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Abstract

The box-culvert in irrigation channels, they are found at road crossings, control works such
as gates and intake work. The importance of studying these structures lies in the
hydrodynamic behavior of the channels in the rainy season, since they have been
detected on free surface elevations due to blockages due to poor design. A numerical
model was applied to estimate the hydrodynamic field in open channel with skewed box-
culvert in irrigation channels in Mexico, for which purpose the calculation of the three-
dimensional velocity field with presence of hydraulic control structures. The numerical
method was developed using the Navier-Stokes equations in free surface flow, in
cartesian coordinates; use the hypothesis of hydrostatic pressure and considering the
postulates of Reynolds, the solve was done by an element finite method. A comparison
of the model developed with the Flow3D software was made, where the results between
the commercial and the developed model shown an RMSE (Root-Mean-Square Error) of
4.8. Three numerical scenarios were calculated including different alternatives and its
behavior at the entrance, interior and exit of the water flow in the construction to determine
which is the best option to be used on the skewed multi barrel crossings. In order to
accomplish this, a variable slope channel and 1: 60 scale models of box culverts with 10,
22 and 45 degrees of skewness were used. The results observed in the multi-eyed box
culverts were favorable, since the speed spans are low increase inside and outside of
them, which favors the hydrodynamic behavior and minimize the accumulation of
sediment into structure in the channel; another noteworthy fact is that at 45 skewed
degrees there is a higher speed, which reduces an upstream hydraulic jump and favors
circulation through reductions and control works.
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Introduction

Sudden increases in water levels in irrigation canals are usually caused by strong or
excessive rainfall in a short period of time. Is it so one of the most dangerous weather-
related natural phenomena, disasters in the world, and can create dangers situations for
people and cause great damage to the property.

In the construction of land roads, flow regulation gates principally and any type of crossing
with an irrigation channel, it becomes recommendable to install culverts that, due to their
hydraulic characteristics, the loading capacity of the soil where they are built, the slope of
the land and their filling conditions may have different geometries and dimensions, allow
to provide a flow speed without obstructions or alterations when It leaves a regulation
work, bridge or gauging area (Alhinai et al., 2011).

On the other hand, there is little research related to the shape and distribution in culverts
and their effect on the characteristics downstream scour. Some works have focused on
discussing the hydrodynamic behavior through box culvert on the surface of the water and
undermine numerically. They have developed a hydrodynamic and sediment transport
model investigated for this purpose using FLOW 3D v11.1.0. Different construction
scenarios of the box culvert have been studied. The results obtained using the FLOW 3D
program was able to accurately simulate downstream scour Sewer box. Velocity
distribution, maximum scour depth and water depth for special cases have been plotted
and compared (Nesreen et al., 2020).

A poorly designed culvert may destroy the hydraulic structures from upstream to
downstream, which could eventually result in structural failures (Ruike et al. 2019).
Extensive experimental work had been conducted in the past to investigate the culvert
flow at the outlet of culverts. An open-source software, OpenFOAM was applied to
simulate the culvert flow under different flow and blockage conditions. The model was
validated using a previous experimental measurement. In total, three cases were tested
and compared to investigate the impact of blockage on culvert flow. It showed that
different blockage scenarios have a strong impact on the flow distribution inside the
culvert. With the blockage extending into the culvert, the velocity profile changes
significantly comparing to the blockage at the outlet only. With the same extending length,
a larger blockage ratio can generate a larger flow re-distribution (Ruike et al. 2019).

Other works studied the hydrodynamics of box culverts configured with smooth, uneven
and unique roughness, numerically investigated with three-dimensional (3D)
computational fluid dynamics (CFD) modeling. Zhang et al. (2018), showed results and
validation tests they systematically performed against detailed physical data sets, for flow
conditions corresponding to flows lower than design. In the study, the authors report that
the models were more successful in reproducing the flow characteristics more important
than producing quantitative matches with the experimentally obtained velocity profiles,
due to inaccuracies in the grid and wall configuration modeling. However, the models were
more informative in assessing the distinctive roughness behaviors responsible for the
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generation of low-speed zones. Overall, the study acknowledges that current experience
suggests a hybrid approach that combines both Numerical and experimental methods for
future culvert design optimizations.

