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Abstract

An analysis of the approximation obtained with the mathematical
modeling systems HEC-RAS, Iber, and Telemac—-Mascaret is presented,
for calculating the velocity field in a rectangular section channel with
compound curvature and variable width. On the channel, secondary
currents and flow separation were developed; all three models are free to
use and based on the horizontal two-dimensional flow (2DH) hypothesis.
The Saint Venant equations are used in each mathematical model to
calculate hydrodynamics and turbulence. The velocity field is determined
from physical measurements in a laboratory channel with an acoustic
Doppler velocimeter (Micro-ADV 16 MHz) and it is compared with the
velocity fields calculated with the mathematical modeling systems (HEC-
RAS, Iber, and Telemac-Mascaret). An error analysis is presented, with
the aim of determining the degree of approximation obtained with each

modeling system and of discussing the factors and phenomena observed
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in the laboratory, this allows to have facts about the complexity and
nature of turbulent flows in channels with strong bents. It was found that
the three models, in general have similar and acceptable behavior, with
an average approximation greater than 93 %; on the other hand, in an
analysis by section, in a recirculation zone, flow separation and high
turbulence were observed (physical processes of fluid dynamics that the
models used cannot reproduce adequately), and so the average

approximation decreases to 82.5 %.

Keywords: Bend channel, horizontal two-dimensional numerical

modeling, hydrodynamics, turbulence, flow separation.

Resumen

Se presenta un analisis de la aproximacion obtenida con los sistemas de
modelacion matematica HEC-RAS, Iber y Telemac-Mascaret para el
calculo del campo de velocidades en un canal de seccién rectangular con
curvatura compuesta y ancho variable; en el canal se desarrollaron
corrientes secundarias y separacion de flujo; los tres modelos son de uso
libre y se basan en la hipotesis de flujo bidimensional horizontal (2DH).
Se utilizan las ecuaciones de Saint Venant en cada modelo matematico
para calcular la hidrodindmica y la turbulencia. El campo de velocidades
se determina a partir de mediciones fisicas en un canal de laboratorio con
un velocimetro Doppler acustico (Micro-ADV 16 MHz) y se compara con
los campos de velocidades calculados con los sistemas de modelacion

matematica (HEC-RAS, Iber y Telemac-Mascaret). Se presenta un
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analisis de errores, con el objetivo de determinar el grado de
aproximacion obtenido con cada sistema de modelacidn, y la discusién de
los factores y fendmenos observados en el laboratorio, esto permite tener
conocimiento sobre la complejidad en la naturaleza de los flujos
turbulentos en canales con curvaturas fuertes. Se encontré que los tres
modelos, en general, tienen un comportamiento similary aceptable, con
una aproximacién promedio superior al 93 %; en cambio, en un analisis
por seccidn, en una zona de recirculacién, se observd separacién del flujo
y alta turbulencia (procesos fisicos de la dindamica del fluido que los
modelos empleados no pueden reproducir de forma adecuada); la

aproximacion promedio disminuye hasta el 82.5 %.

Palabras clave: canal curvo, modelacion numérica bidimensional

horizontal, hidrodinamica, turbulencia, separacion de flujo.
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A mathematical modeling systemto calculate the velocity field in channels
was presented by Jimenez and Berezowsky (2004), whose lateral
boundaries have an irregular geometry or plane curves; they considered
general curvilinear coordinates to adapt to these geometries and used the
covariant version with physical components of the hydrodynamic
equations, to approximate the solution to equations averaged in-depth,
considering the hypothesis of horizontal two-dimensional flow; the
differential equations were solved in finite differences with the
MacCormack scheme (Garcia & Kahawita, 1986; Fennema & Chaudhry,
1990), which is of the explicit and second-order type; they included the
calculation of turbulent viscosity (v,) with the parabolicand k — ¢ models.
In this work, five different geometries are presented in which the
developed mathematical model is validated; experimental measurements
and calculated velocity are presented, the process of calibration,
verification, and validation of the numerical model is shown. The authors
indicate that the comparison has a good approximation in almost all
cases; however, in one of the applications, there are noticeable
differences between the velocity fields measured and the calculated in a
small area, mainly associated with limitations in the size of the calculation
mesh, although they do not present an explanation that would allow to

understand this variation between the measured and calculated velocity.

Luo (2013) presented a study of separation of flow and recirculation
that occurs in channel expansions; he describes the calculation of velocity

profiles, shear stress profiles () due to turbulence, turbulent kinetic
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energy profiles (k), as well as the energy dissipation rate and dispersion
coefficient. The measured results were compared with those calculated by
using a hydrodynamic model, which uses the equations averaged in-
depth, and five turbulence models to calculate the turbulent viscosity (v, ).
A fundamental work to the analysis of hydrodynamics in bend channels

was developed by Rozovskii (1957).

