1 -
Ulveg1), ver = tangential velocity at the surface of the water and
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centerline (m-s™!), U = average velocity (m-s™Y), r = distance from
the center of the bend (m), R = radius of curved channel (m), z =
vertical distance from the bed (m), h = flow depth (m).

While secondary flow velocity components of the radial
velocity (v,) and vertical velocity (v,) are formulated by Kixkawa
[1973]:

_ 1 oy
TR+ (0: (2)
L, L oY
TR+ (or 3)

where: R; = radius in the curved channel (m), { = distance from
inner bank (m), y = flow parameter are defined as:

= i A;jsin (%) - sin (jllf) (4)
ij=1

and
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YeN [1995] stated that scour and deposition of the branch channel
are influenced by the tangential flow and radial flow. Radial flow
causes the movement of sediments to deviate from the tangential
direction in general. At the same time, JEONG, and Yoon [1998]
stated that the trajectory of the maximum tangential velocity
shifts toward the bend in inner banks in the entrance zone and
then moves to the outer bank region. BLANCKAERT [2003] used the
Acoustic Doppler Velocity Profiler (ADVP) for measuring the
flow velocity. On analysis using the Acoustic Doppler Veloci-
meters (ADV), data present specific requirements compared to
traditional current-metering equipment. Due to the types of data
obtained, the analyses that are possible to ensure that technical
limitations of ADV’s do not adversely affect the quality of results,
according to WaHL [2000]. According to GARcIA’s ef al. [2004], the
ability of the ADV to overcome flow turbulence was analysed
with a new tool called ADV Performance Curves (APCs). Results
showed that the value of flow kinetic energy (K) reached
a maximum in the central region while turbulent kinetic energy
(k) reaches a minimum value at the outer-bank region; the value
of turbulent kinetic energy (k) on cornering lines do not follow
the exponential function k = 4.78u.> ¢ 2", which applies to
a straight line but is directly proportional to the depth in the area
of the outer region (0.2 < z/h < 1) and inversely proportional to
the depth in the inner region (z/h < 0.2).

Transversal water surface slope can be calculated by the

Equation (6):
Ah
o = atan (g) (6)

where: Ah = difference of the surface water level between an outer
bank and inner bank, while B = width of the channel.

Flow in the curved channel is also important for the design
of unarmoured channels, such as irrigation canals, which must
often incorporate bends. Secondary circulation has a significant

effect on the erosion along the outer bank region, as well as on the
potential scour at the toe of the bank.

Velocity magnitude at any point is calculated from the three
measured components:

v=vv®+v2+v2 (7)

where: vy, v, and v, = tangential, radial, and vertical velocities,
respectively.
So maximum velocity in any cross-section is:

VUmax = rnax( V 'U()z + UrQ + ’Uzz) (8)

METHODS
EXPERIMENTAL SET-UP

Experiments were performed in a B = 0.5 m wide and H = 0.4 m
high laboratory acrylic flume consisting of an 8 m long straight
approach section followed by a 180° bend section with a constant
radius of curvature of R = 1.25 m and 6 m downstream section.
The plan view of the experimental set-up is shown in Figure 1.
Initially, a horizontal bottom of nearly uniform sand,
dso = 0.001 m, was installed. Two types of beds, namely flat
bed and eroded bed, have been installed. The flat bed is a base
with sand material that is distributed evenly along the channel.
Meanwhile, the eroded bed was formed by a process of erosion
and sedimentation in a curved channel with a steady flow for 30 h.
As a result, the bottom in the straight approach channel remained
stable, but a typical bar pool bottom topography developed in the
bend. Ultimately, after running discharge for 30 h, the bed
topography stabilised, and there was no active sediment transport
along the flume. This condition is further referred to as
equilibrium. The resulting bed topography is shown in Figure 2.
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Fig. 1. Plan view of the experimental set-up; source: own
elaboration
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Fig. 2. Bed topography in equilibrium for each radius of curved channel

