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ABSTRACT

Literature shows the application of the entropy concept in open channels flow. No existing research has been addressed to the application of the entropy concept for
evaluating the effect of secondary flow which especially develops in curved channels. The purpose of this paper is to explore the possibility to evaluate the effect of the
secondary flow on the stream-wise velocity distribution starting only from the knowledge of the surface velocity and the entropic concept application. The analysis
is conducted with the aid of data collected in a large-amplitude meandering laboratory flume for two different values of the width-to-depth ratio. Results show that
the location of the maximum velocity varies not only along the bend but also along the water depth, depending on the relative entity of the cross-circulation and the
convective flow acceleration. It has been also verified that the entropic parameter varies along the bend as a function of the width-to-depth ratio. The application of
the entropic model to the examined cases has allowed the verification that not only the shape of the velocity profile but also the bed shear stress evolution along the
bend could be estimated by the entropic model starting from the knowledge of the surface velocity only.

1. Introduction

As it is well known, in a river bend secondary flow develops by the
combination of the longitudinal flow with the cross-sectional motion,
which is induced by the channel’s curvature (Yalin, 1992) and is due
to the interaction of the forces associated with centrifugal acceleration,
transverse water surface slope and bed shear stress.

Secondary flow exerts an important role in several processes involv-
ing in a natural stream, such as the dispersion of nutrients and/or of
chemical substances as well as the trapping or transport of sediments.
In particular, the cross-sectional motion contributes both to shift the
core of the maximum velocity (among others Leschziner and Rodi, 1979;
Johannesson and Parker, 1989; Wilson et al., 2003) and of the bound-
ary shear stress along the bend, thus modifying and reshaping the chan-
nel’s bed and platform (see as an example de Vriend and Gendolf, 1983;
Whiting and Dietrich, 1993; Knaapen et al., 2001; Blanckaert and
Graf, 2004; Roca et al., 2009; Termini and Piraino, 2011), and to en-
hance the mass mixing and the energy losses, thus affecting the channel’s
conveying capacity (Camporeale et al., 2005; Nepf, 2012; Gurnell, 2014;
De Serio et al., 2018).

The estimation of the rate of mass and momentum transport requires
the knowledge of the velocity distribution along the channel. Thus, the
identification of the feedback between the cross-sectional motion and
the vertical profiles of the longitudinal velocity along the bend is fun-
damental in simulating dispersion and mixing processes.

In meandering bends, which are characterized by a continuously
changing curvature, the cross-sectional motion varies from section to
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section. Thus, unlike straight channels, the identification of the evolu-
tion of the cross-sectional motion along the bend is especially important
to estimate the variation of the turbulent activity of flow and the distri-
bution of the downstream flow velocity along the bend itself.

According to Yalin (1992), in meandering bends the cross-sectional
motion can be considered as composed by the curvature-induced cross-
circulation, which is characterized by zero depth-average, and the con-
vective component, which is due to the changing channel’s curvature
and produces a net flux of mass in the transversal direction (see Fig. 1).
Literature (among others Johannesson and Parker, 1989; Whiting and
Dietrich, 1993; da Silva et al., 2006; Termini, 2009; Termini and Pi-
raino, 2011) indicates that the role of the aforementioned components
cannot be analyzed independently of the width-to-depth ratio and the
channel’s sinuosity. Da Silva et al. (2006) focused on the case of large
width-to-depth ratio and analysed the influence of channel’s sinuosity
on the flow pattern in flat-bed sine-generated laboratory flumes char-
acterized by different values of the deflection angle at the crossover,
0, (i.e. 830°, 50°, 70°, 90°, 110°). As a result, they verified that the
channel’s sinuosity, especially affects the location of the convectively
accelerated/decelerated flow along the channel. For a given channel’s
sinuosity, the width-to-depth ratio is the most important parameter
affecting the entity of the two aforementioned cross-sectional motion
components, being the cross-circulation more significant for “small”
width-to-depth ratios than for “large” width-to-depth ratios (see also
in Whiting and Dietrich, 1993; Lanzoni et al., 2006; Blackheart et al.,
2008; Termini, 2015).
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Fig. 1. Definition sketch (i, = maximum longitudinal velocity; du= uq,,.u,).

It should be also considered that several studies conducted in straight
channels (among others Steffler et al., 1985; Cardoso et al., 1989;
Nezu and Nakagawa, 1993; Yang et al., 2004, Troiani et al., 2004;
Yang and Lee, 2007; Najafabadi et al., 2018) have related the trans-
port of momentum due to the secondary flow to the so-called “dip-
phenomenon”, for which the position of the maximum longitudinal
velocity occurs below the water surface (as schematized in Fig. 1).
Moramarco et al. (2017) investigated the spatial distribution of the
velocity-dip in sites along straight natural channels by leveraging the
entropy theory. They identified the distance of the maximum longi-
tudinal velocity from the free surface (velocity-dip 6 in Fig. 1 and
showed how turn the surface velocity into depth-averaged velocity.
Termini and Moramarco (2018) analyzed the u-profiles measured only
at the apex and inflection sections of a large amplitude meander wave.
From their analysis, it appeared clear that the dip-phenomenon oc-
curs in all the considered sections but with different entity. This re-
sult suggested that the variation of the velocity-dip along the chan-
nel could be strongly related to the evolution of the cross-sectional
motion along the bend. Termini and Moramarco (2018) also verified
that the velocity-dip § varies as a function of the width-to-depth ratio
W/h and assumes, in average, a value of around 53% of the local flow
depth for “small” width-to-depth ratio and of around 34% for “large”
width-to-depth ratio. This suggests that the velocity-dip is evident for
small width-to-depth ratios but it is also present for large width-to-
depth ratio. This is consistent with previous literature findings obtained
in straight channels (among others Sarma et al., 1983; Tachie et al.,
2003).

Successively, Termini (2019) identified an equation which relates
the main controlling parameters of the flow processes (i.e. the local
channel’s curvature and the width-to-depth ratio) to the local velocity-
dip. Specifically, she demonstrated that, for a given value of the width-
to-depth ratio, the velocity-dip 6 varies along the meander wave as
a function both of the normalized distance from the outer bank, &/W
(with é=coordinate in the transversal direction - see Fig. 2), and of the
local channel’s curvature which could be parameterized by the local de-
flection angle . She also proposed a relation which directly relates the
velocity-dip 6 to the parameters 6 and W/h

From the aforementioned considerations, it is clear that although
literature researches have allowed significant progress in under-

Fig. 2. Measurement sections considered for the present analysis.

standing meander flow dynamics, the mechanism of the velocity-
dip formation and the relation with secondary motion is still poorly
understood.

