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a b s t r a c t 

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. 
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. Introduction 

As it is well known, in a river bend secondary flow develops by the

ombination of the longitudinal flow with the cross-sectional motion,

hich is induced by the channel’s curvature ( Yalin, 1992 ) and is due

o the interaction of the forces associated with centrifugal acceleration,

ransverse water surface slope and bed shear stress. 

Secondary flow exerts an important role in several processes involv-

ng in a natural stream, such as the dispersion of nutrients and/or of

hemical substances as well as the trapping or transport of sediments.

n particular, the cross-sectional motion contributes both to shift the

ore of the maximum velocity (among others Leschziner and Rodi, 1979 ;

ohannesson and Parker, 1989 ; Wilson et al., 2003 ) and of the bound-

ry shear stress along the bend, thus modifying and reshaping the chan-

el’s bed and platform (see as an example de Vriend and Gendolf, 1983 ;

hiting and Dietrich, 1993 ; Knaapen et al., 2001 ; Blanckaert and

raf, 2004 ; Roca et al., 2009 ; Termini and Piraino, 2011 ), and to en-

ance the mass mixing and the energy losses, thus affecting the channel’s

onveying capacity ( Camporeale et al., 2005 ; Nepf, 2012 ; Gurnell, 2014 ;

e Serio et al., 2018 ). 

The estimation of the rate of mass and momentum transport requires

he knowledge of the velocity distribution along the channel. Thus, the

dentification of the feedback between the cross-sectional motion and

he vertical profiles of the longitudinal velocity along the bend is fun-

amental in simulating dispersion and mixing processes. 

In meandering bends, which are characterized by a continuously

hanging curvature, the cross-sectional motion varies from section to
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ection. Thus, unlike straight channels, the identification of the evolu-

ion of the cross-sectional motion along the bend is especially important

o estimate the variation of the turbulent activity of flow and the distri-

ution of the downstream flow velocity along the bend itself. 

According to Yalin (1992) , in meandering bends the cross-sectional

otion can be considered as composed by the curvature-induced cross-

irculation, which is characterized by zero depth-average, and the con-

ective component, which is due to the changing channel’s curvature

nd produces a net flux of mass in the transversal direction (see Fig. 1 ).

iterature (among others Johannesson and Parker, 1989 ; Whiting and

ietrich, 1993 ; da Silva et al., 2006 ; Termini, 2009 ; Termini and Pi-

aino, 2011 ) indicates that the role of the aforementioned components

annot be analyzed independently of the width-to-depth ratio and the

hannel’s sinuosity. Da Silva et al. (2006) focused on the case of large

idth-to-depth ratio and analysed the influence of channel’s sinuosity

n the flow pattern in flat-bed sine-generated laboratory flumes char-

cterized by different values of the deflection angle at the crossover,

o (i.e. 𝜃30°, 50°, 70°, 90°, 110°). As a result, they verified that the

hannel’s sinuosity, especially affects the location of the convectively

ccelerated/decelerated flow along the channel . For a given channel’s

inuosity, the width-to-depth ratio is the most important parameter

ffecting the entity of the two aforementioned cross-sectional motion

omponents, being the cross-circulation more significant for “small ”

idth-to-depth ratios than for “large ” width-to-depth ratios (see also

n Whiting and Dietrich, 1993 ; Lanzoni et al., 2006 ; Blackheart et al.,

008 ; Termini, 2015 ). 
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Fig. 1. Definition sketch ( u max,v = maximum longitudinal velocity; du = u max,v- u s,v ). 
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Fig. 2. Measurement sections considered for the present analysis. 
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It should be also considered that several studies conducted in straight

hannels (among others Steffler et al., 1985 ; Cardoso et al., 1989 ;

ezu and Nakagawa, 1993 ; Yang et al., 2004 , Troiani et al., 2004 ;

ang and Lee, 2007 ; Najafabadi et al., 2018 ) have related the trans-

ort of momentum due to the secondary flow to the so-called “dip-

henomenon ”, for which the position of the maximum longitudinal

elocity occurs below the water surface (as schematized in Fig. 1 ).

oramarco et al. (2017) investigated the spatial distribution of the

elocity-dip in sites along straight natural channels by leveraging the

ntropy theory. They identified the distance of the maximum longi-

udinal velocity from the free surface (velocity-dip 𝛿 in Fig. 1 and

howed how turn the surface velocity into depth-averaged velocity.

ermini and Moramarco (2018) analyzed the u -profiles measured only

t the apex and inflection sections of a large amplitude meander wave.

rom their analysis, it appeared clear that the dip-phenomenon oc-

urs in all the considered sections but with different entity. This re-

ult suggested that the variation of the velocity-dip along the chan-

el could be strongly related to the evolution of the cross-sectional

otion along the bend. Termini and Moramarco (2018) also verified

hat the velocity-dip 𝛿 varies as a function of the width-to-depth ratio

/h and assumes, in average, a value of around 53% of the local flow

epth for “small ” width-to-depth ratio and of around 34% for “large ”

idth-to-depth ratio. This suggests that the velocity-dip is evident for

mall width-to-depth ratios but it is also present for large width-to-

epth ratio. This is consistent with previous literature findings obtained

n straight channels (among others Sarma et al., 1983 ; Tachie et al.,

003 ). 

Successively, Termini (2019) identified an equation which relates

he main controlling parameters of the flow processes (i.e. the local

hannel’s curvature and the width-to-depth ratio) to the local velocity-

ip. Specifically, she demonstrated that, for a given value of the width-

o-depth ratio, the velocity-dip 𝛿 varies along the meander wave as

 function both of the normalized distance from the outer bank, 𝜉/W

with 𝜉= coordinate in the transversal direction – see Fig. 2 ), and of the

ocal channel’s curvature which could be parameterized by the local de-

ection angle 𝜃. She also proposed a relation which directly relates the

elocity-dip 𝛿 to the parameters 𝜃 and W/h . 
From the aforementioned considerations, it is clear that although

iterature researches have allowed significant progress in under-
 S  
tanding meander flow dynamics, the mechanism of the velocity-

ip formation and the relation with secondary motion is still poorly

nderstood. 

In this context, the main aim of the present work is to explore the link

etween the velocity-dip and the secondary motion and the possibility

o explain it by leveraging the entropy theory, starting from the moni-

oring of surface velocity. This allows us to answer to the question if it

s possible to evaluate the feedback effect of cross-sectional flow on the

ongitudinal velocity and shear stress distributions in curved channels

tarting from the monitoring of surface velocities only. Such a possi-

ility could be of great interest for hydrological practices considering

hat some fundamental insights could be inferred along natural chan-

els in terms of flow erosion and shear stress distribution just sampling

he surface velocity. 