With the advancement of the state of knowledge in numerical
methods, and the increase in the speed of computer equipment,
nowadays, the Saint Venant equationsin two dimensions are used for the
calculation of hydrodynamics (Ghamry & Steffler, 2005; Luo, 2013),
turbulence (Luo, 2013; Wu, Wang, & Chiba, 2004), secondary flows
(Ghamry & Steffler, 2005; Song, Seo, & Kim, 2012), flow separation and
recirculation (Luo, 2013) in curved channels, with acceptable results. For
calculation of turbulence, the parabolic turbulence models, modified mix
length, k —e, k — ¢ without equilibrium and RNG k — ¢ are also included
(Luo, 2013; Wu etal., 2004).

In previous works, discretization of the study domain can be
analyzed with rectangular coordinates (Luo, 2013) and general curvilinear
coordinates (Kalkwijk & De-Vriend, 1980; Jiménez & Berezowsky, 2004);
In the first case, it entails limitations in the flexibility of the mesh and the
calculation of solutions with discontinuities (Bladé et al., 2014b ), whereas
in the second case, it allows a better approximation in a representation of

borders with curvature (Jiménez & Berezowsky, 2004).

Nowadays, there are different mathematical modeling systems,

some contain theirown fairly efficient mesh generators, with elements of
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three (triangles), four (quadrilaterals), or more sides that allow a better
approximation of the borders and refinement of the mesh in different
areas. Among these models, those that are free to use stand out, mainly
HEC-RAS, 1Iber, and Telemac-Mascaret; these models have been
evaluated and compared with other models of academic (Horritt et al.,
2007; Kaveh et al., 2019; Shustikova, Domeneghetti, Neal, Bates, &
Castellarin, 2019) and commercial types (Pinos & Timbe, 2019; Rousseau,
Biron, & Van-de-Wiel, 2016); all of them implemented in different
hydraulic studies to calculate hydrodynamics in experimental devices and
physical models (Garcia & Matamoros, 2019; Hafnaoui & Debabeche,
2020), with good results.

The use of numerical models in engineering is an essential tool for
designing hydraulic structures; their verification and validation allows to
propose scenarios for decision-making, determine vulnerabilities,
optimize hydraulic operation, among others. However, it is necessary to
know the capabilities and limitations they offer, in order to avoid working
with wrong solutions, therefore, it is essential to know the physics of the
phenomenon and the criteria to choose optimal and efficient solutions
(Bladé, Cea, & Corestein, 2014a ). Thus, numerical models, as they are
approximations, must be validated and verified, although this may be
difficult to attainin direct applicationsin engineering, often because there
are no data on measurements of variables in the field, such as levels of
water, flows, velocities, temperature, or even more complex such as
acceleration, transport of sediment from the bottom and suspension
(Knight, 2014).
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Onthe otherhand, in experimental studies, the measurement of hydraulic
variables with devices that have the adequate temporal and spatial
resolution is very important (Voulgaris & Trowbridge, 1998). For this,
sophisticated intrusive and non-intrusive measuring equipment with
different technological advances are available. Recent research
implements ultrasonic techniques with intrusive equipment to measure
the velocity field, such as acoustic Doppler velocimeters (ADV), either
point or vertical profilers (Voulgaris & Trowbridge, 1998; Lane et al.,
1998); other recent non-intrusive visualization-based techniques such as
particle tracking velocimetry (PIV, PTV), are gaining popularity (Ruonan,
Liekai, Xingkui, & Danxun, 2016). A sample of the above is the velocity
field measured with a Doppler-effect ultrasonic velocimetry profiler
employed by Bombar, Elgi, Tayfur, Giney, and Bor (2011); similarworks
have been developed by Da-Silva, EI-Tahawy, and Tape (2006); Abad and
Garcia (2009); Termini (2009), and Abad, Frias, Buscaglia, and Garcia
(2013), among others.

The objective of this work is to analyze the hydrodynamic behavior
that develops in a channel with horizontal curves and variable width in
the plan; this geometry was presented by Jiménez and Berezowsky
(2004), essentially the velocity field from experimental measurements
and the one determined by three mathematical models, HEC-RAS, Iber
and Telemac-Mascaret. A comparison of the velocities and the analysis of
errors in each of the models used are presented. This provides information
about the behavior of hydrodynamics in curved channels, since in most
cases, the geometries used are straight laboratory channels on which

numerous applications have been validated, or that present a constant
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width along a curve, as in the papers of Abad and Garcia (Abad & Garcia,
2006; Abad & Garcia, 2009), but the use of these numerical modelsin the
applicationinriver engineering shows more complex irregular geometries,
which causes a turbulent flow, and makes the validation of the numerical
models difficult with field measurements, and even establish the

conditions at the borders for sceneries under study.