In this context, the main aim of the present work is to explore the link
between the velocity-dip and the secondary motion and the possibility
to explain it by leveraging the entropy theory, starting from the moni-
toring of surface velocity. This allows us to answer to the question if it
is possible to evaluate the feedback effect of cross-sectional flow on the
longitudinal velocity and shear stress distributions in curved channels
starting from the monitoring of surface velocities only. Such a possi-
bility could be of great interest for hydrological practices considering
that some fundamental insights could be inferred along natural chan-
nels in terms of flow erosion and shear stress distribution just sampling
the surface velocity.

This study has been inspired by the recent findings obtained by
Moramarco et al. (2017) and Termini and Moramarco (2018) and
is motivated by the fact that, although considerable attention has
been given to the application of entropy concept to estimate ei-
ther the velocity distribution in open channels (Moramarco and
Singh, 2010; Termini and Moramarco, 2017) or other specific pa-
rameters (Sterling and Knight, 2002; Atieh et al., 2015a; 2015b;
Atieh et al, 2017; Sheikh and Bonakdari, 2015; Kumbhakar and
Ghoshal, 2016a; 2016b; Kumbhakar et al., 2016; Atieh et al., 2017;
Kumbhakar et al., 2017; Kumbhakar and Ghoshal, 2016; Kundu, 2017;
Singh et al., al.,2017; Ebtehaj et al., 2018; Khozani and Bonakdari, 2018;
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Kazemian-Kale-Kale et al., 2018), no existing research addresses the ap-
plication of the entropy concept to estimate secondary flow effect espe-
cially in curved open channels.

Thus, the present work is part of a broader research project aimed at
examining the meander dynamics and the applicability of the entropic
concept to predict the effect of secondary currents on the primary ve-
locity distribution and the flow discharge just using surface velocity ob-
servations. Specifically, the present study complements previous studies
conducted by Termini and Moramarco (2018) restricting the attention
to a high-amplitude meander bend, for which the role of curvature and
of its downstream variation on the velocity pattern are especially im-
portant. The aforementioned general goal is achieved by three specific
objectives: (1) to investigate, for large and small width-to-depth ratios,
if the velocity-dip and its variation of along the bend could be related
to the effect of the cross-sectional flow evolution along the bend; (2) to
verify how such an effect could be identified by applying the entropy
concept by the spatial distribution of entropic parameter M, character-
izing the velocity profile shape; (3) to analyze if the entropy theory is
able to provide useful insights in terms of velocity-dip distribution along
straight and bended channels, just starting from the monitoring of sur-
face velocity across the site.

The paper is organized as follows: Section 2. describes the experi-
mental data used and the experimental results are discussed in Section 3.
The application of the entropic parameter are presented in Section 4.
Discussion is reported in Section 5. and finally conclusion are summa-
rized in Section 6.

2. Materials and methods
2.1. Experimental data

The data used in the present work were collected in the ambit
of a broader research program aimed to analyze the flow pattern in
a high-amplitude meandering channel. In particular, data taken from
Termini (2009) have been used. The data were collected in a mean-
dering channel 25.12 m long following the sine-generated curve with a
deflection angle at the inflection section 6, = 110° The channel cross-
section is rectangular with width W= 0.50 m; the fixed vertical sidewalls
are of plexiglass and the bed is of quartz sand (dsy=medium sediment
diameter=0.65 mm).

In order to isolate the effect of channel’s curvature, in the present
work only the experimental runs conducted over the rigid and flat bed
(runs called as RB-1 and RB-2 in Termini, 2009) have been consid-
ered. In particular, RB-1 run (hereon indicated as Run1) was conducted
with a flow discharge of Q = 0.019 m3/s (channel-averaged flow depth
h=5.5 cm; W/h =9.09<10); RB-2 run (hereon indicated as Run2) was
conducted with a flow discharge Q = 0.007 m3/s (channel-averaged
flow depth h = 3.0 cm, W/h = 16.67>10). Herein, in accordance with
previous researches (among others Nezu and Rodi 1985; Yalin, 1992;
da Silva et al., 2006; Termini and Piraino, 2011) W/h<10 indicates
“small” width-to-depth ratio and W/h>10 indicates “large” width-to-
depth ratio.

During each run, the water surface was measured using a Profiler
Indicator PV09 (Delft Hydraulics) with a precision of 0.1 mm. The in-
stantaneous local longitudinal, u(t), and transversal, v(t), velocity com-
ponents were measured in sections spaced about 50 cm or so apart in
points spaced of 1.—1.5 mm along the verticals of nine transverse ab-
scissas. The flow velocity measurements were carried out by using a 2D
side-looking Acoustic Doppler Velocimeter (ADV - by SonTek Inc.), iden-
tified symmetrically to the channel axis (see details in Termini, 2009).
Bearing in mind the specific aim of the present work, our attention is
focused only on the longitudinal velocity component, u(t), measured in
the central bend between the two consecutive inflection sections A and I
indicated in Fig. 2. By using the time series of the measured longitudinal
flow velocity component, u(t), the corresponding time-averaged longi-
tudinal velocity, u, was estimated along each measurement vertical of
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the considered sections. The analyses reported in the present work have
been performed by considering the local reference system reported in
Fig. 2 (s=coordinate in the longitudinal direction; é=coordinate in the
transversal direction).

3. Experimental results

3.1. Variation of the u-profile shape along the bend and relation with the
velocity-dip

As indicated in the “Introduction”, the results obtained in the pre-
vious works (Termini and Moramarco, 2018) have suggested that the
formation of the velocity-dip and its variation along the bend could
be related to the evolution of the cross-sectional motion whose en-
tity also varies as a function of the width-to-depth ratio (among others
Whiting and Dietrich, 1993; Termini, 2015).

This also suggests that the knowledge of the variation of the u-profile
shape along the bend could be important in order to identify the evolu-
tion of secondary motion along the bend itself.

For this reason, in the present work the measured u-values have been
first used in order to analyze how the shape of the u-profiles varies along
the bend for both the considered width-to-depth ratios. The u-profile
shape has been examined, for each measurement vertical v, by estimat-
ing not only the velocity-dip (i.e. the distance § of the local maximum
velocity Uy, , from the free surface) but also the difference du between
the local maximum value of the velocity u,,,, and the local free-surface
velocity ug,, (see the scheme of Fig. 1).