This study has been inspired by the recent findings obtained by

oramarco et al. (2017) and Termini and Moramarco (2018) and

s motivated by the fact that, although considerable attention has

een given to the application of entropy concept to estimate ei-

her the velocity distribution in open channels ( Moramarco and

ingh, 2010 ; Termini and Moramarco, 2017 ) or other specific pa-

ameters ( Sterling and Knight, 2002 ; Atieh et al., 2015a ; 2015b ;

tieh et al, 2017 ; Sheikh and Bonakdari, 2015 ; Kumbhakar and

hoshal, 2016a ; 2016b ; Kumbhakar et al., 2016 ; Atieh et al., 2017;

umbhakar et al., 2017; Kumbhakar and Ghoshal, 2016 ; Kundu, 2017 ;

ingh et al., al.,2017 ; Ebtehaj et al., 2018 ; Khozani and Bonakdari, 2018 ;
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azemian-Kale-Kale et al., 2018 ), no existing research addresses the ap-

lication of the entropy concept to estimate secondary flow effect espe-

ially in curved open channels. 

Thus, the present work is part of a broader research project aimed at

xamining the meander dynamics and the applicability of the entropic

oncept to predict the effect of secondary currents on the primary ve-

ocity distribution and the flow discharge just using surface velocity ob-

ervations. Specifically, the present study complements previous studies

onducted by Termini and Moramarco (2018) restricting the attention

o a high-amplitude meander bend, for which the role of curvature and

f its downstream variation on the velocity pattern are especially im-

ortant. The aforementioned general goal is achieved by three specific

bjectives: (1) to investigate, for large and small width-to-depth ratios,

f the velocity-dip and its variation of along the bend could be related

o the effect of the cross-sectional flow evolution along the bend; (2) to

erify how such an effect could be identified by applying the entropy

oncept by the spatial distribution of entropic parameter M, character-

zing the velocity profile shape; (3) to analyze if the entropy theory is

ble to provide useful insights in terms of velocity-dip distribution along

traight and bended channels, just starting from the monitoring of sur-

ace velocity across the site. 

The paper is organized as follows: Section 2 . describes the experi-

ental data used and the experimental results are discussed in Section 3 .

he application of the entropic parameter are presented in Section 4 .

iscussion is reported in Section 5 . and finally conclusion are summa-

ized in Section 6 . 

. Materials and methods 

.1. Experimental data 

The data used in the present work were collected in the ambit

f a broader research program aimed to analyze the flow pattern in

 high-amplitude meandering channel. In particular, data taken from

ermini (2009) have been used. The data were collected in a mean-

ering channel 25.12 m long following the sine-generated curve with a

eflection angle at the inflection section 𝜃o = 110° The channel cross-

ection is rectangular with width W = 0.50 m; the fixed vertical sidewalls

re of plexiglass and the bed is of quartz sand ( d 50 = medium sediment

iameter = 0.65 mm). 

In order to isolate the effect of channel’s curvature, in the present

ork 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-

red. In particular, RB-1 run (hereon indicated as Run1) was conducted

ith a flow discharge of Q = 0.019 m 

3 /s (channel-averaged flow depth

 = 5.5 cm; W / h = 9.09 < 10); RB − 2 run (hereon indicated as Run2) was

onducted with a flow discharge Q = 0.007 m 

3 /s (channel-averaged

ow depth h = 3.0 cm, W/h = 16.67 > 10). Herein, in accordance with

revious researches (among others Nezu and Rodi 1985 ; Yalin, 1992 ;

a 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-

epth ratio. 

During each run, the water surface was measured using a Profiler

ndicator PV09 (Delft Hydraulics) with a precision of 0.1 mm. The in-

tantaneous local longitudinal, u ( t ), and transversal, v ( t ), velocity com-

onents were measured in sections spaced about 50 cm or so apart in

oints spaced of 1. − 1.5 mm along the verticals of nine transverse ab-

cissas. The flow velocity measurements were carried out by using a 2D

ide-looking Acoustic Doppler Velocimeter (ADV - by SonTek Inc.), iden-

ified symmetrically to the channel axis (see details in Termini, 2009 ).

earing in mind the specific aim of the present work, our attention is

ocused only on the longitudinal velocity component, u ( t ), measured in

he central bend between the two consecutive inflection sections A and I

ndicated in Fig. 2 . By using the time series of the measured longitudinal

ow velocity component, u ( t ), the corresponding time-averaged longi-

udinal velocity, u , was estimated along each measurement vertical of
he considered sections. The analyses reported in the present work have

een performed by considering the local reference system reported in

ig. 2 ( s = coordinate in the longitudinal direction; 𝜉= coordinate in the

ransversal direction). 

. Experimental results 

.1. Variation of the u-profile shape along the bend and relation with the 

elocity-dip 

As indicated in the “Introduction ”, the results obtained in the pre-

ious works ( Termini and Moramarco, 2018 ) have suggested that the

ormation of the velocity-dip and its variation along the bend could

e related to the evolution of the cross-sectional motion whose en-

ity also varies as a function of the width-to-depth ratio (among others

hiting and Dietrich, 1993 ; Termini, 2015 ). 

This also suggests that the knowledge of the variation of the u -profile

hape along the bend could be important in order to identify the evolu-

ion of secondary motion along the bend itself. 

For this reason, in the present work the measured u -values have been

rst used in order to analyze how the shape of the u -profiles varies along

he bend for both the considered width-to-depth ratios. The u -profile

hape has been examined, for each measurement vertical v , by estimat-

ng not only the velocity-dip (i.e. the distance 𝛿 of the local maximum

elocity u max,v from the free surface) but also the difference du between

he local maximum value of the velocity u max,v and the local free-surface

elocity u s,v (see the scheme of Fig. 1 ). 

Figs. 3 and 4 report, respectively, the distributions along the bend

f the difference du = u max,v- u s,v and of the velocity-dip 𝛿, normalized by

he channel-averaged flow depth h, obtained for both the width-to-depth

atios. It can be observed that, generally, du assumes for W/h < 10 values

ower than those for W/h > 10; the normalized velocity-dip, 𝛿∗ , assumes

or W/h < 10 values greater than those obtained for W/h > 10. In particu-

ar, Fig. 3 indicates that, for both the width-to-depth ratios, du increases

long the inner (right) bank (i.e. passing from section A to section I);

long the outer (left) bank a different behavior can be observed between

he case of W/h < 10 and the case of W/h > 10. In the case of W/h < 10,

he lower values of du, which are found close to the inner bank of the

nflection section A, gradually cross the channel reaching the outer side

f section D (bend entrance) at a certain distance from the outer bank

tself. It should be noted that section D is slightly downstream of the

ection where the tangent to the inflection section intersects the outer

ank. Then, the lower values of du are maintained close to the outer

left) bank until to reach the inflection section downstream (section I).