A comprehensive verification and validation of the CFD modeling model is more critical
as it requires a set of detailed physical data to systematically compare physical and
numerical quantities of interest.

In Mexico box culverts are commonly used for their very large hydraulic capacity and its
support of large embankments, which makes them ideal for low resistance soils (Herrera
et al., 2015).

Sometimes these constructions are not normal to the axis of the road, in those cases, the
crossing formed by the natural trajectory of the stream and the road’s axis the construction
of skewed works becomes necessary.

In the construction of multi barrel box culverts there are two alternatives: the use of
prefabricated concrete box culverts and the construction of on-site culverts, the on-site
construction respects within its own system of walls and slabs the skewness of the
drainage system with the road, constructing in the end of each wall a protection structure;
in the cases of the use of prefabricated box culverts involves placing lines of them
following the direction of the stream, each line of box culverts adjacent to one another
has its own pair of walls that also follow the skewedness of the stream with the axis of the
road.

The main objective of this work was to study the behavior of the flow in open irrigation
channels with the presence of skewed box culverts, in order to know the effects of
plugging, hydraulic jumps and backwaters that alter the volumetric measurement to the
irrigation modules.

The results of the hydrodynamic calculation correspond to a stable field and converged in

time (Rodriguez et. al., 2014), which indicates that the velocity fields and their turbulent
parameters can be assumed as constants, but with an important spatial variation.

Materials and Methods

Physical laboratory model

The laboratory channel (figure 1) with variable slope and constant rectangular section with
a length of 2.32 m by 0.25 m wide and 0.18 m high, has a 22-liter channel feed tank, a 2
hp pump and a storage tank. of 90 liters.
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Figure 1. Open channel laboratory

The walls of the channel are made of acrylic sheet 0.012 m thick, and the gate is made of
the same material with a thickness of 0.006 m, 0.24 m wide and 0.15 m high, which was
in the middle of the length of the channel. in order to avoid oscillations caused by the inlet
and outlet weirs. The gate (figure 2) has a weight of 0.346 kg including the plastic chains
that serve as a fastening for the servo motors in opening and closing it.

Figure 2. Acrylic electro-gate in the channel

The channel has a weir with a watery crest made of stainless-steel sheet located at the
outlet of the feed tank to the channel with a height of 0.076 m and a base of 0.25 m. The
outlet of the channel to the storage tank can be with or without a spillway. The bottom of
the channel is made of stainless-steel sheet with a thickness of 0.006 m and for which a
roughness coefficient of 0.020 was assigned.

The physical scale open channel: the flow rate was 0.0019 m?/s, slope 0.006 and three
skewed multi barrel crossings with 0, 10, 22 and 45 degrees (figure 3).
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Figure 3. Open channel domain

Governing equations

The system of equations used to describe the velocity fields and the free surface variations
are the shallow-water equations (Herrera et al. 2015). In order to solve the equations, two
approximations are used. The first one is the hydrostatic approximation (6P/6z)=—pog ,

where P is the pressure, p,is the reference density, g is the acceleration due to gravity

and z denotes the reference vertical plane. This approximation is valid when the
horizontal length scale is much greater than the vertical length scale. This is the main
condition for the shallow-water assumption. The second assumption is the Boussinesq
approximation, where density is considered constant in all terms of the conservation of
momentum equations except for the gravitational term.