Figs. 3 and 4 report, respectively, the distributions along the bend
of the difference du= uyq, .1, and of the velocity-dip 6, normalized by
the channel-averaged flow depth h, obtained for both the width-to-depth
ratios. It can be observed that, generally, du assumes for W/h<10 values
lower than those for W/h>10; the normalized velocity-dip, 6*, assumes
for W/h<10 values greater than those obtained for W/h>10. In particu-
lar, Fig. 3 indicates that, for both the width-to-depth ratios, du increases
along the inner (right) bank (i.e. passing from section A to section I);
along the outer (left) bank a different behavior can be observed between
the case of W/h<10 and the case of W/h>10. In the case of W/h<10,
the lower values of du, which are found close to the inner bank of the
inflection section A, gradually cross the channel reaching the outer side
of section D (bend entrance) at a certain distance from the outer bank
itself. It should be noted that section D is slightly downstream of the
section where the tangent to the inflection section intersects the outer
bank. Then, the lower values of du are maintained close to the outer
(left) bank until to reach the inflection section downstream (section I).
In the case of W/h>10 the lower values of du are also found close to the
inner (right) bank of section A, but they cross the channel and reach the
outer side at section C, which is slightly upstream of the section where
the tangent to the inflection section intersects the outer bank; passing
from section C to section D they are maintained close to the outer (left)
bank. Then, the difference du increases in value and the lower values are
obtained not too close to the outer bank until to reach section F; from
this section to the inflection section downstream (section I) the lower
values of du are found close to the outer bank. The comparison between
Figs. 3 and 4 highlights that, generally, the lower values of * are found
where the lower values of du are obtained. A different behavior between
the case of W/h<10 and the case of W/h>10 can be observed also for
5* along the outer (left) bank. In particular for W/h<10 the normalized
velocity-dip §* assumes the higher values close to the outer bank of the
section D (bend entrance) and between sections G and H (i.e. close to
the bend exit) while low values of the velocity-dip are found close to the
apex section. Thus, in this case, 5* increases close to the outer (left) bank
passing from section A (where almost constant values of the velocity-
dip occur) to section D, then it slightly decreases until to reach the apex
section; passing from the apex section to the bend exit (between sec-
tions G and H) it slightly increases and then it decreases until to reach
the inflection section downstream I where it assumes almost constant
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Fig. 3. Map contour of the difference du= uq,-U;,
(cm/s): a) W/h<10; b) W/h>10 (the black line indicates
the location of lower values of du).

0.05

Fig. 4. Map contour of the normalized velocity-dip 6*=5/h: a) W/h<10; b) W/h>10 (the black line indicates the location of lower values of §*).

low values. For W/h>10, upstream of the apex section the normalized
velocity-dip §* assumes a behavior similar, but less accentuated, than
that for W/h<10. At downstream of the apex section, §* assumes high
values, with a peak close to the outer bank of section F (bend exit), until
to reach the inflection section downstream I. The different behavior ob-
served between W/h<10 and W/h>10 could be related to the fact that
the two components of the transversal velocity (i.e. the cross-circulation
and the convective acceleration) assume a different relative importance
in the two considered cases, as verified by Termini (2009) by using the
same data of the present work and by Termini and Piraino (2011). In
particular, their results indicated that, for W/h>10 the convective accel-
eration component is more significant than W/h<10; in this last case,
the cross-circulation component attenuates the contribution of the con-
vective acceleration component. Furthermore, comparing Figs. 3 and 4,
it’s evident that the maximum du occurs at the outer bank of sections D
and E where the maximum velocity-dip occurs, while at the inner bank
the phenomenon is the opposite. In other words, the cross-circulation
component increases its effect moving from the inner to the outer bank
as the channel’s curvature increases, driving the location of the maxi-
mum velocity towards the bed near the outer side of section D.

In summary, Figs. 3 and 4 show that the difference du assumes low
values where also the normalized velocity-dip assumes low values and
thus where the maximum velocity is closer to the free surface. The differ-
ence in the shape of the u-profiles between W/h<10 and W/h>10 occurs
especially in the region close to the outer bank downstream of section
D, where for W/h>10 du assumes values higher than those obtained for
W/h<10. This means that for W/h>10 the u-profiles are strongly con-
cavely curved near the free surface. The results also suggest that the
u-profile assumes a more concave shape near the free surface for lower
water depths.

As consequence of the aforementioned behavior, the location of the
maximum velocity up,,, varies along the bend, for both W/h, mov-
ing from the inner (right) bank to the outer (left) one as one passes

from section A to section E, as Fig. 5 shows. At the bend entrance (sec-
tion D), while for W/h>10 the higher value of the maximum of velocity
is found close to the outer bank, for W/h<10 it is still maintained far
from the outer bank itself. Such a different behavior can be explained
by the fact that a counter-rotating circulation cell (see Fig. 1) initiates
in the outer-bank region of the bend entrance (i.e. close to section D)
as demonstrated by Termini and Piraino (2011). Thus, especially along
the channel reach between sections D and F the action of the central-
region circulation cell is limited by the presence of the counter-rotating
circulation cell.

Figs. 3 and 4 give also an indication on the redistribution of the max-
imum velocity not only in the stream-wise direction (as Fig. 5 shows)
but also in the vertical one. It is clear that the higher values of g,
cross the bend passing from the inner bank of the inflection section A
to outer bank of the inflection section I as well as the lower values of
the normalized velocity-dip &*; this suggests that the higher values of
the maximum velocity, Uy, ,, are close to the free surface. In the case
of W/h>10, downstream of the apex section, where high velocity-dip
values occur, such a behavior is less evident, thus indicating that the
maximum velocity can be also found far from the free surface along
the bend-exit reach. This could be related to the fact that, in the case
of W/h>10, the effect due to the cross-circulation on the longitudinal
velocity is not significant and decreases especially along the bend-exit
reach (Yalin, 1992; Da Silva et al., 2006; Termini, 2009). Furthermore,
focusing the attention to the region close to the outer bank, it can be
observed that, for both the width-to-depth ratios, passing from the in-
flection section upstream (section A) to the bend entrance (section D),
the normalized velocity-dip assumes high increasing values with a peak
around the outer bank of section D, meaning that there the maximum
velocity is localized near the bed. The observed behavior also suggests
that the pattern of the velocity-dip reflects the effect of circulation cells
due to the cross-sectional motion. Indeed, where the velocity-dip is min-
imum (sections B and C of Fig. 4) only the effect of a central-region circu-
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Fig. 5. Map contour of the maximum velocity u,,,,, (cm/s): a) W/h<10; b) W/h>10 (the black line indicates the location of higher values of u,,, ).

lation cell moving from the inner to outer bank occurs; as the channel’s
curvature increases (i.e. at the bend entrance - section D), especially for
W/h<10, an outer-bank circulation cell initiates close to the free sur-
face, as shown by Termini and Piraino (2011) analyzing the evolution
of cross-sectional flow along the same meandering bend, and the central-
region circulation cell seems to split into two weak counter-rotating cir-
culation cells. This effect could drive the location of the maximum ve-
locity close to the bed near the outer side of section D determining high
values of the velocity-dip.