n the case of W/h > 10 the lower values of du are also found close to the

nner (right) bank of section A, but they cross the channel and reach the

uter side at section C, which is slightly upstream of the section where

he tangent to the inflection section intersects the outer bank; passing

rom section C to section D they are maintained close to the outer (left)

ank. Then, the difference du increases in value and the lower values are

btained not too close to the outer bank until to reach section F; from

his section to the inflection section downstream (section I) the lower

alues of du are found close to the outer bank. The comparison between

igs. 3 and 4 highlights that, generally, the lower values of 𝛿∗ are found

here the lower values of du are obtained. A different behavior between

he case of W/h < 10 and the case of W/h > 10 can be observed also for
∗ along the outer (left) bank. In particular for W/h < 10 the normalized

elocity-dip 𝛿∗ assumes the higher values close to the outer bank of the

ection D (bend entrance) and between sections G and H (i.e. close to

he bend exit) while low values of the velocity-dip are found close to the

pex section. Thus, in this case, 𝛿∗ increases close to the outer (left) bank

assing from section A (where almost constant values of the velocity-

ip occur) to section D, then it slightly decreases until to reach the apex

ection; passing from the apex section to the bend exit (between sec-

ions G and H) it slightly increases and then it decreases until to reach

he inflection section downstream I where it assumes almost constant
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Fig. 3. Map contour of the difference du = u max,v -u s,v 
(cm/s): a) W/h < 10; b) W/h > 10 (the black line indicates 

the location of lower values of du ). 

a) b)

Fig. 4. Map contour of the normalized velocity-dip 𝛿∗ = 𝛿/ h : a) W/h < 10; b) W/h > 10 (the black line indicates the location of lower values of 𝛿∗ ). 
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ow values. For W/h > 10, upstream of the apex section the normalized

elocity-dip 𝛿∗ assumes a behavior similar, but less accentuated, than

hat for W/h < 10. At downstream of the apex section, 𝛿∗ assumes high

alues, with a peak close to the outer bank of section F (bend exit), until

o reach the inflection section downstream I. The different behavior ob-

erved between W/h < 10 and W/h > 10 could be related to the fact that

he two components of the transversal velocity (i.e. the cross-circulation

nd the convective acceleration) assume a different relative importance

n the two considered cases, as verified by Termini (2009) by using the

ame data of the present work and by Termini and Piraino (2011) . In

articular, their results indicated that, for W/h > 10 the convective accel-

ration component is more significant than W/h < 10; in this last case,

he cross-circulation component attenuates the contribution of the con-

ective acceleration component. Furthermore, comparing Figs. 3 and 4 ,

t’s evident that the maximum du occurs at the outer bank of sections D

nd E where the maximum velocity-dip occurs, while at the inner bank

he phenomenon is the opposite. In other words, the cross-circulation

omponent increases its effect moving from the inner to the outer bank

s the channel’s curvature increases, driving the location of the maxi-

um velocity towards the bed near the outer side of section D. 

In summary, Figs. 3 and 4 show that the difference du assumes low

alues where also the normalized velocity-dip assumes low values and

hus where the maximum velocity is closer to the free surface. The differ-

nce in the shape of the u -profiles between W/h < 10 and W/h > 10 occurs

specially in the region close to the outer bank downstream of section

, where for W/h > 10 du assumes values higher than those obtained for

/h < 10. This means that for W/h > 10 the u -profiles are strongly con-

avely curved near the free surface. The results also suggest that the

 -profile assumes a more concave shape near the free surface for lower

ater depths. 

As consequence of the aforementioned behavior, the location of the

aximum velocity u max,v varies along the bend, for both W/h , mov-

ng from the inner (right) bank to the outer (left) one as one passes
rom section A to section E, as Fig. 5 shows. At the bend entrance (sec-

ion D), while for W/h > 10 the higher value of the maximum of velocity

s found close to the outer bank, for W/h < 10 it is still maintained far

rom the outer bank itself. Such a different behavior can be explained

y the fact that a counter-rotating circulation cell (see Fig. 1 ) initiates

n the outer-bank region of the bend entrance (i.e. close to section D)

s demonstrated by Termini and Piraino (2011) . Thus, especially along

he channel reach between sections D and F the action of the central-

egion circulation cell is limited by the presence of the counter-rotating

irculation cell. 

Figs. 3 and 4 give also an indication on the redistribution of the max-

mum velocity not only in the stream-wise direction (as Fig. 5 shows)

ut also in the vertical one. It is clear that the higher values of u max,v 

ross the bend passing from the inner bank of the inflection section A

o outer bank of the inflection section I as well as the lower values of

he normalized velocity-dip 𝛿∗ ; this suggests that the higher values of

he maximum velocity, u max,v , are close to the free surface. In the case

f W/h > 10, downstream of the apex section, where high velocity-dip

alues occur, such a behavior is less evident, thus indicating that the

aximum velocity can be also found far from the free surface along

he bend-exit reach. This could be related to the fact that, in the case

f W/h > 10, the effect due to the cross-circulation on the longitudinal

elocity is not significant and decreases especially along the bend-exit

each ( Yalin, 1992 ; Da Silva et al., 2006 ; Termini, 2009 ). Furthermore,

ocusing the attention to the region close to the outer bank, it can be

bserved that, for both the width-to-depth ratios, passing from the in-

ection section upstream (section A) to the bend entrance (section D),

he normalized velocity-dip assumes high increasing values with a peak

round the outer bank of section D, meaning that there the maximum

elocity is localized near the bed. The observed behavior also suggests

hat the pattern of the velocity-dip reflects the effect of circulation cells

ue to the cross-sectional motion. Indeed, where the velocity-dip is min-

mum (sections B and C of Fig. 4 ) only the effect of a central-region circu-



D. Termini and T. Moramarco Advances in Water Resources 143 (2020) 103678 

a) b)

Fig. 5. Map contour of the maximum velocity u max,v (cm/s): a) W/h < 10; b) W/h > 10 (the black line indicates the location of higher values of u max,v ). 
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ation cell moving from the inner to outer bank occurs; as the channel’s

urvature increases (i.e. at the bend entrance - section D), especially for

/h < 10, an outer-bank circulation cell initiates close to the free sur-

ace, as shown by Termini and Piraino (2011) analyzing the evolution

f cross-sectional flow along the same meandering bend, and the central-

egion circulation cell seems to split into two weak counter-rotating cir-

ulation cells. This effect could drive the location of the maximum ve-

ocity close to the bed near the outer side of section D determining high

alues of the velocity-dip. 