One of the advantages of these three models is that they are free
to use and that all approximate a solution to the depth-averaged
hydrodynamic equations, on structured and unstructured meshes, formed
by elements of three (triangles), four (quadrilaterals), or more sides and

include some models of turbulence.

This work consists of five sections: first, a description of the
experimental set and its hydraulic operation, the measurement
equipment used, and the tests carried out. Second, a brief description of
the modeling systems used, as well as some of their main characteristics.
Third, the results and a graphic comparison between the measured
components of the velocity (u and v) and those calculated numerically
(bar indicates averages over time). Fourth, contains an analysis of the
results and the differences in the comparison. Finally, the fifth includes

the conclusions and recommendations for future works.

Materials and methods
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Experimental set

The experimental set is a rectangular section channel with compound

curvature (concave-convex-concave mixed curve with the radio of

curvature of 1.67 m, 0.725 m, and 0.964 m,

respectively), horizontal

slope, variable width, and a horizontal length of 6.53 m (Figure 1).
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Figure 1. Geometry and dimensions of channel.

Tecnologia y ciencias del agua,ISSN 2007-2422, 13(1), 01-48. DOI: 10.24850/j-tyca-2022-01-01



e 2022, Instituto Mexicano de Tecnologiadel Agua
Tecnologiay ™%
Clenc1as§Agua Open Access bajolalicenciaCCBY-NC-SA 4.0

(https://creativecommons.org/licenses/by-nc-sa/4.0/)

The channel begins with a straight section of 1.63 m in length and
constant width horizontal bed (b =0.78 m). In plan, on the left bank (LB)
width reduction begins due to the presence of the concave curve, which
reaches a minimum width (b =0.40 m); up to this point right bank (RB)
remains straight. After a convex curve appears on both margins, the
channel immediately returns to a concave curvature until it reaches the

initial straight path downstream, with both margins parallel.

The width of the section afterthe maximum contraction (b = 0.40 m),
has a gradual enlargement from 0.40 m to 0.50 m on the LB. The straight
length of the channel outlet is 3.20 m. The bottom channel is steel and
the side walls are glass. The section of the channel under study ranges
from X =9.50m to X = 13.0 m, with a ground area of 1,932 m? and a
perimeter of 8,539 m. Eight cross-sections were fixed in which the
punctual velocity measurements were made, located perpendicularto the
X axis (Figure 1 and Table 1).

Table 1. Measurement, location, and width sections.

Section X width
[ID] [m] [m]
S1 9.81 0.780
S2 10.31 0.713
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Y 2022, Instituto Mexicano de Tecnologiadel Agua
Tecnologiay %"

Clenc1as§Agua Open Access bajolalicenciaCCBY-NC-SA 4.0
(https://creativecommons.org/licenses/by-nc-sa/4.0/)

S3 10.81 0.400
S4 11.25 0.441
S5 11.55 0.467
S6 11.71 0.478
S7 11.86 0.499
S8 12.09 0.500

When the width of the channel is less than 0.749 m, it could be
considered narrow (B/h < 5) and with wall effects, but due to the material
of the walls (glass) and bottom (steel), it is a channel with a hydraulically
smooth wall and similar roughness, so it is not necessary to perform an
analysis of this effect on the resistance to flow produced by wall friction

in the velocity field, since it is considered negligible (Guo, 2017).

The point measurements of the three components of the velocity
were obtained with an acoustic Doppler velocimeter (Micro-ADV 16 MHz),
oriented in the vertical direction (with sensors pointing down). The
detailed description of the operation of the measuring equipmentis found
in Kraus, Lohrmann, and Cabrera (1994); Lohrmann, Cabrera, and Kraus
(1994); Anderson and Lohrmann (1995); Lane et al. (1998); Voulgaris
and Trowbridge (1998); Nikora and Goring (1998); McLelland and
Nicholas (2000), and Lépez y Garcia (2001), among others. ADV was
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placed on steel support that allows the instrument to be moved both
horizontally and vertically, to control the position of the sensors within
the flow and determine their relative position concerning one bank of the
channel. The data collected over a period of time and with a certain
frequency were analyzed with WinADV software (Wahl, 2000), first to

determine the quality parameters and later the flow characteristics.

The quality of the collected data is defined by two parameters: the
signal-to-noise ratio (SNR) and the correlation coefficient (COR) for each
ADV receiver; the manufacturer recommends SNR values greater than 15
dB and a correlation coefficient greater than 70 %, to have an adequate
description of the flow and turbulence characteristics; these parameters
depend on particles and microbubbles that travel with the fluid or on the
addition of seed particles (SonTek, 1997). In the experiments, data were
filtered with SNR greater than 20 dB and 90 % correlation, so in this
particular study, it was not necessary to introduce any type of seed
particles to improve the measurements due to the turbulent nature of the

flow.