This result is particularly interesting for analysing the erosion action
of flow to the bed. In particular, the fact that close to the outer bank of
the bend entrance the velocity-dip is significant and the maximum veloc-
ity is localized just close to the bed could explain why at such a location
the maximum bed erosion was observed in previous works (Whiting and
Dietrich, 1993; Termini, 2009). In particular, Termini (2009) measured
the equilibrium bed deformation obtained at the end of mobile bed runs
with hydraulic conditions corresponding to Runl and Run2. She veri-
fied that, in both cases, the maximum bed scour occurs approximately
where the tangent to the inner bank at the upstream inflection section
A intersects the outer bank (see Fig. 3), and thus close to the outer bank
of section D. This behavior is also consistent with previous results ob-
tained by Blanckaert and Graf (2004) indicating that the momentum
transport by cross-circulation contributes to redistribute the maximum
velocity along the bend affecting the consequent erosion processes. To
better understand this phenomenon, the role of the water depth on the
shape of the velocity profile is also analyzed by the value of the ratio
Upy y/Upgy,y> Where Uy, ,, and Uy, , are respectively the depth-averaged
velocity and the maximum velocity referring to the vertical profile v.
Specifically uy, , is estimated on the basis of velocity profile measured
by ADV. Fig. 6 reports the value of the ratio u, /U, , against the ratio
W/h,, where h, indicates the local water depth. From this figure it ap-
pears clear that, with exception of few points, for Runl (W/h<10) the
values of the ratio uy, ,,/tnq, , vary in the range 0.7-0.9 with a variation
of the ratio W/h, in the range 8-12; for Run2 (W/h>10) the values of
the ratio Uy, /U, , are generally lower than those observed for Runl
and vary in the range 0.4-0.75 while the values of the ratio W/h, vary
in the range 12-20. The different values of the ratio uy, /Uy, , between
W/h<10 and W/h>10 further indicates how the different magnitude of
the momentum transport by the cross-circulation, which is more sig-
nificant for W/h<10, could affect the distribution of the longitudinal
velocity.

3.2. Experimental distribution of the bed shear stress

It is important to estimate the bed shear stress along the bend which
reshapes the bed topography. In the present work, according to other au-

thors (see as an example Blanckaert et al., 2008; Termini, 2016), in a first
approximation the “experimental” bed shear stress has been estimated
by using the depth-averaged velocity for vertical profile v as 7, = p ¢
um‘,z (with ¢ = ig = Chézy type dimensionless friction coefficient).

%

Fig. 7, which reports the contour-maps of the term 7, ¢; = Pl 2
estimated for both runs, highlights that, for both runs, the higher bed
shear stress lies near the inner (right) bank at the inflection section A.
Along the bend, it crosses gradually the channel and, at the inflection
section downstream, it is found near the outer (left) bank. This behavior
is especially evident in the case of W/h<10 where, along the bend, the
higher values of 7y, ¢ gradually shift from the inner bank to the outer
bank. In the case of W/h>10 the higher values of ,, cf shift towards
the outer bank passing from section A to section E; then values of 7y,
¢ decrease until to reach section F, increasing again until to reach the
bend exit between sections F and G; passing from section G to the in-
flection section downstream I the values of 7y, ¢ slightly decrease. It is
important to note that this pattern of bed shear stress is consistent with
that obtained by Termini (2009) by using the law of the wall. According
with Termini (2009), the different behavior observed for W/h<10 and
W/h>10 might be caused by the fact that the cross-circulation, which
is more significant for W/h<10 than for W/h>10, attenuates the effect
of the convective acceleration at the outer bank. This entails the shift
of the high values of 7, ¢ from the inner bank to the outer bank more
gradual along the bend in the case of W/h<10.

4. Entropic model application
4.1. Entropic parameter distribution along the bend

In this section a short description of entropic model and its applica-
tion has given along with the relation between the entropic parameter
M (or the entropic function ¢(M)) and the kinematic characteristics of
the flow.

The entropic model (Chiu, 1988, 1991; Chiu and Murray, 1992;
Ciu and Hsu, 2006) correlates the cross-sectional mean velocity, u,,, to
the cross-sectional maximum velocity, u,,,,, using the linear relation-
ship:

eM 1
Uy = <m - M)Mmax = (p(M)umax )]

with M the entropic parameter. u,,,, is considered as the maximum value
of all velocity points sampled in the cross-sectional flow area during a
measurement (Moramarco et al., 2004). u,, is obtained by applying the
velocity-area method to the measured velocity profiles. Therefore, for a
gage site in which a velocity dataset is available ®(M) and, hence, M
can be estimated on the basis of pairs (U, Unqey)-
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Fig. 6. Ratio uy, /U, , against the ratio W/h,: a) Runl (W/h<10); b) Run2 (W/h>10).

As regards the theoretical ground of Eq. (1), this comes from the
expression of mean flow velocity:

Uy, = /0 " e, ypadu @

where u(x, y) is the velocity in the cross-sectional flow area; x, y rep-
resent the distance from the left side of bank and from the bed, re-
spectively; p(u) is the probability density function obtained by assum-
ing an a-priori cumulative probability distribution function F(u) = %,
(Chiu, 1988):

dF(u) _ dFw)dy _1dy

= 3
du dy du Ddu @

p(u) =

This hypothesis (i.e., the relation between the cumulative probabil-
ity F(u) and the ratio y/D) was tested for a number of natural rivers
and was found to be approximately true (Singh, 2011). The a-posteriori
p(u) is obtained by maximizing the entropy (Chiu, 1988; Jaynes, 1957),
yielding:

pu) = ehi~lehn @

with 41,4, are the Lagrange multipliers. For more details we refer the
reader to Chiu (1988).

By replacing Eq. (4) in (3) and integrating, after some algebraic ma-
nipulation one has:

Apu

_ umaxe 2¥max 1 o
m = eM2tmax—1 - Ze ’ ©)
assuming M=7,u,,,, and replacing A, in (4), Eq. (1) is thus inferred
(Chiu, 1988).

Termini and Moramarco (2017), by using only data from Runl
(W/h<10), verified that the function ®(M) of Eq. (1) varies along the

Fig. 7. contour maps of the term 7y, ¢; = pu,, *:
a) W/h<10; b) W/h>10 (the black line indicates the
7 location of higher values of 7, ¢/).

meandering bend. However, Fig. 6 suggests that the relation between
u,, and u,,, could vary also as a function of the width-to-depth ratio.
In order to verify this behavior, the cross-sectional maximum value of
velocity u,,,, and the cross-sectional mean velocity u,, have been also
estimated for each examined section and for both runs. In particular,
the mean velocity, u,,, has been obtained by integrating the measured
u-profiles on the cross-section. Fig. 8 reports the values of the normal-
ized difference (Uyqy-Up)/Una, =1-P(M) estimated along the bend for
both runs.