By considering the above approximations and after turbulent averaging, governing
eqguations for the velocity components (egs. 1 - 3) have the following form (Herrera et al.
2015):

ou —ou -ou —ou 10P ouu ouv ouw -
— U —FV—+W = — - - +fv (2)
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where t is the time, u, v and w are the time-averaged velocity components, and u', V'
and w' are the corresponding fluctuating components, in the x-, y- and Z -directions,

respectively. The parameter f is the Coriolis parameter defined by f =2Qsing, where
Q is the rotation rate of the Earth and ¢ is the latitude. By integrating the continuity
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equation (3) (Herrera et al. 2015), over the water depth and by using a kinematic condition
at the free surface, leads to the following free surface equation (eq. 4):

Z’Z aax(j udz)+U vdz] 0 4)

where the water depth h and the time-averaged water surface elevation 7 are measured

from a reference level or from the undisturbed water surface.
The hydrostatic condition (eq. 5) lets the following definition of pressure (Herrera et al.
2015):

P= gjpdz+ (5)
where P

) m 1S the atmospheric pressure. By applying the Leibnitz integration rule in (5), the
pressure terms of (1) and (2) can be written as (Broomans, 2003) in egs. (6 and 7):

10P _pgan_g]l%z_lﬁpatm ©)
po ox Po X Py,
_LOP__mon_9topy, 1 0P

= (1)
Po Oy PO Py 0y po oy
where p'= p—p, is the anomalous density. In this way, the horizontal pressure gradient

is described in (6) and (7) by the variation of the free surface through the barotropic term
(the first term on the right-hand), by density differences in horizontal direction through the
baroclinic term (the second term) and the atmospheric pressure acting on the free surface
(the last term). If density is considered constant and the atmospheric pressure contribution
is neglected, the horizontal pressure gradients will reduce to barotropic term.

A state equation (eg. 8) is used to compute density variations and is defined as (UNESCO,
1981):

pP.T.8)=, 10, ®)
e

where k, is a coefficient function of pressure, temperature and salinity. The formulation
to compute the value of k, can be found in UNESCO (1981).

In summary, hydrodynamic is described by four unknowns, u,v,w and 7, computed
through (1) - (4), respectively, and thermodynamic is defined by p,T and S, computed

through (8) - (10), respectively. Pressure appearing in (8) is the hydrostatic one and can
be estimated at any time (Herrera et al. 2015).
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Turbulence modeling

The Reynolds stress correlations u'u’,u'Vv',u'w,...,,v'w' of (1) and (2), are computed by

using a zero-equations turbulence model (Herrera et al. 2015). Such models replace these
correlations by the product of the kinematic eddy viscosity v, and the mean strain-rate

tensor as follows in egs (11 and 12):

ou'u’ ouv' ouw d(, ou) o (du avl| o au
-— - =—| W — [+ | Ve| —t— ||+ | Ve — (11)
ox oy o ox\ ox) oyl \oy ox)| o\ o
ofw o o o @ LLE)
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where kinematic eddy viscosity has turbulent and molecular components such that
ve =V, +v, respectively. The turbulent viscosity coefficient v, is then computed through

the following mixing length model (Stansby, 2003) by eq. (13):

SUGRHREIL HEH) I

where the vertical length scale |, =x(z-z,) for (z-z,)/6<i/x and I, =45 for
A/ <(z2-1,)/5 <1, Kk is the von Karman constant typically 0.41, (z—z,) is the distance

from the wall, & is the boundary-layer thickness and A is a constant, typically 0.09. In
the case of shallow-water flows, due to a steady current, the boundary-layer thickness
may be assumed to be equal to the water depth h (Stansby, 2003). The horizontal length
scale is usually different than the vertical length scale, and the simplest assumption is to
assume direct proportionality defined by |, = Al, (Stansby, 2003). The constant  must be

determined experimentally. For parallel flow cases (or near parallel), eddy viscosity
reverts to its standard boundary-layer form. With |, =I,, it reverts to its correct

mathematical three-dimensional form (with negligible vertical velocity) (Herrera et al.
2015).

Free surface and bottom conditions

The shear stress at the free surface is specified by the prescribed wind stresses 7, and
7, (egs. 14-15) (Herrera et al. 2015):
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where 7, =C,p,oxwx and 7, =C,p,wywy|, p, is the air density, and wx and wy are

the mean wind velocity components. The wind-drag coefficient C_ is computed by the

Garratt's formula C, =(0.75+0.067w)x10° (Garratt, 1977), where o is the main

magnitude of wind velocity vector. The wind velocity is usually taken at 10 m above the
free surface.