Experimental test
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The measurement campaign for test A (Table 2), consists of establishing

an inlet flow of Q =10.31/s supplied by a constant head tank, supplied by
2 pumping equipment of 5.0 hp each and measured with a thin-walled
triangular spout with an angle of 90° located at X = 0.00 m (outlet flow

reaches an underground gully generating a closed circuit); and a depth of

y =0.149 m m located at X =13.00 m established by a flat vertical gate
located at X = 15.00 m; the previous conditions allowed establishing a

subcritical and permanent flow in the channel.

Table 2. Experimental condition.

Test Q y Usl SW FTS1 Resl hm
[1/s] [m] [m/s] | [x107%] — [x10%] | [m]
A 10.3 0.149 0.088 4.3 0.072 1.32 0.06

The sampling volume to determine the velocity components were
located at 40 % elevation of the depth, that is, h,, = 0.4y, measured from
the channel bottom, thatis, at 0.06 m (Table 2). The measurement of the
velocity components was carried out at 45 points (Table 3), with a
sampling frequency of 50 Hz for 180 s. With the information obtained
from the 8 measurement points of section S1, the hydraulic variables

indicated in Table 2 were determined.
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Table 3. Measuring points
Point | Section X Y Point | Section X Y
[m] | [m] [m] | [m]
1 S1 9.81 [0.720| 24 S4 11.25 | 0.038
2 S1 9.81 [0.680| 25 S5 11.55|0.436
3 S1 9.81 |0.550| 26 S5 11.55(0.416
4 S1 9.81 [0.450| 27 S5 11.55| 0.306
5 S1 9.81 |0.350| 28 S5 11.55 | 0.206
6 S1 9.81 | 0.250| 29 S5 11.55(0.106
7 S1 9.81 [0.150| 30 S5 11.55| 0.021
8 S1 9.81 |0.060| 31 S6 11.71] 0.446
9 S2 10.31 |0.680| 32 S6 11.71 | 0.386
10 S2 10.31 |{0.550 | 33 S6 11.71]0.276
11 S2 10.31 | 0.450 34 S6 11.71 1 0.176
12 S2 10.31 {0.350| 35 S6 11.71]0.076
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13 S2 10.31 { 0.250 36 S7 11.86 | 0.440
14 S2 10.31 { 0.150 37 S7 11.86 | 0.380
15 S2 10.31 { 0.060 38 S7 11.86 | 0.270
16 S3 10.81 [ 0.350 39 S7 11.86 | 0.170
17 S3 10.81 { 0.250 40 S7 11.86 | 0.070
18 S3 10.81 | 0.150 41 S8 12.09 | 0.440
19 S3 10.81 { 0.060 42 S8 12.09 | 0.370
20 S4 11.25 [ 0.368 43 S8 12.09 | 0.280
21 S4 11.25 [ 0.338 44 S8 12.09|0.170
22 S4 11.25{0.238 45 S8 12.09 | 0.070
23 S4 11.25{0.138

In Table 2, Q isthe inlet flow, y is a depth located at X = 13.00 m, U,
is the mean velocity measured in section S1 (velocity of reference for the
calculations presented ahead), which was obtained as the arithmetic
average of the magnitude of the velocity of each of the 8 measurement
points of section S1, S, is the slope of the free surface of the water

between sections S1-S8, h,, is the elevation of measurement from the
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bottom, F, and R, are the Froude and Reynolds numbers in section S1,

respectively.

From velocity measurements and water depth, itis determined that
the free surface of the water tends to be horizontal, as indicated in Table
2. It was also observed that on the left bank of the channel, near section
S4, an appreciable trail of small eddies forms on the free surface of the

water.

Mathematical models

A brief description of the mathematical models used for the calculation of
2DH hydrodynamics is presented, as well as the references where more

depth on the subject can be found.

HEC-RAS
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HEC-RAS (Hydrologic Engineering Center-River Analysis System)
mathematical modeling system is developed by the Hydrologic
Engineering Center of the Institute of Water Resources, of the United
States Corps of Engineers (US Army Corps of Engineers). This system
allows the calculation of hydrodynamics in free-surface flows with the
permanent and variable regime, in one and two dimensions, sediment
transport and analysis of water quality, in networks of channels and rivers
(HEC-RAS, 2016c).