From this figure it can be observed that, for both the width-to-depth
ratios, the normalized difference (Upg-Uy)/Unqe iNCreases, i.e. ®(M)
decreases, as the radius of curvature decreases. In particular, (Upqy-
U,,)/Unq, increases passing from the inflection section upstream A to
section C for W/h<10 and to section B for W/h>10; then it decreases
until to reach the apex section E for W/h<10 and the section D for
W/h>10. Then, in both cases, (Upq-Um)/Ung iNCreases again until to
reach the bend exit (section H) after which it decreases towards the
inflection section downstream. In the case of W/h>10 the normalized
difference (u,q-Up,)/Upq, assumes generally values higher than those
obtained for W/h<10. This suggests that for W/h>10 the entropic func-
tion ®(M)=u,,,/Upq, assumes values lower than those obtained in the
case of W/h<10. This can be also observed from Fig. 9 where the val-
ues of the ratio u,,/u,,,=® (M) estimated for each section have been
reported for both runs.

Literature studies (see as an example Moramarco and Singh, 2010;
Greco and Mirauda, 2015), based on data measured in steady flow con-
ditions either in gauged sections along natural channels or in laboratory
flumes, verified that M is constant in the same section for different flow
rate ranges. For the examined case, the value of the entropic parameter
M in each section can be estimated from Eq. (1) by knowing the cor-
responding value of the ratio u,,/u,,,,, as reported in Fig. 10. By com-
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Fig. 8. Normalized difference (i,,4,-U,)/Unq, along the bend.

Fig. 9. Ratio u,,/u,,,=® (M) along the bend.

section

b)

Fig. 10. Estimated values of the entropic parameter M:a) W/h<10; b) W/h>10.

paring Fig. 10 with Fig. 9 it is clear that the value of the parameter M
follows that of the entropic function ®(M)=u,,/U,.x, i-e. M decreases as
the ratio u,,/u,,,, decreases, in accordance with previous works (see as
an example in Kumbhakar et al., 2016). The lower value of M is reached
at section C for W/h<10 and at section B for W/h>10. Then the values
of M increase until to reach section E for W/h<10 and section D for
W/h>10; downstream of section D, while for W/h<10 M reaches a sec-

ond minimum value at section H, for W/h>10 M decreases until to reach
section L.

The observed behavior suggests that as the flow enters the bend the
entropic parameter M reduces, adjusting the magnitude of u,, and both
the magnitude and the location of u,,,,. This is coherent with the struc-
ture of the secondary currents that influence the magnitude of u,, and
Uq and for the latter the location in the cross-sectional flow area. To
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better investigate this aspect, following Moramarco et al. (2004), the
formulation of Eq. (1) is also written for the generic vertical v as:

eMy 1
Upo = (eMv 1 - E Umax,p = (Pu(Mu)umax,u 6)

where M, indicates the so-called “local” entropy parameter, which is
constant along the vertical v.

It is worth noting that Eq. (6) is inferred by assuming Eq. (1) holds
also locally such as proposed by Moramarco et al. (2004), who showed
the parameter M, can be considered a signal of the boundary effects on
the velocity distribution.

Thus, the values of the local parameter M, have been estimated for
both runs by using Eq. (6). From Fig. 11, which reports the contour-
maps of the estimated values of M,, it can be observed that in the case
of W/h<10 the values of M, are generally higher than those obtained
for W/h>10. For W/h<10 the higher values of M, are found close to
the inner (right) bank at the inflection section A; then they gradually
cross the channel until that the higher values of M, are found close to
the outer (left) bank at the apex section; then the higher values of M,
are maintained close to outer bank until to reach the inflection section
downstream I.

For W/h>10, M, assumes high values close to the inner bank of sec-
tion A; passing from this section to section B it crosses the channel in-
creasing in value; it slightly decreases passing from section C to section
E; then the higher values of M, maintain at the outer side of the cross-
section reaching the outer bank at the apex section E; passing from the
apex section E to section I the values of M, decrease close to the outer
(left) bank and increase along the inner (right) bank.

Thus, Fig. 11 suggests that, especially for W/h<10, the pattern of
the entropic parameter M, is similar to that of the term 7;,,c, which
is, in turn, affected by the momentum transport by cross-circulation
(Termini, 2015). Inspecting Fig. 11, for both values of W/h, one can
also infer that the minimum values of M, are located close the outer
bank of section D where the maximum value of the velocity-dip oc-
curs and the maximum velocity is near the bed. Moreover, comparing
Fig. 11 with Figs. 4 and 5, it can be observed that along the bend, the
local entropic parameter M, assumes the higher values where the lower
values of the velocity-dip and the higher values of the maximum veloc-
ity Umgqy,, Occur. This could be due to the fact that the system responds to
the changing curvature by varying the value of the entropic parameter
M, and adjusting the magnitude and the location of u,,. Fig. 11 also
shows that in the case of W/h<10 at the bend entrance, the higher val-
ues of M, are found at a certain distance from the outer bank, as well
as it was observed for the values u,, ,. This could be related to the
presence of the aforementioned counter-rotating cell in the outer-bank
region which limits the action of the central-region circulation cell, as
verified by Termini and Piraino (2011) in the same meandering channel
as that used in the present work.
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Fig. 11. Contour map of the local entropic pa-
rameter M,: a) W/h<10; b) W/h>10 (the black
line indicates the location of higher values of
M,).
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4.2. Entropic model application to estimate velocity-dip and bed-shear
stress distribution

The results presented in the previous subsection suggest that the en-
tropy model could be used to simulate the u-profiles and the effect of sec-
ondary circulation on the bed shear stress distribution along the bend.

The 2D velocity distribution can be estimated by applying the en-
tropy profile such as proposed by Moramarco et al. (2004) (see also in
Termini and Moramarco, 2018):

u
u(E,z) = ——Lin |1+ (M - D Z_éexp(l - ﬁ)] @)
v v
with
u
umax,u = - (8)

[ _
- In [14 (eM —1)8e!-?]

with ¢ the horizontal distance of vertical v from the outer left bank and
z the distance of velocity along v from the bottom; h, and uy, represent
the flow depth of vertical v and the surface flow velocity, respectively.

Eq. (7) is a simplification of entropy-based 2D model developed by
Chiu (1988) who, by exploiting Principle Of Maximum Entropy (POME),
established a bridge between the probability domain, wherein a proba-
bility distribution of the velocity is surmised, and the physical space. In
particular, Chiu obtained the velocity distribution as:

umﬂx
=7 [1+ (M —1)F(w) ©

where F(u) = y_—y"y represents the cumulative probability distribution

Ymax—Y0

function and y is a function of the spatial coordinates in the physical
space; ¥ max at the point where u,,,,, occurs; y, at the channel bed where
u=0.

As Eq. (9) involves many parameters, Moramarco et al. (2004) sim-
plified the entropy-based 2D velocity distribution assuming that the en-
tropy velocity distribution written for the flow depth where u,,,, occurs,
named y-axis, can be applied everywhere in flow area, thus obtaining
Eq. (7).