C0-C180 (section 0°-180°); source: source: own elaboration

CALIBRATION OF RESEARCH INSTRUMENTS

Prior to data collection, calibration of research instruments was
performed by comparing measurement results of the Acoustic
Doppler Velocimetry (ADV) with the Acoustic Doppler Current
Profilers (ADCP) conducted by Gonzarez [1996]. According
SoNG’s [1996] research, from acoustic Doppler velocity profiler
(ADVP) measurements, using the Fourier components method,
the mean velocities, turbulence intensities, and the Reynolds-
stress profile are obtained. The data compared are 3 data series of
velocity measurements in the approach section (R115, R125 and
R135) in the form of non-dimensional velocity (u/u~) and relative
depth (z/h). The comparison results are shown in Figure 3. Based
on Figure 3, it can be concluded that the measurement data with
ADV is not much different from the measurement with ADCP.
The measurement results with ADV can be considered valid.
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Fig. 3. Comparison of non-dimensional velocity (u/u-) profile taken
by Acoustic Doppler Velocimetry (ADV) vs. Acoustic Doppler
Current Profilers (ADCP); z = vertical distance from the bed, h =
flow depth; source: own elaboration

HYDRAULIC CONDITION IN THE APPROACH SECTION

Hydraulic condition of flow in the approach section is a steady
uniform flow with 4 = 0.159 m depth and Q = 0.0242 m>s™!
discharge. U = Q/(Bh) = 0.304 m>s7! is the averaged velocity, and
S = 7-107* is the averaged water-surface slope on the centerline.
The boundary shear stress calculated by 7, = pus®> = 0.28 N-m ™2,
where shear velocity u« = 1.66-10 m-s™' calculated from the
Clauser method corresponds well to the critical shear stress for
the sediment according to Shields’ diagram. The Chezy friction
factor can be estimated by C' = U/\/R;,S = 37 m®°.s7. The flow
Reynolds numbers, Re = Uh/v = 54,000 (with v = the kinematic
viscosity) show that the flow is rough turbulent, and the Froude
number, Fr = U/ v/gh = 0.24, indicates a subcritical flow.

RESULTS AND DISCUSSION
BED TOPOGRAPHY

Measurements of the maximum scour depth occur at 60° of the
bend and the depth is equal to 2.9 ¢cm, and the maximum de-
position occurs at 180° of the bend and it is equal to 8.1 cm
(Fig. 4). Furthermore, the path of maximum scouring along the
eroded bed of the curved channel occurs in the centerline;
furthermore, it moves to the outer bank region at the end of the
bend. At the same time, the path of maximum deposition occurs
in the inner bank along the curved channel (Fig. 4). The bed
topography shown in this study is slightly different from the
results of BLANCKAERT’S [2003] study where maximum scouring
along the curved channel occurs in the outer bank region along
the curved channel. This happens because BLANCKAERT [2003] uses
a larger discharge per unit width so that equilibrium conditions
last longer and consequently the erosion and sedimentation
processes take longer too.

SUPERELEVATION

One of the specific phenomena that occur in the curved channel
flow is the difference of water level between the inner bank and
the outer bank, which is called superelevation. This is due to the
centrifugal force on the flow that drives the flow to the outer
bank; consequently, the water level in the outer bank is higher
than in the inner bank.

By increasing the bend angle, the angle of the transversal
water surface slope also increases (Fig. 5). This occurs due to the
growth of the secondary flow, which is triggered by the
circulation flow by increasing the bend angle, the growth of
secondary flow, especially radial velocity component, also
increases. It contributes to the increase of the water surface level
on the outer bank. In general, the angle of the transversal water
surface slope decreases in the 90° of the bend and remains
relatively stable until 120° of the bend. Then, it increases again
until it reaches a maximum value at 150° of the bend. This
phenomenon is also in line with the results of research by
BranckaerT [2003]. The difference is only in the maximum value,
which is 45° and 75° of the bend. This difference is possible
because the study was conducted on a flume with a 90° curve.
Furthermore, the angle of the transversal water surface slope
gradually decreases in the outlet section. Finally, the flow depth
becomes uniform in the downstream section.
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Fig. 4. Maximum deposition and scour depth in equilibrium condition; z = vertical distance from the bed;

source: own study
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Fig. 5. Transversal water surface slope (a); source: own study

TIME-AVERAGE VELOCITIES

The second characteristic of the flow in a curved channels is
circulation, which moves toward the inner-bank region at the
lower layer and toward the outer-bank region at the upper layer.
Near the bed surface area, closer to the inner bank, the magnitude
of velocity also increases. It is able to move the bed material from
the outer bank and centerline to the inner bank. As a result, the
maximum deposition occurs at the inner bank region (Fig. 6).
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Fig. 6. Velocity vector v,v, in the curved channel: a) eroded-bed,
b) flat bed; source: own study