The shear stress at the bottom is given by the bottom stress defined in terms of the velocity
components by using the Manning-Chezy formula such as:

oul  glutev

vi— =Ty (16)
82 bottom CZ
v gl (17)
t az bottom sz

where Cz is the Chezy friction coefficient. The velocity components are taken from values
of the layer adjacent to the sediment-water interface.

Numerical model

The numerical model was worked with a finite difference element (Figure 4) the first
scenario contained to zero degrees of skewness; the second scenario to ten degrees of
skewness; the third scenario to twenty-two degrees of skewness; and the last scenario to
forty-five degrees of skewness were simulated with time increments of At = 0.01 s and
total time of 1500 s.

o
o
>

9.2

Scenario 1: Zero degrees of skewness
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Scenario 2: Ten degrees of skewness

Scenario 3: Twenty-two degrees of skewness

Scenario 4: Forty-five degrees of skewness

Figure 4. Numerical mesh in different degrees of skewness
The hydrodynamic model was used to generate the velocity field corresponding to end
time simulation, taking as force the magnitude of flow rate of 0.0019 m3/s and slope of
0.006 in all scenarios.
Initial condition and boundary conditions

The initial and boundary conditions for numerical simulation are described in table (1).

Table 1. Initial and boundary condition

Initial condition Boundary condition
Time simulation: 1500 s Walls and bottom: du/dt =dv/dt=0
Time step: 0.1s Free surface: dn/dt=0
Flow rate: 0.0019 m®/s Turbulence model: | Mixing length
Velocity fields: du/dt=dv/dt=0 Out flow: Dirichlet condition
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Results and Applications

The numerical model was worked with a mesh in finite elements (Figure 5) the first
scenario contained 8986 nodes and 17280 triangles to zero degrees of skewedness; the
second scenario contained 7730 nodes and 14816 triangles to ten degrees of
skewedness; the third scenario was 2034 nodes and 3736 triangles to twenty-two degrees
of skewedness; and the last scenario was 8178 nodes and 15712 triangles to forty-five
degrees of skewedness were simulated with increments of At = 0.01 s and total time of
1500 s.
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Figure 5. Finite element mesh in different degrees of skewedness

The hydrodynamic model was used to generate the velocity field corresponding to 1500
S., taking as force the magnitude of flow rate in all scenarios.
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The results of hydrodynamical field are showed in Figure (6) for each scenario, they show
that the location and geometry of the culverts make it possible to increase the flow of the
channel by an average of 8% and reduce the level of the free surface or hydraulic depth
by 15% of the initial value before the culverts.

Simulation fluid flow 0 degrees skewness

Time Frame: 100.00005

velocity magnitude

1.085
0.929
0.773
0.617
0.461
0305
0.149

Scenario 1: Zero degrees of skewness
Simulation fluid flow 10 degrees skewness

Time Frame: 100.00137

valocity magnitude

1.078
o821
0.765
0.608
0452
0.295
0.139

Scenario 2: Ten degrees of skewness
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Simulation fluid flow 22 degrees skewness

Time Frame: 100.00066

valocity magnitude

1.104
0.943
0.782
0.621
0.450
0.299

Scenario 3: Twenty-two degrees of skewness

Simulation fluid flow 45 degrees skewness

Time Frame: 100.00001

velocity magnitude

1.209
1.032
0.855
0.679
0.502
0325
0.148

Scenario 4: Forty-five degrees of skewness

Figure 6. Hydrodynamical field and velocity magnitude in m/s

As can be seen in the results of the velocity field, the increase in velocity allows the
removal of sediment material deposited on the bottom, as well as other elements that, due
to drag, accumulate on overpasses or bridges. The geometry and placement of the
culverts at 45 degrees allows a better distribution of the flow through them.