Therefore, for a gage site for which M is given by historical velocity
dataset once uy,,,, is measured across the river and the cross-section
geometry is known, the 2D velocity distribution can be easily estimated
by using Eq. (7). In this way, all information are available, included the
velocity dip, &, to get the 2D velocity distribution. In the case of high
floods, when only surface velocities are sampled, u;,, the value of uyq, ,
to be used in Eq. (7), can be estimated by Eq. (8).

In this context, the velocity-dip, 5, is determined for each u-profile
through an iterative procedure by minimizing an objective function
in estimating the error between observed values of M and computed
ones, M,,,,, such as proposed by Moramarco et al. (2017). Shortly, for
a gauged site for which M is known, the velocity dip is estimated by
an iterative procedure assigning an initial value of 6 at z-axis. Then an
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experimental distribution law § developed by Yang et al. (2004) is ap-
plied across the river starting from the assigned initial value at z-axis.
Once 6 is estimated in the cross-sectional flow-area and u;, is measured,
through Eq. (8) Uy, is assessed and the 2D velocity can be evaluated
by Eq. (7), from which the computed mean flow velocity, u; com, is as-
sessed. Considering that gy com=max(Upqy,) is known, M, can be
inferred using Eq. (1) as the ratio wy, com/Ungx,com. The velocity dip, 4, is
updated until the error between M and M,,,, is lower than a threshold.
For more details, we refer the reader to Moramarco et al. (2017).

Fig. 12 reports the contour maps of the computed entropy-based
velocity-dip, 6.,m, normalized by the channel-averaged water depth h
along the bend for both runs.

The comparison between Figs. 12 and 4 indicates that the entropic
model well estimates the pattern of the velocity-dip along the bend for
both W/h. Moreover, even in this case it’s evident that just by sam-
pling the surface velocity the entropy-based 2D velocity model is able
to simulate the effect both of the central-region circulation cell and the
counter-rotating cell.

After having integrated along the u-profiles computed by the en-
tropic model and applied Eq. (7), the corresponding values of the depth-
averaged velocity uy, , .,,m have been also determined. Thus, in order to
verify the applicability of the entropic model for determining the bed
shear stress distribution, the values of computed depth-averaged ve-
locity, up,,m have been used to evaluate the “computed” bed shear
StTess Tps com- Fig. 13 reports the contour-maps of the term 7y o,
¢ = pt ., com for both runs.

Fig. 13 highlights that, for both runs, the distribution of the bed
shear stress estimated by applying the entropic model compares well
with that evaluated by using the experimental data shown in Fig. 7.
Even in this case one can figure out the coherence of computed 7y ;o
and the presence of central-region circulation cells and counter-rotating
cells. It’s worth noting that this results came out from the sampling of
u,, only, and applying Eqs. (7) and (8).
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Fig. 12. Map contour of the normalized esti-
mated velocity-dip 6* .o, =6.,m/h estimated by
Egs (3)-(4): a) W/h<10; b) W/h>10 (the black
05 line indicates the location of lower values of
6

*com)'

Fig. 13. Map contour of computed term
Thscom/ Cf = Plmy,com 2+ @) W/h<10; b) W/h>10
16 (the black line indicates the location of higher
values of 7y com/ Cp)-

In summary, the present application have allowed us to verify the
existence of a relation between the entropic parameter M (or of the en-
tropic function ¢(M)) and the kinematic characteristics of the flow (i.e.
the feedback effect of secondary flow on the primary flow and bed shear
stress distributions and, thus, the localization of the maximum velocity)
along the bend. This is particularly interesting in a high-curved channel
where the effects of secondary flow is especially important.

5. Validation and comparison

The applicability of the entropic model has been assessed by using
data from FCF-UK, collected in a compound straight large scale flume
of the University of Birmingham (http://www.birmingham.ac.uk). The
flume was 56 m long with the main section trapezoidal with depth
h = 0.15 m, width equal to 1.5 m and 45° bank slope; the width of
flood plain was equal to B = 10 m. For the present work, runs 1, 2, 3
from series A-01, reported in Mohanty and Khatua (2018), see also in
Devi and Khatua (2016) and, are used. The Manning’s coefficient was
equal to =0.01. Table 1 reports, for these runs, the values of flow dis-
charge Q (first column), of the flow depth H in the main channel (second
column) and of the ratio g (third column) between the depth of flow on
flood plain and the depth of flow in the main channel H.

By wusing the experimental values of the ratios uge/Upqy,
(ugq =experimental depth-averaged longitudinal velocity) reported
for the considered runs in Mohanty and Khatua (2018), in order to

Table 1

Details of experimental conditions FCFA-1.
Run  Q(m®/s) H(m) f dM)
1 0.2082 15.899 0.056544  0.311
2 0.2337 16.519 0.091955 0.309
3 0.2852 17.563 0.145932 0.345
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determine the values of the entropic function verifying Eq. (1) for
each run, an iterative procedure has been applied. The mean velocity
has been determined as the ratio between the flow discharge Q and
the cross-sectional area A (w,,=Q/A). Thus, assuming a first value
of the entropic function ®(M)=0.6 (according to previous literature
findings — see as an example in Moramarco et al., 2017), the maximum
cross-sectional velocity has been evaluated as u,,;,=®(M)u,,. Then,
for each run, this value of the maximum cross-sectional velocity u,,,
has been used to calculate, by using the experimental values of the
ratios Uy ./Unmqy, the depth-averaged velocity uy . for each measurement
vertical. Once that the horizontal distribution of u4 . has been integrated
in order to determine the mean velocity u,, . using the velocity-area
method, for each run the final value of the entropic function ®(M),
has been calculated by minimizing the difference A=(u,,-uy, ). The
obtained values of the entropic function ®(M), are reported in the
fourth column of Table 1. As it can be observed, an almost constant
value of ®(M), = 0.3 has been obtained; to such a value of (M), a
value of the parameter M=-2.49 corresponds. It should be noted that
this value of ®(M), is different from that obtained in previous works
(Moramarco and Dingmann, 2017; Moramarco et al., Singh, 2010) espe-
cially in straight flat-bed channels but it is very close to those obtained
in laboratory channels characterized by significant bed roughness
(i.e. in curved deformed-bed and in straight vegetated-bed channels —
see Moramarco and Termini, 2015; Termini and Moramarco, 2017).
This suggests that the value of ®(M), = 0.3 obtained for the present
application could be related to the roughness conditions of the channel
considered for the application. Finally, by using the obtained ®(M),,
the corrected values of the maximum cross-sectional velocity have been
also determined as Upgy (= Uy, o/PM),. Fig. 14 reports, for each run,
the comparison between the horizontal distribution of the calculated
ratios Ug ./Upgy . (normalized calculated depth-averaged velocity) and
that of the experimental ones ug,./up,, (normalized experimental
depth-averaged velocity). Then, by using the calculated u, ., the values
of the boundary shear stress have been also estimated as described in
the sub-Section 3.2. Fig. 15 reports for each considered run the com-
parison between the calculated ratio 7./7p,, . (normalized calculated
boundary shear stress) and the experimental one 7,/7p,y . (normalized
experimental boundary shear stress). Figs. 14 and 15 show the good
agreement between the experimental and the estimated values of the
normalized depth-averaged velocity and of normalized boundary shear
stress, confirming the applicability of Eq. (1) to identify not only the
velocity distribution but also the bed shear stress distribution.