This result is particularly interesting for analysing the erosion action

f flow to the bed. In particular, the fact that close to the outer bank of

he bend entrance the velocity-dip is significant and the maximum veloc-

ty is localized just close to the bed could explain why at such a location

he maximum bed erosion was observed in previous works ( Whiting and

ietrich, 1993 ; Termini, 2009 ). In particular, Termini (2009) measured

he equilibrium bed deformation obtained at the end of mobile bed runs

ith hydraulic conditions corresponding to Run1 and Run2. She veri-

ed that, in both cases, the maximum bed scour occurs approximately

here the tangent to the inner bank at the upstream inflection section

 intersects the outer bank (see Fig. 3 ), and thus close to the outer bank

f section D. This behavior is also consistent with previous results ob-

ained by Blanckaert and Graf (2004) indicating that the momentum

ransport by cross-circulation contributes to redistribute the maximum

elocity along the bend affecting the consequent erosion processes. To

etter understand this phenomenon, the role of the water depth on the

hape of the velocity profile is also analyzed by the value of the ratio

 m,v /u max,v , where u m,v and u max,v are respectively the depth-averaged

elocity and the maximum velocity referring to the vertical profile v .

pecifically u m,v is estimated on the basis of velocity profile measured

y ADV. Fig. 6 reports the value of the ratio u m,v /u max,v against the ratio

/h v , where h v indicates the local water depth. From this figure it ap-

ears clear that, with exception of few points, for Run1 ( W/h < 10) the

alues of the ratio u m,v /u max,v vary in the range 0.7–0.9 with a variation

f the ratio W/h v in the range 8–12; for Run2 ( W/h > 10) the values of

he ratio u m,v /u max,v are generally lower than those observed for Run1

nd vary in the range 0.4–0.75 while the values of the ratio W/h v vary

n the range 12–20. The different values of the ratio u m,v /u max,v between

/h < 10 and W/h > 10 further indicates how the different magnitude of

he momentum transport by the cross-circulation, which is more sig-

ificant for W/h < 10, could affect the distribution of the longitudinal

elocity. 

.2. Experimental distribution of the bed shear stress 

It is important to estimate the bed shear stress along the bend which

eshapes the bed topography. In the present work, according to other au-
hors (see as an example Blanckaert et al., 2008 ; Termini, 2016 ), in a first

pproximation the “experimental ” bed shear stress has been estimated

y using the depth-averaged velocity for vertical profile v as 𝜏bs = 𝜌 c f 
 m,v 

2 (with 𝑐 𝑓 = 

𝜒√
𝑔 
= Chèzy type dimensionless friction coefficient). 

Fig. 7 , which reports the contour-maps of the term 𝜏bs/ c f = 𝜌u m,v 
2 

stimated for both runs, highlights that, for both runs, the higher bed

hear stress lies near the inner (right) bank at the inflection section A.

long the bend, it crosses gradually the channel and, at the inflection

ection downstream, it is found near the outer (left) bank. This behavior

s especially evident in the case of W/h < 10 where, along the bend, the

igher values of 𝜏bs/ c f gradually shift from the inner bank to the outer

ank. In the case of W/h > 10 the higher values of 𝜏bs/ c f shift towards

he outer bank passing from section A to section E; then values of 𝜏bs/ 

 f decrease until to reach section F, increasing again until to reach the

end exit between sections F and G; passing from section G to the in-

ection section downstream I the values of 𝜏bs/ c f slightly decrease. It is

mportant to note that this pattern of bed shear stress is consistent with

hat obtained by Termini (2009) by using the law of the wall. According

ith Termini (2009) , the different behavior observed for W/h < 10 and

/h > 10 might be caused by the fact that the cross-circulation, which

s more significant for W/h < 10 than for W/h > 10, attenuates the effect

f the convective acceleration at the outer bank. This entails the shift

f the high values of 𝜏bs/ c f from the inner bank to the outer bank more

radual along the bend in the case of W/h < 10. 

. Entropic model application 

.1. Entropic parameter distribution along the bend 

In this section a short description of entropic model and its applica-

ion has given along with the relation between the entropic parameter

 (or the entropic function 𝜙(M)) and the kinematic characteristics of

he flow. 

The entropic model ( Chiu, 1988 , 1991 ; Chiu and Murray, 1992 ;

iu and Hsu, 2006 ) correlates the cross-sectional mean velocity, u m 

, to

he cross-sectional maximum velocity, u max , using the linear relation-

hip: 

 𝑚 = 

( 

𝑒 𝑀 

𝑒 𝑀 − 1 
− 

1 
𝑀 

) 

𝑢 max = 𝜑 ( 𝑀 ) 𝑢 max (1)

ith M the entropic parameter. u max is considered as the maximum value

f all velocity points sampled in the cross-sectional flow area during a

easurement ( Moramarco et al., 2004 ). u m 

is obtained by applying the

elocity-area method to the measured velocity profiles. Therefore, for a

age site in which a velocity dataset is available Φ(M) and, hence, M

an be estimated on the basis of pairs ( u , u ). 
m max 
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Fig. 6. Ratio u m,v /u max,v against the ratio W/h v : a) Run1 ( W/h < 10); b) Run2 ( W/h > 10). 

a) b)
 

Fig. 7. contour maps of the term 𝜏bs/ c f = 𝜌u m,v 
2. : 

a) W/h < 10; b) W/h > 10 (the black line indicates the 

location of higher values of 𝜏bs/ c f ). 
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As regards the theoretical ground of Eq. (1) , this comes from the

xpression of mean flow velocity: 

 𝑚 = ∫
𝑢 𝑚𝑎𝑥 

0 
𝑢 ( 𝑥, 𝑦 ) 𝑝 ( 𝑢 ) 𝑑𝑢 (2)

here u ( x, y ) is the velocity in the cross-sectional flow area; x, y rep-

esent the distance from the left side of bank and from the bed, re-

pectively; p ( u ) is the probability density function obtained by assum-

ng an a-priori cumulative probability distribution function F(u) = 

𝑦 

𝐷 
,

 Chiu, 1988 ): 

 ( 𝑢 ) = 

𝑑𝐹 ( 𝑢 ) 
𝑑𝑢 

= 

𝑑𝐹 ( 𝑢 ) 
𝑑𝑦 

𝑑𝑦 

𝑑𝑢 
= 

1 
𝐷 

𝑑𝑦 

𝑑𝑢 
(3)

This hypothesis (i.e., the relation between the cumulative probabil-

ty F ( u ) and the ratio y/D ) was tested for a number of natural rivers

nd was found to be approximately true ( Singh, 2011 ). The a-posteriori

(u) is obtained by maximizing the entropy ( Chiu, 1988 ; Jaynes, 1957 ),

ielding: 

 ( 𝑢 ) = 𝑒 𝜆1 −1 𝑒 𝜆2 𝑢 (4)

ith 𝜆1 , 𝜆2 are the Lagrange multipliers. For more details we refer the

eader to Chiu (1988) . 

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

ipulation one has: 

 𝑚 = 

𝑢 max 𝑒 
𝜆2 𝑢 max 

𝑒 𝜆2 𝑢 max −1 
− 

1 
𝜆2 

𝑒 𝜆2 𝑢 (5)

ssuming M = 𝜆2 u max and replacing 𝜆2 in (4), Eq. (1) is thus inferred

 Chiu, 1988 ). 