In the Figure 7, the results of the behavior of the hydrodynamic field in X-Y plane are
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presented, it is observed that the velocity magnitude had change in each scenario,
especially near to the box-culvert.

velocity magnitude and vectors

0.1 0.26 0.59 0.76 0.92 1.09

01 04 09 14 19 24

Scenario 1: Zero degrees of skewness
velocity magnitude and vectors

Scenario 2: Ten degrees of skewness
velocity magnitude and vectors

0.1 0.27 0.59 0.75 091 1.08

Scenario 3: Twenty-two degrees of skewness
velocity magnitude and vectors

0.27 0.59 0.75 0.91 1.07

y 025

0.0

01 04 09 14 19 24
X
Scenario 4: Forty-five degrees of skewness

Figure 7. Velocity magnitude (m/s) and streamlines
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The differences observed are caused by the degrees of skewness, it is observed that the
magnitude and behavior of the hydrodynamic field after the box-culverts are similar, where
the turbulence occurs with greater magnitude in the center of the channel.

It is important to note that the higher the degree of skewness, the turbulence generated
by the geometry is reduced at the outlet; however, at the inlet it can cause recirculation in
the first structures and greater agitation in the latter, as observed in Figure (7) scenario 4.
Numerical modeling allows flow behavior under controlled conditions, where the flow rate
is constant, and it is observed that the changing conditions of the structures at different
degrees of skewness have a significant influence on the velocity field.

And in the figure (8), observed the mean velocity profile in the longitudinal direction in
each scenario in the center of channel.

115 ¢

1.00 ¢
X ;\"'
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£ o7 | |
L |
o |
(o} |
I I'
T )
Y 066 | |
]
|
\
|
083 f o~
f
0.40 4 + + + + + + + + |
A 0.9 1.4 1.9 24

Scenario 2: Ten degrees of skewness

VII Congreso Nacional de Riego, Drenaje y Biosistemas, 23 al 26 de noviembre de 2022.
Teziutlan, Puebla, México



Facultad de Ciencias
Articulo: COMEII-22014

Agricolas y Pecuarias

105 1

092 +

079 | |
(

<-H=00orm<*'x

0.66 | /

[T R —

-] (N — |
0.1 0.4 0.9 14 1.9 24
X

Scenario 3: Twenty-two degrees of skewness

115 ¢

0.85 | |
)

<-H=0oorm<'x

0.70 |
|

U F- - T

0.40 + + + + + + 4
0.1 0.4 0.9 14 1.9 24
X
Scenario 4: Forty-five degrees of skewness

Figure 8. Velocity profile in the center of the channel (m/s)

The velocity profiles show that the increase in the magnitude of the velocity is a function
of the degree of skewness that has the configuration, and the behavior of the velocity field
is similar in all scenarios, the only difference is the magnitude of the velocity at the exit of

the box-culvert.

The comparison of the velocity field with the physical model was carried out qualitatively,
where in a future work using a PIV meter, the magnitudes of velocities in different sections
of the channel will be compared and the results obtained from the numerical model will be

validated.
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Conclusion

The results of the numerical modelling of hydrodynamics in the different scenarios show
the importance of geometry in the design of the box-culverts; where the most common
angles were those studied in this work.

The magnitude and increase of the flow velocity when leaving the box-culverts is
increased by 12% with respect to the scenario without skewness, where the most
unfavourable angle is 22 degrees because from this value, the velocity increases and
therefore the appearance of vortices at the exit of the box-culverts.

It was noted that, as the output velocity increases, there is the possibility of the
appearance of undercutting or erosion of the bottom, where as a recommendation, the
use of box-culvert with a 22- and 45-degree swamp should be taken carefully in the
designs of irrigation channels.

In general, the behavior of the hydrodynamic field at the end of the simulation time under
controlled conditions such as the flow and slope of the channel, allows the irrigation
channels to be designed under extreme conditions, as well as the use of computational
tools and scale models in laboratories, allow to obtain reliable results for the design of
structures such as drained sewers, floodgates, flow meters, etc.

Currently, the study is continued through comparison with other numerical models, under
different hydraulic and geometric scenarios, as well as the use of physical experimentation
in scale models to reproduce damming conditions and control elements or structures.
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