The two-dimensional variable flow calculation module solves the
diffusive wave equations or the Saint Venant equations, with the option
of using the parabolic turbulence model. The equations are approximated
with the methods of finite differences and finite volumes of the implicit
type, which allows calculation time steps greaterthan those of the explicit
type, and a robust wet-dry algorithm; calculation meshes can be
structured and unstructured with up to 8 sides (HEC-RAS, 2016a; HEC-
RAS, 2016b). In this work, the module corresponding to the calculation
of horizontal two-dimensional flow with the Saint Venant equations and

the parabolic turbulence model was used.

The study area is defined using RAS Mapper, the calculation mesh
is elaborated (type, size, and several elements); subsequently, the
hydraulic, initial, and boundary conditions are imposed; finally, the

calculation data is defined.
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Iber

Iber is a two-dimensional mathematical model for simulation of free
surface flow, morphodynamics, transport processes, and habitat in rivers
and estuaries, developed from the collaboration of the Water and
Environment Engineering Group, GEAMA (Universidade da Corufia), the
Group of Mathematical Engineering (Universidade de Santiago de
Compostela), Flumen Institute (Universitat Politécnica de Catalunya y
Centre Internacional de Métodes Numerics a I’'Enginyeria) and promoted
by the Center for Hydrographic Studies of CEDEX (Bladé et al., 2014b). It
consists of different coupled modules, among them, the hydrodynamic

and turbulence modules, which are used in this work.

The hydrodynamics module solves two-dimensional depth-averaged
shallow water equations (SWE) to calculate the water depth and the two
horizontal components of velocity (Bladé et al., 2014b); the turbulence
modulus includes several models, one is the Boussinesq type, anotheris
the depth averaging to calculate turbulent shear stresses (Cea, Puertas,
& Vazquez-Cenddn, 2007), and also the k— ¢ model (Rastogi & Rodi,
1978). These equations are solved with a finite volume method of an
explicit type in time, on structured and unstructured meshes with 3 and

4-sided elements (Bladé et al., 2014b). The pre-processing of the data
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and post-processing of the results is carried out using the GiD tool
(CIMNE, 2009).

In data preprocessing, the geometry of the study area is elaborated
through the GiD interface, the hydraulic conditions, and the initial and
boundary conditions are imposed; subsequently, the type, size, and a
number of elements (calculation mesh) are defined and finally, the
calculation data is defined.

Telemac-Mascaret

The Telemac-Mascaret 2D system makes it possible to approximate a
solution to the free surface flow equations averaged in-depth (Hervouet,
2007). It is essentially based on the finite element technique and allows
determining hydraulic quantities that are dependent on geometry. The
calculation domain is discretized with triangular elements, and the
calculation is developed in each node of the mesh, it also allows
incorporating the effects of turbulence through the k — ¢ model (Rastogi &
Rodi, 1978) has additional modules such as water quality, sediment
transport, among others (EDF-R&D, 2016).
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In pre-processing, the geometry of the model (curved channel) is
built and the boundary conditions are established, for this the Blue Kenue
tool (CHC, 2011) is used to carry out the pre-processing and post-
processing. The flow and turbulence equations are solved in a modular
way using the fractional step method: first the advection is calculated
using the characteristics method, then the propagation and diffusion
(including turbulence) and the source terms in the dynamic equations,
although there are recommendations to implement numerical schemes
(Hervouet, 2007).

In the three models, the 2DH equations consider the hypothesis of
hydrostatic pressure distribution and uniform velocity in the depth of the
water, these hypotheses are well accepted in their application in river

engineering.

Results

Discretization of the bent channel with HEC-RAS was carried out with
23,559 elements of 4 and 5 sides with average length and area of 0.009
m and 0.818 cm?, respectively; in Iber with 1,277,640 4-sided elements
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Table 4. Calculation data.

Type of No. of | Turbulence At
Model CFL
mesh elements model (s)
HEC-RAS| Estructurada| 23,559 Parabdlico - 0.10
0.00016-
Iber | Estructurada| 1'277,640 k-¢ 0.45
0.0019
Telemac- No
153,149 k-g 0.10| 0.0015
Mascaret estructurada

In the three models, a depth of 0.149 m was used as an initial
condition, in the inlet contour condition a flow of 0.0105 m3/s and an
outlet depth of 0.149 m. Bottom and wall friction was considered through
a single Manning coefficient of friction of 0.011 s/m/3; this parameter was
used to calibrate the models, that is, different values of the Manning

coefficient of friction were proposed until the minimum differences
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between the calculated and measured speed values were obtained.
Regarding the increase in calculation time in HEC-RAS, the minimum
allowed of 0.10 s was used, in Iber and Telema-Mascaret, those
determined by the Courant-Friedrichs-Levy condition (CFL), which
corresponds to 0.0016 s-0.00019 s and 0.0015 s, respectively. The

turbulence model used in each model is shown in Table 4.