Termini and Moramarco (2017) , by using only data from Run1

 W/h < 10), verified that the function Φ(M) of Eq. (1) varies along the
eandering bend. However, Fig. 6 suggests that the relation between

 m 

and u max could vary also as a function of the width-to-depth ratio.

n order to verify this behavior, the cross-sectional maximum value of

elocity u max and the cross-sectional mean velocity u m 

have been also

stimated for each examined section and for both runs. In particular,

he mean velocity, u m 

, has been obtained by integrating the measured

 -profiles on the cross-section. Fig. 8 reports the values of the normal-

zed difference ( u max -u m 

)/ u max = 1- Φ(M) estimated along the bend for

oth runs. 

From this figure it can be observed that, for both the width-to-depth

atios, the normalized difference ( u max -u m 

)/ u max increases, i.e. Φ(M)

ecreases, as the radius of curvature decreases. In particular, ( u max -

 m 

)/ u max increases passing from the inflection section upstream A to

ection C for W/h < 10 and to section B for W/h > 10; then it decreases

ntil to reach the apex section E for W/h < 10 and the section D for

/h > 10. Then, in both cases, ( u max -u m 

)/ u max increases again until to

each the bend exit (section H) after which it decreases towards the

nflection section downstream. In the case of W/h > 10 the normalized

ifference ( u max -u m 

)/ u max assumes generally values higher than those

btained for W/h < 10. This suggests that for W/h > 10 the entropic func-

ion Φ(M) = u m 

/ u max assumes values lower than those obtained in the

ase of W/h < 10. This can be also observed from Fig. 9 where the val-

es of the ratio u m 

/u max =Φ (M) estimated for each section have been

eported for both runs. 

Literature studies (see as an example Moramarco and Singh, 2010 ;

reco and Mirauda, 2015 ), based on data measured in steady flow con-

itions either in gauged sections along natural channels or in laboratory

umes, verified that M is constant in the same section for different flow

ate ranges. For the examined case, the value of the entropic parameter

 in each section can be estimated from Eq. (1) by knowing the cor-

esponding value of the ratio u m 

/ u max , as reported in Fig. 10 . By com-
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Fig. 10. Estimated values of the entropic parameter M:a) W/h < 10; b) W/h > 10. 
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aring Fig. 10 with Fig. 9 it is clear that the value of the parameter M

ollows that of the entropic function Φ(M) = u m 

/ u max , i.e. M decreases as

he ratio u m 

/ u max decreases, in accordance with previous works (see as

n example in Kumbhakar et al., 2016 ). The lower value of M is reached

t section C for W/h < 10 and at section B for W/h > 10. Then the values

f M increase until to reach section E for W/h < 10 and section D for

/h > 10; downstream of section D, while for W/h < 10 M reaches a sec-
nd minimum value at section H, for W/h > 10 M decreases until to reach

ection I. 

The observed behavior suggests that as the flow enters the bend the

ntropic parameter M reduces, adjusting the magnitude of u m 

and both

he magnitude and the location of u max . This is coherent with the struc-

ure of the secondary currents that influence the magnitude of u m 

and

 and for the latter the location in the cross-sectional flow area. To
max 
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a) b)

Fig. 11. Contour map of the local entropic pa- 

rameter M v : a) W/h < 10; b) W/h > 10 (the black 

line indicates the location of higher values of 

M v ). 
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etter investigate this aspect, following Moramarco et al. (2004) , the

ormulation of Eq. (1) is also written for the generic vertical v as: 

 𝑚,𝑣 = 

( 

𝑒 𝑀 𝑣 

𝑒 𝑀 𝑣 − 1 
− 

1 
𝑀 𝑣 

) 

𝑢 max ,𝑣 = 𝜑 𝑣 

(
𝑀 𝑣 

)
𝑢 max ,𝑣 (6)

here M v indicates the so-called “local ” entropy parameter, which is

onstant along the vertical v . 

It is worth noting that Eq. (6) is inferred by assuming Eq. (1) holds

lso locally such as proposed by Moramarco et al. (2004) , who showed

he parameter M v can be considered a signal of the boundary effects on

he velocity distribution. 

Thus, the values of the local parameter M v have been estimated for

oth runs by using Eq. (6) . From Fig. 11 , which reports the contour-

aps of the estimated values of M v , it can be observed that in the case

f W/h < 10 the values of M v are generally higher than those obtained

or W/h > 10. For W/h < 10 the higher values of M v are found close to

he inner (right) bank at the inflection section A; then they gradually

ross the channel until that the higher values of M v are found close to

he outer (left) bank at the apex section; then the higher values of M v 

re maintained close to outer bank until to reach the inflection section

ownstream I. 

For W/h > 10, M v assumes high values close to the inner bank of sec-

ion A; passing from this section to section B it crosses the channel in-

reasing in value; it slightly decreases passing from section C to section

; then the higher values of M v maintain at the outer side of the cross-

ection reaching the outer bank at the apex section E; passing from the

pex section E to section I the values of M v 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

he entropic parameter M v is similar to that of the term 𝜏bs/ c f, which

s, in turn, affected by the momentum transport by cross-circulation

 Termini, 2015 ). Inspecting Fig. 11 , for both values of W/h , one can

lso infer that the minimum values of M v are located close the outer

ank of section D where the maximum value of the velocity-dip oc-

urs and the maximum velocity is near the bed. Moreover, comparing

ig. 11 with Figs. 4 and 5 , it can be observed that along the bend, the

ocal entropic parameter M v assumes the higher values where the lower

alues of the velocity-dip and the higher values of the maximum veloc-

ty u max,v occur. This could be due to the fact that the system responds to

he changing curvature by varying the value of the entropic parameter

 v and adjusting the magnitude and the location of u max,v . Fig. 11 also

hows that in the case of W/h < 10 at the bend entrance, the higher val-

es of M v are found at a certain distance from the outer bank, as well

s it was observed for the values u max,v . This could be related to the

resence of the aforementioned counter-rotating cell in the outer-bank

egion which limits the action of the central-region circulation cell, as

erified by Termini and Piraino (2011) in the same meandering channel

s that used in the present work. 
.2. Entropic model application to estimate velocity-dip and bed-shear 

tress distribution 

The results presented in the previous subsection suggest that the en-

ropy model could be used to simulate the u -profiles and the effect of sec-

ndary circulation on the bed shear stress distribution along the bend. 