6. Discussion

The results presented in the previous sections have substantially
demonstrated that the shape of the u-profile varies along the bend and
such a variation is strongly related to the variation of the cross-sectional
motion, whose entity depends on the width-to-depth ratio, W/h. This is
consistent with the fact that, as literature demonstrates (among oth-
ers Yalin, 1992; Whiting and Dietrich, 1993; Da Silva et al., 2006,
Termini, 2015), the width-to-depth ratio is one the most important pa-
rameters affecting the entity of the cross-sectional flow motion.

In particular, for both the examined width-to-depth ratios (W/h<10
and W/h>10), the maximum value of the longitudinal velocity uy,,, ., has
been found below the free surface indicating that the u-profiles present
the velocity-dip. Generally, the velocity-dip assumes for W/h<10 values
greater than those obtained for W/h>10 and the local difference be-
tween the local maximum value of the longitudinal velocity u,, , and
the local free-surface velocity ug,, assumes for W/h<10 values lower
than those obtained for W/h>10. This suggests that passing from the free
surface to the location of the maximum velocity, the u-profiles present a
concave shape, that is more pronounced near the free surface for lower
values of the water depth (W/h>10).

For both the width-to depth ratios, the entity of the velocity-dip
varies along the bend, thus suggesting that the location of the maxi-
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mum velocity Upg,,, also varies along the bend. The variation of the
shape of the velocity profiles along the bend has been analyzed through
the variation of the velocity-dip (i.e. the vertical distance of the maxi-
mum longitudinal velocity from the free surface) and of the difference
du between the maximum velocity and that at the free surface. This
analysis has allowed us to have an indication on the redistribution of
the maximum velocity not only on the plane but also along the vertical.
In particular, it has been verified that the higher values of the maximum
velocity cross the bend passing from the inner bank of the inflection sec-
tion upstream A to outer bank of the inflection section downstream I;
the lower values of the velocity-dip have a pattern similar to that of the
higher values of the maximum velocity. This suggests that the higher
values of the maximum velocity, U, ,, are localized close to the free
surface. Such a behavior is less evident for W/h>10, especially down-
stream of the apex section where high values of the velocity-dip occur.

The different behavior between W/h<10 and W/h>10 seems to be
related to the fact that in a meandering bend the two components of
the cross-sectional motion (i.e. the cross-circulation and the convective
component, according to Yalin (1992)) assume a different relative im-
portance in the two cases, as demonstrated by Termini (2009) using the
same data of this study and by Termini and Piraino (2011). In particu-
lar, their results indicated that the convective acceleration component is
more significant for W/h>10 than for W/h<10; on the contrary, in this
last case, the cross-circulation component is more important attenuat-
ing the contribution of the convective acceleration component. As conse-
quence, while in the case of W/h>10 the shifting of the maximum veloc-
ity towards the outer bank occurs along the channel reach between the
inflection section upstream to the apex section, in the case of W/h<10
the aforementioned shifting occurs gradually passing from the inflection
section upstream to the inflection section downstream maintaining the
maximum velocity not too far from the free surface.

Results also show that, at the bend entrance (section D), while for
W/h>10 the higher maximum of velocity is found close to the outer
bank, for W/h<10 it is still maintained far from the outer bank it-
self. This could due to the fact that, as highlighted by Termini and Pi-
raino (2011) in the same meandering bend as that considered in the
present work, at the bend entrance a counter-rotating circulation cell ini-
tiates in the outer-bank region so that, especially in the case of W/h<10,
the central-region circulation cell seems to split into two weak counter-
rotating circulation cells. The counter-rotating cell avoids the reaching
of the higher velocity to the outer-bank thus limiting the action of the
central-region circulation motion.

The analysis of the velocity-dip and the maximum velocity distribu-
tions has also confirmed that the pattern of the velocity-dip reflects the
aforementioned effects of the cross-sectional motion and of the corre-
sponding circulation cells. Indeed, the velocity-dip is minimum where
only the effect of a central-region circulation cell moving from the inner
to outer bank occurs, driving the maximum velocity not too far from
the free surface; at the bend entrance, especially for W/h<10, because
of the presence of outer-bank circulation cell, the maximum velocity is
driven close to the bed near the outer bank determining high values of
the velocity-dip. This result is particularly interesting for analysing the
erosion action of flow. In fact, such a location coincides with the loca-
tion where Termini (2009) measured, in the same meandering flume,
the maximum value of the bed erosion.

This behavior further confirms that the momentum transport by
cross-circulation, contributing to redistribute the maximum velocity
along the bend, also affects the consequent erosion processes.

Literature indicates (among others Chang, 1988; Whiting and Diet-
rich, 1993) that the convective acceleration of flow is associated with an
imbalance between the transverse pressure gradient and the centrifugal
acceleration and, in a meander wave, such an imbalance is continuously
modified by the downstream changing channel curvature. For W/h<10
(small width-to-depth ratios) such an unbalance is attenuated by the
momentum transport by the cross-circulation developing in each cross
section of the bend, determining that the shifting of the maximum ve-
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locity along the bend is more gradual in the case of W/h<10 than in the
case of W/h>10.

As consequence, also the distribution of the bed shear stress 74, ¢
shows the shifting of the higher values of 7y, ¢; from the inner bank to
the outer bank along the bend: for W/h<10, the higher values of the bed
shear stress 7y, ¢; gradually shift towards the outer bank from the inflec-
tion section upstream (section A) to the inflection section downstream
(section I); for W/h>10 the higher values of the bed shear stress 7}, ¢
cross the channel passing from the inner bank of the inflection section
upstream (section A) to the outer bank of the apex section (section E);
then the bed shear stress 7, cf slightly decreases in value but maintain-
ing the higher values close to the outer bank until to reach the inflection
section downstream.