With the previous conditions, the calculation was carried out until
permanent flow conditions were reached, this was achieved in a period of
time of 6 minutes; in this way, the calculation times were 10 minutes with
HEC-RAS, on a computer with an Intel Core i7-4770 processor, 3.4 GHz,
16 GB of RAM; 35.38 hours with Iber on a GeForce GTX 650 Ti graphics
card from a computer with an Intel Core i7-4770 processor, 3.4 GHz, 16
GB of RAM; in the Telemac system, the optimization of the distributed
computing process was developed in a cluster with 24 AMD processing
cores, CentOS distribution, version 6.9, 64-bit architecture; for the
parallel calculation, the message sending interface (MPI) was used, which
allows the exchange of messages between the processors (Gropp, Lusk,
& Skijellum, 2014) and METIS, which performs the distribution of the
mesh between the number of processors, allowing the number of
elements of the mesh to be the same for each processor, and thus
minimize the number of adjacent elements, in order to balance the
calculation between the processors (Karypis, 2013), so the calculation

time was 3.67 hours.

Figure 2 shows the comparison of the calculated results with the

measured data. In each illustration, the abscissa axis corresponds to the
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velocity components u (left) and v (right) dimensionless with the mean

velocity of section S1 (reference velocity); the axis of the ordinate
corresponds to the location in the plan of the measurement point

dimensionless with the total width of the cross-section of the channel.
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Figure 2. Numerical-experimental comparison of the horizontal

components of velocity.
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Additionally, to deepen the understanding of the hydrodynamics of
the phenomenon that occurs between sections S3 and S7, the fields of
the non-dimensional components of the velocity are presented with the
mean velocity of section S1 (reference velocity) u/U,, (Figure 3a) and
v/Us, (Figure 3b); the magnitude and gradient of the velocity (Figure 4),
which shows the development of the cut layer; the kinetic energy of

turbulence (Figure 5) and Reynolds number (Figure 6); all of them

calculated by the Telemac-Mascaret model.

I\

< X u/U
00 01 02 03 04 05 06 07 08 09 10 1.1 12 1.3 14 1.5 1.6 1.7 1.8 1.9 20
I i | | | | | |
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v/U
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Figure 3. Velocity component fields.
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Figure 4. Velocity magnitude and gradient.
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Figure 5. The kinetic energy of turbulence.
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< X

Re - MAGNITUDE
10000.0 12000 14000 16000 18000 20000 22000 24000 26000 28000 30000 32000 33400.9

Table 6. Reynolds number.

Analysis and discussion of results

In general, the results calculated with the models used follow the trend
of the measured values. Thus, in the first two sections (S1 and S2) the
measured and calculated values are similar; on the other hand, in the
following two sections (S3 and S4), this similarity is only maintained in
the u component of the velocity, in the v component the three models

have different behavior from the measured values. In the last four cross-
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sections, even though the calculated values follow the trend of the
measured values, there is a greater dispersion of these, but the results
were slightly better than those reported by Jiménez and Berezowsky
(2004). It was observed in all the cross-sections, that the results of the
Telemac-Mascaret model are always between the results of HEC-RAS and
Iber; With HEC-RAS, valueslower than those measured on the right bank
and higher on the left bank is obtained, on the other hand, with Iber the
behavior of the values is the reverse, presumably, because it tries to
adapt to the velocity profile near the walls; in these results, no
improvement is perceived due to the increase in the number of elements,
which is compatible with the results reported by Ghamry and Steffler

(2005) in curved channels.

To know the performance of each model used, an error analysis was
carried out between the measured and calculated values. Determining the
difference of the numerical-experimental comparison is a complex task
since there are always innate errors in the measurement process and
those associated with the calibration of the models, the tools, and/or the
measurement equipment. In addition to the above, there are the
hydraulic and turbulent processes that intervene in the behavior of the
flow, remember that currently, turbulence continues to be an unsolved

phenomenon.

Additionally, the measurement of a variable reduces the uncertainty
about its behavior as long as specific criteria are followed, in order to
minimize the different types of errors; by having a record of their behavior

over time and by processing this information, it is possible to consider
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which part of the measurement record is acceptable and which is not,

through quality parameters (SNR and COR).

Thus, in order to determine the approximation offered by each of
the numerical models, a simple linear regression analysis is proposed to
estimate the relationship between the measured velocity and the one
calculated by the numerical models used. Starting from the point of view
that different types of innate errors can occur in the measurement
process, and that numerical models are approximations to the solution of
equations, in this particular case 2DH or SWE, and that they are not an
exact solution of the behavior of a free surface flow, and in addition to the
hypothesis that the behavior variation of the velocity distribution in the
vertical can be replaced by an average, the indicated relationship can be
established.