The 2D velocity distribution can be estimated by applying the en-

ropy profile such as proposed by Moramarco et al. (2004) (see also in

ermini and Moramarco, 2018 ): 

 ( 𝜉, 𝑧 ) = 

𝑢 max ,𝑣 

𝑀 

ln 
[ 
1 + 

(
𝑒 𝑀 − 1 

) 𝑧 

ℎ 𝑣 − 𝛿
exp 

( 

1 − 

𝑧 

ℎ 𝑣 − 𝛿

) ] 
(7)

ith 

 max ,𝑣 = 

𝑢 𝑠,𝑣 
1 
𝑀 

ln 
[
1 + 

(
𝑒 𝑀 − 1 

)
𝛿𝑒 1− 𝛿

] (8)

ith 𝜉 the horizontal distance of vertical v from the outer left bank and

 the distance of velocity along v from the bottom; h v and u s,v represent

he flow depth of vertical v and the surface flow velocity, respectively. 

Eq. (7) is a simplification of entropy-based 2D model developed by

hiu (1988) who, by exploiting Principle Of Maximum Entropy (POME),

stablished a bridge between the probability domain, wherein a proba-

ility distribution of the velocity is surmised, and the physical space. In

articular, Chiu obtained the velocity distribution as: 

 = 

𝑢 max 
𝑀 

ln 
[
1 + 

(
𝑒 𝑀 − 1 

)
𝐹 ( 𝑢 ) 

]
(9)

here 𝐹 ( 𝑢 ) = 

γ− γ0 
γ𝑚𝑎𝑥 − γ0 

represents the cumulative probability distribution

unction and 𝛾 is a function of the spatial coordinates in the physical

pace; 𝛾max at the point where u max occurs; 𝛾0 at the channel bed where

 = 0. 

As Eq. (9) involves many parameters, Moramarco et al. (2004) sim-

lified the entropy-based 2D velocity distribution assuming that the en-

ropy velocity distribution written for the flow depth where u max occurs,

amed y-axis , can be applied everywhere in flow area, thus obtaining

q. (7) . 

Therefore, for a gage site for which M is given by historical velocity

ataset once u max,v is measured across the river and the cross-section

eometry is known, the 2D velocity distribution can be easily estimated

y using Eq. (7) . In this way, all information are available, included the

elocity dip, 𝛿, to get the 2D velocity distribution. In the case of high

oods, when only surface velocities are sampled, u s,v , the value of u max,v 

o be used in Eq. (7) , can be estimated by Eq. (8) . 

In this context, the velocity-dip, 𝛿, is determined for each u -profile

hrough an iterative procedure by minimizing an objective function

n estimating the error between observed values of M and computed

nes, M com 

, such as proposed by Moramarco et al. (2017) . Shortly, for

 gauged site for which M is known, the velocity dip is estimated by

n iterative procedure assigning an initial value of 𝛿 at z-axis . Then an
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a) b)

Fig. 12. Map contour of the normalized esti- 

mated velocity-dip 𝛿∗ com = 𝛿com / h estimated by 

Eqs (3)-(4): a) W/h < 10; b) W/h > 10 (the black 

line indicates the location of lower values of 

𝛿∗ com ). 

b)a)

Fig. 13. Map contour of computed term 

𝜏bs,com/ c f = 𝜌u m,v,com 
2 : a) W/h < 10; b) W/h > 10 

(the black line indicates the location of higher 

values of 𝜏bs,com/ c f ). 
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Table 1 

Details of experimental conditions FCFA-1. 

Run Q(m 

3 /s) H(cm) 𝛽 𝜙(M) 

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 
xperimental distribution law 𝛿 developed by Yang et al. (2004) is ap-

lied across the river starting from the assigned initial value at z-axis .

nce 𝛿 is estimated in the cross-sectional flow-area and u s,v is measured,

hrough Eq. (8) u max,v is assessed and the 2D velocity can be evaluated

y Eq. (7) , from which the computed mean flow velocity, u m,com 

, is as-

essed. Considering that u max,com 

= max( u max,v ) is known, M com 

can be

nferred using Eq. (1) as the ratio u m,com 

/u max,com. The velocity dip, 𝛿, is

pdated until the error between M and M com 

is lower than a threshold.

or more details, we refer the reader to Moramarco et al. (2017) . 

Fig. 12 reports the contour maps of the computed entropy-based

elocity-dip, 𝛿com 

, normalized by the channel-averaged water depth h

long the bend for both runs. 

The comparison between Figs. 12 and 4 indicates that the entropic

odel well estimates the pattern of the velocity-dip along the bend for

oth W/h . Moreover, even in this case it’s evident that just by sam-

ling the surface velocity the entropy-based 2D velocity model is able

o simulate the effect both of the central-region circulation cell and the

ounter-rotating cell. 

After having integrated along the u -profiles computed by the en-

ropic model and applied Eq. (7) , the corresponding values of the depth-

veraged velocity u m,v,com 

have been also determined. Thus, in order to

erify the applicability of the entropic model for determining the bed

hear stress distribution, the values of computed depth-averaged ve-

ocity, u m,v,com 

have been used to evaluate the “computed ” bed shear

tress 𝜏bs,com 

. Fig. 13 reports the contour-maps of the term 𝜏bs,com/ 

 f = 𝜌u 2 m,v,com 

for both runs. 

Fig. 13 highlights that, for both runs, the distribution of the bed

hear stress estimated by applying the entropic model compares well

ith that evaluated by using the experimental data shown in Fig. 7 .

ven in this case one can figure out the coherence of computed 𝜏bs,com 

nd the presence of central-region circulation cells and counter-rotating

ells. It’s worth noting that this results came out from the sampling of

 s,v only, and applying Eqs. (7) and (8) . 
In summary, the present application have allowed us to verify the

xistence of a relation between the entropic parameter M (or of the en-

ropic function 𝜙(M)) and the kinematic characteristics of the flow (i.e.

he feedback effect of secondary flow on the primary flow and bed shear

tress distributions and, thus, the localization of the maximum velocity)

long the bend. This is particularly interesting in a high-curved channel

here the effects of secondary flow is especially important. 

. Validation and comparison 

The applicability of the entropic model has been assessed by using

ata from FCF-UK, collected in a compound straight large scale flume

f the University of Birmingham ( http://www.birmingham.ac.uk ). The

ume was 56 m long with the main section trapezoidal with depth

 = 0.15 m, width equal to 1.5 m and 45° bank slope; the width of

ood plain was equal to B = 10 m. For the present work, runs 1, 2, 3

rom series A-01, reported in Mohanty and Khatua (2018) , see also in

evi and Khatua (2016) and, are used. The Manning’s coefficient was

qual to = 0.01. Table 1 reports, for these runs, the values of flow dis-

harge Q (first column), of the flow depth H in the main channel (second

olumn) and of the ratio 𝛽 (third column) between the depth of flow on

ood plain and the depth of flow in the main channel H. 