In general, the tangential velocity vy in a curved channel with
a flat bed is greater than its tangential velocity in an eroded bed.
The maximum tangential velocity is recorded near to the bed
surface. Tangential velocity in the outer bank region is also greater
than its tangential velocity in the inner bank region. Because of the
deposition and erosion process, the cross-sectional flow area in the
eroded bed is greater than its cross-sectional flow area in the flat
bed, resulting in reduced tangential velocity (Fig. 7).
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Fig. 7. Normalised tangential velocity (v/U) contours in curved
channel with: a) flat bed, b) eroded-bed; z = vertical distance from
the bed; source: own study

While the longitudinal velocity in the downstream section is
divided into vertical layers with the maximum value located in the
outer bank region (Fig. 8). This indicates that the flow in the
downstream section can not immediately return to a steady
uniform flow as the flow in the approach section. It requires
a certain distance from the bend outlet. Unfortunately, in this
study, the distance needed for the flow to return to a steady
uniform flow cannot be determined because of the insufficient
length of the downstream section.
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source: own study
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Fig. 9. The difference of normalised maximum velocity (V. /U) in
curved channel between flat bed and eroded-bed; source: own study
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Fig. 10. Path of maximum velocity: a) based on elevation, b) based on relative distance, c) plan view; z = vertical
distance from the bed, h = flow depth; source: own study

The maximum velocity, which is the result of the tangential,
radial, and vertical velocity components, has been analysed at
each measurement point. The analysis showed that the maximum
velocity in the flat bed is larger than its maximum velocity in the
eroded bed. This is caused by differences of tangential and radial
velocity components in the flat bed and eroded bed, where the
value of both in the flat bed tend to be larger (Fig. 9).

Furthermore, the path of maximum velocity in the curved
channel resembles the tangential curve where the minimum value
is located between 90 and 120° of the bend. This is in contrast to
the flow in a straight channel where the maximum velocity is
occurs near the water surface.

The path of maximum velocity in the flat bed is generally
located at a higher elevation than the maximum velocity in the
eroded bed (Fig. 10a), but maximum velocity in both of them
occurs at the same distance from the bed surface (Fig. 10b). Due
to changes in the bed topography, the path of maximum velocity
in the eroded bed tended to be located in the centerline and
shifted to the outer banks in the bend outlet region following the
maximum scour location. For the flat bed, the path of maximum
velocity tends toward the inner bank in the bend inlet and

subsequently shifted to the centerline and toward the outer bank
in the bend outlet (Fig. 10c). Meanwhile, Kikkawa’s [1973]
research has showed that the maximum speed trajectory at the
entrance of the bend tends to be in the direction of the inner
bank. Then, it moves to the centerline and, at the outlet of the
bend, it moves to the outer bank. This is more identical to the
maximum velocity trajectory for the flat bed in this study which is
also consistent with Kikkawa [1973].

CONCLUSIONS

1. The maximum scour depth occurs at section 60° while the
maximum deposition height occurs at section 180°. The path
of the maximum scour depth was originally located at the
centreline and subsequently moved to the outer bank region
on the end of the bend. In contrast, the path of the maximum
deposition is always located in the inner bank. On a larger
discharge per unit width, the path of the maximum scour
depth will shift further to the outer bank region as shown by
the results of the research.
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2. The superelevation phenomenon has been investigated where
the water surface level in the outer bank is higher than in the
inner bank. As a result, the flow in the curved channel became
non-uniform. Experimental results also indicate that the curve
of the transverse water surface slope angle resembles a sinusoi-
dal curve with two peaks located at sections 60° and 150°.

3. In general, the tangential velocity in the flat bed is greater than
the tangential velocity in the eroded bed. This occurs because
the cross-sectional flow area in the eroded bed curved channel
is greater than the cross-sectional flow area in the flat bed,
resulting in a reduced tangential velocity.

4. The maximum velocity in the flat bed curved channel is greater
than its maximum velocity in the eroded bed. In contrast, the
path of maximum velocity formed a sinusoidal curve where the
lowest point is located at sections 90° and 120°. The path of the
maximum velocity in the flat bed under the study is identical
with the results of previous research.
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