Figure 7 presents this analysis for the 45 measurement points of

the three velocity variables (U, u and 7v); the results are shown

H H - JT — |U|measure 1T — |U|calculated 1 _ Ux i —
dimensionless as: U,, = BT U = T Uy = —mmwuﬂ Py, =
u 7 u . .
measure = Mcalewlared 7 = Zealcwated The continuous line represents

Us1 cal Us1 Yeal Us1

the expected relationship (RE) considered as optimal, which indicates that
the measured speed must be equal to the calculated speed orvice versa;
the points correspond to the relationship between measured and
calculated speed (RMC); finally, the existing correlationis determined and
shown by a simple linear regression with a dashed line (RL) and its

corresponding correlation coefficient (R), which allows determining the
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goodness of fit of the regression model (Menhenhall et al. 2010). Table 5

presents the correlation coefficients R.

HEC-RAS 3 IBER TELEMAC-MASCARET
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3 3
25 2.5
2 2.
515 Z1s:
1- 1
0.5 y = 0.734x + 0.3348 0.5 y = 1.108x + -0.1336
0 02
0 1 2 3 0 1 2 3
U med U med Tz e
HEC-RAS 1 IBER TELEMAC-MASCARET
/ e RMC
RE )
0s R L] ,'*“ 08—
- ‘,P 0.94
0.6 — 0.6
& & s |
0.4 " f,“ 0.4
. .
. - -
0.2% e y = 0.9569x + 0.08681 0.2 y =0.9669x + 0.07638
o . .
.
L]
0 0 : :
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Wy ned Uy ed

Figure 7. Linear regression models.
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Table 5. Correlation coefficients forthe 45 measurement points.

Model/Variable Ry R; R;
HEC-RAS 0.914 0.915 0.942
Iber 0.935 0.937 0.940

Telemac-Mascaret

0.949

0.951

0.948

From the analysis above, it is observed that the lowest correlation
values correspond to HEC-RAS, while the highest to Telemac-Mascaret,
Iberis very close to the average value, although for engineering purposes

all three models are acceptable.

The procedure described was also performed for the measurement
points of the three variables of the velocity of each section; the correlation
coefficients are presented in Table 6. In particular, it is highlighted that
with the three models in section S1 the lowest correlations are obtained,
being very low for the magnitude of the speed and the components; when
reviewing the settingsin this section, it is observed that the models tend
to underestimate for velocities greater than the unit and overestimate
when the velocity is less than the unit, this has to do with the process of
eliminating the average velocity, because small fluctuations remain that
do not tend to fit a linear model with a 45° line, but rather a horizontal

line with an ordinate at the origin very close to the unit, it is also the
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section in which the reference speed is determined; the next section with

the lowest correlation coefficient in the three models, corresponds to

section S5. It is also observed that HEC-RAS results in low correlation

coefficients in the velocity component v.

Table 6. Correlation coefficients forthe points of each measurement

section.

Mod. HEC-RAS Iber Telemac-Mascaret
S/V U u v U u v U u v

S1 | 0.101| 0.085| -0.896| 0.023| 0.023| 0.002| 0.378| 0.378| 0.292
S2 | 0.925| 0.899| 0.467 | 0.959| 0.959| 0.935| 0.938| 0.938| 0.920
S3 | 0.995| 0.995| 0.985 | 0.992| 0.992| 0.992| 0.995| 0.995| 0.995
S4 | 0.950| 0.802| 0.103 | 0.981| 0.981| 0.976| 0.985| 0.985| 0.952
S5 | 0.822| 0.820| 0.660 | 0.819| 0.819| 0.818| 0.890| 0.890| 0.889
S6 | 0.822| 0.815| 0.878 | 0.965| 0.965| 0.964| 0.920| 0.920| 0.918
S7 | 0.832| 0.829| 0.581 | 0.979| 0.979| 0.978| 0.942| 0.942| 0.941
S8 | 0.791| 0.791| 0.478 | 0.873| 0.873| 0.874| 0.917| 0.917| 0.917
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The numerical-experimental comparison is acceptable if the
correlation coefficient tends to 1 or -1, and in section S5 it is less than
0.9; anintermittent recirculation zone was observed on the left margin of
section S5 in laboratory tests; it was determined that it corresponds to a
zone of separation of the flow and beginning of eddies that propagate

downstream, so it could be a reason for the low correlation.

On the other hand, the plan shape of the channel (compound
curvature and variable width), causes a particular behavior of the flow,
typical of meandering rivers. Thus, the decrease in channel width from
0.78 m (S1) to 0.40 m (S3), due to the presence of the concave-convex
curve, on the left margin of the channel, first generates a decrease in the
velocity component u (Figure 3a) and then negative velocities in
component v (Figure 3b), in the vicinity of section S2. In section S3, the
flow accelerates and the velocity in component u increases; it holds up to
section S7 (Figure 3a). The convex-concave curve that allows the
expansion of the channel width from 0.40 m to 0.50 m, on the left margin
(S3 to S7) there isa non-symmetric expansionthat causes an increase in
the velocity component v (Figure 3b) and a decrease in the velocity
component u (Figure 3a), that is, a velocity gradient between sections S5

to S7 (Figure 4b); behavior that the models used cannot reproduce.