By using the experimental values of the ratios u d,e /u max 

 u d,e = experimental depth-averaged longitudinal velocity) reported

or the considered runs in Mohanty and Khatua (2018) , in order to

http://www.birmingham.ac.uk
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s  
etermine the values of the entropic function verifying Eq. (1) for

ach run, an iterative procedure has been applied. The mean velocity

as been determined as the ratio between the flow discharge Q and

he cross-sectional area A ( u m 

= Q /A). Thus, assuming a first value

f the entropic function Φ(M) = 0.6 (according to previous literature

ndings – see as an example in Moramarco et al., 2017 ), the maximum

ross-sectional velocity has been evaluated as u max =Φ(M) u m 

. Then,

or each run, this value of the maximum cross-sectional velocity u max 

as been used to calculate, by using the experimental values of the

atios u d,e /u max , the depth-averaged velocity u d,c for each measurement

ertical. Once that the horizontal distribution of u d,c has been integrated

n order to determine the mean velocity u m,c using the velocity-area

ethod, for each run the final value of the entropic function Φ(M) c 
as been calculated by minimizing the difference Δ= ( u m 

- u m,c ). The

btained values of the entropic function Φ(M) c are reported in the

ourth column of Table 1. As it can be observed, an almost constant

alue of Φ(M) c = 0.3 has been obtained; to such a value of Φ(M) c, a

alue of the parameter M = − 2.49 corresponds. . It should be noted that

his value of Φ(M) c is different from that obtained in previous works

 Moramarco and Dingmann, 2017 ; Moramarco et al., Singh, 2010 ) espe-

ially in straight flat-bed channels but it is very close to those obtained

n laboratory channels characterized by significant bed roughness

i.e. in curved deformed-bed and in straight vegetated-bed channels –

ee Moramarco and Termini, 2015 ; Termini and Moramarco, 2017 ).

his suggests that the value of Φ(M) c = 0.3 obtained for the present

pplication could be related to the roughness conditions of the channel

onsidered for the application. Finally, by using the obtained Φ(M) c ,

he corrected values of the maximum cross-sectional velocity have been

lso determined as u max,c = u m,c / Φ(M) c . Fig. 14 reports, for each run,

he comparison between the horizontal distribution of the calculated

atios u d,c /u max,c (normalized calculated depth-averaged velocity) and

hat of the experimental ones u d,e /u max (normalized experimental

epth-averaged velocity). Then, by using the calculated u d,c , the values

f the boundary shear stress have been also estimated as described in

he sub- Section 3.2 . Fig. 15 reports for each considered run the com-

arison between the calculated ratio 𝜏c / 𝜏max ,c (normalized calculated

oundary shear stress) and the experimental one 𝜏e / 𝜏max ,e (normalized

xperimental boundary shear stress) . Figs. 14 and 15 show the good

greement between the experimental and the estimated values of the

ormalized depth-averaged velocity and of normalized boundary shear

tress, confirming the applicability of Eq. (1) to identify not only the

elocity distribution but also the bed shear stress distribution. 

. Discussion 

The results presented in the previous sections have substantially

emonstrated that the shape of the u -profile varies along the bend and

uch a variation is strongly related to the variation of the cross-sectional

otion, whose entity depends on the width-to-depth ratio, W/h . This is

onsistent with the fact that, as literature demonstrates (among oth-

rs Yalin, 1992 ; Whiting and Dietrich, 1993 ; Da Silva et al., 2006 ,

ermini, 2015 ), the width-to-depth ratio is one the most important pa-

ameters affecting the entity of the cross-sectional flow motion. 

In particular, for both the examined width-to-depth ratios ( W/h < 10

nd W/h > 10), the maximum value of the longitudinal velocity u max,v has

een found below the free surface indicating that the u -profiles present

he velocity-dip. Generally, the velocity-dip assumes for W/h < 10 values

reater than those obtained for W/h > 10 and the local difference be-

ween the local maximum value of the longitudinal velocity u max,v and

he local free-surface velocity u s,v , assumes for W/h < 10 values lower

han those obtained for W/h > 10. This suggests that passing from the free

urface to the location of the maximum velocity, the u -profiles present a

oncave shape, that is more pronounced near the free surface for lower

alues of the water depth ( W/h > 10). 

For both the width-to depth ratios, the entity of the velocity-dip

aries along the bend, thus suggesting that the location of the maxi-
um velocity u max,v , also varies along the bend. The variation of the

hape of the velocity profiles along the bend has been analyzed through

he variation of the velocity-dip (i.e. the vertical distance of the maxi-

um longitudinal velocity from the free surface) and of the difference

u between the maximum velocity and that at the free surface. This

nalysis has allowed us to have an indication on the redistribution of

he maximum velocity not only on the plane but also along the vertical.

n particular, it has been verified that the higher values of the maximum

elocity cross the bend passing from the inner bank of the inflection sec-

ion upstream A to outer bank of the inflection section downstream I;

he lower values of the velocity-dip have a pattern similar to that of the

igher values of the maximum velocity. This suggests that the higher

alues of the maximum velocity, u max,v , are localized close to the free

urface. Such a behavior is less evident for W/h > 10, especially down-

tream 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

elated to the fact that in a meandering bend the two components of

he cross-sectional motion (i.e. the cross-circulation and the convective

omponent, according to Yalin (1992) ) assume a different relative im-

ortance in the two cases, as demonstrated by Termini (2009) using the

ame data of this study and by Termini and Piraino (2011) . In particu-

ar, their results indicated that the convective acceleration component is

ore significant for W/h > 10 than for W/h < 10; on the contrary, in this

ast case, the cross-circulation component is more important attenuat-

ng the contribution of the convective acceleration component. As conse-

uence, while in the case of W/h > 10 the shifting of the maximum veloc-

ty towards the outer bank occurs along the channel reach between the

nflection section upstream to the apex section, in the case of W/h < 10

he aforementioned shifting occurs gradually passing from the inflection

ection upstream to the inflection section downstream maintaining the

aximum velocity not too far from the free surface. 

Results also show that, at the bend entrance (section D), while for

/h > 10 the higher maximum of velocity is found close to the outer

ank, for W/h < 10 it is still maintained far from the outer bank it-

elf. This could due to the fact that, as highlighted by Termini and Pi-

aino (2011) in the same meandering bend as that considered in the

resent work, at the bend entrance a counter-rotating circulation cell ini-

iates in the outer-bank region so that, especially in the case of W/h < 10,

he central-region circulation cell seems to split into two weak counter-

otating circulation cells. The counter-rotating cell avoids the reaching

f the higher velocity to the outer-bank thus limiting the action of the

entral-region circulation motion. 

The analysis of the velocity-dip and the maximum velocity distribu-

ions has also confirmed that the pattern of the velocity-dip reflects the

forementioned effects of the cross-sectional motion and of the corre-

ponding circulation cells. Indeed, the velocity-dip is minimum where

nly the effect of a central-region circulation cell moving from the inner

o outer bank occurs, driving the maximum velocity not too far from

he free surface; at the bend entrance, especially for W/h < 10, because

f the presence of outer-bank circulation cell, the maximum velocity is

riven close to the bed near the outer bank determining high values of

he velocity-dip. This result is particularly interesting for analysing the

rosion action of flow. In fact, such a location coincides with the loca-

ion where Termini (2009) measured, in the same meandering flume,

he maximum value of the bed erosion. 