The aforementioned considerations indicate that the difference in
the entity of the cross-circulation between the case of W/h<10 and the

® experimental
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Fig. 14. Comparison between calculated ratio uy ./, . and the experi-
mental one, Uy /Upgy-

11

11

11

case of W/h>10 affects the shape of the u-profiles and, consequently,
the local ratio between the local vertical mean velocity and the local
maximum velocity, U, ,/tnq,,- In particular, it has been found that,
while the case of W/h<10 the ratio up,,/Upq,, vary in the range 0.7-
0.9, in the case of W/h>10 the values of the ratio u, ,/ Upgqy,, assume
lower values and vary in the range 0.4-0.75.

By knowing the values of the local ratio u,,/ Upgyy, the application
to the generic vertical v of the Chiu’s (1991) entropic model relating
the flow velocity to the entropy function, has allowed us to estimate the
value of a “local” entropic parameter M,. The analysis of the contour
maps of the estimated M,, values has shown that, especially for W/h>10,
M, increases where flow accelerates and decreases where flow deceler-
ates. Furthermore, the entropic parameter M, generally follows a trend
similar to that of 73, s This suggests that the local entropic parame-
ter could reflect the unbalance between the transverse pressure gradient
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Fig. 15. Comparison between calculated ratio z,/7,y . and the experimental
one, T,/Tyax e

and the centrifugal acceleration and its variation along the bend depends
on the variation of the cross-sectional motion.

According with the Chiu’s (1991) entropic model, the ratio between
the cross-sectional mean velocity and the maximum cross-sectional ve-
locity, t,,/Upnqy gives the entropic function ®(M)=u,,/up,,. The analysis
of the variation of ®(M) and of the entropic parameter M along the bend
has highlighted that, for both the width-to-depth ratios, they follows the
same pattern, in accordance with previous works (see as an example in
Kumbhakar et al. (2016)). For W/h<10, the lower values of M are found
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close to the bend entrance and close to the bend exit and the higher val-
ues close to the apex section E; for W/h>10 the lower and higher values
are found slightly upstream of those for W/h<10. The observed behav-
ior of the entropic parameter M suggests that as the flow enters a bend
it reduces, adjusting the magnitude of u,, and both the magnitude and
the location of u,,,.

Thus, the application of the entropy-based 2D velocity distribution
proposed by Moramarco et al. (2004) has allowed us also to estimate
the values of the bed shear stress and the velocity-dip just by sampling
the surface velocity. The comparison between the estimated values of
both the bed shear stress and the velocity-dip with the experimental
ones has demonstrated that the entropic model well approximates the
experimental distributions. This means that the shape of the u-profile,
which is affected by the entity of the cross-sectional flow, and the bed
shear stress distribution, could be directly estimated from the entropic
model starting from acknowledgement of the surface velocity only.

7. Conclusion

Based on the obtained results, with respect to the three specific ob-
jectives of the present work the following findings can be drawn.
With respect to the objective 1), the results indicate that:

- the shape of the u-profile varies along the bend as a function of the
width-to-depth ratio. In particular, it has been verified that for low
water depths and large width-to-depth ratios the u-profile is more
concave near the free surface and the dip § assumes low values.

for “small” values of the width-to-depth ratio (W/h<10) the values
of the local ratio between the mean velocity and the maximum ve-
locity (U, /Umay) vary in the range 0.7-0.9; for “large” values of
the width-to-depth ratio (W/h>10) this ratio (4, /U,y ,) assumes
lower values, varying in the range 0.4-0.75. This suggests that the
higher values of the maximum velocity, tpq,,, are localized close to
the free surface. Such a behavior is less evident downstream of the
apex section for W/h>10 where high dip values occur, indicating
that in such a channel the maximum velocity can be also found far
from the free surface along the exit-reach of the bend.

Thus, it can be concluded that the pattern of the velocity-dip reflects
the effect of cross-sectional motion and of the related circulation cells.
With respect to the objective 2), the results indicate that:

- the ratio between the cross-sectional mean and maximum velocity
Uy, /Umax> Which is related to the entropic parameter M by the relation
Uy, /U, =P(M), varies along the bend by having for W/h>10 values
lower than those obtained in the case of W/h<10.

by assuming that the relation between the mean velocity and the
maximum one through the entropic parameter can be considered
valid for each vertical v, as up, ,/Upqy =P, (M,)), the map of the vari-
ation of the “local” entropic parameter M, along the bend has been
analyzed. Results have shown that the local entropic parameter M,
is slightly different between the case of W/h<10 and the case of
W/h>10 and generally follows the pattern of the bed shear stress 7,
¢ The bed shear stress, 73, ¢ in turn, assumes a different behavior
for W/h<10 and W/h>10 due to the fact that the cross-circulation,
which is more significant for W/h<10 than for W/h>10, attenuates
the effect of the convective acceleration at the outer bank. This de-
termines the shift of the higher values of 7y, ¢f, from the inner bank
to the outer bank along the bend, to be more gradual in the case of
W/h<10 than in the case of W/h>10.

especially for W/h>10, M,, increases where flow accelerates and de-
creases where flow decelerates. This suggests that the local entropic
parameter could reflect the unbalance between the transverse pres-
sure gradient and the centrifugal acceleration.

Thus, it can be concluded that the feedback effect of cross-sectional
flow on the longitudinal velocity distribution could be qualitatively
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identified by applying the entropy concept and by analyzing the spa-
tial distribution of entropic parameter M.
With respect to the objective 3), the results indicate that:

- the plane distributions of the velocity-dip and the bed shear stress es-
timated by applying the entropic model (Moramarco et al., 2004) to
the investigated cases are in good agreement with the experimental
ones.

Thus, it can be concluded that the entropy theory is able to provide
useful insights in terms of velocity-dip, just starting from the monitoring
of surface velocity across the site.

In summary, the results have shown that the pattern of the entropic
parameter is similar to that of the term 7, ¢; which is, in turn, af-
fected by the advective transport by cross-circulation, in accordance to
Termini (2015). The shape of u-profile and the effect of the variation
of the transversal motion along the bend could be directly estimated by
the entropic model starting from the acknowledgement of the surface
velocity only. This is especially important for its practical relevance al-
lowing us to estimate not only the shape of the velocity profile but also
the evolution of the primary velocity and of the bed shear stress distribu-
tion along the bend starting from the knowledge of the surface velocity
only.

It should be noted that this paper investigated on the possibility to
analyze the variation of velocity-dip and the variation of the transversal
motion effect through the entropy profile, restricting the attention to a
high-amplitude meander bend, for which the role of curvature and of its
downstream variation on the velocity pattern are especially important.
On the basis of the results obtained in previous works (see as an example
in Moramarco et al., 2004; Moramarco and Termini, 2015; Termini and
Moramarco, 2017) we can assume that the methodology can be applied
for different sinuosity values and, as extreme case, in straight channels.
However, future research will be addressed to verify the effect of the
two components of the transversal motion (i.e. the cross-circulation and
the convective acceleration) and the velocity-dip also varying the plani-
metric configuration of the bend.
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