Delving in the same direction, the velocity gradient (Figure 4b)
generates the development of a shear layer (velocities lower than those
of the main flow), indicated by a thin curve in Figure 4b; the flow between
the left wall and the cut layer is highly turbulent and presents low

velocities, compared to the velocities of the main flow (Figure 4a), flow
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separation (red color in Figure 4b); these hydraulic processes in this work
are analyzedin 2D, but in essence, theyare in 3D, so that the fluctuations
of the speed (u’' and v') increase and this is reflected in the kinetic energy
of the turbulence (k) (Figure 6), mainly on the left margin between
sections S5-S7, an area where the calculated velocity values differ from

the measured values.

Finally, the behavior of the Reynolds number, which allows us to
establish and understand the importance of the relationship of inertial
forces (acceleration) and viscous forces (friction) (Cengel & Cimbala,
2010), shows the acceleration of the flow when considering that variations
in viscous forces are small, this also indicates that the effects of wall

roughness are negligible.

Conclusions and recommendations

In this work, the numerical-experimental comparison of the velocity
components and their magnitude in a rectangular channel with compound
horizontal curvature, and the values calculated with three free-use two-

dimensional mathematical modeling systems most used in practice in
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river engineering, was carried out for the calculation of hydrodynamics

and turbulence.

From the error analysis performed on the 45 measured points, itis
determined that the three models have similar and acceptable behavior,
with an average approximation of the three variables of the speed greater
than 93 %, with Telemac-Mascaret (94.9 %) being a slightly better
approach, then Iber (93.7 %) and finally HEC-RAS (92.4 %). However,
when evaluating the speed variables per section, the approximationin the
v component with HEC-RAS decreases to 40.7 %, while Iber presents an

approximation of 81.7 % and Telemac-Mascaret of 85.3 %.

By observing the fields of the velocity components, it is determined
that w increases shortly before the section S3 does not appear uniformly
across the width of the section and is mainly concentrated in the left
margin, afterthe maximum velocity core passes from MI to MD (sections
S3 to S5); for component v, the maximum velocity is concentrated near
the MI in section S5, and the minimum in the same range between
sections S2 and S3.

The Reynolds number indicates a turbulent flow, if it’s considered
that the variation of the characteristic length is similar throughout the
channel and the variation of the viscosity is small, it allows us to observe
the acceleration of the flow. Thus, an area near the left bank is identified
where the relationship is lower, that is, the flow decelerates on the left
bank between sections S4 to S8. Also, the development of the cut layer
is determined with the flow velocity gradient (Figure 4b). This layer affects

the flow distribution after section S4, causing the main flow to deviate
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towards the center and MD of the channel, concentrating the maximum
velocity core in this margin. The area between the BL and the shear layer
is a flow separation zone, the product of the gradual expansion in the
width of the channel, which allows the development of secondary flows,
since when the velocity u decreases, and although the Reynolds nhumber
decreases withinthis zone, the kineticenergy of turbulence (k) increases;
Based on the above, one of the important conclusions is that this zone
cannot be reproduced by numerical models based on the Saint Venant
hypothesis, and this is demonstrated by the numerical-experimental
comparison of the velocities shown in Figure 2, in the points located near
the MI between sections S5-S8.

In general, the hydrodynamics of the channel with the presented
geometry, calculated by the numerical models used, has on average an
approximation greater than 93 %, following the hypothesis that the
velocity field located at 0.6 of the depth of the flow, which for engineering
application is acceptable. The area of least approximation (left margin of
sections S4-S7) casts doubt on the 2DH hypothesis, since it is much more
complex to reproduce, and the numerical model is not adequate.
However, this phenomenon is important since expansion can considerably
affect flow redistribution, mainly in hydraulic structures, which is where
adequate flow control is needed, so the analysis presented must be
considered in the design. The application itself of this analysis in
meandering rivers also raises a line of research due to the effects on the
migration of the banks when receiving the incidence of the flow in them,

as well as the phenomenon of sediment transport, and the interaction of
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the evolution of the bottom and the adaptation of the flow, which

undoubtedly modifies its behavior.

Finally, it is recommended to expand the measurements with a
greater number of points, measured at different depths, expand to the
area that is not reproducible in this work, to improve the knowledge of
the flow behavior in curved channels, this to delve into the lines of

research proposed.
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