This behavior further confirms that the momentum transport by

ross-circulation, contributing to redistribute the maximum velocity

long the bend, also affects the consequent erosion processes. 

Literature indicates (among others Chang, 1988 ; Whiting and Diet-

ich, 1993 ) that the convective acceleration of flow is associated with an

mbalance between the transverse pressure gradient and the centrifugal

cceleration and, in a meander wave, such an imbalance is continuously

odified by the downstream changing channel curvature. For W/h < 10

small width-to-depth ratios) such an unbalance is attenuated by the

omentum transport by the cross-circulation developing in each cross

ection of the bend, determining that the shifting of the maximum ve-
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Fig. 14. Comparison between calculated ratio u d,c /u max,c and the experi- 

mental one, u d,e /u max . 
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t  
ocity along the bend is more gradual in the case of W/h < 10 than in the

ase of W/h > 10. 

As consequence, also the distribution of the bed shear stress 𝜏bs/ c f 
hows the shifting of the higher values of 𝜏bs/ c f from the inner bank to

he outer bank along the bend: for W/h < 10, the higher values of the bed

hear stress 𝜏bs/ c f gradually shift towards the outer bank from the inflec-

ion section upstream (section A) to the inflection section downstream

section I); for W/h > 10 the higher values of the bed shear stress 𝜏bs/ c f 
ross the channel passing from the inner bank of the inflection section

pstream (section A) to the outer bank of the apex section (section E);

hen the bed shear stress 𝜏bs/ cf slightly decreases in value but maintain-

ng the higher values close to the outer bank until to reach the inflection

ection downstream. 

The aforementioned considerations indicate that the difference in

he entity of the cross-circulation between the case of W/h < 10 and the
ase of W/h > 10 affects the shape of the u -profiles and, consequently,

he local ratio between the local vertical mean velocity and the local

aximum velocity, u m,v /u max,v . In particular, it has been found that,

hile the case of W/h < 10 the ratio u m,v /u max,v vary in the range 0.7–

.9, in the case of W/h > 10 the values of the ratio u m,v / u max,v assume

ower values and vary in the range 0.4–0.75. 

By knowing the values of the local ratio u m,v / u max,v , the application

o the generic vertical v of the Chiu’s (1991) entropic model relating

he flow velocity to the entropy function, has allowed us to estimate the

alue of a “local ” entropic parameter M v . The analysis of the contour

aps of the estimated M v values has shown that, especially for W/h > 10,

 v increases where flow accelerates and decreases where flow deceler-

tes. Furthermore, the entropic parameter M v generally follows a trend

imilar to that of 𝜏bs/ c f . This suggests that the local entropic parame-

er could reflect the unbalance between the transverse pressure gradient
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Fig. 15. Comparison between calculated ratio 𝜏c / 𝜏max ,c and the experimental 

one, 𝜏e / 𝜏max ,e . 
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fl  
nd the centrifugal acceleration and its variation along the bend depends

n the variation of the cross-sectional motion. 

According with the Chiu’s (1991) entropic model, the ratio between

he cross-sectional mean velocity and the maximum cross-sectional ve-

ocity, u m 

/ u max , gives the entropic function Φ(M) = u m 

/ u max . The analysis

f the variation of Φ(M) and of the entropic parameter M along the bend

as highlighted that, for both the width-to-depth ratios, they follows the

ame pattern, in accordance with previous works (see as an example in

umbhakar et al. (2016) ). For W/h < 10, the lower values of M are found
lose to the bend entrance and close to the bend exit and the higher val-

es close to the apex section E; for W/h > 10 the lower and higher values

re found slightly upstream of those for W/h < 10. The observed behav-

or of the entropic parameter M suggests that as the flow enters a bend

t reduces, adjusting the magnitude of u m 

and both the magnitude and

he location of u max . 

Thus, the application of the entropy-based 2D velocity distribution

roposed by Moramarco et al. (2004) has allowed us also to estimate

he values of the bed shear stress and the velocity-dip just by sampling

he surface velocity. The comparison between the estimated values of

oth the bed shear stress and the velocity-dip with the experimental

nes has demonstrated that the entropic model well approximates the

xperimental distributions. This means that the shape of the u -profile,

hich is affected by the entity of the cross-sectional flow, and the bed

hear stress distribution, could be directly estimated from the entropic

odel starting from acknowledgement of the surface velocity only. 

. Conclusion 

Based on the obtained results, with respect to the three specific ob-

ectives 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 𝛿 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 m,v /u max,v ) vary in the range 0.7–0.9; for “large ” values of

the width-to-depth ratio ( W/h > 10) this ratio ( u m,v /u max,v ) assumes

lower values, varying in the range 0.4–0.75. This suggests that the

higher values of the maximum velocity, u max,v , 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

he 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

u m 

/ u max , which is related to the entropic parameter M by the relation

u m 

/u max =Φ(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 u m,v / u max,v =Φv ( M v ), the map of the vari-

ation of the “local ” entropic parameter M v along the bend has been

analyzed. Results have shown that the local entropic parameter M v 

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 𝜏bs/ 

c f, . The bed shear stress, 𝜏bs/ c f, 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 𝜏bs/ c 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 v 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

ow on the longitudinal velocity distribution could be qualitatively
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dentified by applying the entropy concept and by analyzing the spa-

ial 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

seful insights in terms of velocity-dip, just starting from the monitoring

f surface velocity across the site. 

In summary, the results have shown that the pattern of the entropic

arameter is similar to that of the term 𝜏bs/ c f, which is, in turn, af-

ected by the advective transport by cross-circulation, in accordance to

ermini (2015) . The shape of u -profile and the effect of the variation

f the transversal motion along the bend could be directly estimated by

he entropic model starting from the acknowledgement of the surface

elocity only. This is especially important for its practical relevance al-

owing us to estimate not only the shape of the velocity profile but also

he evolution of the primary velocity and of the bed shear stress distribu-

ion along the bend starting from the knowledge of the surface velocity

nly. 

It should be noted that this paper investigated on the possibility to

nalyze the variation of velocity-dip and the variation of the transversal

otion effect through the entropy profile, restricting the attention to a

igh-amplitude meander bend, for which the role of curvature and of its

ownstream variation on the velocity pattern are especially important.

n the basis of the results obtained in previous works (see as an example

n Moramarco et al., 2004 ; Moramarco and Termini, 2015 ; Termini and

oramarco, 2017 ) we can assume that the methodology can be applied

or different sinuosity values and, as extreme case, in straight channels.

owever, future research will be addressed to verify the effect of the

wo components of the transversal motion (i.e. the cross-circulation and

he convective acceleration) and the velocity-dip also varying the plani-

etric configuration of the bend. 
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